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Abstract 

MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Applications) is a multi-purpose 
research facility currently being developed at SCK•CEN. MYRRHA is based on the ADS (Accelerator 
Driven System) concept where a proton accelerator, a spallation target and a subcritical reactor are 
coupled. MYRRHA will demonstrate the ADS full concept by coupling these three components at a 
reasonable power level. As a flexible irradiation facility, the MYRRHA research reactor will be able to 
work in both critical and subcritical modes. In this way, MYRRHA will allow fuel developments for 
innovative reactor systems, material research for GEN IV and fusion reactors, and radioisotope 
production for medical and industrial applications. MYRRHA will be cooled by Lead Bismuth Eutectic 
(LBE) and will play an important role in the development of the Pb-alloys technology needed for the LFR 
(Lead Fast Reactor) GEN IV concept. 

This paper describes the evolution of the MYRRHA spallation target design. In the early phase of the 
MYRRHA project (XT-ADS), the target design was based on a dedicated spallation loop inside the primary 
reactor vessel. Within the core, the 3 central fuel assembly positions were occupied by the spallation 
target, which enabled a windowless design created by a free surface of LBE facing the proton beam. The 
windowless option was preferred because of high heat loads in combination with severe irradiation 
damage in the target region would result in unacceptably short lifetimes of a target window. The LBE in 
the loop served as spallation target and as target coolant, but was separated from the LBE cooling the 
reactor core. The loop was equipped with its own pump, heat exchanger and conditioning system.  

The change from cyclotron to linear accelerator allowed the increase in proton energy from 350 MeV 
to 600 MeV. This modification led to an important reduction of the specific heat load at the target level 
and an improvement of the neutronic performance. In addition to this evolution of the MYRRHA 
accelerator, the realisation and the successful execution of the MEGAPIE project at PSI, with SCK•CEN 
as one of the funding partners, resulted in the re-evaluation of the spallation target leading to the current 
window design without a dedicated cooling loop.  

Different aspects of the new design of the MYRRHA window spallation target assembly are 
addressed: the material choice, the hydraulic design, the proton beam optimisation and the mechanical 
evaluation. 

Introduction 

MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Applications) is a multi-purpose 
research facility currently being developed at SCK•CEN in Mol, Belgium. From the early conceptual design 
of the MYRRHA Accelerator Driven System (ADS), where a cyclotron was coupled to a subcritical reactor 
by means of a windowless spallation target, to the current detailed design of a multipurpose research facility 
with a high-energy linear accelerator, many steps have been taken. MYRRHA will be operable with a 
subcritical core driven by spallation neutrons and with a critical core. Both modes of operation have their 

 359 



NEA/NSC/R(2015)2 

specific energy and flux distributions which permit a wide range of applications, from transmutation to 
isotope production for medical and industrial applications. With the flexible core design, many positions for 
experimental rigs are available to test materials for e.g. fusion reactors and new types of fuel. 

The working fluid of the MYRRHA reactor is Lead Bismuth Eutectic (LBE), which has been selected 
because of its low melting point compared to lead. Moreover, the heavy liquid metal can also be used as 
spallation target for the ADS. The experience with LBE will be of interest in the further development of 
the lead-cooled fast reactors of GEN IV.  

The MYRRHA XT-ADS windowless loop spallation target [1] 

In the early conceptual design of MYRRHA (before 2005), a commercial cyclotron producing a 
350 MeV proton beam with a current of 5 mA, was coupled to the subcritical core. The spallation target 
material was liquid LBE, circulating in an inventively designed and dedicated spallation loop, separated 
from the LBE coolant of the subcritical core (Figure 1a). The beam line entered the spallation loop from 
the top and the proton beam passed from the vacuum in the beam line to the spallation zone with the LBE 
free surface, without passing any structural material (Figure 1c). In this way direct interaction of the proton 
beam with a window could be avoided. Irradiation damage in combination with high heat loads was 
considered as too limiting for the lifetime of the window.  

The free surface was created in a funnel occupying the 3 central positions of the core (Figure 1b). The 
proton beam entered from the top into the wide stem of the funnel parallel to the LBE which flowed 
downwards into the funnel via an annular nozzle.  

Figure 1:  a. Spallation target loop; b. Use of 3 core channels and c. Free surface target 

 

 

 
a) b) c) 

The spallation loop was closed around the core, i.e. off-centre, with the implication of a split core 
plate. The loop was a complex system with magnetohydrodynamic circulation pump, LBE-LBE heat 
exchanger, buffer tank, conditioning system and level control system. The ability to extract the module 
with all active components, simplified maintenance, but the high neutron flux on the closing elements of 
the loop made frequent replacement unavoidable, with subsequent remote handling operations like cutting 
and welding. 
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Other issues which had to be solved were the stability of the free surface, splashing, evaporation of 
the spallation products, the creation of a recirculation zone at the interface and the cooling of the target 
zone. An extensive R&D programme addressed these issues with positive results [2].  

From 350 MeV to 600 MeV protons 

In the further search for an optimal design of the spallation loop, the choice between an off-centre or 
centred spallation target loop design was discussed again in 2004 [3]. For the centred window target design, a 
reverse flow concept would be an advantage to avoid the spallation loop around the core and without the need 
to split the core plate. But the number of core positions needed to accommodate the reversed-flow spallation 
loop, increased to 7. As a consequence, the core performance (flux) decreased. This was the motivation to re-
assess also the MYRRHA accelerator parameters. Using higher-energy protons with a reduced current level 
leads to the same total neutron production. Table 1 shows a comparison between the 350 MeV and 600 MeV 
proton beam with similar total neutron yield. As the neutron yield per incident proton increases with the 
proton energy, the beam current can be reduced with the same factor. Another important advantage of the 
increased energy is the larger penetration depth in the LBE. This reduces the linear power in the target 
(Figure 2). Above this the Bragg peak for the 600 MeV beam has disappeared almost completely and the 
fraction of energy deposited in the target zone is reduced from 81.7% to 62%.  

The reverse flow concept with window was not developed further, but the results of the study with 
respect to the increased beam energy were retained. Together with the operating experience of the 
MEGAPIE (MEGAWatt PIlot Experiment) spallation target window [4] from 2009, a new design with 
window and without loop was investigated. 

Table 1: Comparison proton beam characteristics at 350 and 600 MeV [5] 

Proton energy [MeV] 350 600 
Beam current [mA] 5 2 
Beam power [MW] 1.75 1.2 
Position of Bragg peak in LBE [cm]  12.6  29.0  
Peak/plateau 2 0.5 
Fraction of heat deposit in target zone [%] 81.7 62 
Convective cooling needs [MW] 1.43 0.75 
Source neutron yield per incident proton 5.8 14.6 

Figure 2: Linear power comparison with similar total neutron yield [5] 
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The MYRRHA FASTEF loopless window spallation target 

The new design started from the most simplified ADS configuration where the primary coolant 
simultaneously serves as a spallation target. The beam tube and the beam window separate the vacuum 
from the target material. The window is positioned at the centre of the sub-critical core almost at half 
height and is cooled by the upward flowing primary coolant under forced convection by the primary 
pumps. The MYRRHA FASTEF (FAst Spectrum Transmutation Experimental Facility) [6] complies with 
this concept. 

Figure 3: MYRRHA FASTEF loopless window target 

 

The beam tube and the window make part of the spallation target assembly. The assembly is designed as 
an In Pile Section (IPS) which can easily be introduced into the reactor via a dedicated hole in the reactor 
cover. The assembly consists of a long protective structure surrounding the window and vacuum tube and the 
velocity profile and pressure drop devices. The lower part of this structure has the same dimensions as the 
fuel assembly hexcans. The spallation target assembly is fixed to the reactor lid with a standardised plug. The 
beam tube is connected to the beam line above the reactor cover.  

To optimise the occupied space of the beam tube into the core, the size of the fuel assemblies was 
enlarged from 91 to 127 pins keeping the same pitch. By this modification it was possible to fit the 
spallation target assembly into one core position only instead of the 3 positions before. 

The life-limiting phenomena of the beam window are the degradation of the material due to 
irradiation by protons and fast neutrons, the interaction with the LBE, the thermal loads and fatigue.  

Beam profile shaping 

The main challenge for the cooling of the hemispherical window is the stagnation point that forms 
where the LBE flow hits the window in the centre. It was clear from the beginning, that with a normal 
Gaussian beam along the beam tube axis, the stagnation point would coincide with the highest heat load on 
the window. To shift the maximum heat load on the window away from the stagnation point, the proton 
beam is swept along the tube axis with a small radius resulting in an annular-shape beam footprint on the 
window. This beam profile shaping has the additional advantage that the window area is more effectively 
used, which lowers the maximum local current density and thus irradiation damage. 

A parametric study was performed to find the optimal shape of the beam profile. The sweeping radius 
and the beam width were varied. A limiting condition was set to the power fraction reaching the beam tube 
and keeping the load at the window axis low. The maximum value of the time averaged current density for 
the optimised swept beam is 35 µA/cm²/mA (Figure 4). 
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Maximum irradiation damage in a T91 steel window of a swept beam varying over one cycle 
(90 days) from 1.68 to 2.45 mA is evaluated by MCNPX calculation at 22 dpa and 1192 appmHe [7]. 

Figure 4: Current density of the optimised sweeping beam (600 MeV,1 mA) 

 

Calculation of spallation energy deposition 

The optimised beam shape was introduced into an MCNPX model [8-9] to calculate the real spallation 
heat load in the target zone (Figure 5a) and to determine the spallation neutron distribution. The optimum 
vertical position of the window in the core is defined by this neutron distribution (Figure 5b). The detailed 
3D results are transferred to the Computational Fluid Dynamics (CFD) code. 

Figure 5: a. Power density and b. Neutron source linear density 

 

 
a) b) 

Thermal hydraulic evaluation 

Detailed thermal hydraulic evaluations are performed with the general purpose CFD code Ansys CFX 
[10]. For the velocity profile device, the multi-tube design [11] with three concentric regions has been 
applied. An optimisation of the tube radii and the mass flow rate for each region results in enhanced local 
cooling at the most loaded part of the window. The reduction of the residence time in the most heavily 
loaded LBE zone results in lower hotspot temperatures. A typical CFD result of velocity and temperature 
distribution is shown in Figure 6.  

The spallation target assembly forms a parallel channel to the fuel assemblies in the core. This means 
the pressure drop at the design mass flow rate in the target assembly must be the same as the pressure drop 
over the fuel assemblies in the core. To equalise the pressure difference, extra flow resistance is added into 
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the target assembly by the pressure drop device in the form of a series of plates with staggered holes. The 
principle of plates with holes is also used to obtain the correct mass flow distribution between the 
3 concentric regions. To avoid erosion, high velocities in LBE are not acceptable (above 2m/s). 

Figure 6: Velocity and temperature distribution (beam current 3.5mA) 

  

Above the core region the hexagonal tube enlarges and openings allow the target cooling LBE to mix 
with the outlet flow of the core. 

Window material considerations 

Although the increase of proton energy to 600 MeV significantly reduced thermal load and therefore 
mitigates some of the restrictions, the evaluation of a window design cannot be made without looking at 
the material limitations caused by the harsh radiation environment and the interactions with the LBE. 

A target window service life of at least three full-power months (FPM) combined with a simplified 
design that allows easy replacement has been set as the minimum requirement in order to make this option 
acceptable.  

The main candidate material for the window is ferritic-martensitic steel T91. The main factors 
determining the degradation of material properties in a liquid metal spallation environment are: 

• Irradiation damage by protons and neutrons. 
• Liquid metal corrosion. 
• Liquid metal embrittlement. 

All of these effects are strongly temperature dependent. A suitable and realistic choice of the 
operating temperature for a window made from T91 has to cope with these degradation modes. 

Irradiation damage 

The radiation damage of the window can be split into 2 parts. On one hand there is the effect of the 
high-energy protons inducing Helium in the material, on the other hand there is the damage caused by the 
spallation neutrons. 

SINQ Target Irradiation Programme (STIP) data demonstrate that specimens irradiated at different 
temperatures under representative conditions show significant hardening compared to the unirradiated 
specimens. But specimens irradiated to higher doses (>10.9 dpa at >300°C) recover due to work hardening 
and display uniform elongation. Ductility is retained in T91 specimens even at dose levels up to 20 dpa. At 
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lower doses and lower temperatures (<200°C) tensile specimens show prompt necking behaviour (Figure 7a). 
Tensile tests performed at high temperature show similar behaviour although the overall strength decreases 
(Figure 7b). The data indicates that T91 has sufficient strength to be used as a structural material.  

Figure 7: STIP-III T91 steel at different irradiation temperatures [12] 

  
a) Tensile test at 25°C b) Tensile tests at elevated temperature 

High-temperature fast-neutron irradiation data for EM10, which is very similar to T91, are 
documented in [13]. Even after irradiation damage up to 90 dpa at 439°C, some ductility remains. Helium 
production due to neutron irradiation is much smaller compared to proton irradiation.  

In summary, there is evidence that T91, if irradiated at temperatures above 300°C, does not suffer 
from the He-embrittlement effects observed at lower irradiation temperatures and that 20 dpa or more 
should be acceptable. 

Liquid metal embrittlement  

The effect that the ductility of solid metals can be significantly reduced when in prolonged contact 
with a liquid metal is commonly referred to as Liquid Metal Embrittlement (LME). For the system T91 –
 LBE it has been investigated in the context of MEGAPIE at PSI [14].  

Figure 8: Curves of total elongation versus testing temperature 
for specimens tested in Ar and LBE under irradiation [14] 

 

A significant reduction of the total elongation in tensile tests in LBE is observed at temperatures 
below 450°C, but ductility can be seen to recover above 500°C. Test data from samples under irradiation in 
LBE however tend to exhibit even lower total elongations compared to unirradiated samples. Ductility is 
recovered only partly above 500°C.  
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These data suggest that an operating temperature of 450°C or more for a T91 window is desirable also 
from the point of view of liquid metal embrittlement, but the combination of irradiation and LBE 
embrittlement imposes major objections on the use of T91 in the range 200-400°C. 

Liquid metal corrosion 

When the oxide layer that protects structural material against corrosion has been removed, material 
transport from hot to cold regions is a problem common to all liquid metal systems. Its prevention has been 
the subject of a fair amount of R&D in recent years. The key is maintaining a suitable oxygen 
concentration in the liquid metal, high enough to prevent destruction of the oxide layer on the walls and 
low enough to avoid formation of Pb-oxide crud on the liquid metal surface. A system to achieve this 
control is foreseen in MYRRHA. Unfortunately its effectiveness is strongly temperature dependent and 
may be limited above 500°C. However, even if some liquid metal corrosion were to occur at the target 
window, this is a slow and continuous process and it should be possible to design the window such that 
enough wall thickness remains at the end of its postulated service life. 

MEGAPIE experience 

The MEGAwatt PIlot Experiment at PSI (MEGAPIE) was operated between August and December 
2006. The safe operation of a LBE spallation target hit by a 1 MW 590 MeV proton beam was demonstrated. 
The proton beam had a current of 1.74 mA. The beam entrance window was made from T91 steel and was 
cooled by the main LBE flow combined with a cold LBE jet extracted at the heat exchanger outlet. 

The LBE temperature range near the window varied from 220°C to 350°C. Maximum window 
temperature was estimated at 470°C. Due to beam trips, accelerator shut down and maintenance the 
number of thermal cycles of the window was in the order of magnitude of 10 000 per year [15]. 

Conclusion on the use of T91 

Given the fact that the MEGAPIE experiment proved the feasibility of a target window in the same 
power range as the one needed in the loopless window concept for MYRRHA, that irradiation effects as 
well as liquid metal embrittlement are less serious above 450°C, that the strength of steels in general 
decreases rather rapidly and corrosion protection becomes ineffective above 500°C, it is recommended to 
design and control the liquid metal flow system around the window in such a way, that a temperature 
between 450 and 500°C can be maintained at the side of the window facing the liquid metal.  

Mechanical design 

The evaluation of the mechanical design for the beam tube/window is based on the design rules given 
by the RCC-MRx code [16]. The loads accounted for are the pressure, thermal and cyclic loads. The 
thickness of the beam tube and window are adapted to the pressure loads. For the long structure of beam 
tube a buckling analyses determined the number of support points necessary. A fatigue analyses for 
thermal cycles was included as well. 

In this evaluation, the creep effects are considered negligible which is a valid hypothesis below 550°C. 

Irradiation capabilities for fusion 

The spallation target does not only provide neutrons to the subcritical core, it also allows irradiation 
experiments in its own. The central peak flux in the spallation zone is boosted to values which can (almost) 
simulate the conditions at the first wall of the fusion reactor, in terms of dpa/y, appmHe/dpa and 
temperatures. 
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A double walled module containing test samples which can be inserted in the spallation zone allows 
material experiments under representative fusion wall conditions. The sample specifications that are 
planned during irradiation are: 

• sample surface temperature: 100°C – 650°C 
• dpa-levels: up to 30 dpa/y 
• appmHe/dpa: up to 20 appmHe/dpa 
• Volume: 18×120mm×dia. 8mm 

Central sample temperatures depend on the shape of the samples. The preferred coolant is He gas at very 
high pressure. Control of the sample temperature is done by local temperatures measurement and adapting the 
mass flow of the coolant or the pressure in the vacuum layer. Other instrumentation, like a gamma-
thermometers to measure the local flux on-line and dosimeters that can be checked afterwards are optional. 

R&D and test programme 

The design of the MYRRHA spallation target assembly is supported by an extensive R&D programme. 
Next to the lessons learned from development of the MEGAPIE experiment, and the operational experience 
and post-test investigation results, the research extends over different fields within SCK•CEN and in 
international collaboration. Only the thermal hydraulic and mechanical test programme is detailed further 
herein, but important efforts are also made on e.g. material research, spallation chemistry and beam control. 

Thermal hydraulic and mechanical research 

Verification of the target zone cooling by means of an integral test experiment is difficult because of 
the high specific volumetric heating. Consequently, the design study uses advanced numerical tools, both 
for the thermal hydraulic simulations and the associated structural analyses. 

To validate the target thermal-hydraulics computations with respect to velocity distribution around the 
beam window and the pressure drop distribution in the wrapper, one-to-one scale model experiments of the 
beam tube in the wrapper with pressure drop and velocity profile devices will be investigated in the 
COMPLOT facility at SCK•CEN. 

COMPLOT is a highly instrumented isothermal LBE loop with 2 test sections representative of a 
MYRRHA core position. 

Analogous validation comparisons are made on data from experiments with a highpower resistance 
heated target window configuration performed by JAEA in the JLBL-3 loop [17] and the design tools used 
at SCK•CEN.  

A similar approach is used for the mechanical verification of e.g. buckling, positional accuracy, stability 
and fluid-structure interaction of the beam tube. Dedicated vibration instrumentation on the beam tube and 
wrapper will be investigated in the COMPLOT facility and compared to 3D numerical simulations using a 
partitioned fluid-structure interaction technique, developed in collaboration with Ghent University [18]. 

Conclusions 

The transformation from windowless spallation loop to a window design without dedicated loop for 
MYRRHA in ADS mode was only possible through the increase of the accelerator proton beam energy 
from 350 to 600 MeV. The complexity of the design could be reduced significantly by careful analyses of 
recently obtained representative material data, the experience gained by the MEGAPIE experiment and 
design optimisation.  
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Advanced numerical tools are used to optimise the design parameters. The detailed design of the 
spallation target assembly is ready to be tested in the new COMPLOT facility, with respect to thermal 
hydraulics and mechanical evaluation. International collaboration and SCK•CEN driven research 
programmes are ongoing to get additional insight in material behaviour in LBE under high irradiation 
doses and experiments are set up to validate numerical tools.  

Interesting possibilities for material testing experiments placed below the window in the spallation are 
evaluated. The irradiation conditions are representative for fusion first wall irradiation conditions. 
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