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Abstract

We have investigated safety characteristics of nitride fuels in critical and sub-critical cores dedicated
to waste transmutation. It is shown that decomposition of actinide nitrides followed by escape of
nitrogen gas from the core will not lead to positive reactivity feedback, provided that a) 15N enriched
nitrogen is used, and b) pin pitches are sufficiently large. Hence the reason for nitride fuels not being
licensed for use in Phenix is not valid in the context of P&T, where use of 15N enriched nitrogen in
nitride fuel fabrication is a prerequisite, and neutron economy is much less constrained than in FBRs.
Consequently, the main safety concerns related to use of nitride fuels can be eliminated by proper
core and fuel design.
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1. Introduction

Since the 50s, nitride fuels have been considered as an alternative to oxides for use in fast
neutron reactors [1]. In comparison with oxides, the higher actinide density of (U,Pu)N fuels enables
shorter doubling times, which was an important objective in fast reactor development until the end of
the 80s. While nitride fuel pins have been fabricated and irradiated in both the United States, Western
Europe and Japan [2,3,4], the largest effort was undertaken in the Russian Federation, where the
BR-10 reactor for 15 years was operating on UN fuel [5]. (U,Pu)N fuel is also to be used in
BREST-OD-300, a prototype lead cooled reactor planned for construction in Beloyarsk [6].

During the last decade, the focus of fast reactor development has shifted towards utilisation for
plutonium and minor actinide burning. Safety requirements however limit the minor actinide
concentration in large cores to less than 2.5% [7]. Excess concentration of americium in TRU
inventories arise due to decay of 241Pu if Pu is not recycled, and due to neutron capture on 242Pu if Pu is
recycled in thermal reactors [8]. Hence sub-critical operation of dedicated minor actinide burners was
proposed by a number of authors, starting with Foster et al. in 1974 [9].

In the context of partitioning and transmutation, a renewed interest in nitride fuels has arisen,
due to additional attractive features of this fuel type, namely:

•  Sufficient solubility of plutonium nitride in nitric acid for PUREX reprocessing to be
applicable. Nitrides are as metal and oxide fuels reprocessable by pyrometallurgical
methods, but the latter still have to prove ability to provide recovery fractions above 99% in
large-scale facilities.

•  High thermal conductivity, enabling operation at higher linear power. Hence, the number of
minor actinide containing fuel pins to be fabricated, irradiated and reprocessed can be
significantly reduced.

For these and other reasons, a number of fast reactor designs based on the use of nitride fuels,
critical and sub-critical, were elaborated during the nineties [10-13]. As appropriate, they were not
left unchallenged. It was argued that the decomposition of plutonium and americium nitride into
metal and nitrogen gas taking place at temperatures below the melting point could cause unacceptable
safety problems. The observation of PuN decomposition in the NILOC irradiation [3] may have
triggered the cancellation of the NIMPHE program in Phenix. Subsequently, the stability of nitride
fuelled cores in beyond design basis accidents was questioned [14,15].

Obviously, if one proposes to use nitride fuels in any reactor design, one has to prove that either
fuel temperatures will never exceed the decomposition limit, or if decomposition would indeed occur,
that the consequences are of acceptable character. It is the purpose of the present paper to study the
latter case. We start by displaying nitrogen void worths in a CAPRA type of core [16], and then
proceed by analysing the behaviour of JAERI’s nitride fuelled sub-critical core design in more detail.

2. Nitrogen void worths in CAPRA cores

A fully three dimensional pin by pin model of the sodium cooled CAPRA core was set up for the
continuous energy Monte Carlo simulation code MCNP. The oxide fuel of the reference core was
substituted with (U,Pu)N fuel, having a degraded Pu vector. Following the high burn-up CAPRA core
design, the diluent spinel and steel pins were substituted with 11B4C pins to obtain a softer spectrum.
Pin pitches were varied in order to cover the range from 1.2 to 1.8 times pin diameters. The fraction
of moderator pins was adjusted in order to retain a k-eigenvalue equal to unity. The nitrogen void
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worth was calculated by removing all nitrogen from the fuel pins, corresponding to a hypothetical
scenario where loss of pin integrity at BOL leads to escape of pin bonding, followed by complete
decomposition of both UN and PuN, and escape of all nitrogen gas formed from the core region. The
resulting change in reactivity as function of pin pitch is displayed in Figure 1. As can be seen, the
voiding of natural nitrogen leads to a significant increase in reactivity, mainly due to the absence of
(n,p) reactions on nitrogen in the voided state. As expected, the void worth decreases with increasing
pin pitch, corresponding to an increase in the probability of neutron leakage in the non-voided state.

Note, however the significantly smaller void worth pertaining to the use of 15N for fabrication of
the nitride fuel. 15N has a full neutron shell and is therefore neutronically as transparent as 16O. 15N
void worths hence typically are smaller than those of 14N by more than 1 000 pcm. Increasing pin
pitches up to 1.7 times pin diameters it even becomes negative for the sodium cooled CAPRA core
here investigated.

Figure 1. Nitrogen void worths in a (U,Pu)N fuelled CAPRA core

From Figure 1, one can infer that the use of natural nitrogen based nitride fuels in existing FBR
configurations rightfully has been questioned. However, when designing new reactor types for P&T
purposes the situation is quite different. Firstly, the use of nitrogen enriched in the 15N isotope is
anyway foreseen in order to avoid production of 14C. Second, the constraints on neutron economy are
much less severe for fuels containing high fractions of plutonium, allowing to increase pin pitches
without too large penalty in terms of excessive neutron leakage.

3. Void worths in sub-critical cores of JAERI design

In JAERI, sub-critical minor actinide burners have been studied since the beginning of the
OMEGA program. A nitrided fuelled core design emerged in the second half of the nineties, adopting
a Pu to TRU ratio of about 40% in order to minimise the reactivity swing over a large number of
burn-up cycles [12]. The primary coolant option considered by JAERI is sodium, even though
exploratory calculations on a Pb-Bi cooled core has been made. The fuel is diluted with zirconium
nitride and the total core power is 800 MWth.
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A three dimensional model of a sub-critical core similar to the JAERI design was made for
MCNP in order to evaluate the nitrogen void worth. Liquid lead-bismuth was used as spallation target
instead of solid tungsten with sodium cooling. The radius of the target was set to 20 cm. The sub-
assembly duct pitch was fixed to 16 cm. An average linear rating of 32 kW/m was adopted, and the
number of sub-assemblies of the core was increased with increase in pin pitches in order to maintain a
total core power of 800 MWth. Equal molar fractions of zirconium nitride and transuranium nitride
were assumed, and the concentration of Pu in the fuel was adjusted to obtain a k-eigenvalue of the
core equal to 0.95. The Pu and MA vectors used in the simulation correspond to those of LWR
discharges after 5 years of cooling. Figure 2 displays the resulting coolant void worths for sodium and
lead-bismuth, respectively, adopting 99% 15N enriched nitrogen for the fuel. As is well known, lead-
bismuth gives a smaller void worth for P/D less than 2.0, but the strongly negative worth reported by
JAERI [12] is only present in the case of voiding upper plenum in addition to the core. Note further
that the difference in void worths between the coolants decreases for large pin pitches, going down
from 3 500 pcm at P/D ~1.5 to 1 000 pcm at P/D ~2.0.

Figure 2. Change in k-eigenvalue when voiding the core of coolant for sodium (left)
and lead-bismuth (right) cooled cores. The lower lines gives •k when voiding

upper plenum in addition to the core.

In Figure 3, the change in k-eigenvalue when voiding the core from nitrogen gas formed after
decomposition of actinide nitrides is shown. It was assumed that zirconium nitride does not undergo
decomposition. For the sodium-cooled core, the 15N void worth becomes negative for large pin
pitches, as in the case of the CAPRA core. For the lead-bismuth cooled core, however, void worths
remain positive, with values exceeding 1 000 pcm. This is apparently due to the better reflective
properties of lead-bismuth, leading to lower leakage. Natural nitrogen void worths are about 750 pcm
larger than 15N worths, which is a smaller difference than for the CAPRA core. It can be understood
from the fact that only 50% of the nitrogen inventory is lost in the assumption for the JAERI core.

Considering that uranium free cores in general have very little Doppler feedback, one would like
to operate minor actinide burners like the JAERI core on sub-criticality levels sufficiently deep for
super-criticality to be excluded in all cases. With sodium cooling and standard fast reactor pitches
(P/D<1.4) one notes that sodium void alone would require BOL k-eigenvalues lower than 0.95.
Additional losses of 15N from nitride fuel being heated above the dissociation temperature are more
influential on neutronics in lead-bismuth cooled cores. However, one may not simply add the coolant
and nitrogen voids to estimate the consequences of decomposition induced by coolant voiding. In
Figure 4, the void worth resulting from simultaneous voiding of Pb-Bi coolant and transuranium
nitride nitrogen is compared to the void worths of the separate events. Note how the leakage
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component increases with pin pitch, leading to a total void worth being smaller than the nitrogen
worth for P/D>1.8!

Figure 3. Change in k-eigenvalue when assuming decomposition of
transuranium nitrides and escape of nitrogen gas from

cores cooled by sodium (lower lines) and lead-bismuth (upper lines).

When comparing the safety margins of sodium and lead-bismuth cooled sub-critical core
designs, one should also take into account the reactivity losses appearing due to burn-up. The better
neutron economy of Pb-Bi leads to lower requirement of Pu concentration to obtain a certain
k-eigenvalue at a given pin pitch. For instance, a Pu fraction of 40% is required to obtain k = 0.95 at
P/D = 1.5 in the sodium cooled JAERI core. The same Pu fraction is sufficient to attain the same
eigenvalue at P/D = 1.8 in the lead-bismuth cooled version. Remembering that a 40% Pu fraction at
BOL is optimal in order to minimise reactivity losses over a series of burn-up cycles [12], a Pb-Bi
cooled core with the same reactivity loss as a Na cooled core thus features significantly lower void
worths, and can be operated at higher k-eigenvalues. For P/D = 1.8 the present study indicates that
k = 0.97 would yield sufficient margins to unprotected super-criticality using lead-bismuth as coolant.

The void worths here presented are of course upper limits to reactivity changes, at least as long
as core geometries remain intact. The high boiling temperature of lead-bismuth will lead to clad and
steel structure melting before coolant boiling, (TRU,Zr)N pellets would thus float to the surface of the
liquid metal pool where increased leakage decreases reactivity. The scenario of loss of coolant due to
tank rupture would void upper plenum before the core, again increasing neutron leakage. The
possibility of fission gas and helium leakage from fuel pins leading to gas bubbles passing through
the core should not be discarded, but the impact of such events should be of fairly local character.
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Figure 4. Change in k-eigenvalue for simultaneous voiding
of lead-bismuth coolant and 15N, compared to the separate void worths.

A more likely accident scenario in nitride fuelled cores is the partial loss of nitrogen due to
decomposition of americium nitride. While the dissociation temperature of AmN is not exactly
known, it is expected to be lower than that of PuN. In Figure 5, the insertion of reactivity due to
decomposition of AmN followed by escape of nitrogen gas from the core is displayed. As seen, it
remains below 1 000 pcm for all pin pitches in the lead-bismuth cooled core.

Figure 5. Change in k-eigenvalue for  voiding of 15N gas forming after decomposition of AmN,
compared to the full void worth of transuranium nitride nitrogen. PbBi cooling was assumed.
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4. Conclusions

Having calculated the changes in reactivity resulting from voiding nitride fuelled critical and
sub-critical burner cores from nitrogen, we make the following conclusions:

•  Use of 15N in fabrication of nitride fuels diminishes nitrogen void worths by up to 2 000 pcm,
comparing with natural nitrogen void worths. Sodium cooling yields lower nitrogen void
worths than lead-bismuth (provided core geometry remains intact), due to larger neutron
leakage into upper and lower plena. For large pin pitches and sodium cooling, 15N void
worths can become negative.

•  Voiding both coolant and nitrogen, the resulting change in reactivity almost equals the sum
of void worths for the separate events for small pin pitches, but becomes smaller than the
nitrogen void for larger pitches (P/D>1.75 in the case of Pb-Bi cooling).

•  With proper core and fuel design, i.e. using 15N for fabrication of nitride fuels and large pin
pitches, nitrogen and coolant void worths can be maintained within reasonable limits (e.g.
2 000 pcm). The use of lead-bismuth coolant allows to minimise reactivity losses for large
pin pitches, and a variant of the JAERI core design based on (Zr0.5, Pu0.2, MA0.3)15N fuel,
P/D = 1.8 and lead-bismuth coolant appears to be possible to operate at a BOL eigenvalue in
the vicinity of 0.97.

The issue of excessive cover gas pressure resulting from nitride fuel decomposition in core
disruptive accidents has not been addressed in the present paper, but it should be noted that the
nitrogen inventory in the JAERI core design is less than half, and the actinide nitride inventory of
nitrogen is less than one quarter of that in the core investigated by Umeoka [16].
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Abstract

The different types of transmutation systems under investigation include accelerator driven (ADS) and
critical systems. To switch off an accelerator in case of an accident initiation is quite important for all
accidents. For a fast ADS the grace times available for doing so depend strongly on the total heat
capacity and the natural circulation capability of the primary coolant. Cooling with heavy metal Pb-Bi
has considerable advantages in this regard compared to gas cooling. Moreover it allows passive ex-
vessel cooling with natural air or water circulation. In the remote likelihood of fuel melting, oxide fuel
appears to mix with the Pb-Bi coolant. Fast critical systems that are cooled by Pb-Bi will
automatically shut off if the flow or heat sink is lost. Reactivity accidents can be limited by a low total
control rod worth. High temperature reactors can achieve only incomplete burning of actinides. If an
accelerator is added to increase burn-up, a fast spectrum region is needed, which has a low heat
capacity.
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Nomenclature

ADS: Accelerator driven system.
ATW: Accelerator driven transmutation of waste.
GT-MHR: Gas turbine modular high temperature reactor.
LOF: Loss-of-flow accident.
LOHS: Loss-of-heat-sink accident.
LBE: Lead bismuth eutectic (MP 123ºC).
Pb: Lead (MP 327ºC).
RVACS: Reactor vessel auxiliary cooling system.
TRISO: Coated particle with three layers pyrocarbon, siliconcarbide and again pyrocarbon.
TRUs: Transuranium elements: neptunium, plutonium, americium, curium.

1. Introduction – Some ADS designs

Important for the acceptability of nuclear power is a strong reduction in the long-lived higher
actinides and soluble fission products in the nuclear waste is. And thus, it is imperative for keeping the
nuclear option open for the future. Of course, the transmutation reactors should also meet modern
safety criteria such as the one of Generation IV [1] which require future reactors to be demonstrably
safe and deterministically free of catastrophic behaviour. Furthermore, transmuters should not only
lead to the reduction of the waste but also to a new generation of reactors for an economical and clean
energy generation.

The first proposal to use an accelerator driven sub-critical system for burning nuclear waste was
made in 1986 by Bonnaure, Mandrillon, Rief and Takahashi [2]. The first realisation of this concept
and the first preliminary design for a sub-critical waste burner was presented by Prof. Rubbia et al.
[3,4]. It is a fast sub-critical system (k = 0.97) with a thermal power of 1 500 MW. The proposed
accelerator is a cyclotron with proton current of 15 mA. This pool-type ADS features natural
circulation Pb cooling in a 30 m tall vessel. It has an overflow device for passively blocking the beam
and emergency decay heat removal by passive ex-vessel air cooling (RVACS).

The next ADS design, which is already quite advanced, is the Ansaldo demonstration facility of
80 MWt [5]. The sub-criticality is also about 0.97 and it has a cyclotron that delivers a 3 mA proton
current. It features LBE cooling using an “enhanced natural circulation” by the addition of argon
bubbles above the core and gas removal from the upper plenum. This allows the reduction of the
primary pool height to 8 m and provides good control of the primary flow. Moreover, the coolant flow
path is rather simple, passing from the core up through the riser section, then through the heat
exchangers that are in the downcomer and further down to the core inlet. This allows arrangement
such a good natural circulation that the full power can be removed even if the injection of gas bubbles
fails. The secondary coolant is a diathermic fluid with low vapour pressure. For emergency decay heat
removal a new type of RVACS is proposed, schematically shown in Figure 5.

Another LBE-cooled ADS with three proton beams has been presented by FZK [6]. This relies on
mechanical pumps. This means that the coolant, after having passed through the heat exchangers, has
to get back up to the inlet of the pumps, a fact which degrades the natural circulation capability. The
full power can rather certainly not be removed without the pumps running, but the decay heat and the
emergency decay heat can be easily removed due to the good natural circulation capability of the LBE
coolant.

Framatome has presented a gas-cooled fast ADS demonstrator [7]. It has a thermal power around
100 MWt. The sub-criticality is 0.95 and the proton beam has a current of 10 mA. The design is a
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direct cycle gas-cooled fast spectrum reactor with the vessel and the gas turbine as in the GT-MHR
reactor. However, this ADS uses fast reactor fuel pins and the helium flow in the core is upwards. In
case of loss of the forced circulation of helium, the decay heat can be removed by helium natural
circulation using the heat exchangers of the shutdown cooling system. In the case of loss-of-pressure,
blowers (an active system) and the intermediate helium/water heat exchangers of the shutdown
cooling system remove the decay heat. The same approach is used during handling operations of the
shutdown ADS.

Another ADS that is proposed by General Atomics [8,9] is the 600 MWt Integrated Thermal –
Fast Transmuter. It works as a gas cooled HTR with TRISO fuel that contains LWR waste and erbium
poison in order to get an extended burn-up. After three years of critical operation, a horizontal proton
beam is used to drive the inner transmutation region that occupies about 15% of the active region and
is surrounded by a graphite reflector. It operates in the fast energy neutron spectrum and contains
tungsten rods that house TRISO particles already transmuted before in the thermal region. Since the
TRUs will only be burnt by a little more than 80%, a three-year further burn-up follows in fast gas-
cooled ADS (as in the Framatome approach above) in which the 50-mm tall compacts containing the
already burnt up TRISO particles will be inserted. This approach is somewhat complex. But it requires
only the reprocessing of the LWR waste. However, TRISO particles of 500-µm diameter for HTR
have only been licensed for 80 000 MWd/t burn-up. The validation of the accident behaviour for
longer burn-up and plutonium/neutron absorber containing 200 µm TRISO particles is still necessary
[10].

Several critical LBE or Pb cooled critical designs have recently been proposed that can at least
burn a considerable amount of the plutonium isotopes. The amount of minor actinides in such a core
should not be too high because this would reduce the delayed neutron fraction, which has safety
implications. If larger amounts of minor actinides should be burned, an ADS is more appropriate. In
this conference a paper describes the burn-up of nuclear waste by fast critical systems. The most
prominent recent announcement was by Minatom, Russian Federation, to build the 300 MWe Brest-
300 reactor [11] within 10 years. It is claimed that it will burn waste, be “naturally safe” and
proliferation proof. There are also LBE- cooled designs proposed by IPPE Obninsk, Russian
Federation – the SVBR-75 reactor [12] and the Tokyo Institute of Technology proposes a compact Pb-
Bi cooled reactors with long-lived (12 years) fuel. A very economical 300 MWt LBE-cooled design is
proposed by ANL, US that features natural circulation cooling [13,14]. The University of Berkeley
proposes a small proliferation-proof reactor for which the entire core can be removed [15]. The South
Koreans are proposing the PEACER reactor that can burn considerable amounts of waste and is
claimed to be very safe [16].

A potentially important way of reducing the excess plutonium with existing water-cooled reactors
is the use of plutonium fuel with a thorium matrix. Galperin and Raizes [17] have shown that a large
PWR can burn more than 1 000 kg of plutonium per year. The 233U that is bred in the process can be
separated from the thorium and could replace some of the 235U enrichment necessary for LWR fuel.
Proliferation problems can be avoided by denaturing the 233U with 238U.

2. Problems if the accelerator is not switched off following an accident initiation in an ADS

It can rather certainly be assumed that regulators will want to know what happens if the
accelerator is not switched off when one of the generic accident initiators occurs. These include the
loss-of-flow (LOF) accident (also called loss-of-forced circulation accident for gas-cooled systems);
loss-of-heat sink (LOHS) accident – e.g. due to loss of feedwater; a depressurisation in a gas-cooled
system; reactivity insertion accidents; a new type of accident for the ADS is the beam power increase
accident and for LBE-cooled systems inlet blockages due to crud formation have to be considered
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Regarding switching off the beam, one accident type does not have to be considered – the station
blackout accident. This is because the accelerator will be automatically switched off when the
electricity supply is interrupted.

Quite a few scoping analyses on the behaviour of LBE-cooled ADS in accidents without beam
shut off have been performed earlier [18,19,20]. They generally show that negative reactivity effects
such as the Doppler effect, axial fuel expansion or even molten fuel sweepout cannot bring the power
much below nominal as long as the beam is on. On the other hand, positive feedbacks due to the
introduction of reactivity, even at a fast rate do not lead to a power burst but to an overpower condition
of a few tenths of percent above nominal. The latter will lead to some fuel pin failures after several
tens of seconds. The resultant sweepout will bring the power back to near nominal. The same type of
behaviour occurs when the beam power is increased (a 50% increase and a doubling of the beam
strength was investigated). At any rate, the reactor coolant will be contaminated (and could possibly
be cleaned afterwards) but there will be no major problem.

Analyses with the STAR-CD code [21] of an LBE-cooled ADS undergoing a major coolant
disturbance such as a LOF or LOHS gave the following results: In the Ansaldo design with its
excellent natural circulation capability, the gas injection can be shut off (LOF) and the heat generated
by the full power can still be removed. However, the outlet temperature is about 80 K hotter and this
should not be maintained for long periods. ADS with mechanical pumps and a worse natural
circulation capability may have considerably greater outlet temperature increases. But this will depend
on the specific design and on the thermal power of the ADS.

For the LOHS accident with the beam on and the argon injection working, there is a grace time of
about 40 min in the 80 MWt Ansaldo ADS before the 900ºC limit for vessel creep is reached. This is
due to the large heat capacity of the heavy metal coolant. The long decrease of the temperature is due
to the ex-vessel cooling with a PRISM type RVACS. For a combined LOHS and LOF (but not a
station blackout, which would shut off the accelerator), there is only a 30 min grace time. This is
because a map of hot LBE collects near the top of the vessel and is only intermittently removed by the
natural circulation. If the beam is still not switched off after this grace time it can be assumed that the
beam pipe will rupture before the vessel fails. This would flood the beam pipe with LBE so that the
spallation source could be removed from the core. Later in the section on beam shut off, it will be
shown that a deliberate weak spot in the beam pipe (a so-called melt-rupture disk) increases the grace
time significantly.

Figure 1. LOHS in 80 MWt ADS –
beam on for 40 min

Figure 2. LOHS + LOF with
beam on for 30 min
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If an inlet blockage occurred in an LDE-cooled ADS it could lead to some fuel melting. However,
an accident in an early LBE-cooled Russian submarine showed that molten fuel (at least oxide fuel)
disperses in the heavy metal coolant in a coolable manner. To detect such a blockage in order to avoid
a longer term blockage propagation may require instrumentation at each subassembly outlet although
coolant activity measurements might be sufficient.

For a gas-cooled ADS hand calculations have shown that the core will melt in a few minutes if
the beam is not switched off in a LOHS accident [22]. The grace times in depressurisation accidents
may be even shorter; the one in a loss of circulation accident is probably somewhat longer. The
melting of a sub-critical fast core can lead to a re-criticality. In reactivity or beam power increase
accidents it is not clear whether an efficient molten fuel sweepout from the core is likely. Otherwise
there will be fuel blockage formations that may propagate.

For an HTR-ADS, the inner fast zone will also have a low heat capacity. Thus it will also have
short grace times for LOHS, loss-of-circulation or depressurisation accidents without beam shut off.

3. Beam shut off possibilities

In principle it is simpler and faster to switch off an accelerator than to insert shutdown rods in a
critical system. The manual switching off of the accelerator based on increased temperatures (which
will occur in all the important ADS accident scenarios) will remain an important option. There should
also be an automatic interruption based on high temperature readings. If these methods fail, a melt-
rupture disk in the wall of the beam pipe that would fail and flood this vacuum tube with heavy liquid
metal would be useful as a last resort [23]. The STAR-CD calculations of an LOHS and a combined
LOHS and LOF in the Ansaldo design show the effect of the melt-rupture disk failing after different
heat ups of the coolant. It can be seen that for the combined LOHS and LOF the triggering (i.e. the
melting of the solder material around this disk) should occur sooner. This is a difficult natural
circulation problem with a 3 MW heat source in the upper part of the primary pool together with the
decreasing core decay heat and the ex-vessel air cooling. The latter can only remove the entire heat
when the vessel temperature is around the creep limit. But this is only reached after nearly 2 days in
the LOHS accident. In the unlikely case of LOF + LOHS accident without beam shut off a map of hot
coolant will collect in the upper part of the vessel due to the loss of forced circulation. After about
7 hours the wall temperature will surpass the creep limit. When a core with a higher thermal power
and a stronger spallation source is used in the same vessel, the grace time gets shorter [23]. In a gas-
cooled ADS this passively activated beam blocking is not possible. We are presently investigating
further approaches for passively switching off the accelerator in heavy metal cooled systems. These
are based on the thermal and electrical conductivity of liquid metals.



504

Figure 3. Beam blocking
10 min (200 K) after LOHS initiation

Figure 4. Beam blocking
3 min (60 K) after LOHS + LOF
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4. Emergency decay heat removal

Emergency decay heat removal is necessary after beam shut off in the case of a station blackout
accident or a LOHS e.g. due to the lack of feedwater. Liquid metals with their good heat conductivity
allow ex-vessel cooling by natural air (RVACS) or water circulation or in – vessel cooling by direct
reactor auxiliary cooling systems (DRACS). Ansaldo [5] is proposing a new approach for an RVACS
(see Figure 5). This new design forms an additional barrier and would prevent fission product releases
even in the remote eventuality of a guard vessel failure. Moreover, it could still cool a disintegrated
core. Since this design consists of many U-shaped pipes, even the failure of a few of them would not
be a problem. Calculations with the STAR-CD code have shown that the decay heat can be easily
removed for the 80 MWt design

Figure 5. Schematic of new Ansaldo RVACS Figure 6. Coolant temperatures and velocities
at the top of the core during a station blackout.

The initial temperature decrease is due
to the large momentum of the LBE flow
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Another innovative approach is part of the BREST-300 design [11]. A thick concrete wall that
contains pipes through which water is circulated surrounds the main vessel.

The emergency decay heat removal in gas-cooled systems can also be done passively for systems
not much larger than 600 MWt. However, in a depressurisation accident, diesel-driven blowers are
needed to remove the decay heat.

All heavy metal cooled critical reactors can also use the above mentioned passive means for
removing the emergency decay heat.

5. Conclusions

It has been shown that heavy-metal cooling of accelerator-driven system has considerable
advantages regarding the behaviour of an ADS in severe accident conditions and in particular when
the proton beam is not switched off during an accident initiation. Heavy metal cooling also allows
passive approaches for the beam blocking or switching off the accelerator. An equally important
aspect is the possibility of passive emergency decay heat removal systems that can also be used for
critical reactors with heavy metal cooling. In contrast to sodium heavy metals do not burn and react
mildly with water.

However, it should also be mentioned that the functionality of heavy metal cooling in normal
operation is not yet well established in Western countries. Russian Federation has a considerable
advantage in this regard because of its earlier experience with lead/bismuth cooling in submarine
reactors. But considerable research on the corrosion behaviour and thermal hydraulics is now also
underway in Western countries.

On the other hand gas-cooling is well understood and if one wanted to build an ADS in the near
future, the functionality of a gas-cooled system would be more assured.

Once Pb-Bi or Pb-cooling is well established, critical reactors with heavy metal cooling that are
also very safe, could be built for clean energy generation. These systems would benefit strongly from
the research on heavy metal cooling for accelerator driven systems. A possible future scenario using
both critical and accelerator-driven systems is shown below. In the nearer future one could start using
thorium based fuels in LWRs to reduce excess plutonium and to avoid the generation of higher
actinides.
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Figure 7. A possible scenario for nuclear power development
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Abstract

A simple model has been developed at ENEA Casaccia to preliminarily evaluate the primary-coolant
natural convection impact on core-dynamics of an 80 Mw energy amplifier demonstration facility
(EADF) fuelled by U-Pu mixed oxides and cooled by a molten lead-bismuth eutectic. The model has
been already coupled with the Tieste-Minosse “point dynamics” code elaborated at ENEA Casaccia,
and in the near future will be easily coupled to the codes that are being developed at the Politecnico di
Torino in the frame of the cooperation with ENEA on multi-dimensional investigations of solid fuelled
ADS core dynamics. After the model formulation, some preliminary results on the primary-coolant
impact on the EADF core dynamics are presented in this paper.
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1. Introduction

In the EADF design [1,2], the primary-coolant flow is assured by natural convection and
enhanced by a particular system of cover gas injection into the bottom part of the riser. The aim of this
work is to present a simple model that has been recently developed at ENEA Casaccia to preliminarily
investigate the capability that the primary-coolant natural convection has to mitigate typical core
transients in ADS. The model, that allows to quickly evaluate the primary-coolant velocity variation
induced by the natural convection during the core transients, has been already implemented in the
Tieste-Minosse code [3,4] recently developed at ENEA to preliminarily investigate core transients in
solid fuelled ADS [5]. Results obtained by taking into account the primary-coolant velocity variations
evaluated by means of the simple natural convection model are also presented and compared with the
corresponding transient trends obtained by considering a constant primary-coolant flow. In particular,
the present paper results concern transients induced by: 1) the proton beam interruption [6-9] or short
duration beam trips [5,10]; 2) the proton beam jumps [5,11,12,13]; 3) the loss of the primary-flow due
to the failure of the active system of convection enhancement.

2. The simple model

We face the subject of the natural convection process, in the attempt to derive a simplified model
to be easily used in core dynamics codes for solid fuelled ADS. We aim to obtain a preliminary
evaluation of the natural convection impact on liquid metal cooled ADS dynamics. In order to make
this quick evaluation, we assume the possibility of reducing a three-dimensional configuration (the
actual plant) into a one-dimensional model. Practically, this assumption leads to neglect the re-
circulation phenomena into the vessel pool.

Moreover, we will take into account the heat exchange from the fuel to the coolant into the core
and from the primary to the secondary loop coolant into the heat exchangers, but we will neglect the
heat exchange between the primary coolant and the loop walls. Finally, we will consider the coolant
movement, but we will neglect the heat conduction along the coolant.

To look for the hydraulic solutions of a single-phase fluid, flowing in a supposed one-
dimensional loop, in the following we will indicate with:

ν the mean velocity of the primary-coolant
ρ the primary-coolant density
σ the generic section area of the primary loop
QV the volume flow rate≡ ρ σ
Qm the mass flow rate ≡ QV σ = ρσ ν
G the specific flow rate ≡ Qm / σ.

As a consequence of the mass conservation, assuming a generic volume V inside two normal
sections of a stream-tube, we can write the following equation of continuity:

mm

V

QQdVt
t

′−=
∂
∂

∫ )(ρ
(1)
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That in steady state conditions becomes the mass flow rate conservation law: mm QQ ′=  i.e. (for
mono-dimensional problems):

vv
σρ
σρ

′′
=′

(2)

where ν can be considered a reference velocity, while apostrophes indicate quantities relevant to a
different loop section.

2.1 Pressure drops

A throttling inside the loop induces local and linear pressure drops:
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where: K is a local pressure drop coefficient, l is a channel length, d is an equivalent diameter and fc is
a linear pressure drop coefficient.

Usually, linear pressure drops prevail in the main components of the cooling loop. Therefore, the
main contributes to the pressure drop can be approximated by the following sum on different loop
segments:
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By using the continuity law (2) to obtain νi as a function of the reference velocity ν, the equation
(5) becomes:
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As a first approximation, the total pressure drop could be considered to be proportional to ρ ν 2.
Besides considering constant the geometrical characteristics as (σi, li, σj), we have other two
significant approximations to assume constant the term between brackets:

•  Considering constant the Reynolds number functions (fci,Kj coefficients).

•  Considering close to unity the density ratios in different loop positions:

1;1 ≈≈
ji ρ

ρ
ρ
ρ (7)
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Equation (6) can be improved by considering how the pressure drop coefficients fci actually
depend on the Reynolds number. In our case, owing to the turbulent flow condition into the (core and
heat exchangers) smooth channels, the following Blausius correlation [14] can be used:

25.032.0 −= ec Rf

were

µµ
ρ

e

e
m

e

S
D

Q
vD ==e REYNOLDS  NUMBER≡ (8)

and µ is the fluid viscosity, Se is the equivalent flow area of the considered channel or component and
De is the corresponding equivalent diameter.

By considering the (8) Blausius correlation, the equation (6) becomes:

25.075.175.0
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P m =∝∆
(9)

The improved model (9), besides the hypothesis (7), needs only the following further
approximation:

1
25.0

25.0

≈
µ
µ i

2.2 Gravitational pull and energy balance in steady conditions

In steady state convection, the kinetics energy dissipated by pressure drop is compensated by the
work made by the gravity field along the entire loop. By considering unit volumes, we can write this
balance in terms of pressure drops:

PPg ∆=∆

where the gravitational pull ∆Pg is defined as:

∫ •≡∆ sdgP g

��ρ (10)
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Moreover, the a leg of the assumed loop (see figure on side)
will be at constant temperature T  (outlet and inlet refers to the
core flow) and b has to be at almost (within 1%) constant
temperature Tinlet to optimise the loop efficiency.

Thus, the ∆P evaluation can be particularly easy under some
additional hypotheses on the heat exchanger height and the
temperature distribution. In literature, the same height (and
therefore ha = hb) and linear temperature behaviour is often assumed
in the two components. Generally, we will not need such an
approximation for temperatures, nevertheless it can be worthwhile
to recall that it would lead to:

( ) )( inoutbabbg TTghghgP −−=−==∆ βρρρ (11)

where β is the volumetric dilatation coefficient of the coolant.

Actually, if we know the coolant temperature (i.e. density)
distributions along the components, the steady state equation (11)
can be substituted by more precise formulations, for instance the
following one:

( )aacorecorebbexcexcg hhhhgtP ρρρρ −−+==∆ )0( (12)

2.3 The transient

Under time-dependent conditions, besides pressure drops and gravitational pull variations, also
kinetics energy variations must be considered. The general method is the classical one relevant to the
mechanics: infinitesimal work relevant to external forces equals the infinitesimal kinetics-energy
variation. However, practically, a detailed knowledge of the loop is needed. In fact, it is easy to verify
that, in any loop volume comprised between two sections and having length l and flow area σ, an
infinitesimal kinetics energy variation can be written as:
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Owing to the fact that we are dealing with liquid coolant and we will apply our model to slow
temperature transients, the time derivative of equation (1) can be neglected to evaluate current flow
rates. Equation (13) shows that, if Qm does not depend on the considered circuit section, the
infinitesimal variation of kinetics energy will depend on the considered section area σ. Practically, this
leads to the fact that in a loop characterized by several portions li having different flow area (σi), the
kinetics-energy variation has to be expressed as a summation of terms depending on the loop
geometry:
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where L is obtained by a summation of different portion lengths, weighted by numerical coefficients
that can be approximated to be constant in the time:
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It is worthwhile to note that in pool cooling systems a unique definition of the loop length is not
easy to give. This matter rises because we are supposing a mono-dimensional problem, which actually
is at least two-dimensional. In any case, if we are able to evaluate the “effective length” L, equation
(14) leads to:
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Finally, if we remember the pressure drop formulation (9) and the initial steady state condition,
we can write:
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that can be solved numerically in the following way:
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i.e. by adding and subtracting ∆Pg0
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where k indicates the generic time step relevant to the transient thermal-hydraulic solution.

In order to avoid numerical oscillations, we could also impose the limit of the asymptotic solution
to the evaluation of the resistant strength (per unit of volume), i.e. to the value of the pressure drop per
length unit. We will impose that the resistant strength will never exceed the gravitational pull. In
particular, a reduction of velocity will never occur as a consequence of a gravitational pull increasing
or an increase of velocity will never occur as a consequence of a gravitational pull decrease (as a
consequence of bad estimations of the resistant strength):

Practically, if ((∆Pg k>∆Pg k-1 and ∆ ν  k<0) or (∆Pg k<∆Pg k-1 and ∆ ν k>0)) then ∆ ν k=0 (19)
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2.4 The gravitational pull calculation

In order to complete the present model definition, we have to mention how to calculate the
gravitational pull ∆Pg0 and ∆Pgk to be used in equation (18).

In steady state we use equation (12). For the further time steps, we have to directly apply
equation (10). Practically, we have to follow (every time step) the distribution of the coolant density
and velocity in the core, in the heat exchanger and in both the a and b loop legs. To do that, we have
also to apply a heat exchanger model1 to evaluate the primary coolant variations of the heat exchanger
outlet temperature.

3. Results

The natural convection model presented above has been already coupled with the Tieste-Minosse
“point dynamics” code elaborated at ENEA Casaccia. Some Tieste-Minosse results, that can be useful
to preliminarily evaluate the natural convection impact on the EADF core dynamics, are presented in
this section.

3.1 The proton beam interruption and the short duration beam trips

Figure 1 shows the trends of the outlet coolant temperature induced by short duration beam trips
in the EADF. The neutron source transients have been performed either considering or neglecting the
inlet coolant velocity variations due to lead-bismuth natural convection.

It can be easily seen that the impact of the primary coolant natural convection on the outlet
coolant temperature trends is not significant for the EADF core dynamics. The main reason of this
result can be related to the presence of an active system of coolant flow enhancement in the EADF
design. In particular, the pull due to the system of cover gas injection into the bottom part of the riser
is about five times the gravitational pull due to the coolant natural convection. Practically, while this
active system of flow enhancement is working, the most of the pull that moves the coolant remains
constant and the gravitational pull variations due to the natural convection transient do not induce
significant effects.

                                                          
1 The definition of a specific Heat Exchanger Model will be the object of a further paper and therefore is not

defined in the present one.
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Figure 1. The natural convection impact on short duration trips and a definitive beam
interruption: Demo Facility Average Assembly outlet coolant temperatures.
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3.2 The proton beam jumps

The full power proton beam is assumed to be suddenly dumped into the reactor during proton
beam jump events. If the EADF active system of natural convection enhancement is assumed to be
working during the transients, also the beam jumps will evolve without severe consequences and the
impact of the primary coolant natural convection on the temperature trends does not modify
significantly the EADF core dynamics. As in the beam trip cases, the natural convection does not
induce significant effects because the active system of flow enhancement (assumed to be regularly
working) ensures a predominant and constant pull during the transients.

On the contrary, the transient mitigation due to the lead-bismuth natural convection can be
important if the system of flow enhancement is pessimistically assumed not to be available during the
beam jump from low power event (start-up accident). Figure 2 shows the results obtained under this
pessimistic assumption, either considering or neglecting the inlet coolant velocity variations due to
lead-bismuth natural convection: in this case, the impact of the natural convection mitigation is
evident. In particular, if the lead-bismuth natural convection is not taken into account, the calculation
indicates that the transient results in severe consequences: the fuel clad melts in about 40 seconds. But,
if the inlet coolant velocity variations due to the natural convection are taken into account during the
transient, the results indicate that even the worst source transient can evolve without severe
consequences. Results show that the lead-bismuth natural convection can stabilise the core
temperatures well below the clad meting level. Figure 3 shows that, while the full power proton beam
is driving the EADF, the natural convection can be able to pull the lead-bismuth flow to about 50% of
the nominal flow. The pressure loss in the two components and along the loop in this new asymptotic
steady state is foreseen to be about one third of the nominal one (about 10 kPa instead of 30 kPa) and
the difference between outlet and inlet coolant temperatures about double of the nominal one (about
185° instead of 100°).
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Figure 2. The natural convection impact on the unprotected beam jump from low power
(start-up accident), assuming that the coolant flow enhancement system is unavailable:

temperatures at the Demo Facility Average Assembly active fuel top.
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Figure 3. Unprotected beam jump from low power (start-up accident) assuming that the coolant
flow enhancement system is unavailable: trend of the Demo Facility coolant flow.
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3.3 The unprotected loss of flow

The results presented above point out the natural convection capability to mitigate the
consequences of a possible failure of the EADF active system of coolant flow enhancement. In the
present section we further investigate this mitigation capability. In particular we assume the cooling
system failure at nominal conditions without any beam power variation. Practically we preliminarily
investigate the natural convection mitigation of an Unprotected Loss of Flow (ULOF) accident.
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Figure 4 shows the temperature trend results during and after the assumed linear reduction of the
active system pull (from about 25 kPa (nominal pull) to zero in 10 seconds).

Figure 4. The natural convection impact on the unprotected loss of flow:
temperatures at the Demo Facility Average Assembly active fuel top.
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Figure 4 results clearly show a particularly benign evolution of the ULOF event in the EADF:
core temperature variations remain limited to about 60-90 degrees if the natural convection mitigation
is taken into account. The main reasons for these limited temperature variations are the following: 1)
the results in Figure 4 confirm that the natural convection can largely mitigate the consequence of a
possible failure of the EADF active system; 2) as it is well known, in sub-critical systems the feed
back effects are much lower with respect to a critical systems.

4. Conclusions

A simplified model for the natural convection of the primary-coolant of solid fuelled ADS has
been proposed and used to preliminary evaluate the impact of the natural convection on core transient
behaviors. This mono-dimensional transient model neglects re-circulation phenomena and needs the
definition of the “effective length” of the loop.

In the EADF design, the natural convection pull is about 20% of the pull due to the active system
based on cover gas injection. Preliminary results confirm that while the active system of cover gas
injection is working, the impact of the primary coolant natural convection on EADF transient
behaviours is not significant. On the contrary, the natural convection mitigation of temperature
transients becomes clearly significant if the active system of cover gas injection is assumed to be
unavailable or to fail. The system of cover gas injection has been pessimistically assumed to be
unavailable during the transient induced by a beam jump from low power event. Moreover, an
Unprotected Loss of Flow transient has been analysed.
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COMPARATIVE STUDY FOR MINOR ACTINIDE TRANSMUTATION
IN VARIOUS FAST REACTOR CORE CONCEPTS

S. Ohki
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4002, Narita-cho, Oarai-machi, Higashi-ibaraki-gun, Ibaraki-ken, 311-1393, Japan

Abstract

A comparative evaluation of minor actinide (MA) transmutation property was performed for various
fast reactor core concepts. The differences of MA transmutation property were classified by the
variations of fuel type (oxide, nitride, metal), coolant type (sodium, lead, carbon dioxide) and design
philosophy. Both nitride and metal fuels bring about 10% larger MA transmutation amount compared
with oxide fuel. The MA transmutation amount is almost unchanged by the difference between sodium
and lead coolants, while carbon dioxide causes a reduction by about 10% compared with those. The
changes of MA transmutation property by fuel and coolant types are comparatively small. The effects
caused by the difference of core design are rather significant.
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1. Introduction

Research and development of the fast reactor have been carried out in several nations with mixed
oxide fuel and sodium coolant chosen as standard components of the reactor core. In addition, the
transmutation of minor actinide (MA) nuclides using a fast reactor core has been investigated
extensively from the viewpoint of reducing the environmental burden of long-lived radioisotopes, that
is considered as one of the main features of the fast reactor.

Meanwhile alternative core concepts have been proposed to utilise liquid heavy metal or gas as a
coolant, and the design works of these cores are performed widely to exploit the merit of each coolant.
Concerning the fuel material, both mixed nitride and metal fuels are considered as the feasible
candidates. The MA transmutation properties have also been investigated for these core concepts made
from various fuel and coolant materials, and a good performance has been reported for each concept as
a result of its hard neutron spectrum.

In order to provide basic information for selecting candidates of the commercial-use fast reactor
core, this study presents a comparative evaluation of MA transmutation property for various fast
reactor core concepts employing the same analytical method and nuclear data. The differences among
oxide, nitride and metal fuels were examined, besides the three types of coolants, sodium, lead and
carbon dioxide were compared.

2. Calculation conditions

2.1 Definition of investigated cores

Various fast reactor cores investigated in this study are described below. All of them were
selected in terms of the practical feasibility prospected by conceptional design works.

Table 1 shows the three sodium-cooled large cores that examine the difference among oxide,
nitride and metal fuels (referred as Na-MOX, Na-MN and Na-Metal cores). In order to extract the
difference of fuel type the basic reactor performances (i.e. reactor power, cycle length, average fuel
burn-up, coolant pressure drop, etc.) were not changed. Maximum linear heat rate was also conserved
among these cores in the same level (limited up to about 430 W/cm). Fuel pin diameter, pin pitch and
number of sub-assemblies were adjusted in order to satisfy these conditions.

It seems that the nitride and metal-fuelled cores have better core characteristics than that of the
oxide-fuelled core. Their high heavy metal density causes a reduction in Pu enrichment as well as
burn-up reactivity loss. It increases also the breeding ratio.

The reference oxide fuelled core was designed and investigated as a feasible candidate for the
commercial-use fast reactor by JNC-Japan [1]. It is a conventional FBR core having homogeneous two
fuel enrichment zones surrounded by fertile blanket. One remarkable feature is that automatically
dropping absorber using a curie-point magnet is installed inside each of inner core sub-assembly. The
number of fuel pins in inner core sub-assembly is reduced for placing a guide tube of the safety
device. Nevertheless this does not influence on the MA transmutation property.

The investigated cores to examine the difference of coolants between sodium and lead are listed
in Table 2. The BREST-300 reactor proposed by RDIPE-Russia [2] was selected as a reference lead-
cooled power reactor. It has a safety-oriented core concept such as almost zero burn-up reactivity, low
coolant pressure drop and low coolant void reactivity, which is totally different from a conventional
FBR design. The superior core characteristics are achieved by means of high heavy metal density of
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nitride fuel, reflection effect of lead coolant and a sub-assembly without duct tube. BREST-300 has no
fertile blanket but large heavy metal inventory in other words it can be said that the blanket is included
into the active core.

Table 1. Core design parameters for the fast reactors compared in this study (1)
– Oxide fuel vs. nitride and metal fuels –

Na-MOX
Large-sized core

Na-MN
core

Na-Metal
core

Reactor power [MWth] 3 800 � �
Operation cycle length [EFPD] 540 � �
Fuel exchange batch 5 � �
Average fuel burn-up [GWthd/t] 150 � �
Core height [cm] 120 � �
Coolant Na � �
Coolant temperature [oC] (outlet / inlet) 550/395 � �
Coolant pressure drop [kg/cm2] ~3 � �
Fuel type (U, Pu)O1.98 (U, Pu)15N U-Pu-10Zr
Pu isotopic vector [wt%]
(238Pu/239 Pu /240 Pu /241 Pu /242 Pu /241Am)

3/52/27/9.5/7/1.5 � �

Fuel pin diameter [mm] 9.7 8.40 9.02
Smeared density [%TD] 82 80 75
Pin pitch/pin diameter 1.15 1.20 1.17
Number of fuel pins per sub-assembly
(IC/OC)

234/271 � �

Sub-assembly pitch [mm] 195.4 178.2 185.9
Number of sub-assemblies (IC/OC) 246/216 252/210 252/210
Heavy metal inventory (core) [t] 63 63 64
Pu enrichment [wt%] (IC/OC) 17.8/19.8 14.3/16.3 14.9/16.9
Burn-up reactivity loss [%dk/kk’] 2.9 1.4 1.9
Breeding ratio 1.04 1.14 1.11



Table 2. Core design parameters for the fast reactors compared in this study (2)
– Sodium coolant vs. lead coolant –

Na-MOX
Medium-sized core

Pb-MOX
core

Pb-MOX core
(Low pressure

drop)

Pb-MN core
(Low pressure

drop)

BREST-300
(Ref. [2])

(*IC/MC/OC)

Reactor power [MWth] 700 � � � �
Operation cycle length
[EFPD]

540 � � � ~300

Fuel exchange batch 5 � � � �
Average fuel burn-up
[GWthd/t]

150 � � � 60

Core height [cm] 120 � � � 110
Coolant Na Pb � � �
Coolant temp. [oC]
(outlet/inlet)

550/395 � � � 540/420

Coolant pressure drop
[kg/cm2]

~3 � ~1 � �

Fuel type (U, Pu)O1.98 � � (U, Pu)15N �
Pu vector [wt%]
(238Pu/239Pu/240Pu/241Pu/242Pu/241

Am/242mAm/243Am)

3/52/27/9.5/7/1.5/0/0 � � � 0.5/64/28/3.1/
1.7/2.1/0.1/0.5

Fuel pin diameter [mm] 9.7 9.7 9.7 8.87 9.1/9.6/10.4*
Pin pitch / pin diameter 1.15 1.27 1.40 1.45 1.49/1.42/1.31*
No. of fuel pins per S/A
(IC/OC)

271 � � � 114

S/A pitch [mm] 195.4 216.0 238.2 226.3 150
No. of S/As (IC/OC) 30/54 30/54 30/54 30/54 57/72/56*
Heavy metal inventory
(core) [t]

12 12 12 12 16

Pu enrichment [wt%]
(IC/OC)

18.8/23.9 19.0/24.7 21.1/26.8 17.8/22.6 14.0/14.0/14.0*

Burn-up reactivity loss
[%dk/kk’]

2.1 2.2 2.4 2.0 ~0

Breeding ratio 1.11 1.08 1.02 1.09 ~1

524
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Table 3.  Core design parameters for the fast reactors compared in this study (3)
– Sodium coolant vs. carbon dioxide coolant –

Na-MOX
Large-sized

core

Na-MOX core
(Equivalent to

ETGBR)

ETGBR
(Ref. [3])

Reactor power [MWth] 3 800 � 3 600
Operation cycle length [EFPD] 540 � 344
Fuel exchange batch � � 5
Average fuel burn-up [GWthd/t] 150 � 120
Core height [cm] 120 � 150
Coolant Na � CO2

Coolant temperature [oC] (outlet/inlet) 550/395 � 525/252
Coolant pressure drop [kg/cm2] ~3 � ~3?
Fuel type � � (U, Pu)O1.98

Fuel pin diameter [mm] 9.7 7.84 8.2
Pin pitch/pin diameter 1.15 1.30 1.55
Number of fuel pins per sub-assembly
(IC/OC)

234/271 271 169

Sub-assembly pitch [mm] 195.4 185.2 180.6
Number of sub-assemblies (IC/OC) 246/216 183/161 334/216
Heavy metal inventory (core) [t] 63 49 50
Pu enrichment [wt%] (IC/OC) 17.8/19.8 17.5/21.5 18.7/26.7
Burnup reactivity loss [%dk/kk’] 2.9 2.5 2.4
Breeding ratio 1.04 1.08 1.08

In the present investigation, a series of lead cooled cores (Pb-MOX, Pb-MN cores) was prepared
starting from a conventional medium-sized Na-MOX core as shown in Table 2. These cores provide
the effects of a replacement of sodium to lead, a reduction of coolant pressure drop and an
employment of nitride fuel under keeping the reactor performance in the same level. It is found that
employment of the lead coolant and the reduction of coolant pressure drop make the core
characteristics worsen while the nitride fuel improves them. The rest of the differences between
Pb-MN core and BREST-300 are to be considered all together as a difference of design philosophy.

The sub-assembly specification of the medium-sized Na-MOX core is the same as the large
Na-MOX core appeared in Table 1, excepting that the safety devices are not placed inside the inner
core sub-assemblies.

Table 3 presents the cores prepared for comparing coolant effects between sodium and gas. The
ETGBR designed by NNC-United Kingdom [3] was chosen as a feasible concept of gas cooled fast
reactor. It has a two-region homogeneous core employing MOX fuel and carbon dioxide gas coolant.
Its active core height is larger than that of the reference large-sized Na-MOX core because there is no
need to concern about the coolant void reactivity, this is one of the merits of gas cooled fast reactor.
The other design parameters (reactor power, cycle length and average fuel burn-up) are also different.
To compare these cores under the same condition, a Na-MOX core equivalent to ETGBR was
prepared as shown in Table 3. Comparison among the three cores can classify the observed differences
into the effects of coolants and design parameters. Almost the same burn-up characteristics are
obtained for both the equivalent Na-MOX core and ETGBR except that a fairly high Pu enrichment is
needed in the outer core of ETGBR.
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2.2 Representation of MA transmutation

The MA treated in this study was assumed to come from LWR spent fuel with five-year cooling
time before reprocessing. The isotopic composition of the MA is shown in Table 4, which was
calculated by the ORIGEN2 code [4].  It consists mainly of fertile MA nuclides such as 237Np, 241Am
and 243Am.

Table 4. Compositions of minor actinides from LWR waste*

Nuclide Composition (wt%)
237Np 49.14

241Am 29.98
242mAm 0.08
243Am 15.5
242Cm 0.0
243Cm 0.05
244Cm 4.99
245Cm 0.26

* Discharged from PWR (35 GWd/t) and cooled for 5 years before reprocessing.

MA nuclides were homogeneously distributed into all the core fuel in replacement of heavy metal
nuclides. A content of MA was considered up to 5wt% of the fuel heavy metal amount. The Pu
enrichment was adjusted to assume the same minimum-required reactivity all through the operation
cycle.

Following net MA transmutation amount per cumulative power was used in this study as a
quantity representing the transmutation property:

MA transmutation amount
[kg/GWth/year]

= (MA inventory at BOC [kg] – MA inventory at EOC [kg])
/Reactor power [GWth]/Operation cycle length [year],

where the MA transmutation amount was divided by reactor power and cycle length in order to
compare various reactor cores of different specifications. Note that the above MA transmutation
amount has a dimension of transmuted amount per energy emission from a reactor.

2.3 Method of calculation

Neutron flux and depletion calculations were carried out by the CITATION code [5] in diffusion
approximation where core geometry was modeled in two-dimensional RZ representation and a
7-group energy structure was used. Seven-group effective cross sections were collapsed from the
adjusted cross section library ADJ98 [6]  based on the evaluated nuclear data JENDL-3.2 [7]. The
depletion calculation was performed until the core compositions settled down to a state of fuel cycle
equilibrium. Neutron flux was normalised at each burn-up step using the values of fission energy
emission recommended by Sher [8], where the contributions from capture gamma heat were also taken
into account.
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2.4 Comparison of neutron spectra

The neutron spectra for the fast reactor cores investigated in this study are shown in Figure 1.
Transmutation of MA includes capture reactions (237Np, 241Am), fissile-type fission reactions (242mAm,
245Cm) and threshold fission reactions (237Np, 241Am, 243Am, etc.). One-group cross-sections for these
transmutation reactions depend on the shape of neutron spectrum. The former two types of reaction are
enhanced by the flux in keV energy region, the latter one is determined by the flux in MeV energy
region.

Concerning the fuel types, a harder neutron spectrum is observed in the order of metal, nitride and
oxide fuels (Figure 1(a)). For nitride and metal fuels, it should be noted that the decrease of flux in
MeV energy region occurs after the normalisation due to the lack of resonance of oxygen around
500 keV.

Figure 1.  Comparison of neutron spectra at core center

(a) Oxide fuel vs. nitride and metal fuels
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Figure 1(b) shows the cases for the comparison of sodium and lead. It is found that the lead
coolant reduces the neutron flux in MeV energy region, which is caused by inelastic scattering of lead.
Neutron hardening by lead coolant seems smaller than that obtained by nitride fuel. In addition, the
differences of reactor size, design parameters as well as the design philosophy do not drive any
significant change on the neutron spectrum. It is possible to say that the fuel and coolant types mainly
determine the neutron spectrum.

Carbon dioxide makes the neutron spectrum harder compared with sodium (Figure 1(c)). The
comparison also shows that the difference of design parameters in the two Na-MOX cores does not
alter the neutron spectrum so much.

3. Results and discussion

3.1 MA transmutation properties

The results of calculation for MA transmutation characteristics are indicated in Figure 2 below.

Figure 2. Comparison of MA transmutation properties (LWR discharged MA)

(a) Oxide fuel vs. nitride and metal fuels
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The vertical and horizontal axes represent the MA transmutation amount defined in the previous
section and MA inventory at BOC, respectively. The gradient of the line stands for MA transmutation
rate.

It is found that the nitride and metal-fueled cores bring about 10% larger MA transmutation
amount compared with the oxide-fueled core (Figure 2(a)). In addition the effect of reduction of Pu
enrichment appears as an upward transfer of the graphic lines at the point of MA/HM=0wt%.

From a comparison of sodium and lead cooled cores in Figure 2(b), it is shown that the MA
transmutation amount is almost unchanged by the substitution of sodium to lead, reduced by the
decrease of the coolant pressure drop, and increased by the utilization of nitride fuel. However the
differences caused by a change of reactor power and the unique core concept of BREST-300 are rather
significant. Especially, large heavy metal inventory of BREST-300 enables to obtain a larger MA
transmutation amount. The transmutation rate of BREST-300 is almost same as that of Pb-MN core,
there might be a compensation effect arise from the differences of reactor specifications such as lead
reflector, Pu isotopic composition, cycle length, fuel burn-up, etc.

Figure 3(c) presents the difference between sodium coolant and carbon dioxide coolant. It is
found that the MA transmutation amount decreases about 10% from sodium to carbon dioxide when
compared in an equivalent reactor condition. It should be noted that the difference in core specification
between the two Na-MOX cores has caused considerable changes.

As a result, it is found that the differences in MA transmutation property arising from the
variation of fuel and coolant types are comparatively small, that is within ±10%. The effects caused by
the core design difference are rather significant. Since it is possible to construct various types of
reactor core even using the same fuel and coolant material, the reactor design philosophy might be
more important factor which changes the MA transmutation property. If we put more priority on MA
transmutation efficiency rather than core characteristics, it is possible to say that nitride and metal
fuels have more potential for MA transmutation.

3.2 Breakdown of the changes in MA transmutation

More detailed examination of the changes in MA transmutation more showed some interesting
results. The difference of MA transmutation amount can be divided into the effects of neutron flux
level, neutron spectrum and MA inventory. When we compare the MA transmutation rate, only the
factors of flux level and spectrum are to be considered. Result of the analysis is shown in Table 5,
where the effects are extracted from comparing the cores in the equivalent reactor condition.

Table 5. Analysis of the changes in MA transmutation amount
(LWR discharged MA, MA/HM = 5wt%)

Fuel type Reactor power Coolant type

MOX�MN MOX�Metal Large�
Medium Na�Pb Na�CO2

Total flux level +23% +31% -27% +10% -14%
Neutron spectrum* -3% -22% -1% -13% -9%
MA inventory
per reactor power

-8% -2% +17% +1% +10%

Net +12% +8% -10% +2% -13%
* Including the effect of Pu enrichment change.
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It is found that the higher MA transmutation amount observed in nitride and metal-fueled cores is
the consequence of the increase in neutron flux level.

When the reactor power is reduced, the worsened neutron economy causes the decrease in flux
level and the increase in MA inventory. This can also be seen in the substitution from sodium to
carbon dioxide, which seems to be resulted from the relatively poor neutron economy due to high
neutron leakage.

Thought the net MA transmutation properties are the same between sodium and lead cooled cores,
there exits a cancellation of the flux level and the neutron spectrum effects.

The effect of neutron spectrum depends on MA nuclide composition. Then a decomposition of the
neutron spectrum effect into individual reaction process was carried out as shown in Figure 3.

Figure 3. Effect of neutron spectrum change for individual MA transmutation process
(LWR discharged MA, MA/HM=5wt%)
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It turns out that the spectrum effect on the transmutation of LWR discharged MA consists mainly
from the capture reactions of 237Np and 241Am, as well as the creation of Am from Pu. Especially for the
replacement of oxide fuel by metal fuel, the large negative contribution of capture reaction processes
is compensated by the large positive contribution from a reduction of MA creation from Pu.

The tendency of the variation of each reaction process is consistent with the changes of the
neutron spectrum and the Pu enrichment. For most nuclides, transmutation components by capture and
fission reactions are getting reduced by the spectrum hardenings, excepting the increase in the
threshold fission reactions by the substitution from sodium to carbon dioxide. It can be said that a
hardening of neutron spectrum does not always give a positive contribution to the MA transmutation
performance.

3.3 Effects on the core characteristics

Effects on the core characteristics by the MA loading were reviewed. Changes of core
characteristics by 5% of MA introduction are shown in Table 6. By the role of fertile material of MA
there occur the decreases in Pu enrichment and burn-up reactivity loss. However the coolant void
reactivity and the Doppler constant are changed towards not-safe direction due to the change of direct
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and adjoint flux. Relatively large increase of the coolant void reactivity on BREST-300 is caused by a
larger amount of lead in the core. Since the tendency for the changes in core characteristics looks
similar for every type of the cores, it is possible to say that neither fuel nor coolant types brings a
prominent penalty to the core characteristics induced by MA loading.

Table 6. Changes in the core characteristics by MA loading
(LWR discharged MA, MA/HM=0.5wt%)

Na-MOX
large-

sized core

Na-MN
core

Na-Metal
core

Pb-MOX
core

BREST-300
(*IC/MC/OC)

ETGBR

Change in Pu
enrichment [wt%]
(IC/OC)

-1.2/-1.4 -2.0/-1.5 -1.7/-1.4 -1.1/-1.0 -0.1/+0.1/+0.2* -1.1/-0.4

Change in burn-up
reactivity [%dk/kk’]

-1.7 -2.2 -2.0 -1.4 -0.7 -1.1

Change in breeding
ratio

+0.01 +0.04 +0.03 0.00 -0.06 -0.01

Change in coolant
void reactivity
[%dk/kk’]

+0.47 +0.49 +0.44 +0.55 +0.81 Not
available

Change in Doppler
constant [10-3Tdk/dT]

+1.8 +1.6 +1.1 +1.0 +1.6 +1.3

4. Conclusions

MA transmutation properties for various fast reactor cores were compared in the equivalent
condition as a power reactor. The observed differences were classified into the effects of fuel, coolant
type and design philosophy separately. It is concluded that there shows no significant difference in
MA transmutation amounts and rates arising from the variation of fuel types (oxide, nitride, metal) and
coolants (sodium, lead, carbon dioxide). The effects caused by the difference of core design are rather
important. If we stand on the viewpoint that core characteristics should be compensated for improving
the MA transmutation efficiency, it is possible to say that nitride and metal-fueled cores have more
potential for MA transmutation than oxide fueled core. By means of breaking down the MA
transmutation amount into the effects of flux level, spectrum and MA inventory, the differences of
MA transmutation property were analyzed more in detail.
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Abstract

Transmutation of minor actinides (MA) and iodine was studied by using a lead-bismuth cooled ADS
with 800 MWt, and it is shown that amount of MA and iodine produced from nine LWRs per year can
be simultaneously transmuted. The mass flows of MA and iodine are investigated in a future
symbiosis system for transmutation consisting of UO2/MOX-LWRs, FBRs and ADSs. Lead-bismuth
technologies are discussed. Current activities of design studies for the experimental facilities for ADS
technology demonstration are reviewed.
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1. Introduction

The management of the high-level radioactive wastes (HLW) is one of the important key issues in
nuclear society at present. Various concepts for transmuting long-lived radioactive nuclides contained
in HLW to shorter-lived or stable nuclides have been proposed to reduce the risk from long-term
toxicity. Reactors with a hard neutron spectrum have capability to burn minor actinides (MA) such as
neptunium, americium and curium which dominate the long-term toxicity of spent fuels.

Recycling the all actinides and some long-lived FPs into fast breeder reactor (FBR) and the
accelerator driven system (ADS) to close the fuel cycle from a view point of actinide confinement is,
therefore, one of the promising options to be considered in solving the problem.

A new concept of nitride fuel cycle system based on pyrochemical reprocessing has been
proposed, and excellent core performance of the lead cooled nitride FBR could provide design
flexibility of reactor systems for energy production and/or reactors for burning or transmuting
long-lived radioactive nuclides [1,2]. For utilising the nitride fuel, the effect of 15N enrichment on
nuclear characteristics and the evaluation of toxicity of 14C generated from 14N was appeared, and
excellent performance for the minor actinide (MA) transmutation was shown [3]. Furthermore, the
current status for the liquid heavy metal Pb-Bi technologies were investigated [4].

The symbiosis concept of the fuel cycle system based on nitride fuelled fast reactors consists of
base load reactors. The base load reactor produces electric power and extra plutonium fuel if needed,
and the MA (about 1 wt%) generated by themselves are recycled [2]. The MA transmuter designed in
the present study has simultaneously a role of incineration for Pu, MA and 129I generated from UO2 and
MOX fuelled LWRs, and FBRs systems. A part of the recovered Pu and minor actinides by
pyrochemical reprocessing are recycled into the ADS transmuters to adjust to the excess or remained
plutonium and to transmute the MA and iodine.

Furthermore, accumulation and transmutation of MA and 129I based on future symbiosis recycle
system are investigated for introducing the accelerator driven system (ADS) with 800 MWt. It is
shown that in the scenario of nuclear plant capacities for maximum 140 GWe, which consists of
LWRs and FBRs, the introduction of ADS can play a significant role as “Transmuter” in the back-end
of fuel cycle.

A conceptual design study based on the experimental program for development and
demonstration of accelerator driven transmutation technology under the project plan of the High
Intensity Proton Accelerator and the OMEGA Programme at JAERI has been done. And the current
activities of the design studies for the experimental facilities for ADS technology demonstration are
reviewed.

2. Design study of ADS

Transmutation of MA and iodine was studied by using a lead-bismuth cooled ADS with
800 MWt. MA (Am, Cm and 237Np) are most dominant contributors for long-term potential hazard in
spent fuel. On the other hand, long-lived fission product nuclide 129I will be recovered as AgI
formation in reprocessing system for spent fuels. And the iodine is soluble in water and one of the
most troublesome nuclide on the geological disposal technology, though its potential hazard is smaller
than those of MA Thus transmutation for this nuclide is strongly expected as one of troublesome
isotopes from a viewpoint of waste disposal. The iodines are loaded axially and radially with the form
of NaI around the MA-fule core in ADS, and it was shown that an ADS can transmute the MA and
iodines generated from 9 or 10 units of LWR with 33 GWd/t per year as shown in Table 1. The
conceptual design of the ADS is shown in Figure 1.
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Proton beam-trip analysis: In an ADS, a beam trip causes a abrupt drop of core thermal power
very similar to the case of a scram in a critical reactor. The beam trips would be much more frequent
than reactor scrams. The main source of beam trips occurring at the existing accelerator facilities is
failure of RF system. Majority of the beam trips is of short duration, say within few minutes, and the
beam recovers from them automatically. For this reason, the ADS has to maintain full flow
performance until a recovery of beam power.

Figure 1. Concept of Pb-Bi cooled ADS for transmuting MA and iodine
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The analysis dealt with one single loop, under the assumption of the equal operating condition
among all the four symmetric loops. The lead-bismuth primary system and the secondary water/steam
system were modeled with a simple one-dimensional flow network.



536

Table 1. Core performance of MA and I transmutation ADS
with proton beam power of 30 MW (1.5 GeV and 20 mA)

Core
Thermal power
Keff

Core height/diameter (cm)
Fuel compositions
Initial heavy metal loading (kg)

800 MW
0.95
100/115
60%MA + 40%Pu
4 000

Transmutation of MA (kg/300 days) 250

Blanket
Thickness (cm)
NaI/(NaI+ZrH) (%)
Initial iodine loading (kg)
Transmutation of I (kg/300 days)

Axial
25
50

765
35

Radial
16
40

839
22

An analysis of beam trip transient was made for the accelerator-transmutation plant [5]. Transient
of the primary coolant temperature, the water/stream temperature, the water/steam pressure, the
turbine flow rate were required at a time of 380 s after beam trip to prevent from overcooling. The
maximum temperature swing was 185°C in lead-bismuth, and 82°C for in water/steam for the case
when beam recovered at a time of 370 s. The temperature change during beam trip transient is shown
in Figure 2.

3. Scenario studies of ADS introduction in future fuel cycle

The effect of ADS on MA transmutation: transmutation performance by ADS has been studied
by assuming the existence of MA of 100 tons. As the MA transmuter, we selected the ADS system
with 800 MW thermal power with a 1.5 GeV and 20 mA proton beam, and with the core having an
effective neutron multiplication factor of 0.95. With the assumption of a load factor of 80%, the net
MA transmutation rate becomes approximately 250 kg/y. The system inventories of MAs in ADS fuel
cycle will be reduced from around 80 tons in 2050 to 20 tons in 2100, and will be minimised in 2150.
MA of 100 tons , that is, will be transmuted during 120 years.

Dependence of MA and iodine build-up on fuels, burn-up and cooling times: the amount of the
MAs produced in LWRs with UO2 / MOX fuels and an FBR with MOX fuel have been investigated
for various conditions such as fuel compositions, burn-up and cooling time duration as shown in
Table 2. For the UO2-LWRs, MA build-up increases slightly with increasing burn-up. The MA build-
up quantities for full MOX fuelled LWR are more than three times for the UO2 fuelled LWRs. In
addition, MOX-FBR produces about two times MA comparative with UO2-LWR.
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Figure 2. Temperature change in primary lead-bismuth system during beam trip transient
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Table 2. Comparison of build-up for MA and iodine in various reactors

Reactor PWR PWR PWR PWR FBR
Fuel UO2 UO2 MOX MOX MOX
Burn-up(GWd/t) 33 60 33 60 140
Cooling(y) 5 5 5 5 3
MA build-up(kg/y/plant) 22.2 26.3 91.8 88.1 39.1
Iodine build-up(kg/y/plant) 5.7 5.5 7.5 7.3 8.6

The effect of ADS introduction: An estimation of the nuclear plant capacities introduced in
future will be depend on a requirement from CO2 reduction scenario decided in the COP3 conference
at Kyoto and limitation of uranium resources. Here, based on these conditions in Japan, the nuclear
plant capacities are decided as maximum 140 GWe as shown in Figure 3. The mass flows of MA and
iodine are investigated in a future symbiosis system for transmutation consisting of UO2/MOX-LWRs,
FBRs and ADSs. The accumulations of MA and iodine become about 150 and 20 tons in 2040 and
900 and 200 tons in 2200, respectively, as shown in Figure 4. When the ADS will be introduced from
2040, the system inventories of MA with Pu and iodine in the ADS cycle will become about 250 and
50 tons during a time period of 2200. The mass for Pu, MA and iodine are balanced by introducing
22 units of ADS until 2160.
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Figure 3. Nuclear electricity capacity composed of
UO2/MOX-LWRs and FBRs introduced based on CO2 reduction scenario in Japan
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Figure 4. Comparison of MA and iodine accumulations
and transmutation by introducing ADS from 2040
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4. Lead-bismuth technology

Lead-bismuth is the first candidate material for liquid metal target and coolant of fuelled blanket
system in ADS researched at JAERI. Advantages of the lead-bismuth utilisation are non-active
material, very low capture cross-section, low melting point of 125°C and high boiling point of
1 670°C, and beside coolant void reactivity become negative. But potential problems are due to the
high corrosivity to most of the structural materials. At this moment the corrosive data are scarcity.
Solution is how to control material performance in corrosive environment. Here, corrosivity, reaction
with water, thermal-hydraulics etc. are studied by investigating some facilities utilised and researched
really for lead or lead-bismuth. And, furthermore, polonium evaporation rate and bismuth resource are
investigated. Main results obtained are as follow [4]:

•  In a refinery of Japan, there are enough employment experience for liquid Pb-Bi in period of
about 17 years and not corrosion for the thermal conductive materials (1Cr-0.5Mo steel) used
under the condition of natural convection with temperature around 400°C.

•  In Russia, extensive experience in the use as Russian submarines and in R&D during about
50 years are available. And as a result, it will be able to lead approximately zero corrosion for
Cr-Si materials by adjusting oxygen film with oxygen concentration control between 10-7 to
10-5% mass. However, the corrosion data are not enough systematically collected involving
them in radiation dose field.

•  In liquid-dropping experiment, it is shown that interaction between water and high
temperature liquid Pb-Bi is reduced steeply with rising of atmosphere pressure. But, in order
to design the second circuit removal model of ADS, the interaction should be evaluated by
water continuous injection experiment.

•  Polonium forms PbPo in Pb-Bi, and the evaporation rate become less three factor than that of
Po, and furthermore, the rate decreases in the atmosphere. The effects of Po on employee and
environment will not be dominant in comparison with those of fission products.

•  In Bi-resource, a confirmed amount will be 260 000 tonnes and an estimated amount will
become ten times of the confirmed ones by including resources in Russia. This shows there
are enough amounts for ADS developments.

5. Experimental facilities for the ADS technology demonstration

There are several technical challenges unique to the accelerator-driven transmutation system. The
major areas of technology to be tested and demonstrated are sub-critical reactor physics, system
operation and control, transmutation, thermal-hydraulics, and material irradiation [6,7,8].

Reactor Physics Experimental Facility “PEF”: Table 3 shows the purposes and items of
experiments at the PEF. Data based on the FCA experiments using a 252Cf neutron source and a
14 MeV D-T pulsed neutron source will be used in designing the PEF facility and planning the
experimental program.
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Table 3. Experimental items at PEF

Purpose Experimental items

Neutronics of fast sub-critical systems
driven by a spallation source

•  Power distribution in deep sub-critical systems
•  Effective source strength and multiplication factor
•  Effect of high energy particles

Demonstration of controllability of a
hybrid system

•  Feedback control by beam adjustment
•  System behaviour for beam trip and restart
•  Energy gain

Validation of transmutation rate of MA
and long-lived FP (LLFP)

•  MA fission rate
•  LLFP reaction rate in moderated region
•  Reactivity worth of MA and LLFP samples

A typical sub-critical core configuration at the PEF is shown in Figure 4. The structure of the PEF
is based on that of the FCA facility with flexible structure to carry out various experiments. The
effective multiplication factor is in the range of 0.90-0.98. The maximum proton beam power and the
core thermal power are limited to 10 W and 500 W, respectively, due to the heat removal limitations
by forced circulation of air. In Table 4, the proton beam and core power specifications are shown for
Step 1 and Step 2. Experiments at the critical state will be also carried out as the step for the precise
measurement of reactivity and neutron multiplication factor.

In Step 1, reactor physics experiments of the sub-critical core and demonstration of the principle
of ADS are to be performed, and it may be the first demonstration of the ADS concept in the world.

Table 4. Beam and power specification for sub-critical experiments at PEF

Proton beam Core thermal power

Step 1 0.6 GeV, ~16nA,
10 W, 25Hz pulse

~500 Wt

Step 2 1.0 GeV, ~10nA,
10 W, 50 Hz pulse

~500 Wt

Engineering Experimental Facility “EEF”: The reference target design assumes to have a
hemispherical beam window made of chromium-molybdenum steel cooled by flowing lead-bismuth.
One of the high priority issues is degradation of structural material in a lead-bismuth coolant at high
proton and neutron fluxes and high temperatures. Design of the beam window, in particular, represents
the highest technical challenge since it will suffer radiation damage, thermal stress, differential
pressure load and corrosion.
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Figure 4. Schematic cross-section of the sub-critical experimental ADS

The major objective of the ADS engineering experimental facility (EEF) is to accumulate data for
the design of a spallation target system. In Step 1, the 600-MeV linac is to deliver a 0.3 mA proton
beam (200 kW) to EEF. Radiation damage data of window materials for high intensity protons and
neutrons is of critical importance in the ADS development. Step-1 experiments will mainly be devoted
to irradiation of window materials. The preliminary estimate of damage indicates that several tens of
dpa (displacement per atom) per year can be achieved with a reasonable proton current density at
200 kW beam. Other important data of material corrosion/erosion, etc., will be obtained under various
flow conditions with lead-bismuth at high temperatures.

In Step 2, the beam power to EEF will be increased to utmost 2 MW. The 2 MW target will be a
mock-up of a full-scale ADS target. The main goals are to verify the target and window design
concept, to verify the reliability and safety, and to demonstrate the structural integrity of the spallation
target and beam window.

6. Concluding remarks

It was shown that in the future scenario of nuclear plant capacities for maximum 140 GWe, which
consists of LWRs and FBRs, the introduction of ADS of MA and iodine transmutation can play a
significant role as “Transmuter” in the back-end of fuel cycle. The R&D of Pb-Bi technologies will be
necessary, though the employment experiences in a refinery, submarines etc. were useful.
Experimental programme for the ADS technology demonstration was shown.
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Abstract

In a nuclear energy economy the nuclear waste is a big burden to its further development and
deployment. The possibility of eliminating the long-term part of the waste presents an appealing
opportunity to the sustainability and acceptance of a better and cleaner source of energy. It is shown
that the proposed pebble-bed transmutator has suitable characteristics to transmute most of the
isotopes that contribute to the long-term radioactivity. This proposed reactor presents also inherent
safety characteristics, which is a necessary element in a new reactor design to be accepted by the
society. Throughout this paper, we will characterise the new reactor concept, and present some of the
neutronics and safety characteristics of an accelerator driven pebble-bed reactor, (ADS) for
transuranics elimination.
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1. Introduction and background

The sustainability of nuclear energy depends on the capability to decrease the long-term
radiotoxicity of nuclear waste [1], as the present situation in which toxical waste has a lifetime of
105 years and more, is totally unacceptable. The main contributors to the radiotoxicity of the spent
nuclear fuel of a light water reactor (LWR.), which is the most common design in the world nuclear
park, are depicted in Figure 1.

Figure 1. Total toxicity of the spent nuclear fuel from LWR
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As can be seen the activation products have the smallest contribution, and will decay in a period
of less than 50 years. (At this time they reach a radiotoxicity similar to natural uranium). Fission
products are the main short-term (less than 100 years) contributors, they reach the radiotoxicity of the
uranium ore in a period of less than 400 years, which is an acceptable period of time that our
technology can control. As we can see the actinides have different characteristics, it takes an important
contributor in the short term, but the only contributors in the long term. It takes approximately one
million years for the radiotoxicity of MA to reach the uranium ore level, so that the main radiotoxic
heritage problem are these isotopes. To identify exactly which actinides are the most dangerous in the
nuclear waste, Figure 2 presents the LWR waste isotope composition as a function of time after
removal from the reactor.
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Figure 2. Main actinides radiotoxicity
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In this figure, we can see that the Pu isotopes (in particular 238Pu, 239Pu, 240Pu and 241Pu via their
disintegration to 241Am and this to 237Np) are the main contributors. The disposal of the nuclear fuel
without any treatment (open cycle) in a deep storage facility (DSF) has several problems: we must
consider nuclear proliferation, the criticality during the isotopic evolution of the fuel, the heat released
by decay of these isotopes and the uncertainties associated to the enormous period of time (for
example, the geometry in the DSF might change) [2-6]. The elimination of the actinides, in particular
the Pu isotopes and the minor actinides (specially the Am and Cm isotopes) will reduce the burden of
DSF in a substantial way.

2. Pebble-bed transmutator

Recently a new concept of sub-critical nuclear reactors is being considered, namely the
accelerator driven systems (ADS) [6-12]. The principal characteristics of this kind of reactors are:

Improved safety characteristics. In a sub-critical reactor, the shut-down of the external neutron
source (something easily achievable), results in the instant shut-down of the reactor power. If we can
guarantee the sub-criticality of the reactor under any situation, the risk of reactivity accidents, as
happened in Chernobyl, are inherently null.

Flexibility in the reactor burn-up. Since the main goal of a transmutator is to get rid of all the fuel
(mainly fissile) isotopes, the keff will decrease very rapidly during the burn-up. In a normal critical
reactor, this is an insurmountable problem. In a sub-critical reactor, we have the additional freedom of
the external neutron source. With a suitable recycling strategy, and a somewhat variable external

Pu238 Am241

Pu240

Pu239

Np237
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neutron source, the reactor can maintain the neutron flux level and power during the life cycle of the
fuel, and an almost constant keff.

Flexibility of the isotopic composition of the fuel. In the case of a critical reactor, the necessity to
obtain a k eff equal to one during the burn-up of the fuel is a constrain to the fuel composition. In the
case of the proposed open cycle PB reactor, the isotopic composition is fixed by the spent fuel
discharged from the nuclear park in each country. The advantage of the ADS is that the external
neutron source can maintain the neutron flux at the desired level, so that the composition of the fuel is
less restricted than in a conventional critical reactor.

The Pebble-bed transmutator [23] studied in this paper is an ADS, with an external spallation
neutron source, created by interactions of high energy protons with a heavy metal, such as Pb. The fuel
surrounding the target is contained inside of 3 cm of radius graphite spheres (the pebbles), having two
regions [13-15]. The inner region contains carbide fuel kernels surrounded by a porous carbonaceous
layer, called buffer. The buffer function is to absorb the gaseous fission products. It is coated with two
layers of high density pyrolitic graphite and a layer of silicon carbide in between (TRISO), and the
external part of the pebble is made of high purity graphite. The TRISO micro-spheres have a diameter
of 0.9 mm [16-19].

In the neutronic calculations carried out in the present study, a homogeneous mixture of carbon
and fuel atoms was assumed in the fuel region. We can do this [24] because the mean free path of the
neutrons is larger than the size of the TRISO coated fuel particles, so for a neutron it is an
homogeneous zone. The external radius of the pebble is 3 cm, and is a fixed parameter in these
neutronic studies. An important characteristic of pebble-bed reactors is that it is possible to change the
neutron spectra in the reactor by varying the radius of the inner region of the pebble assuming a
constant mass of fuel. In the calculations below, 2 g per fuel sphere were assumed.

The isotopic composition of the pebbles is given in Table 1. This isotopic composition
corresponds to the actinides discharged from a LWR after an average burn-up of 30 MWd/kg-Metal.
Only isotopes with a higher contribution to the radiotoxicity of the spent fuel have been chosen. The
reactor is cooled by CO2, and the average temperature of the gas inside the core is 550 K, and the
nominal outlet temperature is 800 K. This value is well below the disassociation threshold of CO2. The
main characteristics of the PBT prototype studied are described in Table 2.

The pebble-bed high temperature gas cooled reactors (HTGCR) has been designed already in the
60s and advanced concepts in the 70s. Some analysis on fast gas-cooled critical reactors [25] pointed
out that decompression accidents (loss of coolant) would imply reactivity insertions leading to slightly
supercritical states in a very short time (shorter than the estimated scram time, and without a
significant Doppler effect in a core loaded with minor actinides). From the point of view of nuclear
safety, such a type of critical transmutator would be impossible to license. However, in the case of an
ADS, with an adequate margin of reactivity a transmutator of this type could be possible. The reactor
will have continues refuelling and discharge of pebbles. It is important to notice that there is no
intention of reprocessing the pebbles. That is, a once through transmutation scenario is imposed.
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Table 1. Fuel composition

Isotope Discharged mass LWR
(gr/ton U)

Isotopic
composition

Isotope Discharged
mass LWR

(g/t U)

Isotopic
composition

236Np 5.312E-04 4.575E-08 242mAm 2.452E+00 2.112E-04
237Np 6.514E+02 5.610E-02 243Am 1.446E+02 1.245E-02
238Pu 2.277E+02 1.961E-02 242Cm 5.933E-03 5.110E-07
239Pu 5.912E+03 5.092E-01 243Cm 4.326E-01 3.726E-05
240Pu 2.593E+03 2.233E-01 244Cm 3.090E+01 2.661E-03
241Pu 6.823E+02 5.867E-02 245Cm 2.339E+00 2.014E-04
242Pu 5.983E+02 5.153E-02 246Cm 3.165E-01 2.726E-05
244Pu 4.176E-02 3.597E-06 247Cm 3.656E-03 3.149E-07
241Am 7.651E+02 6.590E-02 248Cm 2.440E-04 2.101E-08

Table 2. Main specifications of a cylindrical prototype core

Pebble-bed sub-critical prototype data

Thermal power: 100 MW Porosity: 0.396
Fuel sphere diameter: 0.06 m Total gas volume: 0.835 m3

Inner fuel zone diameter = 0.03 m Mean radius of the neutron source channel = 0.29 m
Number of pebbles: 11 200 Active core height = 1.2 m
Thermal power per pebble = 9 000 W Reactor core radius = 0.8 m
Pebble outer surface: 113 cm2 Reactor cross-section area = 1.74 m2

Total outer surface of pebbles:125 m2 Average gas flow cross-section: 0.6975 m2

(for an active height of 1.2 m)

Average heat flux: 8 × 105 W/m2 Graphite reflector inner radius = 0.8 m

Total pebble volume: 1.255 m3 Reactor vessel inner radius = 1.00 m
(20 cm thick graphite reflector)

Total reactor volume: 2.09 m3 Reactor vessel outer radius = 1.07 m

3. Effective cross-sections and transmutation rates

The calculation model was made up from an infinite array of hexagonal channels. Inside each
channel the pebble-bed spheres are stacked from bottom to top, in an infinite array. Each sphere
contained an inner fuel region of variable diameter containing a mixture of graphite and TRISO coated
fuel kernels. For the calculations, the fuel zone was assumed to be homogeneous. MCNPX code was
used for all the neutronic calculations using ENDF-B/VI libraries. The average effective microscopic
cross-sections obtained are given in Table 3.

We can observe significant differences for different fuel radii. The average cross-section depends
on the neutron spectra shown in Figure 3, which depends on the mass ratio between carbon and fuel



548

atoms. For fuel region Rf = 2.5 cm, so we are going to have a high build up of 241Pu due to the higher
value of capture microscopic cross-section of 240Pu than the absorption of 241Pu, with the appearance of
241Am and 237Np as result of the decay, which have a high radiotoxicity and are more difficult to
destroy. On the other hand, with Rf = 0.5 cm, all the cross-sections are small and it is not possible to
achieve the desired burn-up, in particular for 242Pu. The neutron spectrum in this case is hard. The best
transmutation results are obtained with fuel regions having a radius of 1.5-2 cm and therefore the
1.5 cm was chosen as the basis for the present design. The transmutation of Pu isotopes for 1.5 cm is
shown in Figure 4.



Table 3. Average microscopic cross-section for an infinite array of pebbles. Case of 2 grams of fuel per pebble

Rfuel = 2.5 cm Rfuel = 2 cm Rfuel = 1.5 cm Rfuel = 1 cm Rfuel = 0.5 cm

Capture Fission Capture Fission Capture Fission Capture Fission Capture Fission
237Np 43.4594907 0.2431753 44.6410243 0.2495093 45.4299176 0.2677779 44.0585301 0.3206016 32.5835109 0.5329437
238Pu 23.0414352 2.0672338 26.1688234 2.1537858 31.1980560 2.2972491 38.1362471 2.5198135 40.8787764 2.7071440
239Pu 37.0417824 64.5387731 39.4894265 70.2675055 41.269663 76.2579395 40.2015133 79.5149652 31.3709412 69.7655902
240Pu 184.515625 0.39656019 153.332879 0.39417989 114.638993 0.39956794 76.9422796 0.43448781 40.9676545 0.6160064
241Pu 25.2185185 75.9947917 27.6275723 83.1830142 30.7858063 92.9785454 33.8962673 103.39741 31.805035 98.4604738
242Pu 61.6064815 0.2074265 59.0063594 0.21262737 53.442918 0.22794492 41.5126133 0.27269487 17.7652483 0.45292418
241Am 99.0798611 0.83390046 102.948982 0.85475025 105.002587 0.87309424 100.267171 0.88392484 74.4904723 0.94933279
243Am 91.3512731 0.28546412 89.1338323 0.28893663 84.5810905 0.30078927 73.9322169 0.33711723 44.2873282 0.49500373
242Cm 6.66435185 0.25365278 6.64541172 0.27884109 6.59329833 0.324211 6.993233 0.40709087 5.11853893 0.5936618
244Cm 31.1480903 0.87228009 30.2226087 0.86749186 28.4144073 0.86336317 24.5326305 0.87094279 13.8792891 0.95424777

Cnat 0.00025757 0 0.00028724 0 0.00033754 0 0.00043462 0 0.000654 0

549
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Figure 3. Neutron flux spectra for different fuel radii

Figure 4. Transmutation of Plutonium isotopes for Rf = 1.5 cm
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Assuming that the residual Pu fraction should be 0.001, then the other Pu isotopic concentration
will be as shown in Table 4, where the fluence needed to achieve this degree of burn up is also shown.
As can be seen from the table the chosen design of 1.5 cm results in the best transmutation. There is
still more than 20% of 242Pu left, however this Pu isotope has a low radiotoxicity.
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Table 4. Residual fractions of the fuel isotopes when
the residual fraction of 239Pu isotope is 0.001. Infinite array cell assumed.

Fuel radius. 238Pu 240Pu 241Pu 242Pu Fluence

Rf = 2.5 cm 0.0985 0.0006 0.0119 0.0677 9.23⋅1022

Rf = 2 cm 0.0914 0.0009 0.0146 0.1131 8.45⋅1022

Rf = 1.5 cm 0.0767 0.0022 0.0254 0.2277 7.67⋅1022

Rf = 1 cm 0.0545 0.0143 0.0692 0.5361 7.16⋅1022

Rf = 0.5 cm 0.0313 0.0862 0.1658 1.4177 7.95⋅1022

The desired source intensity to achieve the transmutation levels in Table 4 as well as other core
parameters are shown in Table 5.

Table 5. Source intensity and proton beam requirements for a 10 MWt prototype,
as a function of the radius of the fuel region, for two values of the proton energies

Rf k eff Average flux
(n/cm2⋅s)

Source (n/s) Proton beam intensity (mA)

E = 0.45 GeV
Yield = 10

E = 1 GeV
Yield = 30

2.5 cm 0.6643 1.39E+14 4.10E+17 6.60 2.18
2 cm 0.71093 1.31E+14 3.20E+17 5.15 1.70
1.5 cm 0.76362 1.26E+14 2.43E+17 3.90 1.28
1 cm 0.79526 1.29E+14 1.98E+17 3.17 1.06
0.5 cm 0.69828 1.77E+14 3.36E+17 5.38 1.80

In this table we can see the relation of the keff value to the source needed to obtain a specific
thermal power. The neutron population in a sub-critical reactor is given by equation:

N =
S l

1 - keff

⋅

Where “N” is the neutron population inside the reactor, “S” is the neutron source, and “l” is the
averaged neutron lifetime. The closer the keff is to unity, the smaller is the external neutron source
needed. However safety characteristics must also be considered in choosing the level of sub-criticality.
An optimisation of the k eff value is needed for a final reactor design.

4. Problems with burn-up

An important aspect during the burn-up of the fuel is the decrease of k eff. In the fuel loaded, there
is only a small amount of fertile 240Pu, consequently the k∞ of the pebble decreases significantly with
burn-up, as can be seen in Figure 5. In order to maintain a constant power (and k eff) in the core, an
appropriate recycling strategy has to be developed.
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A possible way to maintain the k eff with the burn-up is the increase of the fuel content in a pebble.
However, an increase of the mass concentration can give a lower k∞, as we have seen in the case of
Rf = 0.5cm. We can see this results in Figure 6, which shows the needed increase of the fuel in the
pebble to obtain higher values of k∞.

Figure 5. Variation on the k∞ with burn-up Figure 6. Variations on the k∞  with fuel mass
per pebble

The effective microscopic cross-sections changes significantly with the mass charged per pebble.
If the mass is very high, the neutron spectra become hard, and the effective microscopic cross-sections
are low. That means that we can not vary the mass loaded per pebble with Rp = 3 cm, it must remain
at 2 g. Another possibility is to change the pebble size and increasing the fuel sphere radius to 5 cm
(with the internal fuel region 2.5 cm) and 9.26 g of fuel per pebble. A much higher keff of the core is
obtained as shown in Figure 6. The total quantity of fuel in the core is the same as with 3 cm pebbles,
and higher big burn-up can be achieved. The possibility of employing larger fuel spheres permits more
flexibility in designing the core, the keff and the refuelling strategy. However, one should note that
until today there is no experience with pebbles larger than 6 cm.

These results open additional options. Maintain the pebbles radius in Rp = 3 cm and try to obtain
a suitable recycling strategy to achieve a nearly constant keff during the burn-up of the fuel, or change
the original design, to permit variations in the fuel contents per pebble, so as to increase the keff, with a
suited recycling strategy. Further studies to optimise the pebble size and its content will be performed.

Another key point is the power distribution in the reactor during the burn-up. The pebbles with a
higher burn-up will produce less power, so the axial power distribution inside the reactor will vary
significantly from top to bottom. Another objective of the recycling strategy is to try to obtain a power
distribution as uniform as possible. In the case of ADS, we have and additional parameter design,
which is the location of the external neutron source inside the reactor, which can be used to improve
the system performance.

To achieve a high destruction rate of TRU the fuel sphere has to withstand high burn-up and
fluence. From the previous work on pebble-bed reactor at FZA (Schenk) it was concluded that
600 MWd/kg was easily endured by the pebbles. In order to understand it and to explain how such
high burn-ups are achievable, note that in a 6 cm diameter pebble there will be more than 240 g of
carbon and two grams of TRU. In terms of nuclei, it means 1.2⋅1025 of C and 5⋅1021 of TRU, i.e. the



553

number of C nuclei is near 2 400 times larger than the number of TRU nuclei. Taking into account that
in the neutron cycle 3 neutrons are born per each TRU nuclei eliminated by fission, including source
neutrons. Some of them escape in the moderation process, but an average of 80 elastic collisions with
carbon are suffered by a neutron. The lethargy gain per collision is 0.1577 in this case and a slowing
down from 3 MeV to 1 eV, 14.9 lethargy units must be passed. Totally there will be about
240 collisions in C for each fission. If it is taken into account that the number of C nuclei is about
2 400 times larger than the number of TRU nuclei, the number of C nuclei affected in a neutron cycle
is one tenth of the number of TRU affected nuclei.

A total estimate of collisions per C atom along a fluence can be obtained including the very
important burn-up effect. Let σf be the average microscopic fission cross-section. The neutron fluence
to achieve a residual fraction r, is given by:

)t( fe
)0(Na
)t(Na

r ⋅Φ⋅σ−==

where Na is the number of actinide (TRU) nuclei. On the other hand, the number of fission neutrons
per carbon atom is:
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For instance, for σs = 4.5 b (scattering microscopic cross-section), an effective σf = 70 b, for
r = 0.05 (95% of burnt-up TRU) 0.19 collisions per C atom are obtained, which seems to be a
moderate value that could be withstood by the graphite matrix.

5. Safety characteristics

Calculations have been performed to asses the safety characteristics of the proposed design. The
accidents studied included: water ingress, changes in reactor pressure and changes in the void fraction.
In all cases the reactor remains sub-critical, except during water ingress. In a sub-moderated reactor, as
the PBT presented in this paper, the ingress of water is accompanied by a large increase in reactivity.
The good moderation properties of water lead to higher k eff values. Consequently, in the proposed
design, water ingression must be excluded. As the fuel loaded has a small amount of fertile material,
the Doppler effect will have little importance. At the beginning of cycle, the presence of 240Pu with a
very high capture cross-section, and a broad resonance region at high energies leads to a small
Doppler effect with a reactivity coefficient of ρ = -0.52⋅10-5 ∆K/K. During the burn-up of the fuel this
coefficient will change.

6. Conclusions and future work

A preliminary conclusion drawn from the present analysis is that it is theoretically feasible to
eliminate a large fraction of transuranics by means of an ADS pebble-bed transmutator, without the
need of chemical reprocessing. Such reprocessing would be almost impossible to do, because of the
resistance of the graphite matrix. In fact, the objective is to make TRU-fuelled pebbles from the spent
LWR fuel, and to burn them in successive burn-up cycles by unloading and reloading the pebbles in an
appropriate mixture with fresh fuel. Further work must be done in the recycling studies and in the
optimisation of the size and TRU load of the pebbles. The objective is to reach an elimination fraction
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higher than 99% of 239Pu, and higher than 95% in the rest of the offending nuclei. An overall goal is to
eliminate about 95% of the TRU.

The final answer to the question of the capability of the pebble to withstand the high neutron
fluence has to be of an experimental nature, but it is important to asses that the sought value of fuel
burn-up does not result in an unbearable number of collisions per C atom. This point supports the
feasibility of massive TRU elimination by an ADS pebble-bed transmutator.
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Abstract

Transmutation of nuclear wastes is being explored for its application to waste management, a
fundamental issue for nuclear industry. Several concepts are under consideration, mainly fast breeder
reactors and accelerator driven systems (ADS). Inside this second category, we are analysing a
helium-cooled graphite moderated sub-critical assembly, which uses as fuel units a small amount of
transuranics diluted, in the form of TRISO coated particles, in graphite pebbles. This configuration
(PBT) allows for neutron spectra that, taking advantage of the existence of huge capture resonances in
the epithermal region, increase in a substantial factor the system transmutation efficiency.

Neutronic studies to determine transmutation performance and thermal behaviour are presented and
discussed together with an analysis of the additional studies to address before going into detailed
design activities.



558

1. Introduction

Accelerator driven transmutation is a promising method to alleviate the environmental impact
associated with the final disposal of the spent nuclear fuel from Light Water Reactors (LWR). According
to such method, nuclear cascades, initiated by spallation on heavy materials by medium energy (few
hundred MeV) protons, are used in a sub-critical assembly to transmute the unwanted wastes into less
harmful species.

Previous designs of these transmuters have been essentially derived from the Energy Amplifier
concept [1] initially intended to produce energy by using the Thorium cycle. Here, we are instead
focusing on a pure transmuter based on the use of the Adiabatic Resonance Crossing (ARC) method
and specifically oriented to the most effective elimination of nuclear wastes, especially plutonium that
is the most worrisome and abundant element in those wastes.

In this paper we are presenting the main results from the studies being carrying out by LAESA
and collaborators on a Pebble Bed Transmuter (PBT) based on the above-mentioned philosophy. PBT
is a gas-cooled sub-critical nuclear core filled with graphite-fuel pebbles and coupled to an
accelerator. A small amount of transuranics is diluted inside the graphite pebbles in form of TRISO
coated particles (a few grams of TRU in each 6-cm diameter pebble). The lethargy gain per scattering
and the small TRU concentration make the neutron slowing-down to follow the ARC scheme. In
addition, this system could take advantages of the technology already developed in the seventies for
the High Temperature Gas Reactor (HTGR) in Germany and USA

2. Resonance enhanced transmutation

Nuclear waste transmutation reactions are based on neutrons as inducing particles. Neutron
energy spectrum can be classified in three main types:

•  Thermal spectrum, neutron energy in the range of 0.1-1 eV, depending on the moderator
temperature.

•  Fast spectrum, with energies in the order of 1-10 MeV.

•  Iso-lethargic spectrum, intermediate to the previous ones with neutron energy over the nuclei
resonance region.

ARC moderation is produced when high-energy neutrons are injected in a large, diffusive
medium with negligible absorption and large elastic cross section values, such as lead or carbon. ARC
moderation generates an iso-lethargic spectrum based on the tiny energy loss steps of the neutron in
its way down to thermal energies. Hence, the neutron crosses in its moderation process all the energy
range, having a great chance to find the cross-section resonances of the material in the medium. With
regard to the elimination of actinides, this spectrum has the advantage, compared to the thermal case,
of a bigger fission to capture ratio, while compared to the fast spectrum it is more efficient both for
fission and capture. This method was tested and proved in the TARC experiment at CERN [2].

3. The pebble-bed transmuter

PBT, helium-cooled graphite moderated sub-critical assembly using as fuel small amounts of
transuranics diluted in graphite pebbles, is a device optimised for nuclear waste transmutation, in
particular TRU burning, although fission products elimination is also envisaged. Its main parameters are
shown in Table 1. Figure 1 shows a schematic view of the system.
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 Figure 1. PBT conceptual view

 

Table 1. 10 MW PBT parameters

Parameter Value Unit

Thermal power 10 MW

Beam power 3.8 MW

Criticality constant 0.75

Mean power density 4.7 W/g

Core mass 2.19 Tm

Initial TRU load 14.6 Kg

Fuel Graphite pebbles + TRU

Proton beam energy 380 MeV

Beam current 10 mA
 
Main PBT components are:

•  The accelerator system, to provide a medium-energy high-intensity proton beam.

•  The spallation target, which couples the accelerator proton beam to the nuclear system,
providing the neutron source needed to sustain the sub-critical system.
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•  The sub-critical nuclear core, whose fuel is mainly composed of the offending materials to
transmute.

Two cyclotrons in cascade compose the accelerator system proposed for the PBT. The main one
is a booster cyclotron with six separated sectors and four accelerating cavities capable to reach
energies up to 380 MeV and beam intensities in the order of 10 mA. Four RF cavities operating at a
frequency of 70.4 MHz are used in order to get sufficient turn separation at the extraction radius. A
small injector provides the necessary beam, with energy of 20 MeV, at the entrance of the booster.

This injector is a superconducting 40 MeV H2
+  cyclotron that generates the required 20 MeV protons

by stripping phenomena.

The spallation target, based on liquid lead-bismuth, has a geometrical design (Figure 2) oriented
to optimise two main features: a) broadening of the source, and b) strengthening of the separation
window. The system proposed for the PBT is conical in shape, with a length of nearly 1 meter, which
will extend the neutron generation almost all over the core axis. Another subject to be carefully
considered is the energy deposition along the target. As a result of the relatively low proton energy
(380 MeV), this deposition is very close to the solid window, increasing the difficulties in the design
of the cooling system. The ionisation losses in the structural material of the window are also relevant
in our case. This target is under study by a LAESA/CRS4 working group [3] to establish material
working conditions and structural damage, including neutronics, thermal-hydraulics and radiological
hazard.

Figure 2. PBT spallation target: conceptual view and
energy deposition calculated with FLUKA [4] code

The core is a cylinder containing the fuel pebbles. The central part is occupied by the spallation
target, which acts as neutron source. The core is filled with graphite pellets containing the nuclear
fuel. The proposed fuel pellet that is proposed for the PBT is similar to the one that has been
developed for the HTGR reactors. The fuel is confined in 3-cm-radius pebbles. The external layer of
the pebble is made of pyrolytic graphite with a thickness of 5 mm, while the inner 2.5-cm-radius
volume is filled with 1-mm-diameter TRISO micro-spheres containing the fuel material. The main
advantages for these pebble bed cores are the possibility of continuous refuelling and that pebbles are
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very tight holders for fission fragments and produced radioactivity for temperatures up to almost
2 000ºC. The reflector is made of a 60 cm carbon wall.

4. Transmutation performance

Evaluation of the efficiency of PBT in transmuting the actinides present in the PWR waste has
been addressed by simulating the neutronic behaviour of the device with Monte Carlo techniques. We
have used in these simulations the codes LAHET [5], NJOY, MCNP-4B [6] and ORIGEN-2.1 [7].

In those simulations, the core is divided in 10 horizontal layers. We have not considered the
materials homogeneously distributed inside the core. By the contrary, our simulations respect the real
distribution of materials. Homogeneous distribution is only assumed inside the pebble (except the
coating) by using the corresponding fractions of carbon, silicon and fuel. We consider that the micro-
particles are imbedded in a carbon matrix, and that all the volume not occupied by fuel or silicon
carbide is filled by carbon with a density of 1.7 g/cm3. The fuel is TRU-oxide, with the composition
given by the TRU from a PWR discharge after 10 years of cooling-down. This fuel would include not
only Pu, but also Np, Am and Cm. Cross sections for the most relevant isotopes (Carbon in particular)
have been processed taking into account thermal working conditions and resonance broadening.

Initially, every layer of the core is filled with the same fuel. Afterwards, we make a series of
cycles: every 99 days we reload the upper level with fresh fuel, extract the lower one, and shift one
position down the rest. In this scheme, the fuel is exposed to a total burn-up of 990 days between the
insertion up to the extraction times. The data here summarised are referred to the system under
equilibrium conditions, namely 990 days after the beginning of operation of the machine.

In the equilibrium state, the 10 MW PBT gives an average mean power density of 6 W/cm3 in the
core, or 8 MW/cm2 on the surface of the balls. However in the upper level that power density is more
than twice that value while in the lower one it is less than one third of it. Then, the cooling will be
enhanced by a downward flow. The power release in the core has been used for the thermal analysis
of the PBT.

Regarding transmutation performance of the system. Plutonium isotopes suffer a considerable
mass reduction (Figure 3 and Table 2). In particular, the most abundant isotopes (239Pu, 240Pu and 241Pu)
are drastically reduced. 242Pu and 238Pu increase slightly their masses, but the radio-toxicity of 242Pu is
very small. The mass of 237Np is also considerably reduced. 241Am is eliminated while 243Am mass
increases. The quantity of curium also increases, but it remains much smaller than the initial mass of
actinides.

Concerning the activity of the final waste stream in the long term (Figure 4), the creation of
fission products implies an increment of the radioactivity during the first hundred years, but the
smaller actinides mass produces a reduction in the long term. The minor actinides and their
descendant (244Cm, 243Am) produce a very important part of the radioactivity. We are exploring
possibilities to reduce these final minor actinides, either by reinsertion into the system waiting for a
stabilisation of their masses (as proposed in [8]), or by using a system with multiple spallation targets.
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Figure 3. TRU elimination vs. irradiation time in the PBT

Figure 4. Activity comparison of the radwaste stream before and after burning in the PBT

Table 2. Initial and final TRU masses after irradiation in the 10 MW PBT

Isotope Initial mass (g) Final mass (g)
237NP 655 190
238PU 203 346
239PU 7 512 185
240PU 3 481 201
241PU 1 165 199
242PU 713 1 484

241AM 752 37
243AM 134 610
242CM 0 68
244CM 24 522
245CM 0 9
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5. Cooling system

A preliminary design has been done to determine the pressure losses and working temperature at
each part of the core during steady-state operation. He and N2 have been taken into account as coolant
candidates. The reference configuration that we have adopted after a parametric study is shown in
Table 3. The increase in the mean gas temperature when passing through the core has been set up to
250ºC, resulting in a required pumping power between ~110 (He) and ~230 kW (N2) at a gas working
pressure of 20 bar. In these conditions, the maximum temperature reached in the fuel pellet is 982ºC,
very well within the safety requirements for this kind of fuel.

A closed gas cycle has been considered for energy production in a PBT system. The cycle has the
usual main components: high-pressure and low-pressure turbines, recuperator, compressor and
condenser. The high-pressure turbine feeds the compressor to maintain the compression ratio between
the working values. The low-pressure turbine is coupled to a generator connected to the external grid
(or to the accelerator electrical power system). In Table 4 we summarise the general features of the
system, for which we have chosen He as more favourable coolant. The required coolant flow to carry
the 10 MW thermal power is 7.7 kg/s. The total efficiency in the cycle makes achievable to produce
almost 4 MW of electrical power, what will be enough to supply the accelerator needs in steady-state
conditions and under the established PBT design parameters. The scheme of the gas cycle and its TS
diagram is shown in Figure 5.

Table 3. Cooling system reference parameters

Parameter Value

Coolant He N2

Pumping Forced Forced

Inlet temperature (°C) 500 500

Average outlet temperature (°C) 750 750

Pressure (bar) 20 20

Flow area/ball (cm2) 0.5 0.5

Mass flow (kg/s) 7.7 34

Average velocity (m/s) 13.4 9

Pressure drop (Pa) 16072 48899

Pumping power (kW) 112 230

Mean mass density (kg/m3) 1.1 7.2

Thermal power (MW) 9.7 9.7
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Table 4. General characteristics of the PBT gas cycle

Compression ratio 2.3

He mass flow (for 10 MWth) (kg/s) 7.7

Polytropic efficiency of the turbine 0.89

Polytropic efficiency of the compressor 0.88

Efficiency coupling HP-compressor 0.95

Recuperator efficiency 0.95

Installation efficiency 0.38

Figure 5. He gas cycle for the PBT and TS diagram

6. Future R&D

Activities in progress are oriented to complete the above-mentioned studies and close a
conceptual concept for PBT before going into design work. In particular, neutronics calculations are
addressing: a) the feasibility to burn long-life fission products (as 99Tc); b) the possibility to improve
minor actinides elimination, and c) the optimisation of the power level in order to achieve
transmutation rates suitable for industrial application.

Stability studies include reactivity coefficients analysis and transient studies and control
methods, in special sub-criticality. Current work is in progress in two areas of research: the
determination of the coolant gas void reactivity coefficient and on the effect of temperature and
pressure transients on the system operating conditions. To measure the multiplication constant of the
Pebble system we are addressing two methods have been successfully tested in Monte Carlo
simulations performed with LAHET and MCNP-DSP [8,9]. The first one can be used with the proton
source on and allows to perform an on line determination of the CPSD (w) function between the
proton source and one neutron detector located in the system. This CPSD can be easily obtained
experimentally, and Monte Carlo simulations with one detector in the system show that this method
gives good values of the multiplication constant. Second method is based on the Mihalczo ratio of
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spectral densities [10,11] and can be used with the source turned off and a Californium source to
excite the system.

PBT power level in these studies has been selected looking at the minimum required for a
meaningful experimental device. Next step in our studies is the optimisation of that power level from
an industrial point of view.

7. Conclusion

PBT device is devoted to nuclear waste transmutation, in particular Pu burning, although fission
products elimination is also envisaged. Its transmutation efficiency is very high for most of the Pu
isotopes in a LWR discharge. It is possible, in a single pass through PBT an almost complete
elimination of 239Pu, 240Pu and 241Pu with some residual long-lived and much less radiotoxic 242Pu and
some modest Cm and Am production. Such single pass-“once through” procedure is fast and can be
accomplished in a time which is comparable to a single fuel cycle of a standard LWR. Additional
technical and optimisation studies are in progress.
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Abstract

SCK•CEN, the Belgian Nuclear Research Centre, in partnership with IBA s.a., Ion Beam
Applications, is designing an ADS prototype, MYRRHA, and is conducting an associated R&D
programme. The project focuses primarily on research on structural materials, nuclear fuel, liquid
metals and associated aspects, on sub-critical reactor physics and subsequently on applications such as
nuclear waste transmutation, radioisotope production and safety research on sub-critical systems. The
MYRRHA system is intended to be a multipurpose R&D facility and is expected to become a new
major research infrastructure for the European partners presently involved in the ADS Demo
development. Ion Beam Applications is performing the accelerator development. Currently the
preliminary conceptual design of the MYRRHA system is under way and an intensive R&D
programme is assessing the points of greatest risk in the present design. This work will define the final
choice of characteristics of the facility. In this paper we will report on the status of the pre-design
study as of June 2000 as well as on the methods and results of the R&D programme.

Keywords: Accelerator Driven System (ADS), Partitioning & Transmutation, Irradiation Technology
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1. Introduction

SCK•CEN, the Belgian Nuclear Research Centre, and IBA s.a., Ion Beam Applications, are
developing jointly the MYRRHA project, a multipurpose neutron source for R&D applications on the
basis of an Accelerator Driven System (ADS). This project is intended to fit into the European strategy
towards an ADS Demo facility for nuclear waste transmutation.

The R&D applications that are considered in the future MYRRHA facility can be grouped in
three blocs:

•  Continuation, and extension, towards ADS of the ongoing R&D programmes at SCK•CEN in
the field of reactor materials, fuel and reactor physics research.

•  Enhancement and triggering of new R&D activities such as nuclear waste transmutation,
ADS technology, liquid metal embrittlement.

•  Initiation of medical applications such as proton therapy and PET production.

The present MYRRHA concept, as described below, is determined by the versatility of the
applications it would allow. Further technical and/or strategic developments of the project might
change the present concept.

The design of MYRRHA needs to satisfy a number of specifications such as:

•  Achievement of the neutron flux levels required by the  different applications considered in
MYRRHA:

− Φ>0.75 MeV = 1.0 × 1 015 n/cm².s at the locations for minor actinides (MA)
transmutation.

− Φ>1 MeV = 1.0 × 1 013 to 1.0 × 1 014 n/cm².s at the locations for structural material and
fuel irradiation.

− Φth = 2.0 to 3.0 × 1 015 n/cm².s at locations for long-lived fission products (LLFP)
transmutation or radioisotope production.

•  Sub-critical core total power: ranging between 20 and 30 MW.

•  Safety: keff ≤0.95 in all conditions, as in a fuel storage, to guarantee inherent safety.

•  Operation of the fuel under safe conditions: average fuel pin linear power <500 W/cm.

MYRRHA Present Design Status

In its present status of development, the MYRRHA project [1] is based on the coupling of an
upgraded commercial proton cyclotron with a liquid Pb-Bi windowless spallation target, surrounded
by a sub-critical neutron multiplying medium in a pool type configuration (Figure 1). The spallation
target circuit is fully separated from the core coolant as a result of the windowless design presently
favoured in order to utilise low energy protons without reducing drastically the core performances.

The core pool contains a fast spectrum core, cooled with liquid Pb-Bi or Pb, and several islands
housing thermal spectrum regions located in In-Pile Sections (IPS) at the periphery of the fast core.
The fast core is fuelled with typical fast reactor fuel pins with an active length of 600 mm arranged in
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hexagonal assemblies of 122 mm plate-to-plate. The central hexagon position is left free for housing
the spallation module. The core is made of 18 fuel assemblies of which 12 have a Pu content of 30%
and 6 a Pu content of 20%.

The MYRRHA design is determined by the requirement of versatility in applications and the
desire to use as much as possible existing technologies. The heat exchangers and the primary pump
unit are to be embedded in the reactor pool. The accelerator is to be installed in a confinement building
separated from the one housing the sub-critical core and the spallation module. The proton beam will
be impinging on the spallation target from the top.

Figure 1. Global view of the present design of MYRRHA

 

Thermal neutron Island

Proton Beam Line

Spallation Target Loop

Fast Core

2.1 Accelerator

IBA, a company that has designed the world reference cyclotron for radioisotope production and
other machines, is in charge of the design of the accelerator. The accelerator parameters presently
considered are 5 mA current at 350 MeV proton energy. The positive ion acceleration technology is
envisaged, realised by a two-stage accelerator, with a first cyclotron as injector accelerating protons up
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to 40 to 70 MeV and a booster further accelerating them up to 350 MeV (Figure 2). This option is not
yet frozen: a trade-off of higher proton energy against current is being explored. Other designs, to go
in one step from the ion source energy injection up to the 350 MeV desired energy, or accelerating H2

molecules with stripping at the final energy stage for beam extraction, are in the assessment phase. For
more details, see Section 3.1.

Figure 2. Lower half of the magnets, with the acceleration electrodes
of a 350 MeV MYRRHA booster cyclotron

 

2.2 Spallation target

The spallation target is made of liquid Pb-Bi. The Pb-Bi is pumped up to a reservoir from which it
descends, through an annular gap (∅ outer 130 mm), to the middle of the fast core. Here the flow is
directed by a nozzle into a single tube penetrating the fast core (∅ outer 80 mm). At about the position of
the nozzle a free liquid metal surface is formed, which will be in contact with the vacuum of the
proton beam guideline. No conventional window is foreseen between the Pb-Bi free surface and the
beam in order to avoid difficulties in engineering this component and to keep the energy losses at a
minimum. When the Pb-Bi has left the fast core region, it is cooled and pumped back to the reservoir.

The MYRRHA windowless spallation module is given special attention in the present pre-design
phase because of its particular features, as illustrated in [2] and summarised in Section 3.2.

2.3 Sub-critical system

The design of the sub-critical assembly will have to yield the neutronic performances and provide the
irradiation volumes required for the considered applications. In order to meet the goals of material
studies, fuel behaviour studies, radioisotope production, transmutation of MA and LLFP, the sub-
critical core of MYRRHA must include two spectral zones: a fast neutron spectrum zone and a thermal
spectrum one.

2.3.1 Fast zone description

The fast core will be placed centrally in a liquid Pb-Bi or Pb pool, leaving a central hexagonal
assembly empty for housing the spallation target. It consists of hexagonal assemblies of MOX FR-type
fuel pins with a Pu-content, Pu/(Pu+U), ranging from 20% to 30%, arranged in a triangular lattice with
a pitch of 10 mm. The fuel pins have an active fuel length of 50 cm (but could be increased to 60 cm



571

to achieve the requested performances) and their cladding consists of 9% Cr martensitic steel. The fuel
pins are arranged in typical FR fuel hexagonal assemblies with an assembly dimension of 122 mm
plate-to-plate. The fast zone is made of 2 concentric crowns, the first one consisting of 6 highly
enriched fuel assemblies (with 30% Pu content) and the second one of 12 fuel assemblies of which 6
are 30% enriched and 6 are 20% enriched.

Neutronic calculations coupling the high energy transport code HETC and the lower energy
neutron transport deterministic code DORT have been carried out for simulating typical configurations
of the fast core and led to encouraging results showing that the targeted performances could be
achieved. Table 1 illustrates the preliminary results we obtained for a particular configuration with an
active length of 50 cm but in which the fuel assemblies were not well simulated [3].

Table 1. Achievable performances in the MYRRHA sub-critical core
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2.3.2 Thermal zone description

The initial design, with a water pool surrounding the fast core zone and housing the thermal
neutron core zone, has been completely changed for evident safety reasons (water penetration into the
fast zone). In the present approach the thermal zone will be kept at the fast core periphery, but it will
consist of various In-Pile Sections (IPS) to be inserted in the Pb-Bi liquid metal pool from the top of
the reactor cover. Each IPS will contain a solid matrix made of moderating material (Be, C, 11B4C) on
which a total leakage flux of 1 to 3 1015 n/cm².s will impinge. Local boosters made of fissile materials
can be considered depending on the particular performance needed in the thermal neutron IPS. Black
absorbers settled around the IPS could ensure the neutronic de-coupling of the thermal islands from
the fast core.

In addition to the spallation target, the fast core and the thermal islands, the pool will contain
other components of a classical reactor such as heat exchangers, circulation pumps, fuel loading and
handling machines, and emergency-cooling provisions.
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2.4 Confinement building

Parallel to the core and the spallation module design, attention is given to the confinement
building where the MYRRHA sub-critical reactor including the spallation module will be located. The
accelerator will be kept in a separate confinement building to facilitate the maintenance and inspection
procedures.

For the sub-critical reactor building, three options are being assessed:

•  Re-using an existing confinement building where the operators are not allowed to enter
during the operation of the system, as illustrated in Figure 3.

•  Re-using an existing confinement building where the operators are allowed to enter during
the operation of the system, which means that the dose exposure is less than 10 µSv/h. A
preliminary assessment showed that lateral shielding of 1 m steel followed by 2 m heavy
concrete would be necessary for achieving such a radiation level due to the very high neutron
leakage. These preliminary estimates are based on analytical estimates as well as on MCNP
modelling [4]

•  Designing a completely new building with the 2 options considered above.

Figure 3. MYRRHA in an inaccessible confinement building, during operation
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3 MYRRHA associated R&D programme

For the period 1999-2000 the MYRRHA project team is performing a detailed conceptual design
and is completing the needed R&D effort to assess the main technical risks of this design for the
accelerator and the spallation source, the most important parts of the system, as outlined below.

3.1 Accelerator

IBA is conducting preliminary design studies on the accelerator required for MYRRHA.

The present design of the sub-critical core requires the accelerator to deliver a 350 MeV, 5 mA
proton beam. This 1.75 MW CW beam has to satisfy a number of requirements, some of which are
unique in the world of accelerators up to now. At this level of power it is compulsory to obtain an
extraction efficiency above 99.5% and a very high stability of the beam, but on top of that the ADS
application needs a reliability well above that of common accelerators, bringing down the beam trip
frequency (trips longer than a few tenths of a second) to below 1 per day. The design principles are
based on the following lines of thought:

•  Statistics show that the majority of beam trips is due to electric discharges (both from static
and RF electric fields). Hence the highest reliability requires minimising the number of
electrostatic devices, which favours a single stage design.

•  In order to obtain the very high extraction efficiency, two extraction principles are available:
through a septum with well-separated turns, or by stripping.

•  The beams are dominated by space charge. Therefore one needs careful transverse and
longitudinal matching at injection, and avoiding of cross talk between adjacent turns (by an
enhanced turn separation) if a separated turn structure is required for the extraction
mechanism.

The space charge dominated proton beam needs a 20-mm turn separation at 350 MeV if a septum
extraction has to be implemented. This solution requires the combination of a large low-field magnet
and of very high RF acceleration voltages for realising such a large turn separation, and also an
electrostatic extraction device. In view of what precedes, this solution is not well suited for very high
reliability operation. Extraction by stripping does not need separated turns. It may be obtained by the
acceleration of H- ions, but the poor stability of these ions makes them extremely sensitive to
electromagnetic stripping (and hence beam loss) during acceleration. The use of H- would, therefore,
lead to the use of an impractically large magnetic structure. The other solution is to accelerate 2.5 mA
of HH+ ions up to 700 MeV, where stripping transforms them into 2 protons of 350 MeV each, thus
dividing the magnetic rigidity by 2 and thereby allowing to extract. This solution reduces the problems
related to space charge since only half the beam current is accelerated. However, the high magnetic
rigidity of a 700 MeV HH+ beam imposes a magnetic structure with a pole radius of almost 7 m,
leading to a total diameter of the cyclotron of close to 20 m. The cyclotron would consist of
4 individual magnetic sectors, each of them spanning 45 degrees.

At the present stage of R&D the last option appears to be the most appropriate one.
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3.2 Spallation source

The choice of a windowless design was influenced by the following considerations:

•  At about 350 MeV, an incident proton delivers 7 MeV kinetic energy per spallation neutron.
Almost 85% of the incident energy exits the target in the form of “evaporation” energy of the
nuclei. The addition of a window would diminish the fraction of the incident energy delivered
to the spallation neutrons [5].

•  A windowless design avoids vulnerable parts in the concept, increasing its reliability and
avoiding a very difficult engineering task.

•  Because of the very high proton current density (>130 µA/cm²) and the low energy proton
beam we intend to use, a window in the MYRRHA spallation module would undergo severe
embrittlement.

The project team has identified the three following main risks to be assessed for this windowless
design.

3.2.1 Need for basic spallation data

Since the flux characteristics in an ADS are determined by the spallation neutron intensity and since
there is a lack of experimental spallation data in the proton energy range considered, SCK•CEN is
assessing, in collaboration with Paul Scherrer Institute (PSI-Switzerland) and Nuclear Research Centre
Soreq (NRC-Soreq, Israel), basic spallation reaction data when bombarding a thick Pb-Bi target with
protons at energies close to the values that are considered for MYRRHA (Ep = 350 to 590 MeV). A joint
team from the three institutes conducts the experimental programme at the PSI proton irradiation facility
(PIF). The programme started in December 1998 and is due to finish by the end of May 2000 for the
experimental part. The analysis of the data is still going on and expected to be finalised by the end of
2000. The expected data from this programme are:

•  Neutron yield or amount of spallation neutrons per incident proton (n/p yield).

•  Spallation neutron energy spectrum.

•  Spallation neutron angular distribution.

•  Spallation products created in the Pb-Bi target.

3.2.2 Feasibility of the windowless design

The design of the windowless target is very challenging: a stable and controllable free surface
needs to be formed within the small space available in the fast core (∅ outer 140 mm). This free surface
will be bombarded with protons, giving rise to a large and concentrated heat deposition (1.75 MW)
dispersed over a 15 cm depth starting from the surface for a proton energy of 350 MeV. This heat
needs to be removed to avoid overheating and possible evaporation of the liquid metal.

To gain confidence and expertise in the possibility of creating a stable free surface, SCK•CEN is
conducting an R&D program in collaboration with the thermal-hydraulics department of the
Université Catholique of Louvain-la-Neuve (UCL, Belgium). Within this R&D program, water
experiments on a one-to-one scale are performed. Water is used because of its good fluid-dynamic
similarity with Pb-Bi. This programme has been complemented by velocity field measurements in



575

collaboration with Forschungszentrum Rossendorf (FZR, Germany) using ultrasonic velocity profile
and hot-wire techniques. Currently, the design of the spallation target is being fine-tuned and adapted
to the latest geometrical constraints imposed by the neutronics of the fast core.

A confirmation experimental programme making use of Hg as a fluid is in progress at the
Institute of Physics at the University of Latvia (IPUL) at Riga. As a final confirmation, we will run
experiments with the real fluid at the actual temperatures in collaboration with Forschungszentrum
Karlsruhe (FZK, Germany) where the MYRRHA spallation target head will be inserted in their
KALLA Pb-Bi-loop, which has a working temperature of about 250°C.

In parallel with the experiments, numerical simulations using Computational Fluid Dynamics
codes are performed, aimed both at reproducing the existing experimental results and giving input for
the optimisation of the head geometry in the experiments. The CFD calculations will also be used to
investigate the flow pattern and temperature profile in the presence of the proton beam, which cannot
be simulated experimentally at this stage. At SCK•CEN the CFD modelling is performed with the
FLOW-3D code which is specialised for free surface and low Prandtl number flow. This effort is
being backed up at Université Catholique of Louvain-la-Neuve (UCL, Belgium) using the Fluent code.
Moreover, a collaboration agreement with Nuclear Research Group - Petten (NRG, The Netherlands)
is set up for more CFD calculations with the Star-CD code. Details on this R&D associated
programme can be found in Reference [2].

3.2.3 Compatibility of the windowless free surface with the proton beam line vacuum

As the free surface of the liquid metal spallation source will be in contact with the vacuum of the
proton beam line, SCK•CEN is concerned about the quantitative assessment of emanations from the
liquid metal. These can lead to the release of volatile spallation products, Pb and Bi vapours and of Po,
which will be formed by activation of Bi. These radioactive and heavy metal vapours can contaminate
the proton beam line and finally the accelerator, making the maintenance of the machine very difficult
or at least very demanding in terms of manpower exposure.

In order to assess the feasibility of the coupling between the liquid metal of the target and the
vacuum of the beam line and to assess the types and quantities of emanations, SCK•CEN is preparing
the VICE experiment (Vacuum-Interface Compatibility Experiment), studying the coupling of a
vacuum stainless steel vessel containing 130 kg Pb-Bi, heated up to 500°C, with a vacuum tube
(10-4 ~ 10-6 Torr) simulating the proton beam line. A mass spectrometer will measure the initial and
final out-gassing of light gasses and the metal vapour migration. To protect the vessel from liquid
metal corrosion, the possibility of Mo and W coating is currently being investigated. The full
experiment will be commissioned during the third quarter of 2000. First results are expected in early
2001.

4. MYRRHA international collaborations

The MYRRHA project, in its design phase, during its construction and also in its future
operational stage, is an international collaboration project. Agreements have already been signed and
collaborations are in progress with:

•  Nuclear Research Centre (NRC, Israel): basic spallation data.

•  Paul Scherrer Institute (PSI, Switzerland): basic spallation data, MEGAPIE.
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•  Ente per le Nuove tecnologie, l’Energia e l’Ambiente (ENEA, Italy): spallation source thermal
hydraulics, core dynamics.

•  Université Catholique of Louvain-la-Neuve (UCL, Belgium): spallation source design.

•  Ion Beam Applications (IBA, Belgium): cyclotron design and construction.

•  Forschungzentrum Rossendorf (FZR, Germany): instrumentation for the spallation target.

•  Forschungzentrum Karlsruhe (FZK, Germany): spallation source testing with Pb-Bi.

•  Nuclear Research Group (NRG, The Netherlands): CFD modelling and system safety
assessment.

•  Commissariat à l'Énergie Atomique (CEA, France): sub-critical core design, MUSE
experiments, system studies and window design for the spallation target.

•  Institute of Physics of University of Latvia, Riga (IPUL, Latvia): spallation source testing
with Hg.

 Contacts that may lead to additional collaborations exist with:

•  RIT, Sweden : participation in MYRRHA.

•  International Science and Technology Centre (ISTC), Contact Expert Group of the Project
559, IPPE Obninsk, Russia : PbBi target design.

•  LANL et al., USA: Accelerator Transmutation of Waste (ATW) project.

•  AEKI, Hungarian Nuclear Energy Institute: modelling of the spallation source.

•  Belgonucléaire (Belgium): fuel and core design, fuel loading policy  and fuel procurement.

•  Tractebel Energy Engineering (Belgium): confinement building and auxiliary systems.

5. Funding sources for the MYRRHA project

An accurate evaluation of the needed investment to build MYRRHA and an analysis of the
potential sources of funding is expected to be completed by the end of the pre-design phase end 2000-
mid-2001.

Since the MYRRHA project is likely to be attractive for several types of scientific and industrial
groups at the regional, national and international level, SCK•CEN and IBA will explore funding
possibilities such as:

•  Nuclear waste management agencies and producers of long-lived radioactive waste (at the
Belgian level: NIRAS/ONDRAF and the electric utilities).

•  Governmental authorities at the regional, national and international level in charge of
scientific policy, energy policy or industrial development. Since MYRRHA is proposed as a
first technical step in the development of a large-scale demonstration model for the
transmutation of radioactive waste in Europe, proposals for support of MYRRHA will be
submitted to the European Union or to specific member states.
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•  Industrial partners, in particular engineering companies challenged by innovative
technologies, for which participation in the development of MYRRHA can be an important
reference. These industrial opportunities may also attract public and private venture capital.

6. Conclusions

Accelerator Driven Systems can become an essential and very viable solution to the major
remaining problems of nuclear energy production. The MYRRHA system would provide the
indispensable first ADS step towards a European ATW installation without forcing to freeze all
options of ADS (liquid Pb-Bi versus gas, pool versus loop, sub-criticality level, mitigating tools for
reactivity effects, etc.).

MYRRHA is an innovative project that will trigger different research and industrial activities in
fields such as accelerator reliability, nuclear waste management (transmutation), development of new
materials, environmental medicine, structural material corrosion and embrittlement, and safety of
nuclear installations. Increasing knowledge and know-how in these fields will contribute to aspects of
sustainable development and offer a potential for industrially applicable spin-offs.
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1. Introduction

The transmutation of most of the long-lived nuclear waste is a promising solution, which could
play a substantial role in the safety of the fuel cycle. The maximisation of the transmutation of minor
actinides is obtained with a fast neutron spectrum. Due to the neutronic characteristics, a core
dedicated to the fission of the minor actinides would have to be operated in a sub-critical state and
controlled by an external neutron source. The accelerator driven systems (ADS) allow this request.

The feasibility of transmutation on an industrial scale, in the ADS has to be evaluated.

On 1998, the Research Ministers of France, Italy and Spain have established a Technical Working
Group (TWG) including R&D organisations and industrial companies in charge of reactor and
accelerator studies, in order to identify the crucial technical issues for which R&D is needed. The
recommendations of the TWG indicate the needs to design and operate an eXperimental ADS (XADS)
facility at a sufficiently large scale to become the precursor of the industrial, practical-scale
transmuter.

Based on the recommendations of the TWG, the industrial companies, grouped in a European
Industrial Partnership, have proposed preliminary concepts of the XADS.

The candidate cooling media of a fast neutron sub-critical core are liquid metals and gas. Sodium
is well known and the most validated among the cooling media for fast neutron reactors. The concepts
using both lead or lead-bismuth eutectic (LBE), and gas need significant R&D activities. Preliminary
design studies of these concepts will be performed in the frame of the Fifth European Framework
Programme. These studies will be performed on a common basis in order to be capable to make a
consistent comparison of the concepts.

The purpose of the paper is to present the status of the design studies of the LBE- and gas-cooled
concepts proposed respectively by Ansaldo and Framatome.

2. The need for an experimental facility

The need for an experimental facility has been clearly stated in the “Interim Report of the
Technical Working Group on accelerator driven sub-critical systems” issued on October 12, 1998;
from this document the following basic guidelines have been extracted.

The XADS programme should be of a sufficiently large breadth to permit to explore and
eventually master most of the critical issues associated with the technology of the ADS concept.
However, the XADS is not yet the prototype of the industrial device, although most of the problems of
the latter should be explored separately and solved in realistic conditions by the XADS. The
realisation of a XADS is deemed inevitable to make real progress in the field. In addition, the practical
realisation of a unique European XADS constitutes the fastest and most cost effective way to
conclusively assess the potentialities and the feasibility of a full-scale industrial programme based on
ADS.

One of the main parameters of XADS is the maximum produced power of the sub-critical core.
The optimum value is a compromise between the minimum value requested to validate the
technological options (components, procedure, performance) at an industrial level; the minimum value
for performing experimental irradiation; and the investment and operation costs. A preliminary value
has already been set tentatively by the TWG to be of the order of 100 MW.
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There is no specific need at the first XADS stage to make use of the heat produced that can be
dissipated to the environment. A relatively low operating temperature can be used for the fuel and in
the successive heat extraction process.

An important part of the experimental programme is the investigation of the transmutation
capabilities of the XADS for minor actinides and long lived fission fragments, in particular 99Tc and
129I. An appropriate area at the periphery of the core should be planned and operated in parallel with
the rest of the facility.

The mission of the XADS can be summarised as follows:

•  Operability of the accelerator/spallation target/sub-critical assembly complex in realistic
conditions and with a sufficient power (100 MW). The initial fuel could be an existing U-Pu
oxide, like for instance the second, fresh core of Superphénix or an equivalent high
enrichment fuel of commercial availability.

•  Innovative fuels with a high minor actinide enrichment and fuel cycle qualification and
operation.

•  Demonstration of the capability to transmute various actinides fuels.

•  Assessment of the capacity to transmute long-lived fission products at an industrial level.

3. XADS cooled by the Pb-Bi eutectic

Since early 1998, the Italian ENEA, INFN, CRS4 and Ansaldo have set up a team, led by
Ansaldo, to design an 80 MWth XADS, a key-step towards the assessment of the feasibility and
operability of an ADS prototype. The results obtained so far, though preliminary and not exhaustive,
allow outlining a consistent XADS configuration. The main issues investigated and the associated
solutions proposed (see Table 1 and Figure 1, in fine) are concisely described here below.

3.1 The accelerator drive

The process of selection of the accelerator type, a cyclotron or a linac or a combination of both all
types presenting advantages and drawbacks is continuing at present. The results of investigations
carried out so far support the confidence that the required facility can be obtained scaling up by a
factor of 2 to 4 the power of existing facilities, such as the cyclotron installed at the PSI or the linac
installed at Los Alamos. In particular the cyclotron-based facility has been analysed in detail and the
modifications identified.

The INFN-LNS of Catania has carried out a scoping study aimed at identifying a compact
accelerator system based on an upgraded design of currently operating facilities. This work has
screened out a solution based on cyclotrons arranged in series and capable to supply a proton beam
power in excess of 3 MW.

The main issues to be solved are stability and reliability of the present accelerator technology.

In an ADS, the ideal proton beam to be supplied to the sub-critical core, must be reliable and
stable in time as required by the nuclear safety and investment protection.
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Existing accelerators have been designed for purposes other than for use in ADS and it is
apparent that they would not be suitable for operation in an ADS.

Considering that recorded unscheduled shutdowns of modern LWR’s are only a few per reactor
per year, it appears necessary that the respective designers reach a compromise. More precisely, new
accelerator-driven reactors should be designed to tolerate much more transients and accelerators
should be substantially improved to become more stable and reliable.

3.2 The target

Target eutectic is kept separate from the reactor primary coolant by means of a retrievable target
unit. Two target configuration concepts have been investigated, which differ in the separation barrier
adopted at the interface between vacuum pipe and target lead-bismuth eutectic.

The “window” target configuration features a mechanical barrier of a material transparent to the
largest possible extent to neutron and proton irradiation and engineered to withstand pressure and
thermal loads, the eutectic circulates under natural circulation, cooled in the upper part of the target
unit by the diathermic fluid of an auxiliary system.

In the “windowless” target configuration, the proton beam from the accelerator impinges directly
on the target eutectic, that circulates driven by a stream of cover gas, according to the same gas lifting
principle adopted for the primary system and is cooled by the reactor coolant in the heat exchanger
located in the bottom part of the target unit.

3.3 The core

The basic fuel Sub-Assembly (SA) is a boxed hexagonal cluster of ninety highly enriched (about
20% Pu) Superphénix-like MOX fuel pins. The pin diameter is the same as in Superphénix, whereas
the active length is slightly shorter (87 vs 100 cm) and the ratio of pin pitch to diameter is larger than
in Superphénix.

The SA’s are arranged in an annular array of four rows surrounding the target cavity. Because six
additional SA's couples have been added at the periphery of the core, the number of SA’s amounts to
120. The core multiplication factor results 0.97 at beginning of life and reduces to 0.94 at end of cycle,
at full power.

keff = 0,97 is sufficiently low to ensure the safe operation of the reactor without control and
shutdown rods; twelve absorber radially positioned by means of the refuelling machine, operating
without target unit displacement, can bring the keff below 0.95 at refuelling conditions (200°C, zero
power, target unit vertically displaced).

The core is surrounded by an outer region of four rows of dummy assemblies, which are empty
duct structures. This offers a continuous fast-to-thermal neutron flux region, useable for burning tests
of minor actinides and long life fission fragments SA’s.
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3.4 The primary coolant and the reactor configuration

The eutectic lead-bismuth has been chosen instead of lead for the XADS, because, while
behaving neutronically like lead, it allows a lower operating temperature of the reactor and its
chemistry, in particular for the corrosion protection of the structural steels, can benefit from the
Russian experience on reactors for the submarine propulsion. The preliminary tests made by ENEA at
the Brasimone facility confirm the compatibility of known steels with LBE at the envisaged XADS
operating temperature.

The major drawback of this eutectic is the formation of polonium from bismuth, in addition to the
relative scarcity (and therefore high price) of this element. The pool-type, instead of the loop-type
configuration, has been chosen for the reactor, because of the possibility to contain within the main
vessel all the primary coolant with and of the large experience acquired with the design and operation
of sodium-cooled, pool-type reactors. The loop-type configuration would additionally suffer of a
major disadvantage, because molten lead should be pumped at low speed in order to limit
corrosion/erosion and this would lead to larger diameter piping for a given volumetric flowrate, with
high linear specific weight and difficulties and cost associated with the design of the seismic supports.

The design experience of sodium-cooled, pool-type reactors has been used extensively for the
case of in-vessel and ex-vessel fuel handling machines and the rotating plug in the reactor roof.

Whenever this experience did not appear applicable to the specific tasks, however, solutions have
been proposed, that, though being innovative in the nuclear field, are not new to the industrial practice.
It is the case of the primary coolant circulation and of the choice of the secondary coolant.

The combination of more permeable fuel elements and lower average specific power of the core,
can reduce the primary coolant pressure loss to few tenths of a bar, i.e. about one tenth of the pressure
loss of the primary circuit of a sodium-cooled fast reactor.

Natural circulation allows a simple primary system configuration. This is apparent by comparison
with the bulky pumping system of the primary coolant of a sodium-cooled fast reactor, that consists of
primary pumps, designed to deliver some bar of pressure, of a pressure-plenum upstream of the core,
and of interconnecting piping. The primary sodium is fed at high speed in order to reduce the piping
diameter. Besides the fact that high speed in case of lead as a primary coolant should be avoided,
owing to the associated erosion of the structures, some of the space made available on the reactor roof
by the superfluous mechanical pumping system has been conveniently used to accommodate the
proton-beam pipe and auxiliaries system, that is peculiar to an ADS reactor.

Natural circulation of the primary coolant presents, however, some drawbacks or design
constraints as follows:

•  The reactor vessel height must be increased by the head required to drive the natural
circulation.

•  The requirements of low-pressure loss through the core and the heat exchanger.

•  The reduced controllability of the primary coolant flowrate, that would inherently limit the
range of operating conditions of the reactor itself. This is a particularly important drawback,
because a test campaign is essential part of the scope of the XADS.

As a conclusion, both the simple primary system configuration typical of the coolant circulation
by natural convection and the merits of forced circulation are appealing to the designer. This fact have
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suggested to look for an innovative primary coolant circulation concept capable of featuring the basic
advantages of both natural and forced circulation outlined above, while keeping the capability of full
decay heat removal by natural circulation.

In the configuration of the XADS being designed by the Italian team (Figure 1), the lead-bismuth
eutectic circulation is enhanced by a flow of about 100 Nl/s cover gas, injected into the bottom part of
the twenty four, 0.2 m ID, identical pipes arranged in circle, which make up the riser. The natural
draught alone provides the circulation needed for the safety-grade decay heat removal, as first step in
the heat transfer route towards the reactor vessel air cooling system. This proposal [1] would combine
the uncompromising reliability required by the safety function, ensured by the natural circulation, with
the advantages of reactor compactness and operational flexibility characteristic of the forced
circulation.

A simulation of the gas lifting process with air and water has been carried out early 1998 by
means of a real size test rig installed in the Ansaldo’s own test facility in Genova. The test results have
been used for the preliminary estimate of the gas flowrate capable to generate the required pressure
differential between riser and downcomer in isothermal flow.

Looking at Figure 1, it will be noted that the XADS-Intermediate Heat Exchanger (IHX) is hung
at the reactor roof as in conventional pool-type reactors, but has been installed free in the downcomer,
i.e. without the usual physical separation between hot plenum and cold plenum, an inner structure
(“redan” in French), that “forces” the coolant to flow through the IHX. With this XADS layout, the
coolant flowrate route in the downcomer is substantially determined by the natural convection taking
place within the IHX, that “forces” the coolant to flow through the IHX, while keeping the coolant
quasi stagnating outside the IHX. In fact, the interface between hot plenum and cold plenum, that
forms outside the IHX, may gently move in steady-state operation along its current shell, depending
on occasional fluctuations of the IHX power level. This engineering choice gives the opportunity to
illustrate another key-aspect of the design approach of the Italian team, i.e. simplification to the largest
possible extent of equipment and fixed internals immersed in the lead-bismuth eutectic, in order to
minimise the risks of their failure and the requirements of in-service inspection, that is difficult in
liquid metals. The elimination of the primary pumps is an example of this design approach. The
elimination of the redan structure is a second major example, with the relatively minor associated
drawback of the need of larger-diameter IHX. This layout configuration has been adopted for the
XADS, with the reserve that it shall be confirmed by the results of the thermal-mechanical analysis on
the reactor vessel/cylindrical inner vessel assembly, and also it shall be compatible with the corrosion
protection techniques that could be envisaged.

3.5 The secondary system

The secondary system is constituted by two safety-related loops, that in normal operation
dissipates the heat generated by the reactor to the atmosphere.

Each secondary loop is made up of two IHX’s arranged in parallel and of three Air-fin Heat
Exchangers (AHX) arranged in series, a circulation pump, and of the interconnecting piping. The
system, as it has been designed, could re-use the six AHX’s belonging to the RSR circuit of the PEC
reactor.

The thermal cycle temperatures, 320°C for the hot leg, and 280°C for the cold leg, are consistent
with the choice of a synthetic diathermic fluid as the coolant, owing to the low vapour pressure of
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these fluids and the insurance of no fast chemical reactions, in case of leak, with the lead-bismuth
eutectic or the air.

Diathermic fluids do not have so good heat transfer properties as molten metals (their thermal
conductivity λoil ≅  0.1 W/m2K is quite low with respect to lead, λPb ≅  15). Nevertheless, the heat
transfer coefficients achieved with these fluids in association with innovative-design IHX’s are only
slightly lower than in the case of lead. The still slightly better performance of lead is outbalanced,
however, if the comparison is extended to the whole secondary circuit. In fact, the diathermic fluid has
about 17 times as much heat capacity as lead and can be pumped at higher speed, so that the required
circulating mass of the diathermic fluid is about 50 times less than the mass of lead.

3.6 Refuelling

Handling systems are similar, however not equal to the homonymous systems designed for
sodium cooled reactors, because the SA’s are lighter than lead-bismuth eutectic and rise, unless
constrained.

The SA handled in lead-bismuth eutectic must be guided into position and locked to the rotor and
the diagrid and vice-versa.

Fuel charge on the diagrid is done by means of:

•  A rotor lift combined with a flask as the link between in-vessel and secondary fuel handling.

•  A fixed-arm charge machine for in-vessel fuel transfer.

The SA’s can be winched down from the flask and locked to the rotor, because forced to sink by
the guided gripper pushed down by ballasts.

The fixed-arm charge machine grabs the head of the SA by means of a cylindrical-shaped
constraint, puts the SA into position, locks its foot to the diagrid and, by the same kinematics link,
unlocks the SA head.

Secondary fuel handling equipment transfers the SA into a flask, and eventually into a cask as
intermediate storage. More precisely:

•  The SA is lowered from the flask into the encapsulator and tight-sealed in a canister.

•  The SA-bearing canister is placed in a storage rack immersed in a water pool.

•  After sufficient decay time, the SA-bearing canister is placed in a cask and dry-stored away.
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Table 1. Main lead-bismuth eutectic XADS data by plant area

Plant area Reference solution

Plant power 80 MWth sub-critical system controlled by a 600 MeV,
6 mA proton beam

Target/Window Two Options: a) Proton Window
b) Windowless Target

Core 0.97 (at beginning of cycle ) < keff < 0.94 (at end of cycle),
at full power

Fuel U and Pu MOX
Primary system Pool configuration with four integrated IHXs
Primary coolant
circulation

Circulation enhanced by gas injection in a natural-circulation reactor
configuration

Secondary system Two low vapour pressure organic diathermic fluid loops rejecting
heat by means of air coolers

Thermal cycle 300°C at core inlet, 400°C at core outlet
Reactor roof Metallic plate
Main vessel and safety
vessel

Hung from a cold annular beam

Structural materials Vessels and internals: 316L
Target and fuel SA’s: 9Cr 1Mo

In-vessel fuel handling One rotating plug, one fixed arm, one rotor lifting machine
Secondary fuel handling Flask, encapsulator, canister, lifting and translating equipment,

water pool
Nuclear island Common basement on anti-seismic support
Plant safety Full passive system

4. XADS cooled by gas

The studies performed in France related to the fuel cycle, in particular in the frame of the research
group GEDEON, have demonstrated the potential of the ADS concept for the reduction of the
radiotoxicity of the nuclear wastes.

The need to develop a first experimental facility has been recognised for the demonstration on an
industrial scale of the feasibility of the ADS concept.

The main options for the XADS have been defined in 1998 by a French working group leaded by
the Ministry of Research and grouping CEA, CNRS, EDF and Framatome. The main technical options
are as follows:

•  A proton beam with energy between 400 MeV and 1 GeV, impacting a heavy metal spallation
target.

•  A sub-critical core in a fast neutron spectrum.
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•  A solid fuel for the transmutation of the radioactive wastes.

•  A maximal power for the sub-critical core lower than 200 MW thermal.

•  A physical separation (“window”) between the accelerator and the spallation target.

•  A physical separation between the spallation target and the reactor housing the sub-critical core.

Based on these main options, a XADS concept has been proposed by France at the European
TWG. The concept is still preliminary and studies should be performed in the frame of the Fifth
European Framework Programme to consolidate the proposed design.

Gas has been chosen as cooling medium of the sub-critical core. It had been judged that this
option should be investigated in order to propose an alternative to the liquid metal concepts using
sodium, lead or lead-bismuth eutectic. Compared to liquid metal concepts, the gas has intrinsic
advantages. Mainly:

•  Much less chemical interactions, and corrosion.

•  Easier in-service inspection and repair, thanks to the transparency of the gas and the
shutdown temperature which is close to the ambient temperature.

In addition, gas has been chosen because of the important experience feedback of this cooling
fluid in various nuclear plants.

Helium has been preferred due to its thermal characteristics, and because the risk of chemical
interactions, radiolyse and radioactive activation can be intrinsically excluded.

4.1 The accelerator drive

The French accelerator experts have concluded that the linac concept is the most suited to be used
in an industrial ADS transmuter. This is due to the higher capabilities of linac related to the beam
power and the beam availability which should be easier to obtain with linac than cyclotron. Therefore,
in order to get experience, it is recommended to develop the linac techniques at the stage of the
XADS. For these reasons, an oversized linac accelerator has been chosen. Moreover, the studies on the
spallation efficiency have shown that the energy of about 1 GeV allows to optimise the neutron
produced per proton and per GeV. The maximum beam intensity is fixed at 10 mA.

4.2 The target

Due to its high spallation efficiency combined with its thermal characteristics, the lead-bismuth
eutectic has preliminarily been chosen as spallation target.

The spallation target is located in the centre of the core and, in order to maintain the core
symmetry, the proton beam is introduced vertically from the top of the primary circuit. The lead-
bismuth eutectic circulates in a circuit also located on the axis of the core, around the proton beam
pipe. The circulation is driven by an electromagnetic pump; the lead-bismuth eutectic is cooled by a
heat exchanger.  The lead-bismuth velocity in the circuit is limited at 2 m/s.

The size of the window is defined assuming a maximum proton beam density of 30 µA/cm²
allowing to limit the window damages.
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4.3 The core

The basic fuel sub-assembly is a boxed hexagonal cluster of thirty-seven U-Pu oxide pins (Pu
enrichment lower than 35%). The pin diameter is thirteen millimetres. In order to optimise the
efficiency of the neutron source, the length of the active core is 1.5 meter.

The SA’s are arranged in an annular array surrounding the target cavity. At the periphery of the
core radioactive protection are implemented. An internal storage for fuel elements is located into the
protection. In addition, special locations are foreseen for experimental devices.

The sub-critical level of the core is 0.95. This value is determined by a preliminary safety analysis
assuming that the core has to be maintained in a sub-critical level taking into account all the credible
events capable to lead rapidly to reactivity insertion. Additionally, in order to increase the margins
during the shutdown states, particularly during handling states, and to avoid criticality, an absorber
system is introduced in the core during the shutdown states.

4.4 The reactor configuration

The primary circuit consists of two pressure vessels, the core vessel and the power extraction
vessel. The reactor vessel is shown in the Figure 2. The pressure of helium is 6 MPa. This value is
lower than the pressure used in the High Temperature Reactor (HTR) plants.

The gas circulation in the core is preliminary defined from the bottom to the top. The core inlet
temperature is 200°C, a low value but higher than the melting point of the lead-bismuth eutectic
(125°C). The core outlet temperature is 450°C, low value that allows to avoid creep damages for the
stainless steel structures.

The hot lead-bismuth eutectic temperature is the same as the core outlet temperature, 450°C. The
cold lead-bismuth temperature is 300°C, which allows a significant margin compared to the melting
point.

In order to eliminate the criticality risk due to water ingress in the core, no steam generator is
implemented. The power of the sub-critical core is extracted by a direct cycle using a turbo-
compressor. The heat sink is achieved by a heat exchanger. The secondary fluid is liquid water at low
pressure. An alternator produces electricity, at least for supplying the accelerator needs.

In shutdown states, the core decay heat is removed by the shutdown reactor cooling system. Two
redundant blowers and two redundant heat exchangers are implemented in the top of the reactor
vessel. The system is fully redundant and electrically supplied. This system is also used in accidental
conditions. In case of loss of internal and external electrical supply, the system is capable to remove
the decay heat by natural circulation of the primary helium and the secondary circuit. In case of loss of
the helium pressure, the decay heat removal is achieved by the redundant blowers electrically
supplied.

5. Conclusion and design studies proposed at the Fifth European Framework Programme

The 21st century is coming with a number of challenges to sustainable growth. In particular the
perspective of a growing energy demand satisfied primarily through the burning of fissile fuels, as is
the case today, has a limited future with regard to resource management and an increasing awareness
of the risk of climatic change. The nuclear fission power should take a substantial share, provided that
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its extended use will not become a challenge to future generations, mainly with respect to the closure
of the fuel cycle.

The practicability of transmutation on an industrial scale requires operating an experimental
accelerator driven system, which will demonstrate the coupling of the accelerator, the neutron
producing target and the sub-critical core.

These objectives have been recognised by the European Atomic Energy Community (Euratom).
Therefore, in the frame of the Fifth Framework Programme of Euratom for research and training in the
field of nuclear energy, the European leading nuclear industrial companies and research centres,
propose to join together for performing the design studies of the different XADS concepts in order to
assess and compare them on a common basis and to recommend the development of the most adequate
concepts.

For this purpose, the general specifications for the European XADS will be more precisely
defined, a common safety approach based on the European safety requirements for future nuclear
plants will be elaborated, the research and development needs supporting the development of the
concepts will be identified, the technical feasibility concerns of each concept will be assessed, and a
preliminary cost assessment of each concept will be done.
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Figure 1. Experimental accelerator driven system assembly drawing of
an 80 MW facility cooled by Pb-Bi
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Figure 2. Experimental accelerator driven system
assembly drawing of a 100 MW facility cooled by gas
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Abstract

Helium-cooled reactor technologies offer significant advantages in waste transmutation. They are ideally
suited for use with fast, thermal or epithermal neutron energy spectra. They can provide a relatively hard
thermal neutron spectrum for transmutation of fissionable materials such as 239Pu using ceramic-coated
particles, a graphite moderator, and a non-fertile burnable poison. These features (1) allow deep levels of
transmutation with minimal or no intermediate reprocessing, (2) facilitate passive decay heat removal
via heat conduction and radiation, (3) allow operation at relatively high temperatures for a highly
efficient generation of electricity, and (4) discharge the transmuted waste in a form that is highly
resistant to corrosion for long times.

They also provide the hardest possible fast neutron environment since the helium coolant is
essentially transparent to neutrons and does not degrade neutron energies. This facilitates
transmutation of actinides that have low fission-to-capture ratios in the thermal neutron energy range.
In this paper, we report work on the development of two concepts using helium-cooled reactor
technologies for transmutation. Both concepts make use of thermal and fast energy spectra. One
concept (thermal-fast) may be more attractive for transmutation of nuclear waste in a once-through
mode, without reprocessing after initial removal of fertile uranium and fission products from the
waste. It uses a single type of transmuter to eliminate essentially all weapons-useful material in the
waste and achieve a significant reduction in total toxicity. It also has the potential to be economically
attractive by generating substantial amounts of electricity.

The other concept (two strata) may be more flexible and attractive to achieve deeper levels of
transmutation. In this system, the thermally fissile isotopes are destroyed in a critical reactor operation in
the passively safe Gas-Turbine Modular Helium Reactor, or GT-MHR, followed by a deep burn-up
phase in an accelerator-driven GT-MHR. Then the discharge material is processed into fast reactor fuel,
and irradiated in an accelerator driven Gas-Cooled Fast Assembly. The processing of the thermally
irradiated fuel would not require burning off the graphite. Instead, fuel compacts would be mechanically
extracted from the graphite fuel blocks, and the coated particles would be mechanically separated from
the compact binder material. The particles would then be chemically processed to separate the remaining
transuranics and produce fast reactor fuel. This is a similar process to that being considered for the
multiple-pass liquid metal transmutation process.

The gas-cooled fast assembly provides the hardest neutron spectrum for minor actinide transmutation,
and hence, maximum transmutation per pass. This minimises the number of reprocessing steps required
to reach a given degree of transmutation.



594

1. Introduction

Nuclear waste can be stored in geologically stable repositories and allowed to decay for long
times. However, technologies are becoming available that have the potential to add significant value
to the disposal process. They provide for transmutation of nuclear waste into more stable materials
that decay relatively fast and are not attractive for use in nuclear weapons, thus reducing long term
toxicity and proliferation risks in the repositories.

Transmutation of nuclear waste could have profound benefits for world political stability and the
environment. It could drastically reduce the availability of weapons materials in the world, and reduce
waste disposal requirements in terms of space and safeguarding time.

2. The problem

Nuclear fuel production begins with uranium ore, which is not without hazard as it contains some
natural fission products and daughter elements that are created as uranium naturally decays to lighter
elements. However, this naturally occurring material provides a useful benchmark for evaluating the
nuclear waste that is ultimately produced. Uranium ore goes through several processing steps,
including an enrichment step in which the fraction of the lighter 235uranium is boosted from 0.7% to
higher values (typically 3% for LWR reactor fuel) relative to the more naturally abundant 238U. As a
fuel, the uranium is usually converted into oxide form (uranium oxide) and encased in a metal rod for
use in LWRs.

In addition to the production of fission products, neutron capture in both 235U and 238U leads to the
creation of plutonium, as well as minor actinides, (i.e. isotopes of elements with atomic number
greater than 92), including neptunium, americium, and curium. The fuel is used until the 235U content
becomes too low to sustain the chain reaction, around 0.8%. It is then moved to a spent-fuel water
pool, where the hundreds of radioactive isotopes generated by the fission process begin to naturally
decay to stable, and generally harmless forms. After ten years of decay, spent nuclear reactor fuel is
composed of the materials listed in Table 1.

Table 1.  Spent nuclear reactor fuel after 10 years decay

Actinides Fission products

Uranium 95.6% Stable or short-lived 3%
Plutonium 0.9% Caesium & strontium 0.3%
Minor actinides 0.1% Iodine & technetium 0.1%

The table shows that about 98.6% of the spent-fuel inventory is not a concern for long-term
disposal. The uranium can be separated from the other materials and disposed of as class C waste, or
can be recycled. The stable and short-lived fission products are also of little concern, except for very
small quantities that may be classified as hazardous or mixed waste. The remaining 1% that is
composed of plutonium and minor actinides, as well as the 0.4% that is composed of caesium,
strontium, iodine, and technetium, need to be dealt with.

Plutonium is the unique waste component. It is fissionable, and capable of releasing significant
amounts of energy. It is also a hazardous material, particularly if inhaled in particulate form. Because
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of its potential use in nuclear weapons, there is great sensitivity about isolating plutonium from other
components of the nuclear waste stream. Minor actinides contain potential energy proportionate to
plutonium, although their generally small thermal cross-sections make them much more difficult to
fission.

If the 1% of the reactor discharge that consists of plutonium and minor actinides is transmuted, the
resultant waste stream would contain nearly 90% stable or short-lived fission products, and about 10%
caesium, strontium, iodine, and technetium. This is a favourable trade-off, as a significant amount of
energy would be produced, equal to about 18% of the energy that was produced in the reactor.
Therefore, in transmuting the plutonium and minor actinides (i.e. Np, Am, and Cm) from the
100 nuclear power plants in operation in the US, one would be generating the equivalent to another
18 power plants worth of electric power.

But what of the 0.4% of problem fission products? The caesium and strontium problem is caused
by a couple of isotopes having half-lives of about 30 years, which are hard to transmute. However,
with 30-year half-lives, the inventory drops by a factor of nearly 10 every century, so four centuries of
decay would drop the inventory by a factor of nearly 10 000. We can trust containers to provide
isolation for that long, and the need for isolation thereafter is greatly diminished. In contrast, the
technetium and iodine isotopes of concern are very long-lived and are primarily of concern well after
the containers have ceased to be effective. Fortunately, the iodine and technetium isotopes of concern
can be converted to stable isotopes if one has enough neutrons available. In that respect, we are
fortunate that the transmutation of the plutonium and the minor actinides can provide many available
neutrons.

The potential impact of removing and transmuting the plutonium and actinide wastes is
illustrated in Figure 1. The data for this figure are taken from the 1989 CURE report. Since that time,
however, the DOE ingestion toxicity hazard indices have been increased significantly. The net result
is that the toxicity levels illustrated in the figure have increased by about two orders of magnitude.
Taking this into account, even after a million years, untreated nuclear reactor waste is still
significantly more hazardous than natural uranium ore, and continued isolation from the environment
is still important. Furthermore, significant amounts of plutonium still remain in the untreated waste.
In contrast, the step of transmuting the actinides offers the potential to make the waste stream less
hazardous than uranium ore within three to four centuries, and reduce the need for isolation and
safeguarding. However, although this looks very attractive, it should be recognised that the real
impact may be somewhat less dramatic than the figure shows since even some minor residual
amounts of plutonium and minor actinides will tend to make the treated waste toxicity curve cross the
natural uranium ore line farther to the right.
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Figure 1.  Impact of removing & transmuting actinides
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3. Gas-cooled systems for transmutation of nuclear waste

As stated above, if the 1% of the waste stream that is plutonium and minor actinides is
transmuted, and the iodine and technetium isotopes of concern are also converted to stable isotopes,
one has the basic elements of a solution to the nuclear waste problem.

Let us consider some of these elements. In the transmutation process, the materials to be
transmuted are irradiated in a neutron flux. Neutrons (1) can fission the atoms of the irradiated
materials creating atoms of lower atomic weight that are generally more stable, or (2) are absorbed by
the irradiated atoms. In the latter case, new heavier atoms are formed, which may in turn fission when
hit by other neutrons. For the long-lived fission products, neutron absorption transmutes them to
stable or short lived species.

Gas-cooled reactor technologies offer significant advantages in accomplishing this transmutation
process. They are ideally suited for use with thermal neutron spectra since they allow operation at
high temperatures and neutron energies that produce plutonium fission without the need for fertile
material as a burnable control poison. In addition, they also are ideally suited for use with fast neutron
spectra since they provide the hardest possible fast neutron environment for transmutation of higher
actinides, which are more inclined to fission in the fast neutron energy spectra. This is due to the fact
that the gas coolant is essentially transparent to neutrons and does not degrade the energy spectrum as
is the case with other coolants.

3.1 Thermal neutron systems

Generally both capture and fission cross-sections for thermal neutrons are an order of magnitude
larger than in a fast neutron spectrum. Thus, a suitably designed thermal system is a most effective
tool to destroy essentially all the proliferation-offensive Plutonium isotopes (239Pu and 241Pu). A
helium-cooled, graphite moderated, thermal neutron energy spectrum assembly using ceramic-coated
fuel, and operating as a critical system or as an accelerator-assisted sub-critical system, is an
attractive choice for this fission function for several reasons.
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Figure 2. Neutron flux distribution and flux sections of
plutonium and erbium in gas-cooled assembly

As shown in Figure 2, a Modular Helium Reactor (MHR) type assembly produces a relatively
large flux in the thermal regime where fission cross-sections are quite high. This promotes fission. In
addition, the assembly operates in a temperature range (shown in Figure 2) in which the capture
cross-section of erbium has a resonance at a neutron energy such that it can be used as a burnable
poison to produce a strong negative temperature coefficient of reactivity. The lack of interaction of
the helium with neutrons means that temperature feedback is the only significant contributor to the
power coefficient. This provides for a stable operation of the reactor or sub-critical assembly. In
addition, it does not require 238U as a burnable poison so no additional plutonium is produced in the
process.

Another feature of great importance in the thermal gas-cooled reactor or sub-critical assembly is
the use of ceramic-coated “TRISO” fuel particles. The ceramic materials are stable at high
temperatures, and have very high melting points. This provides large thermal margins to ensure fuel
integrity during loss of coolant events. Moreover, the coated particles are nearly spherical, and
include large gas expansion volumes within the coated particles. The expansion volumes are able to
accommodate the production of fission gas products within the coated particles with lower resultant
internal pressures. In addition, the spherical shape is better able to withstand the mechanical stresses
due to these pressures. The composite effect is that the particles can tolerate high levels of irradiation,
and allow deeper levels of transmutation (burn-up) without reprocessing. This capability has been
demonstrated in multiple reactor irradiations.

An important advantage of the ceramic coatings is that they are much more durable than metallic
coatings. Extrapolated corrosion test results indicate that the incremental waste exposure in the
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repository due to corrosion of the ceramic coatings is expected to be negligible for hundreds of
thousands of years (Figure 3). We believe these particles offer the only practical chance to achieve the
toxicity reductions illustrated in Figure 1.

Figure 3. Particle integrity

Given these important features, the use of gas-cooled, graphite-moderated ceramic-coated-fuel
thermal reactors, or accelerator-driven sub-critical assemblies of the same type for destroying
weapons grade plutonium has been studied in detail [1]. The studies have led to the conclusion that an
assembly operating as a critical system can transmute about 90% of 239Pu, and 65% of a total load of
Pu in a three-year pass. Then, if the 3-year irradiated load is further irradiated in an accelerator driven
sub-critical assembly for one more year, the destruction of 239Pu and total Pu increases to 99.9% and
87% respectively, with no intermediate reprocessing.

3.2 Fast neutron systems

Fast reactor systems are typically much smaller than thermal reactors since they need a high
neutron flux and no moderator, and typically have higher fuel densities. This leads to higher power
densities, more demanding cooling requirements, and more complex cooling and cooling control
systems. The smaller delayed neutron fractions and complex reactivity feedback effects in fast
neutron systems can potentially produce severe reactivity and heating effects.

The fission cross-sections in the fast-neutron region are smaller than in the thermal region;
however, fission-to-absorption ratios are higher in the fast-neutron region than they are in the thermal
region. So, even though many minor actinides are hard to fission at any energy level because of their
small cross-sections, their relative destruction rates can be better than in thermal reactors if a high
neutron flux is provided.

Calculations show that a fast sub-critical assembly cooled with helium gas allows a destruction
rate of actinides of approximately 26% (in weight) per year. This is somewhat better than has been
reported in other studies for liquid metal cooled systems, possibly because the gas coolant allows the
production of a harder neutron energy spectrum, and consequently, a higher fission to absorption
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ratio. Given this rate of destruction, one could irradiate the actinides for several years and then store
the discharge in a geological repository where further natural decay would take place. So, if one
desires to destroy certain minor actinides, there is merit in using fast neutrons after plutonium is
transmuted in a thermal spectrum. And if one wishes to do so, it helps that the amount of actinides is
a very small portion of the initial waste (0.1%) since the fast transmutation assemblies end up being
smaller than they would have to be to transmute plutonium as well.  These findings form the basis for
a transmutation scheme utilising both fast and thermal neutron spectra as discussed in the next
section.

4. Burn-up possibilities

Based on the above considerations, we have explored the process of using (1) thermal neutrons
(near the cross-section resonance peak) to do what they do best, i.e. fission plutonium, and (2) fast
neutrons to fission minor actinides. One advantage of using this process is that most of the
transmutation of plutonium is done in the thermal regime where technologies are more mature and
development risks are lower. Since the amounts of minor actinides found in the waste material are
significantly lower than the amounts of plutonium, the fast assemblies needed can be significantly
smaller or fewer than the thermal assemblies.

The fuel cycle that we have studied for this scheme is as described in the previous section: three
years of transmutation of plutonium and minor actinides in a thermal neutron spectrum assembly
operating in the critical mode, followed, without reprocessing, by one year of transmutation in the
same thermal neutron spectrum assembly operating as an accelerator-assisted sub-critical system. At
this point, essentially all fissionable materials are burned up.  What remains is mainly non-fissionable
minor actinides, which are moved to a fast neutron spectrum assembly operating as a sub-critical
system.

Burn-up calculation results for this fuel cycle are shown in Figure 4 for an initial 1 000 kg charge
of weapons-grade plutonium. As the figure indicates, most of the Pu transmutation is accomplished in
a thermal critical regime. When this is followed by a one-year irradiation step in a thermal sub-critical
regime (accelerator driven), essentially all 239Pu is gone. At this time, a three-year step of
transmutation in a fast subcritical regime leads to Point C in the chart, when most of the initial charge
is gone. If this remaining material is placed in a repository for 200 years, only 60 out of 1 000 kg of
the initial charge are left.
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Figure 4. Burn-up of plutonium using thermal and fast neutron spectra
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The significance of Point B in the above figure is that it is equivalent to the level of
transmutation demonstrated in the Peach Bottom 1 reactor. In that test, Plutonium fuel particles
coated in Silicon Carbide were irradiated to levels exceeding 700 000 MW-days per Metric ton of Pu
fuel, which transmuted over 95% of 239Pu, and corresponds to the Point A-to-Point B trajectory in
Figure 4. Two irradiated “TRISO” particles from this test are shown in Figure 5. The second (lighter)
layer (from the outside in) is the silicon carbide coating. The two gray layers on each side of the
silicon carbide layers are pyrocarbon layers that provide mechanical protection and pre-compression
for very high structural strength margins in the silicon carbide. The central part of the particle
contains the transmuted material. The dark areas within the silicon carbide layer are empty spaces
occupied by fission gasses.
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Figure 5. Irradiated TRISO particles
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The conclusions from the burn-up levels shown in Figure 4 and the durability of the silicon
carbide “TRISO” particles illustrated in Figure 3 are that (1) transmutation can reduce plutonium and
minor actinides waste by about two orders of magnitude, and (2) the transmuted material will remain
isolated from the repository environment for hundreds of thousands of years.

Similar preliminary calculations have been performed for LWR transuranic waste. In this case,
the isotopic composition of the plutonium material to be transmuted is somewhat different than
weapons-grade plutonium. In addition, there are other minor actinides present in the mix.
Nevertheless, the results are equally encouraging, as shown in Figure 6.

Figure 6. Burn-up of LWR TRU waste using thermal and fast neutron spectra
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Consider now the manner in which the thermal and fast neutron energy spectra could be
packaged together. There are two concepts that seem attractive for different reasons. One is based on
the use of a single type of transmuter, running part time in the critical mode, and part time in the
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accelerator-driven sub-critical mode. We call it the thermal-fast concept. The other uses two separate
types of transmuters, one thermal and the other fast. We call this the two-strata concept.

5. The thermal-fast concept

The single transmuter-type, thermal-fast concept is illustrated in Figures 7 and 8. Referring to
these figures, the transmutation assembly consists of a steel vessel housing, inside of which there is
an annular nuclear transmutation region that operates in the thermal neutron energy regime. In this
annular region, plutonium and minor actinides from LWR waste are fissioned together in TRISO
particles. Most of the mixture, about 90%, is plutonium. The remaining 10% is minor actinides.
Fission neutrons in this annular region are thermalized in graphite blocks in which the TRISO
particles are contained as shown in Figure 9. Surrounding the annular thermal region there is an inner
and an outer graphite neutron reflector. This thermal region operates in the critical mode for 75% of
its cycle time, followed by operation in an accelerator-assisted sub-critical mode for the remaining
25%.

Still referring to Figures 7 and 8, in the centre of the inner reflector there is a cylindrical region,
approximately 15% of the size of the active thermal region, that operates in the fast energy neutron
energy regime. This region consists of tungsten tubes that house TRISO particles already transmuted
in the thermal region. Therefore, they contain mainly minor actinides. The main motivation for
including this fast assembly inside of the thermal assembly is to take advantage in the fast fission
process of the large heat storage and conduction heat removal capabilities of the thermal assembly.

Figure 7. Thermal-fast transmuter elevation Figure 8. Thermal-fast transmuter cross-section
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The fast cylindrical region is designed so that, by itself, it is sub-critical. However, neutrons
reaching it by travelling from the thermal region through the reflector can cause fission and get
amplified, thus creating sub-critical transmutation.

As discussed above, the transmuter operates in the critical mode for approximately three years,
which corresponds to 75% of its cycle time. In this mode, the fission process is driven by the critical
reaction in the thermal region. After that, the thermal region becomes sub-critical, and is then driven
for a fourth year to cause deep levels of transmutation by neutrons generated in a spallation target
located in the centre of the fast region. The target is driven by the proton beam illustrated in Figures 7
and 8. Deep levels of transmutation can be achieved with no reprocessing thanks to the encapsulation



603

in ceramic-coated microspheres of the materials to be transmuted, which accommodate the production
of fission gas products within internal expansion volumes.

A beneficial anti-proliferation effect of including the fast assembly within the thermal assembly
is that the neutron economy in the integrated assembly cannot support breeding.

Going back to the operating sequence, the fact that the transmuter needs the proton beam for only
a part of its operating time makes the entire process more economical because the accelerator can be
time-shared by several transmuters in the plant configuration such as that illustrated in Figure 10.

Referring again to Figures 7 and 8, there is shown a coaxial duct in the lower part of the
transmuter. The outer part of the duct brings in cold cooling helium to remove fission heat from the
transmuter. The helium then flows upward in an annular space between the inside of the vessel and
the outside of a steel barrel that contains the thermal-fast assembly.

Figure 9. TRISO coatings and graphite are excellent engineering barriers
for normal operation, severe accidents, and permanent disposal

Helium then flows downward through cooling channels in the fission regions of the transmuter,
and carries the heat at a temperature of 850°C through the central part of the coaxial duct to a direct-
cycle gas-turbine-generator system that generates electricity. The high operating temperatures and the
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characteristics of this direct (Brayton) power conversion system allow electric generation with a high
net thermal efficiency of approximately 47%.

This high power conversion efficiency, the fact that 75% of the transmutation is done in a critical
operating mode, and the fact that the proton accelerator is time-shared by four transmuters, leads to a
favourable revenue-cost balance and the potential to attract investment for the deployment of these
units.

Roughly, the cost of the plant configured as shown in Figure 10 (four 600 MWth transmuters, and
one 15 MW beam accelerator) would be expected to be in the $1.5B to 2.0B range. This would
translate into an annual cost of $190M assuming interest on and return of capital of 8.8%, plus typical
nuclear plant operations and maintenance (O&M) costs increased by 50% to account for accelerator
O&M. It also includes an allowance for decommissioning the plant, but assumes, however, that the
fuel (to be transmuted) is government-supplied.

Figure 10. Thermal-fast plant representative configuration
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The revenues, assuming 4 cents per kWe-hr, 75% plant availability, 47% transmuter thermal
efficiency, and an accelerator efficiency (beam to electric power ratio) of 32% would be
approximately $270M per year.

These estimates suggest that transmutation plants of this type have the potential to be
economically viable and possibly attract investment.

From the safety standpoint, there are two important considerations. Criticality and cooling.
Criticality safety in this respect is ensured by the use of erbium in the thermal assembly. Erbium has a
neutron capture cross-section that increases with temperature, and peaks a higher temperature than the
fission cross-section of 239Pu. Erbium and plutonium quantities can be selected that provide a strong
negative temperature coefficient of reactivity during the entire fuel cycle.

The other important safety consideration is cooling. In this respect, the geometry of the assembly
(tall and thin, and annular thermal configuration) has been shown to provide for passively safe
conduction cool-down of a 600 MWth thermal spectrum-only assembly, even in a loss of coolant
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(LOCA) event. The effect on this feature by the inclusion of a fast fission region is currently being
studied. However, preliminary conservative calculations suggest that including a fast region may still
allow passive conduction cooling in a LOCA event if thermal region power is lowered so that total
power of the transmuter is kept below 600 MWt.

Thus, it appears that levels of safety comparable to those that are encountered in gas-cooled
reactors may also be achievable in a thermal-fast gas-cooled transmuter.

Important work is still needed, however, to further advance the design of the thermal-fast
transmuter. Preliminary analyses seem to indicate, for example, that the fast flux generated in the
central region during critical operation of the thermal region can be relatively low. This would mean
that transmutation of minor actinides during this time would also be low, and that more reliance on
the accelerator to generate a fast flux would be needed. However, there are potentially more attractive
ways to obtain a higher fast flux during these conditions that need to be evaluated. These include
reducing the density of the graphite immediately surrounding the fast region.

6. The two-strata concept

In the two-strata concept, the thermal and the fast neutron spectra are separated. The system is
illustrated in Figure 11. As shown in this figure, the system includes the front-end separation step in
which uranium in the waste stream is separated and recycled to the commercial fuel cycle, or
disposed of as low-level (Class C) waste.

Figure 11. The two strata process

To the Fast Step
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The plutonium and minor actinides are then converted to silicon carbide-coated fuel particles and
assembled in the three graphite-moderated thermal spectrum critical reactors shown in the figure. The
fuel fabrication stage is shown as step 4 in the figure, and the thermal reactors are shown as step 5.
The GT-MHR operates at a sufficiently high coolant temperature that it can be coupled to a direct
cycle gas turbine for electricity generation at approximately 47% efficiency [2]. A cross-section of
the MHR core is shown in Figure 12.

Figure 12. GT-MHR cross-section

The discharge from the reactors is further burned-up in an accelerator driven MHR, or AD-MHR.
This is step 6 in Figure 11. The AD-MHR core is very similar to the GT-MHR core, the primary
difference being the provision for an accelerator target for neutron production by spallation, and a
surrounding pressure vessel, both located in the central graphite reflector. This graphite reflector
serves to moderate the spallation neutrons and produce a thermal flux spectrum in the fuel annulus.

The beam enters at the top of the vessel, and is directed onto the target in the middle of the core
assembly to produce high-energy neutrons. However, methods are being evaluated to allow a straight
side beam entry into the core assembly. This would eliminate the need for a 90-degree beam turn
from its normal horizontal orientation to the vertical entry.

Following the GT-MHR and AD-MHR there would be a sub-critical fast neutron energy
assembly used mainly to finish the job of burning minor actinides.

An elevation section of this modular, fast helium-cooled assembly (AD-FMHR) is shown in
Figure 13. A similar design has been proposed by Framatome [3] also to burn Minor Actinides. In this
concept, the proton beam enters at the top of the vessel and is directed onto the target in the middle of
the core assembly to produce high-energy neutrons. However, as for the AD-MHR, methods are being
evaluated to allow a straight side beam entry into the core assembly.
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Figure 13. Elevation AD-FMHR

The fast helium-cooled assembly (AD-FMHR) shown in Figure 13 is based on the gas-cooled
fast reactor (GCFR) developed by General Atomics in the 1970s with US DOE support. In the GCFR
design, the elements in the core and blanket assembly are externally similar, and each element is
hexagonally shaped. The overall length of the elements is 118.25 inches The structural material for
the GCFR element was 20% cold worked type 316 stainless steel. Other structural materials, such as
Inconel 718 and tungsten, are being considered for the AD-FMHR application, to ensure that a loss of
flow or pressure accident does not result in fuel damage or release of fission products. The fuel and
blanket elements are clamped rigidly and pre-loaded at their upper end into the grid plate. This
preload force reacts on the upper face of the grid plate through a compression tube.

In the AD-FMHR, the fuel section of the elements would be 150 cm high, with 100-cm top and
bottom blankets. The helium coolant would flow in the upward direction. The inlet temperature would
be 300° C and the outlet temperature would be at least 530°C or higher, based on the use of high-
temperature fuel coatings.

The assembly would use the same fuel form as envisioned for the liquid metal options that are
also being considered. Obviously, no moderator material would be used. However, the use of
ceramic-type high-temperature fuel coatings that would result in wider safety margins is being



608

investigated. Most of the fuel in this assembly would consist of minor actinides, which would allow
the assembly to be fairly small. Sizes in the order of 60 to 100 MWt would be attractive. Fission
products, such as 99Tc and 129I, could be placed in the outer blanket for transmutation.

The energy in the hot helium exiting the fuel would be available to either generate steam or
directly drive a gas turbine and generate electricity.

The use of helium coolant in this accelerator-driven fast-spectrum sub-critical assembly offers
important potential advantages, such as the following:

•  Potential use of coated fuel with its capability to 1) withstand higher temperatures than other
fuels, 2) retain radionuclides in the event of accidents, and 3) provide an extra long-life
barrier for the retention of radioactivity in the repository.

•  No metal-air or metal-water chemical reactions.

•  No generation of mixed waste coolant.

•  No leakage of highly toxic metal.

•  Potential elimination of high pressure steam generators by using a direct-cycle gas turbine.

•  Potentially harder neutron energy spectrum for more effective burning of actinides.

•  Much more viable in-service inspection. In the gas-cooled assembly, the integrity of the fuel,
fuel supports, etc. is easily observable, which provides for greater safety assurance.

Earlier analyses performed for the development of the GCFR showed that the natural circulation
of helium would provide adequate passive cooling following a loss of forced circulation for reactor
ratings up to 840 MWt. This capability needs to be explored beyond design basis events.

7. Conclusions

Gas-cooled nuclear reactor technologies offer the potential to eliminate essentially all weapons-
useful material in nuclear waste, and achieve more than two orders of magnitude reduction in the
amount of high-level waste. Repository heat loads and the toxicity of the waste are also significantly
reduced. The process provides a durable transmuted waste form that is highly resistant to corrosion,
without generating mixed waste.

The process uses thermal and fast neutron energy spectra. 239Pu and other fissionable materials
have large fission cross-sections in the thermal spectrum. Thus, they are fissioned in a thermal fission
region of the transmuter. Minor actinides are more inclined to fission in a fast neutron energy
spectrum. Thus, they are fissioned in a fast fission region of the transmuter.

The process has the potential to transmute about 75% of the waste in a nuclear critical mode.
Then, use is made of a proton accelerator to generate spallation neutrons and drive the fission process
in a sub-critical mode to deep levels of burn-up. Most importantly, these deep burn-up levels are
achieved with no plutonium reprocessing. This is made possible by encapsulating the waste to be
transmuted in ceramic-coated microspheres that accommodate large amounts of fission products in
spherical expansion volumes.
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Deep burn-up of 239Pu and fissionable materials with no plutonium reprocessing, and the possible
use of a fast neutron region within the thermal region in the transmuter, which precludes breeding, are
important proliferation-resistance features of the proposed process.

Preliminary calculations suggest that the unique reactivity and cooling safety features offered by
gas-cooled nuclear reactors can also be implemented in the proposed transmuter.

The use of a direct-cycle gas turbine-generator power conversion system with the proposed
transmuter would lead to conversion efficiencies of approximately 47% when the transmuter is
operating in the critical mode. This, along with the fact that the accelerator may only be needed for
the 25% deep burn-up phase of the cycle, leads to a relatively high overall efficiency and low cost.
Preliminary economic analyses suggest that the proposed transmutation process has the potential to be
economically viable and attract investment for deployment.
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