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Abstract

A preliminary comparative assessment relevant to the transmutation efficiency of plutonium and
minor actinides has been performed in the case of ANSALDO’s Energy Amplifier Demonstration
Facility based on molten lead-bismuth eutectic cooling, classical MOX-fuel technology and operating
at 80 MWth. The neutronic calculations presented in this paper are a result of a state-of-the-art
computer code package, EA-MC, developed by C. Rubbia and his group at CERN. Both high-energy
particle interactions and low-energy neutron transport are treated with a sophisticated method based on
a full Monte Carlo simulation, together with modern nuclear data libraries. Detailed Monte Carlo
transport calculations were performed for different types of external neutron sources: D-D and D-T
fusion sources and proton induced spallation neutron sources. The fuel core was described on a pin-
by-pin basis allowing for detailed scans of the main neutronic properties, e.g. neutron flux spectra and
power density distributions.
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1. Introduction

The Energy Amplifier Demonstration Facility (EADF) [1] is a hybrid system designed to be
driven by an external source. The present design utilises a proton induced spallation neutron source for
providing the external neutrons, but as such, the system is not limited to any particular choice of
source as long as neutrons of suitable energy are provided. In this study, the neutronic properties of the
reference spallation source driven EADF system has been compared to those of the system driven by
two different alternative neutron sources: D-D and D-T fusion sources.

2. The EA-MC code package

EA-MC is a general geometry, “point-energy”, Monte Carlo code which stochastically calculates
the distribution of neutrons in three-dimensional space as a function of energy and time. The neutron
data are derived from the latest nuclear data libraries [2]: ENDF/B-VI 5 (USA), JENDL-3.2 (Japan),
JEF-2.2 (Europe), EAF-4.2 (Europe), CENDL-2.1 (China), EFF-2.4 (Europe) and BROND-2 (Russia).

The general architecture of the EA-MC code is shown in Figure 1. The geometrical description is
first automatically translated into FLUKA’s combinatorial geometry, and the high-energy particle
transport is carried out [3,4]. Neutrons are transported down to 20 MeV and then handed over to EA-
MC which continues the transport.

Figure 1. General architecture of the EA-MC simulation of
neutron transport and element evolution

The EA-MC code is designed to run both on parallel and scalar computer hardware. Having used
standard language elements, the code can be implemented on different systems. A common
initialisation section is followed by a parallel phase where every CPU runs an independent simulation
with the same initialisation data. A parallel analysis program collects the results and calculates the
standard deviation among the different CPUs. This gives an estimate of the statistical fluctuations [5].

3. The Energy Amplifier Demonstration Facility

The key objective of the Energy Amplifier Demonstration Facility [1], in a first approximation,
aims at demonstrating the technical feasibility of a fast neutron operated accelerator driven system
cooled by molten lead-bismuth eutectic (LBE) and in a second phase that of incinerating TRUs and
long-lived fission fragments while producing energy.
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3.1 Reference configuration

As in the case of the Energy Amplifier’s conceptual design [6], the EADF core consists of an
annular structure immersed in molten lead-bismuth eutectic which serves as primary coolant and
spallation target (Figure 2). The central annulus contains the spallation target unit which couples the
proton accelerator to the sub-critical core. The core is arranged in a honeycomb-like array forming an
annulus with four coaxial hexagonal rings of fuel sub-assemblies. The fuel core is itself surrounded by
an annular honeycomb-like array of four rings of dummy sub-assemblies, which are essentially empty
ducts. The detailed description of the EADF reference configuration can be found in [1].

Figure 2. Schematic view of the reactor system assembly [1]

The coupling of the accelerator system to the sub-critical core is realised via the target unit. The
design approach chosen for the EADF [1], has been to keep the spallation products confined where
they are generated. The lead-bismuth eutectic spallation target is therefore kept separated from the
primary coolant and confined within the structure of the target unit. The target unit structure is located
in the central opening of the sub-critical core, which has an equivalent diameter of 630 mm. The beam
pipe penetration takes place from the top of the reactor vessel.

3.2 Global neutronic parameters at beginning-of-life

The present version of the EA Monte Carlo code package enables a rather complete and detailed
model of the EADF reference configuration at the level of individual fuel pins or heat exchanger tubes
(presently arranged in square lattices). All the major core components have been taken into
consideration. The main global results for the beginning-of-life performance of the EADF reference
configuration are summarised in Tables 1 and 2.
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Table 1. Main parameters of the EADF reference configuration

Global parameters Symbol EAP80 Units

Initial fuel mixture MOX (U-Pu)O2

Initial fuel mass mfuel 3.793 ton
Initial Pu concentration mPu/mfuel 18.1 wt%
Initial fissile enrichment Pu39,41/U38 18.6 wt%
Thermal power output Pth 80 MWatt
Proton beam energy Ep 600 MeV
Spallation neutron yield N(n/p) 14.51 ± 0.10
Neutron multiplication M 27.80 ± 0.56
Multiplication coefficient k = (M-1)/M 0.9640 ± 0.0007
Energetic gain G 42.73 ± 0.88
Gain coefficient G0 1.54
Accelerator current Ip 3.20 ± 0.07

Table 2. Core power distributions of the EADF reference configuration

Av. fuel specific power Pth/mfuel 24.5 W/g

Av. fuel power density Pth/Vfuel 255 W/cm3

Av. core power density Pth/Vcore 55 W/cm3

Radial peaking factor Pmax/Pave 1.25

Axial peaking factor Pmax/Pave 1.18

3.3 Neutronic properties of the different source cases

The effective neutron multiplication factor, keff, is an intrinsic property of the system. If the flux
distribution is not an eigenstate of the operator, the net neutron multiplication factor, k, will be
different, but this will not change the value of keff. We can still formally define a value of k as,
k 1 1 Msrc src= − but it will depend on the neutron flux as well as on the system. In particular, in the
presence of an external source, this value will depend on the position and energy spectrum of the
source neutrons. Hereinafter, ksrc will indicate the value of k calculated from the net multiplication
factor Msrc in the presence of an external source.

By definition, a constant power operation requires ν/keff neutrons per fission, which means that an
external source has to provide a number of neutrons per fission that is:

µeff = ν 1

keff
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  =

ν
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if they are distributed exactly as the eigenfunction of the stationary problem. In the case of an arbitrary
external source, this number becomes:

µsrc = ν 1

ksrc

−1
  

 
  

  

 
  =

ν
Msrc −1

The ratio:

ϕ * =
µ eff

µsrc

=
1− keff( ) keff ν( )
1− ksrc( ) ksrc ν( )

is known as the importance of source neutrons. ν* is an effective number of neutrons per fission and
thus contains a correction for non-fission multiplicative processes such as (n,Xn) reactions, which are
of great importance for lead-bismuth or lead cooled fast reactors.

The neutronic properties of three different source cases has been examined: a spallation source
driven reference configuration (in short: reference or ADS case), a deuteron-deuteron fusion source
case (D-D or DD) and a deuteron-triton fusion source case (D-T or DT). As compared with the
reference case, the D-D configuration stayed within a range of 260 pcm (1 pcm = 1·10-5) in terms of
the neutron multiplication factor (ksrc), cf. Table 3. The D-T source configuration exhibits a
distinctively higher ksrc than the reference case, the difference in ksrc being 1 500 pcm (0.015). Other
central neutronic parameters are shown in Table 4. It should be noted that the required fusion source
intensities (“External n/s” in Table 4) are remarkably high. For comparison, it can be mentioned that
the source intensity of large-scale inertial confinement fusion experiments reaches a level of ~1018 n/s
for the higher yielding D-T fusion.

Table 3. Neutron multiplication factors for the different source configurations

keff ksrc

ADS Fusion-DD Fusion-DT

0.9634 0.9640 0.9614 0.9790

Table 4. Main neutronic parameters for the different source configurations

ADS Fusion-DD Fusion-DT

ϕ* 1.0196 0.9478 1.7727
M = 1/(1-ksrc) 27.8 25.9 47.6

Total n/s 8.01 1018 7.98 1018 8.13 1018

External n/s 2.88 1017 3.08 1017 1.71 1017

fiss/s 2.50 1018 2.50 1018 2.50 1018

ν* 3.09 3.07 3.19
σcapt(U

238)/σabs(Pu239) 0.68 0.68 0.68

Since the D-T source configuration case was found to show the most notable differences in
comparison with the reference ADS case, the onus will be on comparing the reference ADS and D-T
source configuration cases. In Table 5, the neutron balance of the whole EADF device is presented.
The fuel core neutron balance is presented in Table 6.
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Table 5. Neutron balance in the whole device

Neutron absorption inventory ADS Fusion-DD Fusion-DT

Reactor containment 0.32% 0.32% 0.32%
LBE target 1.90% 1.76% 3.49%
Flow guides 0.15% 0.15% 0.15%
Heat exchangers 0.90% 0.89% 0.86%
Purification units 0.03% 0.03% 0.03%
Conv. enh. units 0.17% 0.17% 0.17%
Neutron shield 2.53% 2.50% 2.47%
Core upper reflector 5.33% 5.31% 5.21%
Core radial reflector 2.05% 2.03% 2.00%
Core lower reflector 6.69% 6.66% 6.55%
Fuel core 72.81% 73.15% 71.83%
Primary coolant 6.69% 6.66% 6.55%
Outs 0.20% 0.15% 0.15%
Total 100% 100% 100%

Main nuclear reactions ADS Fusion-DD Fusion-DT

Capture 66.09% 66.20% 65.01%
Fission 31.16% 31.29% 30.72%
n,Xn 2.13% 1.95% 3.69%
Others 0.42% 0.41% 0.43%
Outs 0.20% 0.15% 0.15%
Total 100% 100% 100%

Table 6. Neutron balance in the fuel core

Neutron absorption ADS Fusion-DD Fusion-DT

Fuel 89.80% 89.79% 89.80%
Cladding 3.77% 3.78% 3.77%
Sub-assembly wrapper 1.93% 1.93% 1.91%
Coolant 4.50% 4.50% 4.52%

Main nuclear reactions ADS Fusion-DD Fusion-DT

Capture 54.40% 54.44% 54.42%
Fission 42.81% 42.77% 42.76%
n,Xn 2.27% 2.26% 2.29%
Others 0.53% 0.53% 0.53%
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From the perspective of the whole device, it is seen that the D-T source produces significantly more
reactions in the LBE target than the ADS source does, and leakage is smaller1. This increase is linked
with a relative decrease of reactions in the fuel core. The composition of reaction types is, in
consequence2, altered by an increase of the relative occurrence of (n,Xn) reactions at the expense of
capture and fission reactions. Regarding the neutron absorption inventory and the composition of the
main reaction types of the core, no particular or distinguishable trends can be reported (cf. Table 6). An
explanation for the abundancy of (n,Xn) reactions in the LBE target of the D-T source driven
configuration can be sought by studying Figure 3, which shows the LBE target neutron spectra for the
different source configurations. Just around 14 MeV, the spectrum of the D-T driven target shows clearly
distinguishable peaks, which arise due to the typical energy distribution of a D-T source. In this energy
region, cross sections for both (n,2n) and (n,3n) reactions come close to their maximum, and thus the
overall (n,Xn) reaction ratio will increase3. Table 7 compares the neutron flux distributions of the cases.

Figure 3. LBE target neutron spectra

                                                          
1 The slightly higher leakage from the ADS geometry stems from the spatially asymmetrical neutron flux

distribution of an ADS source.
2 The LBE target is inclined for (n,Xn) reactions; capture and other reactions occur relatively infrequently.
3 The neutrons from D-D fusion appear at significantly lower energies, around 2.5 MeV. Thus, they do not

produce any significant changes in the overall (n,Xn) reaction occurrence.
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Table 7. Neutron flux distributions throughout the device

Reactor region ADS Fusion-DD Fusion-DT

Reactor vessel 1.2 × 1011 1.1 × 1011 1.2 × 1011

Safety vessel 3.6 × 1010 3.5 × 1010 3.6 × 1010

LBE target 5.9 × 1014 6.9 × 1014 6.6 × 1014

Target vessel 8.2 × 1013 8.3 × 1013 8.3 × 1013

Heat exchangers 5.8 × 1011 5.7 × 1011 5.7 × 1011

HX secondary coolant 7.2 × 1011 7.2 × 1011 7.2 × 1011

Core neutronic protection 1.5 × 1013 1.5 × 1013 1.5 × 1013

Av. fuel 1.3 × 1014 1.3 × 1014 1.3 × 1014

Av. fuel cladding 3.4 × 1013 3.4 × 1013 3.4 × 1013

Core radial reflector 7.1 × 1013 7.0 × 1013 7.0 × 1013

As is seen from Table 7 (and Figure 3), the neutron flux distributions do not differ to any larger
extent except for in the LBE target. The characteristical peaks at energies of ~2.5 MeV and ~14 MeV
are found for the D-D and D-T fusion sources (respectively). Upon noting that the scale of Figure 3 is
logarithmic and comparing the high-energy part of the spectra, it is readily conceived that the integral
flux of the fusion cases indeed is higher than that of the reference ADS configuration

The axial and radial neutron flux distributions of all the configurations were examined for
possible differences. As can be perceived from Figures 4, 5 and 6 presenting the results graphically,
the only differences are found near the radial centre, where the LBE target is located.

Figure 4. Normalised neutron flux distribution over the height of the fuel core
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Figure 5. Radial distribution of the neutron flux
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Figure 6. Close-up near the LBE target of the radial distribution of the neutron flux
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A direct consequence of an increased high-energy neutron flux load on the LBE target will be a
higher displacement rate4. The EA-MC code allows for estimation of the damage to structural material
from the generated neutron flux spectra, accounting for damage induced by both high-energy particles
and low-energy neutrons. Table 8 presents the displacement rate in some of the main structural
components. The LBE target serves as an important attenuator of neutron flux and energy, which is
clearly recognised from the table: the DPA/year values are similar for the other structural components
than the target itself. Both fusion sources produce roughly the double amount of damage than the ADS
configuration does, but the damage is effectively absorbed in the target.

                                                          
4 The displacement rate is measured in units of displacement per atom/year (DPA/year).
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Table 8. Displacement rates

DPA/year ADS Fusion-DD Fusion-DT

Reactor vessel 8.3 × 10-6 7.5 × 10-6 8.1 × 10-6

Safety vessel 2.5 × 10-6 2.4 × 10-6 2.6 × 10-6

LBE target 1.566 2.988 2.643
Target vessel 0.230 0.235 0.235
Heat exchangers 1.5 × 10-4 1.5 × 10-4 1.5 × 10-4

HX secondary coolant 1.1 × 10-4 1. × 10-4 1.1 × 10-4

Core neutronic protection 5.7 × 10-3 5.6 × 10-3 5.7 × 10-3

Av. fuel 0.807 0.808 0.809
Av. fuel cladding 0.152 0.152 0.152
Core radial reflector 0.146 0.145 0.145

Table 9 reports the transmutation efficiencies for the nuclides to be destroyed. In the case of 238Pu
and 241Pu, the D-T configuration proves to have the most efficient transmuter capabilities, although the
difference is slight. This benefit arises due to the harder spectrum of the D-T source (cf. Figure 3).

Table 9. Transmutation efficiencies

Fission/Capture ADS Fusion-DD Fusion-DT

Pu238 1.83 1.85 1.94
Pu239 3.33 3.32 3.33
Pu240 0.66 0.66 0.66
Pu241 6.07 6.05 6.11
Pu242 0.41 0.41 0.41
Np237 0.28 0.52 0.19
Am241 0.13 0.13 0.14

Since the neutron flux distributions were essentially the same throughout the core5 independent of
source configuration, also the transmutation rates remained unaffected by the choice of neutron
source. Table 10 presents a comparison between the transmutation rates for the EADF fuelled with
(Th-Pu)O2, the EADF fuelled with (U-Pu)O2 and a standard PWR fuelled with UO2.

                                                          
5 As earlier was seen, there is a difference between different source configuration for the flux over the LBE target. However,

since this region carries no fissile materials, no effect on transmutation rates is seen.
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Table 10. Transmutation rates (kg/TWthh) of plutonium and minor actinides

Nuclides
EADF

(Th-Pu)O2

ENDF/B-VI

EADF
(U-Pu)O2

ENDF/B-VI

PWR
UO2

233U +31.0 – –
Pu -42.8 -7.39 +11.0
Np +0.03 +0.25 +0.57
Am +0.24 +0.17 +0.54
Cm +0.007 +0.017 +0.044
99Tc prod +1.08 +1.07 +0.99
99Tc trans -3.77 -3.77 –

4. Conclusion

The neutronic properties of four different neutron source configuration of the EADF have been
examined by means of 3-D Monte Carlo techniques. The results indicate that the accelerator driven
and the fusion-DD source systems would exhibit similar neutronic properties. The fusion-DT source
driven configuration differs from the others, giving rise to a neutron multiplication factor ~1 500 pcm
higher than the others. The effect was seen to be mainly due to the DT-fusion characteristical neutron
emission energy spectrum, which produces a significantly larger share of (n,Xn) produced neutrons.
Finally, it was established that the choice of source configuration has negligible impact on
transmutation efficiencies and transmutation rates.
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