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Abstract 

The Japan Atomic Energy Agency (JAEA) has been researching and developing an 
accelerator-driven system (ADS) as a dedicated system for the transmutation of long-lived 
radioactive nuclides. The ADS proposed by JAEA is a tank-type subcritical reactor with a 
thermal power of 800 MWth which uses lead-bismuth eutectic (LBE) alloy as a target 
material and a coolant, driven by a 30 MW superconducting proton linac. In the various 
R&D activities for ADS, the construction of the Transmutation Experimental Facility (TEF) 
is planned within the framework of the J-PARC project as a preceding step before the 
construction of the demonstrative ADS. In the development of the TEF, the estimation of 
the thermal-fluid properties of the flowing LBE is an important issue. The LBE has the 
tendency to cause corrosion/erosion to the structural materials. The beam window of ADS, 
which separates the proton accelerator and the LBE subcritical core vessel, is exposed to 
the high-temperature environment induced by the incidence of proton beam. Therefore, the 
feasibility of the beam window is the most important factor for the realisation of TEF. The 
objective of this study is to evaluate the feasibility of a designed beam window of TEF 
target by the numerical analysis with a three-dimensional model. The analysis was 
performed by considering (1) the current density and shape of the incident beam, (2) the 
thermal-fluid behaviour of LBE around the beam window as a function of the flow rate and 
inlet temperature, (3) the material and the thickness of the beam window, (4) the 
structural strength of the beam window. In the reference case, the current density and the 
profile of the proton beam were 20 μA/cm2 and a Gaussian shape, respectively. The flow 
rate of LBE and temperature at the inlet were 1 l/sec and 350ºC. The material of a beam 
window was SUS316 stainless steel 2 mm thick. In this reference case, the maximum 
velocity of LBE and the maximum temperature located at the top of the beam window were 
about 1.2 m/sec and 477ºC. By increasing the flow rate of LBE up to 4L/sec, the maximum 
temperature of a beam window was reduced to around 420ºC. The maximum shear stress 
was 194 MPa, which was observed at the centre on the outside surface of a beam window. 
The analysed stress in the reference case was lower than the tolerance level of the stress 
strength of the material, and hence the feasibility of a designed beam window was 
confirmed. 
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Introduction 

The Japan Atomic Energy Agency (JAEA) has been researching and developing an 
accelerator-driven system (ADS) as a dedicated system for the transmutation of long-
lived radioactive nuclides. The ADS proposed by JAEA is a tank-type subcritical reactor 
with a thermal power of 800 MWth which uses the lead-bismuth eutectic (LBE) alloy as a 
target material and a coolant, driven by a 30 MW superconducting proton linac. In the 
various R&D activities for ADS, the construction of the Transmutation Experimental 
Facility (TEF) is planned within the framework of the J-PARC project as a preceding step 
before the construction of a demonstrative ADS. In this R&D, TEF is considered for the 
experimental investigation of the feasibility of the beam window, the structural materials, 
and to investigate the operation properties of the target system. This system consists of a 
proton accelerator and LBE spallation target, like the actual ADS. Figure 1 shows the 
schematic illustration of TEF in J-PARC [1]. The beam window of ADS, which separates 
the proton accelerator and the LBE subcritical reactor vessel, is exposed to the high-
temperature environment induced by the incidence of the proton beam. The structural 
materials are damaged by irradiation due to the corrosiveness of LBE. These factors make 
it more difficult to conduct the design and development of TEF. Therefore, the feasibility 
of the beam window is the most important factor for the realisation of TEF. In particlar, to 
understand the LBE flow around the beam window is a requisite for the detailed design of 
TEF because the flow behaviour is closely related to not only thermal-fluid characteristics 
but also erosion/corrosion. The objective of this study is to evaluate the feasibility of a 
designed beam window of TEF target by the numerical analysis with a three-dimensional 
model. This analysis was performed by considering the current density and the shape of 
the incident beam in the target region, and the thermal-fluid behaviour of LBE around the 
beam window as a function of changing the flow rate and inlet temperature of LBE, and 
the material and thickness and the structural strength of the beam window. 

Analysis conditions 

Present design of the TEF target system and the analysis model 

A beam window which has a concave shape was used for this analysis. The prototype 
design of the beam window for TEF target system is shown in Figure 2. The material of 
the beam window would be type 316 stainless steel or T91 steel. The curvature of the 
concave section was 79.5 mm. The concave section was connected to the other curved 
surface with a curvature of 32 mm to the opposite direction in the terminal part, and 
finally, it was connected to the straight tube. In this analysis, the thickness of the beam 
window was set to 3 or 2 mm. This design has the coaxially arranged annular and tube 
type channels. The inner diameter of the outside and the inside tube was set to 150 mm 
and 105 mm, respectively. The gap between the two coaxial tubes was 19.5 mm. The total 
length of the analysis region was 600 mm. The irradiation sample holder, which was 
shown on the right of Figure 2, was installed in the front side of inner tube. There were 
eight irradiation specimens, which were arranged every 4 mm in the horizontal direction. 
In this situation, the specimen of both ends acts as the side wall of the sample holder. 
The size of each specimen was 40×145×2 mm. The rectification lattice having the 
aperture of the plural squares type was installed at the front-end of the sample holder. 
The size of the rectification lattice was 52×52×5 mm, and the size of the square aperture 
was 4×4 mm. A slit of 2 mm in width was arranged along the side of the rectification 
lattice to cool off the side wall of the sample holder by flowing LBE. 
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Figure 1. Schematic illustration of the Transmutation Experimental Facility (TEF) 

 

 

Figure 2. Prototype design of beam window for TEF target system 

 

Proton beam profile 

In the condition of the incident beam for the TEF target system, the beam current density 
was expressed by the following equation: 
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where, I(r) and A represent beam current density and beam current, respectively. 
Table 1 summarises the condition of the proton beam profile used for the verification of 
the feasibility of the TEF target system. The material of the target system was type 316 
stainless steel or T91 steel. Figure 3 shows a heat generation density at the beam window 
with a different beam profile. Figure 4 shows the examples of head deposition 
distribution in the TEF spallation target. These were analysed by PHITS code [2] by 
keeping the beam current as 625 μA, which would be the maximum beam current during 
the TEF operation. The Gaussian profile was set to the reference case in JAEA’s beam 
window studies [3]. As shown in Figure 3, two types of profiles, Gaussian and flat, have 
different beam shapes by changing the density of the beam current for the direction of 
the beam diameter. 
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Table 1. Conditions of proton beam profile 

 Parameters 
Case 1 Case 2 Case 3 Case 4 

Energy 400 MeV 
Beam current 625 μA 
Power 250 kW 
Beam shape Gaussian Flat top 
Current density 20 μA/cm2 40 μA/cm2 60 μA/cm2 20 μA/cm2 

 

Figure 3. Heat generation density profile of the incident beam 

 

Figure 4. Examples of heat deposition distribution in the TEF target 
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Analysis methods and conditions 

It is obvious that the beam window is exposed to the severe environment, which is 
caused by the flowing LBE and the incident of proton beam. The temperature profile of 
the beam window greatly catches the influence of the temperature profile of the flowing 
LBE around the beam window. To secure the soundness of the window structure, it is 
necessary to prevent the immoderate temperature difference in the local region. 
Furthermore, because the flowing LBE is used not only for the window but also for the 
cooling of irradiation specimens, its temperature profile affects the irradiation 
temperature of each specimen. Therefore, it is important that (1) the temperature profile 
of structural materials and LBE should be predicted by the thermal-fluid analysis and  
(2) the verification of the feasibility of the beam window and other problems should be 
predicted previously by the structural analysis. Also, it is necessary to decide the 
operative condition that the soundness of the TEF target system would be secured by 
these analysis results. 

The thermal-fluid behaviour of LBE in the TEF target was calculated by the STAR-CD 
with a detailed three-dimensional model. The model used for this analysis is shown in 
Figure 5. In this calculation model, a hexahedral element was used and the total number 
of the elements was about 220,000. First, LBE flowed through the annular region towards 
the centre of the beam window and flowed in the inner tube after a rectification lattice 
and an irradiation sample. In a default condition, the flow rate at the inlet of the annulus 
region was 1 l/sec, and this was equivalent to the flow velocity of 0.125 m/sec. In the 
actual target system, because LBE would be driven uniformly by the electromagnetic 
pump (EMP), the inlet velocity was set in a uniform velocity condition. Therefore, the k-ε 
model for high Re number type was used for a turbulence model. Each condition of heat 
generation given by the incident proton beam (see Figure 5) was used for the CFD analysis. 
The internal pressure to the inside of the beam window was set to 0.3 MPa in 
consideration of the flowing LBE and the cover gas. Release of the radiant heat on the 
outer wall of the beam window and the border of the atmosphere was considered. In this 
analysis, embrittlement of the structural materials by the irradiation was not considered. 
Based on the results provided by the CFD analysis, the analysis to verify the feasibility of 
the beam window was performed by the ABAQUS code.  

Figure 5. CFD analysis model of tetra metric type 

 

  



NEA/NSC/DOC(2015)7 

296 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 

Analysis results 

Velocity profile and temperature profile 

This section introduces the CFD analysis result of the present conceptual design in order 
to investigate the thermal-fluid behaviour of LBE. In this paper, the result of the inlet LBE 
temperature of 350ºC is introduced. This condition is the prioritised temperature 
condition that should be clarified in the development of the TEF target system. The result, 
which uses type 316 stainless steel as the structural material of a beam window and the 
other components, is introduced. 

The flow rates were set to 1, 2, and 4 l/sec. In each flow rate, a similar tendency was 
confirmed as for the overall LBE flow. The dead region was formed in the centre region of 
the inside of the beam window, and the scale was hardly changed even if the inlet flow 
rate was increased. The maximum velocity of the LBE flow was confirmed at the region 
that passed a rectification lattice, and it was approximately 1.2 m/sec in the case of the 
inlet flow rate of 1 l/sec. Where the flow rate was set to 4 l/sec, this maximum velocity 
was reached approximately at 4.8 m/sec. As the flowing velocity was too fast in this 
condition, vibration of the target vessel by the LBE flow and acceleration of 
erosion/corrosion could arise. An additional analysis by changing the gravity direction 
was performed; however, the deflection of LBE flow was not observed in this operation 
condition. 

Figure 6. Velocity profile by changing the inlet flow rate 
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Figure 7. Temperature profile of beam window by changing thickness 

 

Figure 8. Temperature profile by changing current density of proton beam 

 

An example of the analysis result is shown in Figure 7. This result was the 
temperature profile on the beam window by changing the thickness of the beam window 
from 2 mm to 3 mm. The flow rate of LBE was 1 l/sec, and the proton beam profile was 
Case 1. The maximum temperature of 554ºC was observed at the centre of the outside 
surface of the beam window due to the formation of the dead region of the LBE flow in 
the case of a 3 mm thick beam window. In the case of 2 mm thick window, peak 
temperature reaches 477ºC. In this condition, it was confirmed that the maximum 
temperature was reduced to 12% by decreasing the thickness of the window. The 
temperature difference of the outside and the inside was 65ºC and 37ºC in the case of  
3 mm window and 2 mm window, respectively. From these results, it was clear that a 
condition of 2 mm was reasonable. The result of the condition that changed the current 
density of the proton beam is shown in Figure 8. The flow rate was 1 l/sec, and the 
thickness of the beam window was 2 mm. In the conditions of Case 2 and Case 3, in 
which the beam current density was increased, the maximum temperature reached more 
than 500ºC. The temperature differences also increased in both conditions, it was 
confirmed that this was a severe condition in the structural soundness of the beam 
window. As one method to realise a uniform exposure dose for each specimen, the beam 
of the flat top type has been considered. The temperature profile of Case 4 is shown in 
Figure 9. The flow rate was 1 l/sec, and the thickness of the beam window was 2 mm. The 
current density of the proton beam was 20 μA/cm2, which was the same condition as 
Case 1. The maximum temperature was 482ºC and the temperature difference was 38ºC.  
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Figure 9. Temperature profile of Case 4 

 

As a result of these analyses, the following conditions are reasonable for the TEF 
operation; (1) the flow rate of LBE is 1 l/sec, (2) the thickness of the beam window is 2 mm, 
and (3) the proton beam which has a Gaussian shape with the current density of 20 μA/cm2. 
These conditions were set as a reference case for the realisation of TEF and thermal-stress 
analyses of the beam window were carried out. 

Thermal stress analysis 

The temperature and thermal stress for the steady-state was estimated using the 
ABAQUS code, the computational code for the finite element method. In the ABAQUS 
code, the beam window was modelled as the cylinder-slab geometry. The model 
consisted of 1,896 4-node axial-symmetric elements. For the estimation, the numerical 
results of the STAR-CD were converted to the temperature of each node. Figure 10 shows 
the analysis results under the reference condition. This figure is the contour plot of the 
stress strength (Tresca stress) in the in the cross-section of the beam window along the 
direction of the beam-axis, which is taken upwards in the vertical direction. The stress 
strength reached the maximum value of 190 MPa on the outer surface of the beam 
window. 

Next, the stress strength obtained by steady-state analysis was divided into primary 
general membrane stress (Pm), primary bending stress (Pb) and secondary thermal-load 
stress (Q) to estimate the structural integrity of the beam window. At this time, Pm and Pb 
were calculated only from the inner pressure of the beam window. On the other hand, 
Pm+Pb+Q was calculated from both the inner pressure and the temperature distribution of 
the beam window. The results are tabulated in Table 2. These stresses should fulfill the 
following Equations 2-4 [4]: 

   mm SP ≤
,    (2) 

   mbm SPP 5.1≤+
,   (3) 

   
3m b mP P Q S+ + ≤

.   (4) 

Here, Sm is time-independent design stress strength, and we adopted values for the 
maximum temperature at the centre of the wall thickness of the beam window (470ºC). 

Table 2 tabulates the evaluated values obtained in the left-hand side of Equations 2-4 
and the acceptable values in the right-hand side. These stresses were lower than the 
tolerance level of the stress strength of the material because the feasibility of a designed 
beam window was confirmed. 
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Table 2. Comparison of the evaluated and acceptable values for each equation 

Equation Evaluated values Acceptable values 

(2) 44 MPa 98 MPa 

(3) 73 MPa 147 MPa 

(4) 190 MPa 294 MPa 

 

Figure 10. Contour plot of the stress strength of the beam window 

 

Conclusion 

The reference case that was a first target condition in the development of TEF was 
decided by the thermal-fluid analysis result and it was shown that the soundness of the 
beam window was established in this condition by a result of stress analysis. In the near 
future, the following analyses will be performed, (a) the optimisation of a beam shape 
and the configuration of the flow channel, (b) the inlet LBE condition including the 
deflection of the LBE flow, and (c) the change in cooling performance for the beam 
window by the additional bypass jet flow. 
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