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Summary

The fast neutron Energy Amplifier (f-EA) proposed by C. Rubbia et al.
[CERN/AT/95-44(ET) and CERN/LHC/96-ll(EET)] is viewed in the context
of the activities aimed at increasing the public acceptability of nuclear power. A
few crucial architectural, technological, and reactor physics issues are pointed out.
Areas to which ENEA Fusion Division (ENEA-ERG-FUS) could contribute with
its expertise and facilities are identified. Comments are also presented with ref-
erence to the comparison between the safety characteristics of the f-EA and of
the magnetic fusion reactor concept, published by C. Rubbia in a recent report
[CERN/AT/95-58(ET)].

(Energy Amplifier, subcritical fission reactor, accelerator driven reactor, fast
breeder reactor, thorium-uranium cycle, nuclear waste incineration)

Riassunto

UAmplificatore di Energia a neutroni veloci proposto da C. Rubbia et al.
[CERN/AT/95-44(ET) e CERN/LHC/96-ll(EET)] e discusso nel contesto delle
attivita finalizzate ad accrescere l'accettabilita sociale dell'energia nucleare. Si
evidenziano alcune questioni, relative all'architettura dell'impianto, alia compati-
bility dei materials, alia fisica del reattore e al ciclo del combustibile. che necessi-
tano di approfondimento. Si identificano quindi alcuni temi di ricerca e sviluppo al
cui studio potrebbe contribute la Divisione Fusione Nucleare dell'ENEA (ENEA-
ERG-FUS), che dispone di competenze e impianti di prova nei campi della tecnolo-
gia dei materiali e della neutronica. Infine, si commenta brevemente il confronto
fra le caratteristiche di sicurezza dell'Amplificatore di Energia e dei reattori a fu-
sione a confinamento magnetico pubblicato da C. Rubbia in un recente rapporto
[CERN/AT/95-58(ET)].
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1. Scope and outline
The Energy Amplifier proposed by Carlo Rubbia and coworkers [1,2] is a
power producing weakly subcritical fission breeder reactor, operating with a
fast neutron spectrum and cooled by molten lead through natural convection.
The additional neutrons required to sustain the chain reaction are produced
by a spallation source, driven by an energetic proton beam.

The basic version of the fast neutron Energy Amplifier (f-EA in the
following) burns a 233U-Th fuel in conditions close to breeding equilibrium.
The preference given by the authors to the thorium cycle with respect to the
uranium cycle is motivated by the greater abundance of the primary fuel (Th
vs U), the smaller production of actinides and the smaller proliferation risks.

According to its proponents, a suitable variant of the f-EA can generate
heat at the high temperature required for thermochemical production of hy-
drogen. [3] Also, in total or partial alternative to U-Th, such a reactor could
burn Pu-Th, [4] thus operating as an efficient burner of the large amounts
of Pu made available by the dismantling of the nuclear weapons and by the
reprocessing of the fuel of thermal reactors.

The f-EA has potentially attractive features concerning fuel utilization,
safety and enviromental impact. In particular, no geological waste disposal
would be required. Indeed, after a few centuries, the total radiotoxicity of
the f-EA structure and of the fuel wastes would be of the same order as that
presented by the raw materials employed in the construction or mined to
assemble the fuel elements, and smaller than that resulting from producing
an equal amount of energy by coal burning. Such advantages motivate in-
depth analyses and detailed feasibility studies. From the analysis a number
of issues emerge where R&D would be required to validate the design. In
some of these areas the ENEA Nuclear Fusion Division (ENEA-ERG-FUS)
could contribute with its expertise and facilities.

The basic features of the f-EA are summarized in Sec. 2.
We shall mainly refer to the conceptual design presented in Ref. 1, based

on a core with multiplication factor kefj ss 0.98 and requiring a 12.5 mA,
1 GeV proton beam to produce a thermal power of 1500 MW. In a subse-
quent report [2] C. Rubbia and J.A. Rubio have proposed to drive a proto-
type, demonstration plant by a 1 GeV, 30 mA linear accelerator using the
appropriately modified superconducting RF cavities presently operating on
the LEP at CERN. This would allow to achieve the same power of 1500 MW
with a more conservative multiplication factor, kejj m 0.95, more adequate to
an experimental plant. Most of the discussion in the present report however
applies to both concepts.



The f-EA is to be viewed in the frame of the activities aimed at making
nuclear power socially more acceptable and to reduce concerns related to the
long term environmental impact. To this purpose, in this report we discuss the
f-EA in the context of criteria for technical and social acceptability of nuclear
(either fission or fusion) reactors (Sec. 3). We also discuss the relationship
between the f-EA and other accelerator driven energy producing or waste
transmutation reactors (Sec. 3.3).

Key issues concerning the f-EA architecture, technology, neutron physics,
and fuel cycle are discussed in Sec. 4.

Some general remarks on various aspects of the f-EA are then presented
in Sec. 5

As already anticipated by the proponents of the f-EA [1] and also pointed
out in Sec. 4, the lead-steel compatibility is a key technological issue for the
f-EA design. This problem has analogies with those encountered in some fu-
sion reactor blankets, on which the fusion community has developed consid-
erable expertise. In particular the ENEA Nuclear Fusion Division (ENEA-
ERG-FUS) operates facilities and laboratories which could allow studying
such a problem under (temperature and velocity) conditions relevant to the
f-EA. Details on this and other possible contributions of ENEA-ERG-FUS
are given in Sec. 6.

In Sec. 7 a few comments are presented on the comparison between the
safety and enviromental impact properties of the f-EA and of magnetic fusion
reactor concepts recently performed by C. Rubbia. [5]

2. Brief description of the fast neutron En-
ergy Amplifier (f-EA)

In this section we will give a short description of the f-EA, to remind the
reader of a few elements essential for the discussion of the following sec-
tions concerning the issues raised by the f-EA itself. The reader interested
in a detailed design description should refer to the papers by Rubbia and
coworkers. [1-4,6]

The reference conceptual design concerns a subcritical fast reactor em-
ploying a Th-U closed cycle, with thermal power Wtf, = 1500 MW
(650 MWe), driven by a 1-GeV proton beam. In the design of Ref. 1 the
accelerator current is i — 12.5 mA and the core operates during most of its
life with an effective multiplication coefficient ke/f = 0.98. In the case of the
demonstration plant discussed in Ref. 2, instead, i = 30 mA and kejj = 0.95.



2.1. Neutronic features

In the f-EA core a breeding factor close to unity should be established, i.e.
a state in which for each nucleus burned out (by fission or neutron capture)
a new fissile nucleus is bred. To reach such a goal the neutron production
per burned fissile nucleus must be definitely larger than two to account for
one neutron being absorbed by the fuel, the other by the breeder and for
parassitic captures in the structures and the escape of neutrons from the
core.1

If the neutron spectrum is thermal, only a Th-U cycle could satisfy such a
condition, and even so the neutron margin would be very small. The margin
increases with the neutron energy, so that with a fast spectrum the neutron
economy is substantially improved, both adopting the Th-U cycle or, even
better, the U-Pu cycle. Then f-EA operates with a fast neutron spectrum
also because neutron abundance eases the incineration of undesired elements.

The f-EA core parameters, such as fissile to fertile ratio, pin diameter,
cluster size, inner and outer core diameter are optimized to maintain the
reactivity as constant as possible up to the metallurgical limits of the fuel
burn-up.

2.2. Energy balance and beam current

The spallation source intensity is kept as low as possible in order to minimize
the accelerator size and energy consumption, but at the same time must be
adequate to allow operation with a large enough undercriticality margin to
tolerate any unexpected sudden reactivity variation (as well as reactivity
increase after shut down).

In this connection it is worth recalling the equations relating such im-
portant quantities for an accelerator driven reactor as the core gain G =
Wth/Wbeam, the recirculated electric energy fraction Fpiant, the beam current
i, the thermal power Wtk, the beam power Wf,eam and the effective multipli-
cation factor kefj.

In a driven reactor, S additional neutrons are produced by the external
source per each primary fission. Such a source term can be written as the
ratio of the electrical energy produced by 1 primary fission and recirculated
to the accelerator, to the electrical energy required to produce 1 spallation
neutron:

£n £n tr
1Some notions concerning breeding equilibria and neutron economy are summarized in
Appendix.the Appendix.



where tj = 190 MeV is the energy released by one fission reaction (without
taking into account neutrino energies), en = 35 MeV is the average energy
required to produce one spallation neutron, r)acc and T)th are, respectively,
the efficiency of the accelerator and that of the reactor thermal cycle, and g
is a geometrical source importance factor, which depends on geometry and
energy. In the present case takes a value slightly larger than unit, g «
1.2. Upon inserting Eq. (1) into the definition of ke/j [see Eq. (A10) of the
Appendix] we can write the core gain G as:

W,— = °
''b

beam -1 Keff

with
G0 = ^ — «2.4, (3)

tnve
where v and e are, with standard notation, [7] the average neutron multi-
plicity per fission and the fast fission factor. The fraction of the electrical
energy recirculated to energize the accelerator is then

rplant =

For the parameters of the conceptual f-EA design of Ref. 1, keff = 0.98,
Tjacc = 0.43 and r)th = 0.45, we get Fpiant = 0.043.

The beam current i can be evaluated as

. _ Wbeam _ Wth_ _ Wth 1 - keff .

ep Gep GQ€P kejj

where cp is the energy of the protons. For the the parameters of the concep-
tual f-EA design of Ref. 1, Wth = 1500 MW, keff = 0.98, ep = 1 GeV, and
Go = 2.4, we get i = 12.5 mA. Using a beam current of 30 mA, as proposed
for a demonstration plant [2] would allow operation at kefj « 0.95.

From the above relationships we observe that, for a given core configu-
ration and fuel composition, the reactor power is proportional to the beam
current. At given reactor power the accelerator current is proportional to
(1 - ke}f)/keff.

It is apparent that the accelerator parameters depend crucially on the
value of the reactivity kejj. The value of the latter in the f-EA conceptual
design of ref. [1] is chosen to keep the current at a minimum, while at the same
time having sufficient margins to ensure that any reactivity excursion during
operation and at shut down cannot lead to criticality. A more conservative
choice is made in Ref. 2, exploiting the likely availability in a near future of
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the LEP RF cavities, which could be used for the construction of a 30 mA,
1 GeV proton Linac with modest technological developments and moderate
capital cost.

2.3. From the thermal EA to the fast EA
A first version of the Energy Amplifier was proposed by C. Rubbia and
coworkers in 1993. [8] The scheme then considered already included some
essential features of the concept currently being analyzed (such as a sub-
critical 233U-Th core and additional neutron production by an energetic pro-
ton beam), but operated with a thermal neutron spectrum. Regarding the
core, several different options were outlined both for the cooling-moderator
medium (pressurized water or gas, anyhow in forced circulation) and for the
shape and layout of the fuel elements.

A key feature was the choice of a value of the neutron flux (in the range
3 x 1013—1014 c m ' V 1 ) , satysfing the condition for the decay dominated
equilibrium (see Eq. (Al) in the Appendix).

In agreement with the discussion of the Appendix, critical operation of a
Th-U breeder is possible, but at best marginal. 2 The outer neutron source
thus provides the neutrons required to efficiently sustain the reaction chain.
However, according to the calculations of Ref. 8, the power level and the fuel
burn-up achievable by a Th-U thermal Energy Amplifier are lower than those
usually attained by a typical pressurized water reactor (PWR). (The power
being limited by the relatively small neutron flux, and the burn-up by the
effect of fuel poisoning in conditions of quasi-marginal neutron economy).

The above limitations are overcome by operating with a fast neutron
spectrum. In such a case, for 233U:

i) the average number of neutrons per fission increases considerably (for
pure 233U and a fast spectrum the average neutron multiplicity per
fission is v w 2.7, while the average neutron multiplicity per neutron
captured in the 233U is 77 = 2.45; see Table 2 in the Appendix);

ii) resonance captures axe relatively less important;

iii) reactivity variations at the shut-down (positive effect due to 233Pa ac-
cumulation and negative effect of poisoning due to 135Xe) are smaller;

iv) global fission product poisoning is greatly reduced;

2Thermal breeding is instead not feasible for the U-Pu cycle, since for pure 239Pu only
77 = 2.12 neutrons are produced per neutron captured by a fissile nucleus.
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v) breeding equilibrium is achieved at much higher fissile (233U) to fertile
(Th) nuclei concentration ratio £ (£ « 0.126 vs f w 0.0135 for a thermal
spectrum (see Eq. A2) in the Appendix).

As discussed in the Appendix, the lower 233Pa absorption cross-section allows
for a high neutron flux (w 2.3 x 1015 cm"^" 1 as an average in the f-EA). This
higher flux, together with the higher fissile equilibrium concentration, makes
it possible to attain higher power density than in the thermal EA, despite
the relatively small value of the fission cross section. In addition, point iii)
allows operating at kejj closer to unity, and then reducing the accelerator
current; points iii) and iv) make the achievement of high burn-up possible.

The choice of a fast neutron spectrum has led to the conceptual design
developed in Ref. 1, which presents significant novel features concerning the
vessel design and the cooling scheme. In particular, molten lead is employed
as a coolant; this is motivated by its compatibility with water and air, by
its nuclear properties (very small neutron capture cross section; small mod-
erating power), by its good heat exchange properties, as well as by the high
density and large mass thermal expansion coefficient. The last properties, in
particular, allow to cool the reactor by natural convection,3 which has obvious
positive implications on reliability and safety. Other interesting properties
of lead are the high boiling temperature and the low vapour pressure at the
temperature envisaged for the f-EA operation.

2.4. The f-EA reactor

As shown in Fig. 1, the main reactor elements are contained in a primary
vessel of cylindrical shape, made by HT-9 steel, with diameter about 6 m,
height of 30 m, and weight of 2000 t. The core is placed close to the bottom of
the vessel, and has an annular geometry, with an active height of 1.5 m and a
total height of 3.3 m (the height of the fuel elements, including the plenums
for the gaseous fission products), and internal and external diameters of,
respectively, 1 m and 3 m.

The power released by the core is carried by molten lead, circulating
by natural convection, and operating between 400 and 600 °C. The separa-
tion between hot raising and cold falling lead is guaranteed by a cylindrical
structure, with radius close to that of the core, whose lower basis (hollow in

3Indeed, for the same reactor power, temperature increase, reactor cross section, and
pressure drop, Pb allows for slightly lower flow velocity and for a six time larger bouancy
than Na. Equivalently, the same convective pumping action is achieved for a six times
smaller column height.
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Figure 1: General layout of the fast neutron Energy Amplifier (reprinted from
Ref. 1, with permission; courtesy of CERN)
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correspondence to the fuel ring) rests on the top of the core itself. Its open
top is at a level below the top of the vessel. The lead flowing upwards through
the core continues its rising path within the inner cylinder; as it reaches the
top of the cylinder goes through the ring between the inner cylinder and the
vessel, where four heat exchangers are placed. The cooled lead then starts its
descending path which leads it to the region below the core. The total lead
mass is about 10000 t; the flow in the core is about 50 t/s, corresponding to
an average speed of 1.5 m/s.

The heat exchangers are cooled by another liquid metal (e.g. Pb-Li),
flowing in an intermediate circuit to the steam generators.

The generation of neutrons in proximity of the fuel is obtained by using
as a spallation target the molten lead flowing through the cylinder at the
interior of the fuel ring. The proton beam reaches this region through a
vertical pipe, 30 m long, with a diameter of 20 cm, and a thickness of 3 mm
(in a regime of moderate vacuum; p = 5 x 10~4 Torr). The interface be-
tween the vacuum region and the spallation region is realized by a tungsten
window, with an emispherical shape, and thickness varying from 1.5 mm (at
the centre) to 3 mm. This window is crossed by the proton beam (which is
focused in such a way that its radius at the window is 7.5 cm), and is then
subjected to a very high particle flux, to stress distribution (up to 50 MPa)
caused by the thermal gradients and has also to sustain the lead pressure
(3 MPa). The power deposited by the protons (95 kW at nominal beam
current) is carried by the lead flowing at a speed of about 5 m/s on the lower
side of the window. The window lifetime is estimated to be about 1 year;
indeed, computations show that after 6000 h of irradiation it suffers 170 dpa
(displacements per atom), and quantities of He and H as large as 104 appm,
and 105 appm, respectively, are produced.

The primary vessel is in turn contained in a secondary cylindrical steel
vessel. Both these structures are housed in a concrete silo, seismically insu-
lated by adequate passive systems.

The upper part of the vessel consists in a concrete platform, only pene-
trated by pipes for the secondary coolant and by the beam transport pipe.

The reactor power is only controlled by the accelerator current, without
any control rod (scram rods are only used as an ultimate emergency system).
In case of a power excursion not followed by beam shut-off, lead expansion
results in flooding the beam propagation channel, thus effectively displacing
the spallation region from the core. The lead negative temperature and void
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coefficients also act as intrinsic effects opposing reactivity excursions.
In the event of a loss of coolant accident, the removal of the decay heat is

accomplished by the Reactor Vessel Auxiliary Cooling System (RVACS, first
introduced in the PRISM reactor concept [9]). Such a system exploits radia-
tive heat transfer between the two concentric vessels, and natural convection
of the air circulating between the silo and the vessel (the separation between
ascending and descending air being provided by a metallic septum).

The geometry and the dimensions of the core are essentially dictated by
neutron economy optimization and by the need of limiting damage caused
by hard spallation neutrons. An horizontal cross section of the vessel of the
f-EA at the height of the core ideally consists of four concentric regions: the
spallation region, where primary neutrons are produced; a diffusion region,
where the neutron spectrum is partially softened; the fuel region; an outer re-
gion serving as a reflector. In the current design the cooling medium (molten
lead) also plays the role of spallation target, diffuser, and reflector.

The fuel is placed in elements similar to those of current fast breeders,
wilh pins placed in an exagonal lattice, with 330-400 pins per element. In
the core we distinguish two concentric regions, the inner one being the real
energy producing core, while the outer one contains elements with almost
exclusive breeding purpose. The main fuel core (24.8 t) is a mixed oxide of
Th-U (90% Th02 - 10 % UO2), which releases an average specific power of
52.8 W/g. Its average operating temperature is about 900 °C. The breeding
fuel region consists, at the beginning of a fuel cycle, of 5.6 t of TI1O2; at the
end of the cycle it contains about 240 kg of 233U and releases 3 W/g. In both
core regions, the fuel pins have a length about 3.3 m. The active portion, 1.5
m tall, contains the fuel, in the form of hollow cylindrical pellets, with diam-
eter of 7.3 mm. Below and above the active region there are two plenums,
each 0.9 m tall, and with diameter of 4.3 mm, where gaseous fission products
are contained. The fuel pin cladding material is the same HT-9 employed for
the vessel; the indicated thickness is 0.35 mm.

For reactor start-up, when 233U is not available, it is necessary to resort
to some other fissile isotope. The authors of Ref. 1 suggest using Pu-Th fuel
(with dirty Pu fraction about 14%). In this case the reactivity undergoes a
larger variation than in the reference 233U-Th case. Non-specified "compen-
satory measures" are then contemplated by the authors. (One could employ,
e.g., burnable poisons.)
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2.5. The accelerator
The f-EA envisages neutron production by spallation, caused by a 1 GeV
proton beam.

The conceptual design of Ref. 1 contemplates a current i = 12.5 mA, pro-
duced by a three-stage accelerator, with each stage being based on separate-
sector cyclotrons.

An external source injects axially (hence vertically) 100 keV protons and
H~ ions into two distinct injector cyclotrons, where they are accelerated to
10 MeV. On exit the two beams are combined (and the H~ ions converted
into protons) and injected into an intermediate cyclotron, where they are
accelerated to 110 MeV. (The use of two injector cyclotrons allows for reduc-
ing space charge, while, combining the H+ and H~ beams allows for doubling
the current without substantial emittance growth, due to the non-Liouvillean
nature of the process.) A third cyclotron, the booster, provides to the final
acceleration up to 1 GeV. The sizes of the cyclotrons are relatively modest:
the booster has a diameter about 16 m, and weights 3000 t. It operates at
maximum field of 1.8 T.

Computations, validated by experiments on model RF cavities, indicate
that accelerators of this type can achieve efficiency above 40%. The electrical
power required for operating the accelerator at the nominal current is there-
fore about 30 MW, which is less than 5% of the electric power produced by
the f-EA. An availability of 95% is considered feasible.

Beam transport from the booster to the reactor is performed by conven-
tional bending magnets and quadrupoles.

The current of the above cyclotron is about eight times larger than the
maximum so far achieved in a proton cyclotron (1.52 mA, at PSI [10]) and
close to the limits considered achievable by a cyclotron.

Should a higher current be required, one could resort to a Linac, such as
proposed by Rubbia for an f-EA demonstration plant, [2] which could then
operate at a more conservative value of kejj.

2.6. Fuel reprocessing

No intervention on the fuel is envisaged during the operation of the f-EA, but
for its periodic replacement, which occurs after a cycle of about five years,
when an average burn-up of 100 GWday/t is reached. At this time, for the
design of Ref. 1 the fission products accumulated in the core increase neutron
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capture and decrease the reactivity at unacceptable values (fce// < 0.97).
Indeed, it has been shown that after an initial transient (corresponding to
5-10 GWday/t) the reactivity is nearly constant around the reference value,
ke]] = 0.98, until a burn-up of about 60 GWday/t is reached; afterwards a
nearly linear reactivity decrease is observed.

Fuel reprocessing essentially consists in the extraction of the fission prod-
ucts; new fuel elements will be manifactured with the "purified" fuel, to
which the fresh thorium needed to replace the burned thorium is added.

Fission fragments (and very small quantities of impurities of actinides
and lantanides) shall be stored in a secular deposit; after 1000 years their
activity will decrease at such a level [500 Ci/(GWe year)] that they could be
stored in surface deposits, after dilution in reasonable volumes of material.
Geological storage shall not be required. The residual radioactivity could
be further reduced by separating the isotopes that contribute to most of the
activity ("Tc; 129I; 135Cs) and then transmutating them (for instance, in the
f-EA itself4).

The previous evaluations are based on the assumptions that the fraction
/ of actinides that is not separated in the reprocessing and is then sent to
the secular storage is smaller than / < 10~4.

3. The f-EA in the context of advanced nu-
clear reactors

3.1. Nuclear energy acceptability

The requirements for social acceptability of new generations of fission reactors
have become more and more stringent. As a reference we may assume that
they should satisfy the same criteria as those required for nuclear fusion
according to the 1990 Fusion Evaluation Panel, [11] who indicated two central
points

1. it must be clearly shown that the worst possible accident will constitute
no major hazard to populations outside the plant perimeter that might
result in evacuation;

2. radioactive wastes from the operation of a reactor plant should not
require isolation from the enviroment for a geological timespan and
therefore should not constitute a burden to future generations.

4which would however introduce a penalty to neutron economy.
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In addition the panel listed other issues, which can be summarized as follows:

3. fully acceptable occupational doses to the personnel5 and negligible
non-radiological hazard during operation and maintenance;

4. feasibility of decommissioning at acceptable costs and with low radia-
tion exposures;

5. releases to the enviroment during normal operation and maintenance
of both radioactive and other noxious materials well within standards
laid down by regulations;

6. concern as regards proliferation much less than for [present] fission
power and dealt with effectively;

7. other impacts on the enviroment should not constitute neither a major
problem nor too binding a constraint.

Such criteria can be viewed as stringent implementation of the Radiation
Protection Objective laid down by the IAEA International Nuclear Safety
Group. [12]6

In connection with the central point 2), a significant parameter is the
time interval required before the reactor material reaches the radiotoxicity
level of the mined raw materials.

Among the Fundamental Safety Principles, stating how to achieve the
safety objective, the Defence in Depth concept provides the basic framework
for most of nuclear reactor safety. Such a method is "centred on several
levels of protection7 including successive barriers preventing the release of
radioactive materials to the enviroment".

Safety analysis is performed by the method of multiple lines of defence,
contemplating function decomposition, correspondence between subsystems
and functions, identification of accident initiators and defence line account-
ing.

5 Current standards are set by the ICRP-60 recommendation and by the related national
regulations.

6which reads: "To ensure in normal operation that radiation exposure within the plant
and due to any release of radioactive material from the plant is kept as low as reasonably
achievable and below prescribed limits, and to ensure mitigation of the extent of radiation
exposures due to accidents."

7which have been specified as follows: "i) conservative design, quality assurance, safety
control; ii) control of normal operation and detection of failure; iii) safety systems and
protection systems; iv) accident management including confining protection; v) off-site
accident response."
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The systems or physical effects providing safety functions should fulfil
the "2A + B principle", according to which for each function two "strong"
systems with very high availability ("A" systems) and one "weaker" sys-
tem (a "B" system) are required. Such systems implement the principles of
redundance, diversity, independence and testability.

Intrinsic or passive measures are to be exploited whenever possible.

3.2. The f-EA and acceptability

According to Ref. 1 the f-EA satisfies the following requirements, which the
authors consider essential for a greater social acceptability of nuclear energy:

i) intrinsic or passive safety: criticality accidents are avoided due to
sub-criticality, to intrinsic system properties (negative void coefficient;
Doppler effect), and to purely passive effects intervening in cases of
accident; cooling is anyhow guaranteed by natural convection and/or
by radiative heat transfer.

ii) reduction of long lived radioactive wastes at such a level that geological
repositories are not required: the Th-U cycle results in a relatively small
actinide production; anyhow, after fuel reprocessing actinides are sent
again to the reactor, where they are transmuted; only fission products
are sent to secular storage;

iii) extreme robustness toward nuclear proliferation: this is achieved by the
use of the Th-U cycle with long burn times, and by sealing the reactor
tank and the fuel shipping casks;

iv) efficient use of the fuel, without resort to isotopic enrichment: attained
through 233U breeding from Th and the very long residence time of the
fuel in the reactor, leading to burn-up of 100 GWday/t.

While a safety analysis conducted according to usual reactor standards
would require a detailed system design, which has not yet been performed, in
principle the above f-EA features are consistent with the requirements listed
in Sec. 3.1.

It is however worth observing that different authors, or utilities, or socio-
political contexts give different weight and/or interpretation of the points
i)—iv) above. For instance, many experts, also on the basis of the experience
gained by operating the current generation of reactors, do not consider critical
accidents as a major issue, and therefore do not consider sub-criticality an
essential requirement for a high level of safety. Indeed, human error and
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decay heat removal are considered as dimensioning events, while criticality
accidents are non-dimensioning, in the sense that the reactor design only has
to preserve the environment, but not the plant functionality.

As far as full utilization of the fuel is concerned, at least two important
countries (USA and Sweden) at the moment do not reprocess spent fuel.

Issues concerning the enviromental impact and the relative merits of the
Th-U and the U-Pu cycles are discussed in Sees. 4.4 and 4.5.

3.3. The f-EA and the Los Alamos ATW

Accelerator driven subcritical reactors [13] have been also proposed to burn
long-lived radioactive wastes, mainly actinides, but also fission products
In particular, we refer to the Accelerator driven Transmutation of Waste
(ATW) proposal, designed by scientists from the Los Alamos National Lab-
oratory. [14] Just as the EA, the ATW envisages a subcritical core and
spallation neutron source. A portion of the ATW core would also be fuelled
with a 233U-Th mixture. However, the operation of the ATW reactor is con-
ceptually different from that of the f-EA, since its main goal is transmutation
rather than power production. Indeed, the ATW exploits the circumstance
that at very high thermal neutron flux, larger than 1016 c m ' V 1 , actinides
with very small fission cross section can be fissioned by a capture-fission se-
quence (e.g., neutron capture by 237Np results in the production of 238Np,
that has thermal fission cross section as large as 1000 barn, but decays to
238Pu in about two days; the neutron flux has to be so large that 238Np fis-
sion prevail over decay). The high thermal flux is also necessary to transmute
long-lived fission products.

Burning at very high flux the actinides contained in conventional solid fuel
elements is however not feasible, due to the strong fission product poisoning.
Analogously, at such high fluxes, 233U breeding from 232Th would not be
feasible, since 233Pa would be almost entirely transmuted, by neutron capture,
to 234Pa. The use of molten salts and of on-line reprocessing is then required
in order to allow for a short fuel residence time in the reactor.

The ATW would operate at kejj « 0.9; it follows that, for a given reactor
power, the accelerator current i should take a substantially higher value than
in the f-EA.8

sAs shown in Sec. 2.2, for a given geometry, i oc (1 — kejj)/kejj.
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4. Key issues

While the f-EA concept is original and highly innovative, several individ-
ual elements of the project have already been incorporated in other studies
and/or built facilities. This allows the transfer of knowledge and methodolo-
gies, makes the analysis of the f-EA easier, and may reduce uncertainties.

In particular, thermal neutron sub-critical cores, driven by spallation neu-
trons, have been proposed for actinide transmutation (see Sec. 3.3). The
reactor vessel and the general layout are inspired by the PRISM reactor de-
sign. [9] Cooling of a fast breeder reactor by naturally circulating molten
lead is contemplated in plants studied by Russian institutions. [15]

4.1. Plant architecture

The f-EA reactor architecture takes advantage of some interesting features of
the PRISM reactor concept developed at General Electric. [9] In particular,
we refer to the vessel and containment layout and to the RVACS radiative
heat removal scheme.

However, for the reasons already reported in Sec. 2.3, sodium is replaced
by lead. The height of the vessel is increased to about 30 m to allow cir-
culation of lead by natural convection. Such choices introduce the following
major issues.

• Natural circulation of lead over such heights has to be demonstrated;
instabilities could develop in the circulation pattern which could hinder
the establishment of a regular convective flow. This issue could be
addressed by a scaled-down, thermo-hydraulic equivalent experiment.

• The density of lead is comparable to that of the foreseen MOX fuel and
certainly higher than that of the fuel elements (which also include gas
expansion plenums); measures are then required in order to avoid in
any circumstance the floatation of the fuel elements.

• Maintenance and inspection equipments need to be lowered down to
the bottom of the vessel, 30 m below ground level. A careful study is
required to check whether all relevant equipment can be maneuvered
by pantograph-like or telescope-like structures, or instead equipment as
high as 30 m is required. This would reflect on the dimensions of the
reactor dome. Since current reactor practice and safety studies show
that the possibility of accidents is maximum just during fuel replace-
ment and maintenance operations, this results in requiring the whole
large volume above the reactor to be sealed.
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4.2. Compatibility

The f-EA vessel and fuel pin claddings are made by the ferritic-martensitic
HT-9 stainless steel. Such a material is chosen because of its very low nickel
content, since lead dissolves nichel. In addition, reducing the nickel content
also leads to much lower helium swelling (and also to lower activation). It
is indeed known that the HT-9 has excellent resistance to neutron induced
damage at temperatures T < 600 °C, but its properties suddenly degrade
at higher temperatures as encountered in the f-EA. The HT-9 and similar
steels (EM-10 and EM-12) have been widely tested in the French fast-breeder
reactor programme, but not adopted as cladding material. Another ferritic-
martensitic steel, MANET, is proposed for the DEMO fusion reactor, [16]
but would operate at lower temperature than that envisaged in the f-EA.

4.2.1. Corrosion

Liquid lead with bulk temperature between 400 °C and 600 °C and peak
temperature of 700 °C (at contact with the hottest fuel pins) circulates with
average velocity of 1.5 m/s at contact with the ferritic-martensitic steel HT-9.

No data on steel corrosion is available for such flow conditions, but some
relevant experience has nevertheless been accumulated in analogous contexts.
Lead at T < 650 °C is used as a coolant in certain Russian reactors [17]; Pb-Li
eutectic (with 17% Li) at T < 500 °C is tested as a candidate breeder material
in fusion reactors. Considerable experience has thus been gained on Pb-Li
eutectic flowing inside small diameter martensitic steel pipes. The relevant
data however refer to temperatures in the range 300-600° C, to velocities in
the range 0.01-0.8 m/s, and to steels such as MANET, with composition
analogous to that of HT-9, and are fitted by [18]

Ucorr = 8xl0 9 exp(-12700/ry / 8 d- 1 / 8 (6)

where vcorr is the corrosion rate in /xm/y, T is the temperature in Kelvin,
v is the fluid velocity in m/s, and d is the pipe diameter in meters. Even
taking into account that some experiments indicate that the corrosion of the
HT-9 steel may be a factor 2-4 smaller than that of MANET, extrapolation
of the above data to the f-EA operating conditions predicts unacceptably
high corrosion of the fuel pin cladding. Experiments to address such an issue
are therefore absolutely necessary, and could in fact be readily performed, as
described in Sec. 6.1. This issue is made even more critical by the limited
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thickness of the pin claddings.

Among steel protecting systems to reduce corrosion, Ref. 1 quotes in-
hibitors to be added to the lead, or protective coatings deposited on steel
surfaces. Recent experiments evidence the good behaviour of steels coated
with titanium carbonitride or with molibdenum in presence of Pb-Li, and
support the second choice. [19] Concerning inhibitors, a few experiments [20]
indicate that the addition of titanium or zirconium may passivate the steel
surface and limit corrosion by the formation of Ti/Zr carbonitrides, which
are stable in lead.

It should also be pointed out that ferritic-martensitic steels suffer severe
welding limitations and may also be sentitive to Liquid Metal Embrittlement,
in particular in the welded regions. [21]

It is also worth stressing that, anyhow, in-pile material tests are required
to study compatibility issues under realistic irradiation conditions.

4.2.2. Tungsten window

The tungsten window, which operates in a rather extreme environment is a
key element of the f-EA design. During the envisaged lifetime the proton
fiuence at its center is about 2.5 x 1022 cm~2.

Relevant information on this issue can be extracted from experience on
the windows of some operating accelerators (e.g. LAMPF, at Los Alamos)
and from dedicated experiments performed at several facilities (LASREF,
TRIUPF, ISIS, SIN, and LANSCE), where samples of differents materials
have been irradiated for long time periods. Such experiments show that
fluences up to at least 1022 cm"2 are tolerated by tungsten and tungsten
alloys. At LAMPF a planar window in Inconel-718 has been irradiated by
800 MeV protons for 17500 h, reaching a fluence of 1.33 x 1022 cm"2, still
maintaining adequate performance. Such data are encouraging for the f-EA,
which however envisages a twice larger fluence of slightly more energetic
protons.

Corrosion of the window by the flowing lead may also be an issue. On
one hand it is known that tungsten solubility in lead is rather low, and we
also observe that the temperature (640 °C) is lower that at the fuel cladding;
on the other hand the flow velocity is rather large (5 m/s). No data exist for
such conditions, and extrapolation of the available data is risky. Experiments
are therefore urged, which could be performed by using the same facility as
proposed for studying steel corrosion.
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4.3. Reactor physics

The analyses performed in Ref. 1, evidence very interesting features such as

• nearly constant reactivity over a high burn-up cycle, whereby the reac-
tivity decrease due to fission product accumulation is compensated by
the increase due to the breeding of fissile fuel;

• favourable response to criticality insertion.

However, as acknowledged in Ref. 1, i) such studies are based on nuclear
data with relatively large uncertainty, and ii) more detailed safety analyses
are required. These are, of course, more crucial the smaller the reactor
criticality margin.

The importance of accurate nuclear data (cross sections) cannot be overes-
timated, since we are dealing with a reactor whose reactivity is only controlled
by the accelerator current. While the desired initial value (or, alternatively,
the desired equilibrium value) of keff can certainly be attained by tuning the
fuel composition, the above uncertainties have serious implications at least
on two areas:

1. the time evolution of the reactivity, and hence the reliability of the
estimates of the fuel burn-up achievable with a reasonable accelerator
current;

2. the response to criticality insertions (with consequences on safety and,
again, on the accelerator parameters).

Concerning safety, the analyses of Ref. 1 and the upgrades discussed in Ref. 2
show excellent "average" response of the reactor to reactivity insertion. In
particular the void coefficient is always found to be negative. However, this
does not a priori excludes that it can be locally positive. Nuclear reactor de-
sign practice and licensing regulations indeed require such analyses to be per-
formed locally (at the most dangerous point; usually where the flux gradient
is smallest) and in the worst operating conditions. For fast breeders, the lat-
ter typically occur at the end of a fuel burn cycle, when the increased fission
product concentration results in hardening the neutron spectrum. Spatial
reactivity migration should also be carefully considered.

In addition, such events as

• core hourglass deformation;

• core lead emptying;
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• lead cooling (which is also relevant to reactor start-up),

which have been partially addressed in Ref. 2 for the case with fce// = 0.95,
should be analyzed in detail.

4.4. Th-U cycle vs U-Pu cycle

When compared with the U-Pu cycle, the Th-U cycle has the advantages
mentioned in ref. 1: more abundant primary fuel, lower actinide production,
lower radioactivity, robustness to proliferation. On the other hand, for a fast
neutron spectrum, the Th-U cycle results in a lower neutron availability than
the U-Pu cycle.

Ref. 1 shows that the total ingestive radiotoxicity of the f-EA (burning
U-Th fuel in closed cycle) descreases rapidly on historical times and after a
few centuries becomes several orders of magnitude smaller than that resulting
from the current generation of PWR reactors (burning U-Pu fuels in open cy-
cles). However, if the comparison were made considering an equivalent U-Pu
closed cycle (with reprocessing and waste incineration), the geological time
radiotoxicity would have been comparable to those obtained for the U-Th
f-EA. (Details can be found in a recent study. [23])

As far as other economic and enviromental issues are concerned, the ad-
vantage of the immediate use of U-Th fuel is not obvious. Indeed, the large
available quantities of depleted uranium (and of plutonium) might suggest
first using the already mined and readily available material, rather than
mining, leaching, and refining thorium. Giving higher weight to proliferation
concerns, as well as to actinide disposal, could again change this perspective.

4.5. Radiotoxicity and fuel reprocessing

We have seen that the U-Th f-EA on one hand produces relatively small
quantities of actinides, on the other hand can be used as a burner of unwanted
actinides. The cycle residual radioactivity can be made so small to make
geological storage unnecessary.

However, this relies on significant advances in fuel treatment and waste
separation processes. Indeed in Ref. 1 it is assumed that only a fraction
/ < 10~4 of the actinides is not recovered from the waste fuel and is then
stored with the low activity stream.

For the envisaged MOX fuel a wet reprocessing scheme, such as the
Thorex process is most suited. However, current technology is well developed
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only for the analogous Purex process, which allows only for / > 1.25 x 10 3.
Pyrolitic processes, an alternative also considered in Ref. 1, in principle al-
low achieving smaller / , but are at present less developed and are not quite
suitable for MOX fuels. [Incidentally, replacing MOX fuels with metallic or
silicide or nitride fuels would remove the problem related to the flotation of
the fuel pins in the lead coolant (see Sec. 4.1)].

It should also be pointed out that remote operation will be required for
the fabrication of the U-Th fuel elements, since hans-on operation is only
feasible for a rather short time interval (< 1 month) after fuel discharge.

4.6. Miscellaneous
Among additional topics deserving further studies we can mention

• lead toxicity and its safety and environmental impact;

• possible activation and damage of the beam drift tube caused by halo
currents;

• the requirements for the transmutation of the long lived fission products
in a power producing f-EA. The transmutation of the long lived fission
products is harder in a Th-U cycle due to the already mentioned lower
neutron availability.

5. General remarks on the f-EA

The f-EA (fast neutron Energy Amplifier) is a an innovative concept to pro-
duce electrical energy by nuclear fission. According to its proponents, it
aims at making available such an energy source capable of serving mankind
for centuries, by offering solutions to some open issues concerning safety, fuel
utilization, enviromental impact and proliferation. Assessing the feasibility
of the f-EA requires realistic answers to a number of questions: is the con-
cept feasible, according to our present knowledge of the physical laws? is it
possible to build a machine, that will steadily generate electricity? can the
device be economically competitive? can the process be safe and enviromen-
tally acceptable? While we feel that any conclusion on the economic aspects
is premature, general remarks can be made on the other questions.

The f-EA is potentially capable of producing electrical energy [1] and of
contributing to the complete elimination of the Plutonium and MAs (Minor
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Actinides) stockpiles [4] accumulated in the operation of military and com-
mercial reactors. For both these goals the f-EA must compete with other
concepts:

• the present fission reactors (and future fusion reactor) for electricity
production, here still pending the question why use an accelerator?
why increase the complexity of already complex systems, combibing a
reactor and an accelerator?

• the so called hybrid systems, or ADS (Accelerator Driven Systems),
under consideration in several countries to incinerate dangerous and
long living nuclear wastes.

On the other hand, the f-EA may take advantage of the R&D already in
progress for its potential competitors.

Concerning energy production, the increased complexity of the combina-
tion between a reactor and an accelerator is justified by the proponents by
the enhanced safety resulting from undercriticality, and by the reduced pro-
liferation risks and enviromental impact due to the use of the Th-U cycle. It
is however to be stressed that reactivity accidents are not usually considered
the most serious issue for the new reactor designs; indeed their probability
is extremely low and, in any event, measures are taken to minimize their
consequence on the enviroment.

The f-EA appears to have a higher strategic value in the area of the closure
of the fuel cycle and of waste incineration. Indeed, a pressing requirement
for a further spread of nuclear energy production is the minimization, and
possibly the complete destruction, of the most dangerous elements in the fuel
waste, such as the actinides and the long lived fission products. The closing
of the fuel cycle leads to an essential reduction of fuel waste toxicity for all
reactor types and all fuel cycles due to the reduction of the irradiated fuel
mass in the wastes. A recent work [23] reports the following main features,
which allow to improve the capability of waste incineration.

• Fast reactors have in general an advantage when compared to the ther-
mal light water reactors (LWR) mainly because of a higher thermal
efficiency, higher potential burnup levels, a much higher internal neu-
tron surplus and then a higher long lived fission product incineration
potential; in fast reactors neutron surplus is not necessary for MA (mi-
nor actinides) transmutation since in a fast flux all MAs are themselves
neutron producers.
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• At equilibrium, the rate of Pu and MA's burnout is proportional to
their feed fraction, with the maximum rate achieved at 100 % of Pu and
MA's loading. However, use of such fuels (Pu+MA) in a critical system
could lead to undesirable consequences in case of prompt reactivity
insertions (because of the low fraction of effective delayed neutrons in
these systems).

• An ADS (Accelerator Driven System), in which some fraction Fpiant
of the energy produced is fed back to the accelerator, while allows to
operate far from critical conditions, also helps to gain in neutron sur-
plus. In addition, an ADS can improve neutronics of the corresponding
critical reactor, thus allowing to achieve a higher burnup level.

• A fast spectrum ADS would benefit from the same advantages men-
tioned above for a critical fast reactor.

The design of the f-EA incorporates nearly all the above features.

Concerning the use of the thorium fuel cycle in the f-EA, it has been
remarked [23] that the irradiation of thorium fuel produces much less fuel
waste toxicity (up to two orders of magnitude) than uranium fuel for the
first 30,000 yr after fuel irradiation,9 however, in a fast reactor, the thorium
fuel cycle presents a less favourable neutron balance than the uranium cycle
10, hence the use of an external source is more beneficial. At the same time,
the Th-U cycle demands higher energy consumption to work close to the
equilibrium state.

It should also be pointed out that a large effort is required to generate a
nuclear data library for the thorium family with the same degree of complete-
ness and reliability as that already available for the uranium family. This is
essential for a safe and economic operation of the f-EA.

While building a proof-of-principle f-EA system does not require the
development of revolutionary technological solutions, the improvements re-
quired to assure a reliable operation are such that they might impair the
chance to generate electricity at a commercially competitive cost. Roughly
speaking, the main technological innovations, already discussed in previous
sections, are:

• a compact, highly reliable modular cyclotron for the acceleration of a
1.0 GeV proton beam of 10-20 mA. Today's experience makes reference

9this advantage disappears for longer time intervals after irradiation.
10see the relevant values of v and rj in Table 2 in the Appendix.
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to the LAMPF linear accelerator, which has well operated for nearly
20 years, with a proton beam of 1 mA, and an energy of 800 MeV, and
to the PSI cyclotron quoted in Sec. 2.5 above. However, the design of
a LINAC accelerator with parameters analogous to those required for
the f-EA is already planned for the LIFT (Los Alamos International
Facility for Transmutation) to be operated within 2005-2010.

• molten lead as the reactor primary coolant (operating conditions: Ttn =
400 °C, Tout = 600 °C) and as a source of spallation neutrons (see
Sec. 4.2);

• fuel claddings (candidate material HT-9) envisaged to operate at a
temperature of 700 °C, up to a fuel burnup of 100 GWd/t, equivalent
to a dose of 170 dpa. Such values have been achieved by fast reactor
fuel elements, but at lower temperature, under liquid Na cooling. [24]

• the tungsten window (see Sec. 4.2.2);

• the thorium fuel cycle; here a highly effective reprocessing cycle is as-
sumed but the thorium fuel cycle lacks of any consolidated industrial
experience; in general, higher separation factors and reduced amount
of secondary waste require the development of new pyrometallurgical
processes;

• in order to get the incineration of the most dangerous and long living
fission products ("Tc, 129I, 135Cs), a specific isotope separation tech-
nology would be necessary for the isotope 13oCs.

Continued research, development, analysis and testing is required, specif-
ically for the study of the radiation-induced degradation in properties, which
appears to be similar in kind to those observed in the present fission reactors.
Although the exposures anticipated for materials in the f-EA are of a severity
in terms of neutron and proton fluxes and energies unparalleled in previous
applications, similar technological developments are already under consider-
ation within several national and international organizations (CERN, LANL,
CEA, JAERI, RDIPE etc.) under common or co-operative Projects.

World population is still rapidly increasing and this is expected to result
in a one and half- to three-fold in increase in primary energy requirements
by 2050 and in a two- to five-fold increase by 2100. [25] The local capacity
of the environment to absorb higher levels of pollution will likely become
the limiting factor for the unconstrained use of fossil fuels. On the other
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hand, nuclear power is in difficulty because of the accumulation of nuclear
wastes, irradiated fuels and nuclear materials from dismantled warheads.
The challenge to the nuclear community for the near future is to gain public
confidence by solving the remaining problems related to the accumulation of
waste and spent fuel.

Here concepts like the f-EA might play an important role, both if they
were employed for energy production, and if they were only used as waste
incinerators. Indeed the possibility exists for negating the need of a geological
waste repository. We share the conclusion of Ref. 23, that the objective
of an essential minimization of fuel waste and long lived fission products
toxicity can be a realistic one, if innovative but not necessarily revolutionary
systems are seriously considered and the appropriate technological research
and development efforts are deployed.

Also in Italy, notwithstanding the present halt to nuclear technology, the
problem of decommissioning nuclear power stations, with their fuel cores,
is still open. Hence an incentive to participate in the development of new
solutions for reducing fuel wastes.

In the following section we propose some activities which could be per-
formed at ENEA, based on existing facilities and expertise. Unfortunately,
due to the lack in Italy of a material testing radiation facility, crucial issues
concerning irradiated components can only be addressed in the frame of an
international cooperation.

6. Possible R&D activities of the ENEA Nu-
clear Fusion Division

In this section we discuss a few activities on some of the crucial technological
and engineering issues for the f-EA design, which can be performed at the
ENEA Nuclear Fusion Division, taking advantage of existing expertise and
facilities.

6.1. Lead-steel compatibility

6.1.1. Martensitic steel corrosion due to flowing lead

As discussed in Sec. 4.2.1 data on steel corrosion caused by molten lead in
the relevant range of temperature and flow velocity are missing.

The ENEA Nuclear Fusion Division has built the LIFUS-2 system, con-
sisting of an eight-shaped circuit, in order to study the flow of the eutectic
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Pb-Li alloy envisaged as a possible breeder material in fusion reactors. The
volume of the circuit is about 200 1, the lead flow is about 3 m3/h, and
the available heating power is 50 kW. The cool branch material is AISI316
steel, the hot one AISI446. Two mechanical test equipments (MTS) are
available, that can be connected to the circuit to conduct experiments on
fatigue-corrosion.

With modifications, consisting in the construction of an auxiliary circuit
parallel to the primary circuit, of new test sections, and the increase of
the pump flow, the LIFUS-2 system can be used to perform experiments
on lead-induced corrosion at temperatures up to 600 °C and flow speed up
to 2 m/s. Martensitic steels such as HT-9, EM-12, and MANET can be
tested; a parametric corrosion equation can be determined as a function
of temperature, flow velocity and thermal gradient between cold and hot
branches of the circuit.

6.1.2. Steel mechanical tests in flowing lead

The LIFUS-2 equipment can also be used for studying the effects of flowing
lead on the mechanical properties of steels.

In particular one can perform experiments concerning:

1. fatigue-corrosion in flowing lead;

2. viscous creep at 500-550 °C;

3. liquid metal embrittlement on fresh, aged, and welded steels.

6.1.3. Protective coatings for steels

The ENEA Nuclear Fusion Division has developed expertise in the area of
steel protecting coatings. It has been found that some metallic materials
(as iron aluminide and molibdenum) and some ceramic materials (such as
titanium carbonitride, aluminum or titanium oxides) are of potential inter-
est. However such coatings have been tested under conditions different from
those expected in the f-EA. The LIFUS-2 system and the diagnostic equip-
ment available in a laboratory for coating characterization allow performing
experiments under conditions relevant to the f-EA. In particular, the study
can include:

1. production and characterization of coatings;

2. tests of corrosion in flowing lead;

3. test of alternative protection systems, such as inhibitors.
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6.1.4. Steel resistance to hydrogen embrittlement

Martensitic steels are sensitive to hydrogen produced by (n,p) reactions; the
effect is expected to become larger if corrosion protecting coatings are used,
since they could increase the quantity of hydrogen retained inside the metal.
Obtaining data on irradiated materials is at the moment difficult. On the
other hand, the ENEA Nuclear Fusion Division could perform experiments on
pressure charged or electrochemically charged martensitic steels. Such tests
could yield preliminary data on the sensitivity of the interesting materials
to hydrogen in a temperature interval between room temperature and about
400 °C.

6.2. Molten lead thermohydraulics

The circulation of molten lead can be tested in a scaled down experiment,
applying thermal-hydraulic similarity laws. This could allow an assessment
of the potentials of natural convection, and/or tests on elecromagnetic cir-
culators. Such an experiment could be designed and built exploiting the
availability of expertise, workshop tools, and diagnostic equipment.

6.3. Neutronics

The Neutronics Section of the ENEA Nuclear Fusion Division operates a
point neutron source (the Frascati Neutron Generator or FNG) that gen-
erates up to 1011 n/s at 14 MeV or up to 108 n/s at about 3 MeV. The
intensity is measured with high accuracy (±2%). The source intensity half-
time at maximum power is 25 hours at 14 MeV, and 100 hours at 3 MeV.
The experimental bunker has considerable dimensions (about 10 x 12 x 9 m3),
and masses weighting up to 6 tons can be placed in front of the FNG.

The versatility and good characterization of the FNG allow conducting
accurate code benchmark experiments and the measurement of nuclear data
of interest to the f-EA. Experiments can be performed, e.g., on slowing down,
capture and multiplication in lead.

The Neutronics Section makes also use of the codes FLUKA for high en-
ergy particle transport, MCNP (with EURATOM/IAEA nuclear data) for
slowing down, thermalization and fission, and FISPACT (with EAF data li-
braries) for zero-dimensional structural material activation and actinide burn
calculations.
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7. Remarks on the comparison between
safety and enviromental aspects of the
f-EA and of Magnetic Fusion

In Ref. 5 C. Rubbia has presented a comparison of the safety and enviromen-
tal properties of the f-EA and of magnetic confinement fusion. The analysis
concerning magnetic fusion is based on the SEAFP (Safety and Enviromen-
tal Assessment of Fusion Power) study. [22] Rubbia's conclusion is that the
f-EA and magnetic fusion reactors have analogous safety properties, enviro-
mental impact, resource availability, and proliferation issues, while the f-EA
is simpler, hence offering greater reliability and lower energy cost.

As a general remark concerning such a comparison, we notice that the
SEAFP is a comprehensive and detailed study, based on well defined reac-
tor designs, and using standard risk assessment criteria to analyze safety
issues. For the f-EA instead, a design of equivalent detail has not yet been
performed, which makes difficult to assess such topics as confinement, ac-
cident sequences, etc. The conclusions reached in Ref. 5 are based on the
assumptions that all the issues concerning the f-EA feasibility are completely
overcome. Here we refer, e.g., to the use of naturally circulating lead at high
temperature, to the achievement of very high separation factor in reprocess-
ing, to the operation at weak subcriticality.

As far as the cost of energy is concerned, a reliable comparative estimate
of costs and merits of the two lines can only be done after demonstration
prototype reactors have been built and operated for several years. We ac-
knowledge that the fusion reactor is a very complex system. On one hand
we have the set of superconducting magnets, the vacuum vessel, the blanket,
etc; on the other we have operation and maintenance of the tokamak reac-
tor. The former originate the capital cost that cannot be reduced beyond a
certain value (which is not low in fusion). Operation and maintenance in-
clude control of such quantities as plasma current density, divertor radiation,
density, etc., as well as the periodic replacement of the most exposed com-
ponents. The complexity of the system finally translates into costs. For the
tokamak reactor to be economically competitive its operational and mainte-
nance costs should be comparable to those of the fission reactors. We must
however consider that commercial fusion reactors will not be in operation
before several decades, while we are witnessing a very fast and impressive
evolution of the technology of control and automation. Therefore, the cost
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of complex control and feedback systems, as well as of expert systems, could
not be a critical issue when commercial fusion reactors will appear on the
market.

We now briefly comment on some specific issues raised in Ref. 5.
Concerning fuel breeding, it is true that tritium breeding is a complex

process, which however should not be compared only with the in-core 233U
breeding, but rather with the whole fuel cycle, including reprocessing. Also,
one has to consider the enviromental impact of raw materials extraction
and processing. In such a respect the extraction of thorium has a greater
enviromental impact than that of lithium, requiring mining of larger masses
of material, and the use of processes such as leaching.

As far as the tritium inventory is concerned, the ingestive radiotoxicity of
the bred fuel stockpiles are comparable, but C. Rubbia points out that the
toxicity of the total amount of handled tritium is two orders of magnitude
larger than that of thorium. We observe that such a comparison may be
meaningful for what concerns fuel handling equipments, while only the in-
reactor inventory is relevant to accident analysis. In addition, the toxicity
of other isotopes (e.g. actinides, fission products) should also be taken into
account for the f-EA.

Ingestive radiotoxicities of f-EA and magnetic fusion reactors are, on long
time scales, comparable, and geological repositories are not needed in both
cases. We notice that the radiotoxicity of magnetic fusion reactors could
be even further reduced by the use of low activation structural materials.
Also, on time scales from decades to a few centuries, toxicity is anyhow
considerably lower for magnetic fusion reactors than for the f-EA.

The proliferation issue is similar for the two devices if sealed operation
is assumed. It is worth remarking, anyhow, that fusion offers the advantage
(see the SEAFP study [22]) that the fact that there should not be any
fissile or fertile materials offers a clear cut detection criterion, in contrast to
fission reactors where it is necessary to detect small discrepancies in large
inventories. We acknowledge, however, that sealing of the tank and of the
fuel shipping casks would be an effective measure to hinder proliferation.
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Appendix. Breeding equilibrium and neu-
tron economy

The Energy Amplifier aims at approching a breeding equilibrium, i.e. a
state in which each fissioned nucleus is replaced by a bred nucleus. The
achievement of such a condition requires the availability of a sufficient number
of neutrons, in excess of those needed in order to sustain the chain reaction,
and the choice of a proper neutron flux. In turn, the neutron flux (and
spectrum) and the fuel composition determine the specific power generated
by the fuel.

Here we refer to the Th-U cycle (see the scheme of Fig. 2, and the cross
sections of Table 1), but the arguments are more general. We want to reach
an equilibrium such that the fission and breeding of 233U compensate each
other.
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Figure 2: The Th-U fuel cycle
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thermal
fast

<7c(Th)
7.37

0.386

<7c(233Pa)

39.5
1.12

532
2.78

<re{™V)
45.5
0.289

Table 1: Cross sections (in barn) for the reactions of the cycle of Fig. 2;
since the cross sections depend on the assumed spectrum, the fast values are
only to be taken as indicative.

This can be achieved if the generation of 233U from 233Pa 0 decay (with
half life r(233Pa) = 27 days) dominates over neutron capture by 233Pa, which
requires that the flux 4> satisfies the condition

1
<rc(

233Pa)r(233Pa)
f 1.1 x 1016 cm 2 s - 1 thermal spectrum
[ 3.8 x 1017 cm~2s~a fast spectrum

(Al)
If Eq. (Al) is satisfied,11 e.g., by limiting the flux to 2% of the above

limit, then a zero-order12 equilibrium is exponentially approached, in which
the ratio of the fuel (233U) to the breeder (Th) concentration is a constant,
independent of the flux:

jV(233U) ac(Th) f 0.0135
Ar(232Th) " a /+c(233U) ~ \ 0.126

thermal spectrum
fast spectrum

(A2)

From Eqs. (Al) and (A2) it can also be immediately seen that a U-Th
reactor at breeding equilibrium can achieve even higher power density with
a fast neutron spectrum than with a thermal spectrum, despite the much
smaller value of the fission cross section for fast neutrons. This is readily
appreciated by writing

P oc iV(2 3 3U)^(2 3 3U) (A3)

and observing that for Eq. (A2) ( is 9 times larger for the fast spectrum than
for a thermal spectrum, and that the fast flux can exceed by more than a
factor 35 the thermal flux (see Eq. (Al)). Additional advantages of an f-EA
relative to a thermal-EA are mentioned in Sec. 2.3.

We now turn to neutron economy, and refer to a generic subcritical reac-
tor, with multiplication factor kejj, driven by an external source, providing

"Additional constraints come, as discussed in Ref. 8, from stability considerations.
12that is, neglecting consumption of the bulk Th.
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S neutrons per fission reaction (of the main fissile material)13. We look for
the conditions for breeding equilibrium and for an expression of kejf as a
function of the core parameters.

We start by writing a neutron balance referring to 1 fission reaction in
the main fissile fuel (233U). We have

ve + S = l+a + A B + A + L, (A4)

equating the neutron source terms (on the left hand side) to the neutron
absorption or loss term. Each fission reaction releases, on average, v neutrons;
fissions of the fertile material are taken into account, as usual, by the fast
fission factor e; in addition, an external source produces S neutrons. Such a
production term is balanced by the contribution due to capture by the fissile
material (1 •+- a, where 1 neutron induces the fission, and a accounts for
radiative capture), to capture by the breeder, As, to capture by non-fissile
and non-fertile materials, A, and to leakage, L.

Breeding efficiency is measured by the ratio B of the number of bred
fissile nuclei to the number of destroyed nuclei, that is

(A5)
i -f «

Using Eq. (A4) we find

or

where, with standard notation, [7] 77 = i//(l + a) represents the number of
neutrons released per neutron absorbed by the fissile material, and

is the fractional loss of neutrons. Equations (A6) and (A7) obviously confirm
that in the limit of negligible losses, breeding equilibrium or excess breeding
requires

(A9)

13Here and in the following we refer to properly averaged values of the various nuclear
parameters, of the loss terms, and to a properly weighted source term, 5, including the
geometric importance factor.
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233U - thermal
233U - fast

239Pu - thermal
239Pu - fast

V

2.51
2.70
2.91
2.97

a
0.10
0.10
0.37
0.18

V
2.2S
2.45
2.12
2.53

Table 2: Fission reaction constants

Given the dependence of n on the neutron energy (see Table 2), the advantage
of a fast spectrum is obvious.14

The core effective multiplication factor in a subcritical reactor is defined
as [7]

neutrons produced per unit time ve
neutrons absorbed per unit time ve + S

The denominator of Eq. (A10) can be expressed by means of Eq. (A4),
which, at breeding equilibrium (1 + a = AB) reads ve + S = 2(1 + a) + A + L,
or for the definition of L, (ve + 5)(1 — L) = 2(1 + a); it is then found

fce// = rje
l-L

(All)

Again, the advantage of a fast spectrum is obvious.

14The fast fission factor e has an energy dependence too. Since e also depends on
the fuel mixture actually employed, one cannot give universal values. Typically one has
e = 1.03-1.07 in thermal reactors and somewhat larger values in fast breeders.
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