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Abstract. Department of Atomic Energy, India has taken up the development of ADS
in view of many attractive features like inherent safety, capability to transmute large
quantities of nuclear waste, better utilization of thorium etc. A roadmap has been finalized
for the development of ADS. One of the key components of the ADS is the spallation
target. Considering the neutron yield, thermal-hydraulics and radiation damage issues,
we are proposing to develop spallation target based on heavy density liquid metals like
lead and lead–bismuth–eutectic (LBE). Both window and windowless target configurations
are presently being studied. In view of the various advantages we are also studying liquid
metal flow circulation based on gas lift mechanism. An R&D programme has been initiated
to address various physics and technology issues of ADS target. Under this programme,
mercury and LBE experimental facilities are presently being set up. Along with these
facilities, computational tools related to spallation physics (FLUKA) and CFD are being
developed, and the existing ones are utilized to design the entire target loop as well as
sub-systems. In this presentation the details of these activities are presented.
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1. Introduction
Recently, studies have been taken up in the world’s leading nuclear research institutes to develop accelerator driven systems (ADS) [1–3]. Department of Atomic
Energy has taken up the development of ADS in view of its many attractive features
like inherent safety, capability to transmute large quantities of nuclear waste, better
utilization of thorium etc. A roadmap for the development of Indian ADS has also
been prepared [4]. The ADS system utilizes the neutrons produced in a spallation
target by high-energy proton beam to drive a blanket assembly containing both
fissionable fuel and radioactive waste. The spallation target is ideally conceived to
be high atomic mass material and heavy density liquid metals like lead and LBE
fit the requirement extremely well [1]. The novel feature of ADS is the presence
of a neutron spallation target in the core of the reactor, which always operates
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Figure 1. Buoyancy and gas-driven window target module.

under sub-critical conditions. A proton beam (energy: ∼ 1 GeV and current: few
to tens of mA) interacts with the target, which is located in the core and produces
spallation neutrons (∼1019 /s) that diffuse into the reactor and drive the reactor.
The spallation target module is the most innovative component of the ADS.
It constitutes the physical interface between the accelerator and the sub-critical
reactor. It is simultaneously subjected to severe thermo-mechanical loads (heat
deposition densities ∼ tens of GW/m3 ) and radiation-induced damage due to highenergy heavy particles (incoming proton beam, high energy spallation neutrons and
spallation products), to the extent of DPA∼100 or more per year). The spallation
module design should be based on optimization between neutron yield, material
properties and thermal-hydraulic performance while meeting the required safety
and reliability conditions.
LBE target development involves satisfactory solutions related to the following
issues:
• Thermal-hydraulics,
• Corrosion and erosion of the container material,
• Radiation damage of container materials (specifically window) by high energy
protons and neutrons,
• Effects of spallation products on corrosion and radio-toxicity,
• Safety issues related to target performance under abnormal conditions.
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Figure 2. Gas-driven windowless target module.

2. Window and windowless target systems
For the target configuration, two concepts are mainly considered. The first is
the beam window concept (figure 1), where the spallation heavy metal target and
the proton beam pipe vacuum environments are separated by a solid window barrier through which the proton passes to interact with the target. Pump-driven,
buoyancy-driven and gas-driven schemes have been proposed for window target
system. The alternative solution is the windowless concept (figure 2), where the
interface is the free surface of the liquid metal spallation target. This is possible
due to very low vapour pressure of lead and LBE at operating temperatures of
∼400◦ C.
Pramana – J. Phys., Vol. 68, No. 2, February 2007
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Figure 3. ADS target technology issues.

The window barrier is the most delicate component of the target system (proposed window materials are T91 and HT9), being exposed to the combined effects
of high intensity proton and neutron irradiation, liquid metal corrosion and high
thermal stresses induced due to the heat deposition by the proton beam. The
maximum current density that the window will be subjected has been estimated
to be ∼50 µA/cm2 . This puts a lower limit on the diameter of the target module.
Typically ∼4 kW of heat per mA of beam current is deposited in the window [5].
Even though windowless configuration seems convenient, there are significant hydrodynamic instability problems related to maintaining a very stable free surface
and the presence of secondary flows, which affect the heat transport capability of
the liquid metal flow.
Successful development of target involves addressing of multi-dimensional interconnected basic and technology issues as summarized in figure 3.
A roadmap has been chalked out to develop various technologies associated with
the target. A basic R&D programme has already been initiated in the 10th Five
Year Plan. Under this programme, various liquid metal loops consisting of mercury,
lead–bismuth–eutectic are currently being set up. In addition, computational tools
are being developed. Corrosion studies including mitigation methods have been
already taken up. Some of the details of these activities are presented here.
3. Mercury loop for diagnostic studies
In view of many similarities of mercury with LBE, a mercury loop has been set up
to study various special diagnostics, flow simulation studies and CFD code validations etc. Both window and windowless simulation regions have been integrated in
this loop. However studies will be carried out without heat input. The velocities
simulated will be similar to that of the actual target but various dimensions will
be around one-fifth of the actual one. In addition, flow circulation will be by nitrogen gas injection. Special diagnostics like ultra sonic velocity profile monitor [6]
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Figure 4. Photograph of mercury loop.

will be used for velocity mapping and laser triangulation technique will be used for
free surface location measurements. The void fraction in the two-phase flow will
be measured by high energy gamma ray attenuation method. The photograph of
the facility is shown in figure 4. The system has been recently commissioned and
experiments are in progress.
4. Water loop for validation of UVP monitor in standard pipe flow
A water loop has been set up to validate and measure velocity profiles. Since the
combination of water and PVC pipe has similar acoustic coupling as that of mercury
and SS for ultrasonic pulse, they have been chosen for the studies. The schematic
of the facility is shown in figure 5. The measured velocity profiles and turbulent
Pramana – J. Phys., Vol. 68, No. 2, February 2007
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Figure 5. Schematic of water loop for UVP system validation studies for
velocity profile measurements.

Figure 6. Axial velocity vs. normalized
radius (r/R), 16.0 LPM.

Figure 7. Streamline fluctuation normalized RMS velocity vs. normalized radius
(r/R), 16.0 LPM.

fluctuations are shown in figures 6 and 7 respectively. They have matched very well
with the expected values [6].
5. LBE loop for thermal-hydraulic simulation studies
An experimental LBE (lead 45.5%–bismuth 55.5%) is being set up to study both
thermal-hydraulic and material issues of both window and windowless target systems. The schematic of the proposed loop is shown in figure 8. The major components of the window simulation experimental loop consists of target module simulation region, separator, mechanical pump, heat exchanger, plasma torch and dump
tank for LBE storage. The mass flow rate (maximum of 120 kg/s) and the geometry of the loop is to the 1:1 scale of the actual target (corresponding to a target of
∼mA of the beam current) and operate at 220◦ C. The mechanical pump provides
the required flow rate. The heat exchanger removes the heat deposited in the window. This facility is currently in the design stage. A plasma torch, with special
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Figure 8. Proposed LBE facility for thermal-hydraulic simulation studies.

arrangement to spread the beam, has been developed to simulate window thermal
loading [7]. The photograph of the plasma torch developed for simulation purpose
is shown in figure 9. This loop will also be used for the development of corrosion
mitigation technology consisting of precise injection of oxygen into the LBE. The
loop will also be operated during the second phase at 400◦ C to test various subsystems for high temperature as required for the actual target. The windowless
simulation loop consists of target module simulation region, separator, mechanical
pump, heat exchanger etc. The system is designed for 20 kg/s flow rate of LBE.
The surface heat on the LBE free surface is simulated by a ∼10 kW electron beam.
6. Computational tools for target design
Accurate data is required related to heat deposited, spallation products, radiation
damage issues etc during proton beam interaction with window and target for design of the target. In addition, accurate CFD codes are required to be developed
for flow and heat extraction analysis of the target. Complete loop design codes
are also required for component design and for arriving at optimum configuration.
Codes for thermo-mechanical stress analysis, fatigue studies, system behavior under
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Figure 9. Plasma torch system for proton beam window heat simulation.

accidental scenarios are needed to be developed. A large group of scientists from
various departments of BARC and DAE are working for target development. The
Divisions of BARC and units of DAE participating in the target development are
given as follows: Laser & Plasma Technology Division, Nuclear Physics Division,
Material Processing Division, Refueling Technology Division, Control & Instrumentation Division, Radiation Safety Systems Division of BARC; IGCAR, Kalpakkam
and VECC, Kolkata. Some of these activities have already been taken up. They
are summarized below.
6.1 One-dimensional codes for various loop design and optimization
Typically the target loop consists of spallation region, riser, downcomer, expansion
tank/separator tank, gas-injection system (for gas-driven loop), heat-exchanger,
window/free surface region etc. We have already developed codes for complete
loop design (including 2-phase flow region for gas-driven target system). Specific
codes have been developed for buoyancy (window target) as well as gas-driven target
loops for window as well as windowless target systems [8,9].
6.2 Heat deposition calculations by FLUKA code
The conversion of beam energy into heat inside the target module (for the exact geometry and flow conditions) due to interaction of 1 GeV proton has been
calculated using FLUKA Monte Carlo code, which is a general-purpose tool for
calculations of particle transport and interactions with matter [5,10]. The heat deposition is a function of density and atomic number of the material with which the
proton interacts and is therefore different for window and coolant materials. The
heat loss at a given energy is the sum of two components; the contributions coming
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Figure 10. Velocity and temperature distribution in the target for one-way
coupled fast-thermal reactor.

from the ionization process and hadronic interactions. The calculated data has
been integrated with CFD codes for obtaining detailed temperature distribution in
the window, target and other components of the target near the spallation region.
6.3 CFD codes for flow and temperature analysis
We have developed 2-dimensional CFD codes based on both finite element method
(FEM), which can handle complex geometries, buoyancy effects, turbulent flow,
conjugate heat transfer etc.
The numerical method is based on streamline upwind Petro-Galerkin (SUPG)
technique followed by the Eulerian velocity correction approach [5]. Time-dependent
governing equations for conservation of mass, momentum and energy in the fluid
are solved. For conjugate analysis, the conduction equation in the solid is solved.
Structured grid has been generated using partial differential equation technique
(Laplace equation). Higher grid refinement was ensured for the fluid zone near the
window, which is the region of interest.
Figure 10 gives the results we have carried out for target suitable for one-way
coupled ADS proposed by Degweker et al [11].
Figure 11 gives the velocity and temperature distribution in the plasma heat
simulated in the proposed target facility.
7. Thermo-mechanical stress studies
We have also carried out thermo-mechanical stress calculations for some of these
target windows. Detailed fatigue studies arising due to tripping of accelerator will
be taken up shortly.
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Figure 11. Velocity and temperature distribution in the plasma simulated
target facility.

8. Corrosion mitigation studies
Corrosion control of container materials is one of the key technologies required to be
developed for LBE targets. Most successful technology for this is dissolving precise
quantity of oxygen in the LBE. This requires development of precise injection of
oxygen, measurement of concentration of dissolved oxygen and control [12]. A basic
R&D programme has been initiated for this purpose.
9. Radiation damage studies
The window and other components of the target undergo intense radiation damage
due to incoming proton beam (window), spallation neutrons (including high energy
neutrons) and spallation products. The window can experience a DPA in excess
of 100. Radiation embrittlement, swelling, radiation creep, helium and hydrogen
generation are the main effects to be addressed. These effects limit the life of the
window. An experimental programme is being currently taken up to address these
issues.
10. Conclusions
A comprehensive R&D programme has been initiated for the development of targets
for ADS based on liquid metal LBE/lead. Many basic issues have already been
addressed. Currently many facilities are being set up for mastering this technology.

352

Pramana – J. Phys., Vol. 68, No. 2, February 2007

Spallation target studies for Indian ADS programme
Once these basic R&D activities are completed, the second stage of integrated
technology development will be initiated.
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