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Abstract 

On the way towards Accelerator-driven Systems (ADS), the MEGAPIE (MegaWatt Pilot 
Experiment) project is one of the key milestones. The MEGAPIE project aimed to prove that 
a liquid Lead-Bismuth-Eutectic (LBE) spallation target can be licensed, planned, built, 
operated, dismantled, examined and disposed. The project has finished the phase of 
producing the samples for Post-irradiation Examination (PIE). Samples to study structural 
material property changes due to the harsh environment of high temperatures, contact 
with flowing liquid metal (LBE), proton and neutron irradiation will be investigated by all 
partner laboratories (CEA, CNRS, ENEA, KIT, PSI and SCK•CEN). 

Introduction 

The MEGAPIE initiative was started in autumn 1999 with the aim to design, fabricate, 
build, cold-test, license, operate, dismantle, dispose and examine a liquid Lead-Bismuth 
Eutectic (LBE) spallation target [1]. The project is carried out by the international 
collaboration of several research institutes and organisations, namely: CEA (France), 
CNRS (France), DOE (US), ENEA (Italy), the European Union, JAEA (Japan), KAERI (Republic 
of Korea), KIT (Germany), LANL (US), PSI (Switzerland) and SCK•CEN Mol (Belgium). The 
project is considered as a key milestone towards the building of an ADS system. One of 
the design goals was to operate the MEGAPIE target at a beam power in the MW regime. 
Therefore, the high power proton accelerator (HIPA) at PSI [2] was chosen to drive the 
target, as the proton accelerator complex at PSI is the only facility to deliver a continuous 
MW proton beam. Currently, the accelerator chain delivers a maximum proton current of 
2.4 mA of 590 MeV protons. The MEGAPIE liquid metal target and its ancillary systems 
were installed in the Swiss Intense Neutron Source (SINQ) [3], one of the user facilities 
served by HIPA. 

In the first half of 2006, the MEGAPIE target was intensely cold tested [4]. Then, in 
August 2006, the first liquid metal target, operated in the MW range (0.8 MW) - MEGAPIE - 
came into operation [5]. The LBE target received an integrated current of 2.8 Ah of 
575 MeV protons and was operated successfully until 21st December 2006; the neutron 
flux increased 80% with respect to the SINQ solid target operated in 2004/2005 [6]. In the 
shutdown following the MEGAPIE operation, the ancillary systems of MEGAPIE were 
disintegrated. The target was put into the target storage facility of SINQ, waiting to be 
dismantled and the extensive post irradiation examination (PIE). As no suitable large 
enough hot cells existed at PSI, it was decided to transport MEGAPIE to the hot cell of the 
central interim storage facility of the Swiss nuclear power plants (ZWILAG) for a detailed 
description of the dismantling concept [7, 8]. In 2007 and 2008, several campaigns were 
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conducted in the hot cell of ZWILAG to test the different devices and machinery for the 
dismantling of MEGAPIE, as well as to train the involved personnel [9]. In 2009, the target 
was successfully dismantled into 21 pieces using a band saw. Eleven of the target pieces 
were directly disposed off, while the ten remaining target sample pieces were shipped to 
the Hot Laboratory (HL) of PSI for the PIE sample preparation [10]. 

The PIE sample preparation consisted of nine major work steps. After licensing and 
clearance from the authorities for all operations planned in the Hot Laboratory of PSI 
non-destructive tests – a visual inspection, a thickness measurement of the T91 beam 
entrance window and a γ-mapping of the AlMg3 safety shroud (H10) – were conducted, 
followed by an LBE sample taking campaign (including the retrieval of absorber foils from 
the expansion tank of the target). Thereafter, the structural materials of the target (T91 
and 316L steel) were separated from the spallation target material, LBE, by means of 
melting and separating the LBE inside a special oven and its subsequent disposal. The 
cylindrical and hemi-spherical structural material sample pieces were then raw cut into 
smaller samples using a diamond disk cutter. Subsequently, the remains of the LBE were 
mechanically and chemically removed from the structural materials, i.e. T91 and 316L 
steels. In a next step the raw cut steel pieces were cut with an EDM wire cutter into 
miniaturised PIE sample groups. Finally, several sample groups were packed into 
customised containers. At the same time, sample groups have been shipped successfully 
to KIT, SCK, LANL, CEA, and JAEA. In addition, the remaining waste produced during the 
PIE sample preparation will be disposed off. 

An overview of the PIE sample preparation in the Hot Laboratory of PSI will be 
reviewed in the next section. 

The Hot Laboratory at PSI 

All works relating to the PIE sample preparation, except for the analysis of LBE samples, 
have been performed in the hot cells 4 and 5 of the hot cell chain of the Hot Laboratory 
(see Figure 1). Before starting any work in the hot cells of the Hot Laboratory, all major 
working steps had to be licensed by the Swiss Nuclear Safety Inspectorate (ENSI). The 
remaining subtasks of the PIE sample preparation were as follows: 

• non-destructive tests (visual inspection, ultra-sonic thickness measurement of T91 
calotte and γ-mapping of AlMg3 beam entrance window); 

• LBE sample taking and extraction of the absorber foils from target piece H09; 

• LBE melting; 

• first disposal of waste; 

• raw cutting of steel parts from the pieces H02, H03 and H04; 

• cleaning of raw cut sample pieces; 

• EDM cutting of sample groups; 

• packing of sample groups and transports to the partner laboratories; 

• final waste disposal. 
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Figure 1. Scheme of the hot cells in PSI’s Hot Laboratory  

 

Hot cells 4 and 5 were used for the PIE sample preparation. 

 

The MEGAPIE target pieces, brought to PSI in the TC3 transport cask (see Figure 2), as 
well as the produced samples, have been stored in hot cell 4. All major works have been 
carried out in hot cell 5, except for the γ-mapping of the AlMg3 beam entrance window. 
The two hot cells are connected by a movable gate which allowed transferring target or 
sample pieces. In between two subtasks hot cell 5 was always cleared and cleaned to 
minimise the risk of cross-contamination and to allow the installation of the specific 
devices. 

Figure 2. Scheme of the nine stacked target pieces (left) and TC3 transport container (right) 

 

The leak detector and the material piece inside the AlMg3 beam entrance window (see Figure 4) were put on top of 
the stacked pieces.  

A total of 9 target pieces (H02-H10), the leak detector [11] and the piece of black 
material inside the AlMg3 safety shroud of the MEGAPIE target were packed inside a 200 l 
drum, which was then placed inside the TC3, see right side of Figure 2. The 200 l drum 
was transferred into hot cell 5, opened and the AlMg3 beam entrance window was 
unpacked (see Figure 3). 
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Figure 3. 200 l drum unpacking with the target sample pieces 

 

The non-destructive tests (NDT) 

The first non-destructive test was the γ-mapping of the beam entrance window of the 
aluminium safety shroud. Therefore, the inner wall of the AlMg3 piece (H10) cut in 
ZWILAG had to be cleaned, because the lower part of the safety shroud showed 
significant contamination by some unknown materials (see Figure 4). 

Figure 4. Contamination on the inside of the beam entrance region of the AlMg3 safety shroud 

 

Besides a solid piece composed of a black material in the centre of the beam entrance 
region on the inside of the AlMg3 safety container, a similar material was stuck to the 
inner aluminium side walls as well. To eliminate any distortion of the γ-mapping, a large 
amount of the material was removed. The cusp-shaped AlMg3 beam entrance window 
(BEW), (see Figure 5), was positioned on a movable holder inside hot cell 4. The holder 
could be moved in x- (horizontal) and y-direction (vertical) with a precision better than 
0.01 mm and be rotated about its vertical axis. This allowed the positioning of the cusp-
shaped BEW in front of a 2×2 mm2 pin-hole/collimator drilled through the backward 
shielding of the hot cell. At the exit of the pin-hole, at a distance of 1.41 m from the 
AlMg3 calotte, a germanium detector was positioned to measure the 22Na activity of a  
2×2 mm2 segment of the calotte. A total of an area of 160×160 mm2 was investigated, as 
depicted in the small photo in the lower left corner of Figure 5. Each 2×2 mm2 segment 
was measured for 10 minutes. 
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Figure 5: γ-mapping setup inside of hot cell 4 

 

Lower left: Pin-hole through the hot cell shielding and AlMg3 calotte, with indicated starting point and measurement 
area (160×160 mm2). 

This method allowed for a precise determination of the time-average proton beam 
profile delivered onto MEGAPIE via the proton induced reaction 27Al(p,X)22Na. This 
information was subsequently used in Monte-Carlo calculations to determine the dpa-
values in the PIE sample taking regions of H02 (T91 beam entrance window), H03 and H04. 
The time-averaged proton beam fluence has been shifted by 4.3 mm with respect to the 
beam entrance window centre (see Figure 6) [12]. 

Figure 6. Evaluated time-averaged proton beam fluence in the targets’ co-ordinate system (top view) 

 

Following the determination of the time-averaged proton beam profile, a detailed 
visual inspection of the T91 calotte was performed, using a high resolution video-camera 
installed in hot cell 5. As already observed in ZWILAG during cutting of the target, the 
target sample pieces H02, the lower liquid metal container (LLMC) beam entrance 
window (calotte), and H10, the beam entrance window of the AlMg3 safety shroud 
suffered severe contamination with a black, sometimes white material of unknown origin 
(see Figure 7). The layer with a thickness of up to 1 mm was difficult to remove from the 
T91 and AlMg3. The LLMC (T91) surface showed the highest accumulation of the material 
in the central region, while the inner surface of H10 was evenly covered everywhere (see 
Figure 4), with a massive material accumulation in the central region. After samples had 
been taken from the black and white parts of the covering material, the deposit was 
removed from the LLMC with a sponge. After extensive “cleaning” with a sponge, the T91 
surface could be inspected for visible failures; none were observed. The deposit appeared 
to have three differently coloured layers (see Figure 8). In a next step, the structure of the 
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different layers was studied with SEM (see Figures 9 and 10). The black deposit seems 
rather uniform, while going to Layer 1 and Layer 2. It should be noted that the structure 
of the deposit became porous and crystalline-like, respectively. 

Figure 7. Visual inspection of the T91 calotte (H02) 

 

Left: Photograph taken through the lead glass window of the hot cell. Right: High-resolution photograph taken by a 
video camera installed inside the hot cell. 

Figure 8. Different layers of the deposit on the T91 LLMC outer surface 

 

Left: High resolution photograph. Middle: Optical microscopy picture of Layers 2 and 3. Right: Optical microscopy 
picture of Layer 1. 

 

Figure 9. Optical microscopy picture as in Figure 8, SEM picture of the same region and SEM 
picture with high resolution (from left to right) 
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Figure 10. SEM pictures with increasing resolution of Layer 1 (from left to right) 

 

Finally, the composition of the three layers was examined using energy-dispersive X-
ray spectroscopy (EDX). The results are given in Table 1. The chemical composition of the 
black deposit (the dominating species) supports the hypothesis that the contamination 
has been produced in the harsh radiation environment from oil leaking out of the cooling 
loop. The oil used in the heat exchanger was Diphyl THT. 

Table 1. Elemental composition of the three layers 

Element Layer 1 (white deposit) Layer 2 (gray intermediate layer) Layer 3 (black deposit) 

 Weight% (atom%) Weight% (atom%) Weight% (atom%) 

C 4.5 (7.1) 76.59 (82.33) 89.26 (91.79) 

O 53.2 (63.0) 19.90 (16.06) 10.5 (8.1) 

Si 4.1 (4.1) 3.51 (1.61) 0.24 (0.11) 

F 38.2 (25.8)   

Left: high resolution photograph, middle: optical microscopy picture of Layers 2 and 3. Right: optical microscopy 
picture of Layer 1. 

The last step of the non-destructive tests was an ultrasonic thickness measurement 
of the beam entrance window of the T91 LLMC. Prior to the operation of MEGAPIE in SINQ, 
thickness measurements had been conducted before the target was filled with LBE. As 
the LBE had been solidified inside the target after irradiation, the determination of 
thickness changes was performed on the target sample piece H02 still filled with LBE. For 
this purpose, a special fixture was designed and fabricated, which allowed thickness 
measurements of the T91 beam entrance window at 102 positions (see Figure 11). 

Those measurements were compared to the thicknesses determined before 
irradiation; within the measurement accuracy of 5 μm, no LBE corrosion induced 
dimension change was found. 
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Figure 11. Thickness measurement of the T91 beam entrance window 

 

LBE sample taking and analysis 

Besides the structural material samples, the target and cooling material, LBE, was also 
investigated. In total, 79 samples were drilled from the solidified LBE [13]. In order to 
study the spatial distribution of the produced isotopes, radially distributed samples 
across the target diameter were also examined for the target pieces H03 and H05. Special 
emphasis was placed on LBE sampling at interfaces to the structural materials and to the 
cover gas as previous investigations of a proton-irradiated ISOLDE LBE target at CERN [14] 
and on neutron-activated LBE, irradiated inside SINQ [15], revealed an enrichment of 
specific isotopes at such material boundaries. In particular, this behaviour has been 
observed for polonium, one of the most hazardous species produced in MEGAPIE during 
operation.  

As a first step of the analysis, the gamma spectra of all LBE samples were studied. It 
was observed that the gamma spectra of bulk LBE did not include isotopes sensitive to 
oxidation; those elements, like, for instance Lu, were mainly found in samples taken at 
steel-LBE and cover gas-LBE interfaces (see Figure 12).  

Figure 12. Gamma spectra from different LBE samples 

Left: Spectrum of a bulk sample taken from H05. Middle: Spectrum of a steel-LBE interface sample taken from H05. 
Right: Spectrum from a LBE sample taken from the cover gas-LBE interface (from H07), figure taken from [5]. 

After the analysis of the gamma spectra, a first chemical separation of polonium from 
the LBE samples was performed and the activities of the isotopes 208Po, 209Po and 210Po 
were determined. In contrast with the results obtained from previous investigations of 
the spatial distribution of polonium in LBE [16], polonium was found to be 
homogeneously distributed inside the LBE of the MEGAPIE target. Moreover, the 
prediction of several Monte Carlo particle transport codes agreed well with the measured 
specific activities for 208/209/210Po (see Figure 13). 

More details on the investigation of the nuclide inventory of the LBE samples are in [17]. 
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Figure 13. Comparison of the specific activities [Bq/g] of 208-210Po as determined experimentally 
(symbols) and with the particle transport code MCNPX (dashed lines) 

 

EOB denotes “end of beam”; figure taken from [18]. 

The segregation of LBE and the structural materials 

To prepare PIE samples of the MEGAPIE structural materials (T91 and 316L steel), it was 
necessary to separate the steels – T91 for the lower liquid metal container and SS316L for 
the flow guide tube – from the LBE. For this operation, a special furnace was developed 
which allowed heating the target sample pieces to temperatures above the melting point 
of LBE. The liquefied LBE was collected in a tank situated directly below the heated part 
of the oven and was solidified there. To prevent any spread of contamination due to 
volatiles produced during the melting process, the oven was designed as a closed and 
tight vessel, equipped with a special filter system that was directly connected to the 
exhaust of the hot cells. The setup is displayed in Figure 14. 

 

Figure 14. Oven with the upper heated part and the LBE catching volume directly below (left) 
and filter system of the oven before off-gas went into the exhaust (right) 

 

 

After a target piece was inserted into the oven from the top, the oven was flushed 
with argon and a pressure below 100 mbar was established. Then the temperature was 
gradually increased to 150ºC and kept at this temperature until the LBE level detector in 
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the catching volume indicated an increase in the LBE level. For another 20-30 minutes, 
the temperature was kept at 150ºC and subsequently the heating was switched off. After 
cool-down, the oven was flushed with argon via the filter system for several times and 
the structural material pieces were retrieved (see Figure 15). 

Figure 15. Retrieving H02 from the oven after the melting process (left)  
and calotte beam entrance window and flow guide tube of H02 (right) 

 

This procedure was repeated for all target pieces which contained LBE – H02 to H07. 
As shown in Figure 16, sizeable fractions of wetting LBE remained on the structural 
material parts. 

 

Figure 16. Part of the 316L flow guide tube after melting of the LBE 

 

 

Raw cutting of sample pieces 

After the segregation of the structural materials from the LBE, the structural material 
sample pieces were available in highly unfavourable dimensions and shapes for the 
forthcoming handling steps. Therefore, the structural material pieces were cut into 
smaller segments, which could separately be cleaned from the LBE remains and 
subsequently EDM machined to sample groups. As shown in Figure 17, this raw cutting 
was performed within the set-up using a diamond disc saw. 
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Figure 17. Set-up used for raw cutting 

 

The disc saw was positioned inside a Plexiglas container to minimise the 
contamination area due to air-borne particles or volatiles produced by the melting of LBE 
remains. The heat release inside the sample material was minimised due to cuts in the 
sections. A total of 73 raw cut sample pieces were produced; all but 4 raw cut sample 
pieces were subsequently cleaned from the LBE remains to finally produce the PIE sample 
groups via EDM cutting. 

Cleaning of the structural material parts 

The removal of the LBE remains from structural material samples was performed in a 
two steps process developed by Y. Dai [19]. First, the structural material samples were put 
into a hot oil (UCON-HTF) bath at a temperature of 190°C. The LBE liquefied and was 
wiped off the steel parts with tissue. Then the steel parts were cleaned in an ultrasonic 
demineralised H2O bath to remove any oil remains. Only a thin layer of LBE was found 
after these cleaning steps, which was subsequently removed by placing the steel sample 
pieces inside 5 molar HNO3 for a few minutes. After this chemical cleaning, the sample 
pieces were again cleaned in an ultrasonic demineralised H2O bath several times. 

Figure 18: Examples of raw cut sample pieces before (left) and after (right)  
completion of the cleaning procedure 

 

The goal of this “cleaning” procedure was to minimise the alpha contamination due 
to Po and Gd isotopes produced in LBE on the steel samples so that the produced PIE 
samples could be accepted by the laboratories at all partner institutes. Moreover, the LBE 
layer on the steels could have had an effect during the EDM cutting, e.g. producing 
shortcuts. For that reason, the LBE layer had to be as thin as reasonably achievable. The 
alpha contamination level could be brought down to a maximum of 1.5 Bq/cm2, which 
translates to an LBE thickness of 0.67 nm. 
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EDM cutting of PIE samples 

As shown in Figure 19 (right), the T91 BEW was raw cut with a diamond disk saw into 
16 target sample pieces; the EDM cutting scheme is given on the left. 

Figure 19. EDM cutting scheme of the BEW target piece H02 (left)  
and raw cutting scheme of H02 (right) 

 

Essentially two sample groups were machined during EDM cutting H02. The first 
sample group consisted of 3 tensile and 4 TEM samples (Group I), while Group II was 
made up of 2 bend bars and 2 OM samples. 

For EDM cutting, an AGIE 250 machine was installed inside hot cell 5 (see Figure 20). 
The electronics and controls were positioned outside the hot cell. 

 

 

Figure 20. Installation of the AGIE 250 EDM machine inside the hot cell 
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All cutting schemes were cold tested on 1:1 mock-up pieces before the EDM cutting of 
the active target sample pieces was started. The cutting speed allowed producing 2 or 3 
sample groups per day. Figure 21 shows the sample groups produced from H02-1-07. 

Figure 21. EDM cutting of H02-1-07 (left) and weighing of the sample groups (right) 

 

All sample groups could be produced as originally planned. Therefore, a total of 
roughly 750 samples were produced from the target sample pieces H02-1 (BEW, T91), H03-
1 (Lower Liquid Metal Container, LLMC, T91), H03-2 (Flow Guide tube, FGT, 316L), H04-1 
(LLMC, T91) and H04-2 (FGT, 316L). Each of the sample groups was weighed and dose 
rates were measured; the maximum dose rates of 316L sample groups were ~ 36 mSv/h in 
10 cm distance. No alpha contamination could be detected on analysed samples. 

Figure 22. Sample holders dedicated for the different partner institutes 

 

In a last step, the sample groups were packed into special sample holders dedicated 
for each partner institute (see Figure 22) [20]. The sample holders were then packed into 
sample containers, which then were inserted into the transport containers. By the end of 
May 2013, roughly 370 structural material samples had been shipped to the partner 
institutes in Germany, Belgium, the United States, France and Japan. 

The Post-Irradiation Examination (PIE) of the structural material samples can be 
started. 
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