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The International Fusion Materials Irradiation Facility (IFMIF) is being jointly

planned to provide an accelerator-based D-Li neutron source to produce intense high

energy neutrons (2 MW/m^) up to 200 dpa and a sufficient irradiation volume

(500 cm^) for testing the candidate materials and components up to about a full lifetime

of their anticipated use in ITER and DEMO. To realize such a condition, 40 MeV

deuteron beam with a current of 250 mA is injected into high speed liquid lithium

flow with a speed of 20 m/s. Following Conceptual Design Activity (1995-1998), a

design study with focus on cost reduction without changing its original mission has

been done in 1999. The following major changes to the CDA target design have been

considered in the study and included in the new design: i) number of the Li target has

been changed from 2 to 1, ii) spare of impurity traps of the Li loop was removed

although the spare will be stored in a laboratory for quick exchange, iii) building

volume was reduced via design changes in lithium loop length. This paper describes the

reduced cost design of the lithium target system and recent status of Key Element

Technology activities.

Keywords: IFMIF, Fusion Material, Neutron Irradiation, Target System, Lithium
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1. Introduction

Development of a practical fusion reactor requires significant progress with respect to a

broad set of issues including environmental acceptability, safety and economic viability. In

addressing these issues, development and qualification of radiation-resistant and low

activation materials will be among the key factors. Materials required for the fusion reactor

must be able to survive irradiation in a high intensity neutron field with energy of 14 MeV

and annual damage doses on the order of 20 dpa (displacements per atom).

Concepts for an irradiation test facility suitable for identifying and validating such

materials have been explored through a number of studies over the period of the last several

decades. Having a potential to provide such a facility early in this century, an accelerator-

based neutron source using the Deuteron-Lithium (D-Li) stripping reaction has been selected

as the basis of the International Fusion Materials Irradiation Facility (IFMIF) studies [l]-[3].

In the IFMIF, 40 MeV deuteron beam with a current of 250 mA is injected into high speed

liquid lithium flow with a speed of 20 m/s to achieve 20 dpa/year. Development of the

technology for this type of neutron source was first initiated by the Fusion Materials

Irradiation Test project [4] and later continued by the Energy Selective Neutron Irradiation

Test Facility [5]. In the last decade, this neutron source development was further advanced

during the IFMIF Conceptual Design Activity (CDA) study [l]-[3], performed during the

period 1995-96 under the auspices of the Fusion Materials Implementing Agreement of the

International Energy Agency (IEA) through a cooperation between the USA, EU, Russia and

Japan. Following the review of this work, IEA recommended continuation of the effort as a

Conceptual Design Evaluation (CDE) phase [6] during 1997-98 in order to complete the

database and to evaluate the remaining design uncertainties. In January 1999, the 28th IEA

Fusion Power Coordinating Committee meeting (FPCC) requested reconsideration of the

IFMIF design with focus on cost reduction without changing its original mission[7],[8]. In

addition, the option of staged deployment of the facility was also raised as potentially

advantageous in reducing initial investment and lowering annual expenditures during

construction. In 1999, cost reduction study and staged deployment scenario evaluation have

been done. In January 2000, the 29th FPCC recommended to proceed the Key Element

Technology Phase (KEP).

In this paper, considerations on the reduced cost lithium target system and recent activities

of KEP are described.

2. Brief Description of IFMIF

The main specifications for the IFMIF facility are summarized in Table 2-1. IFMIF is an

accelerator-based D-Li neutron source for production of an intense flux of high energy

neutrons within sufficient irradiation volume to enable realistic testing of candidate materials
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and components up to about a full lifetime of their anticipated use in DEMO and beyond.

IFMIF consists of five subsystems: (1) Accelerator Facility which produces the accelerated

D+ beam, (2) Target Facility which produces a flowing Li jet target for converting the

accelerated D + beam into high energy neutrons, (3) Test Facility which exposes, handles and

examines the irradiated specimens, (4) Conventional Facility which provides common utilities

such as electric power and cooling, and (5) Central Control & Common Instrumentation

Facility which supports the integrated operation of the entire system. The required full value

of the D + beam current will be generated by two accelerator modules operating in parallel.

The two D+ beams converge on the Li target by overlapping the same spot size as shown in

Table 2-1. The target facility consists of the target assembly exposing the flowing liquid Li jet

to the beam and the Li loop that circulates the liquid Li.

Table 2-1 IFMIF Specifications

Neutron Flux

Operation Availability

D + Beam Current

D + Energy

D + Beam Size

Li Jet Thickness

Li Jet Width

Li Jet Velocity

> 2 MW/m2 ( @ 500 cm3 )

70%

250mA(CW, 2x 125 mA)

32,40 MeV

200 mm (width) x 50 mm (height)

19, 25 mm (resp. for 32, 40 MeV D+)

260 mm

10-20 m/s

3. Cost Reduction and Staged Deployment

3.1 Cost Reduction

Under the current budget limitations and the interactions with the International ITER

project, the strategy for constructing and operating the test facility had to be reviewed to

minimize the associated financial burden without sacrificing essential performance

parameters. Therefore, in January 1999, FPCC requested a review of the IFMIF design

focused on potential for cost reduction. In addition, staged deployment was to be examined as

an option offering a potential reduction of the annual expenditures during construction. The

study of cost reduction and staged deployment considered the following major items:

(1) The potential for a future upgrade to four accelerators with irradiation capability twice that

of the current user requirements, assumed in the CDA, has been eliminated.

(2) The building volume was reduced as allowed by the above design changes in accelerator

systems and lithium loop components.
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On the lithium target system, the following major changes to the CDA target design [9],

[10] have been considered in the study and included in the new design:

i) Number of the Li target has been changed from 2 to 1,

ii) Spare of impurity traps of the Li loop was removed,

iii) Building volume was reduced via design changes in lithium loop length.

Based on all the design changes, the total cost estimate was reduced to 61% of the CDA

estimate, from 797.2 MICF to 487.8 MICF , where 1 MICF = 1 Million IFMIF Conversion

Factor units (approximately $1M US in January 1996) [7]. Cost of the Li target is reduced

significantly to 35% of the CDA estimate from 115.2 MICF to 40.1 MICF.

3.2 Staged Deployment
Here, the IFMIF deployment was assumed to proceed in three stages, each addressing a

specific materials development issue as follows:

1st Stage: One accelerator with a maximum of 50 mA operation, to be used for material
selection of the ITER breeding blanket test modules, fusion-fission data
correlation and generic damage studies.

2nd Stage: One accelerator for 125 mA operation (i.e. 1 MW/m2 @ 500 cm3), to be used
to demonstrate materials performance of a reference alloy for DEMO-relevant
fluences.

3rd Stage: Two accelerators for 250 mA operation (i.e. 2 MW/m2 @ 500 cm3), used to
obtain engineering data for potential DEMO materials under irradiation up to
100-200 dpa and a systematic search for high performance materials for fusion
reactors.

Figure 3-1 shows a plane view of the IFMIF for the staged deployment. In the 1st stage of

deployment, one accelerator is fabricated and installed with enough RF power supplies to

generate the 50 mA, 40 MeV deuteron beam. In the 2nd stage, more RF power supplies are

added to the accelerator to reach the current of 125 mA. In the 3rd stage, the second 125 mA

accelerator is installed to bring the total beam on target to 250 mA. It is also noted that

although most of the conventional facilities are constructed in the first stage, the facilities for

the second accelerator are constructed in the third stage. The Li target is installed in its

entirety in the 1st stage. While most of the test facilities are also installed in the 1st stage, the

post irradiation examination facility is installed in the 2nd stage. The staged deployment of

the IFMIF facility reduces the initial investment and lowers the annual expenditures while

still providing significant interim capabilities for fusion material development for ITER and

DEMO. Furthermore, the cost estimate for the 1st stage is now only 303.6 MICF. These cost
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reductions may make the initiation of the IFMIF construction more attractive.

4. Design Considerations on Lithium Target [11]

4.1 Requirements of IFMIF Target System

Major functions of IFMIF lithium target system are to provide a stable lithium jet for

production of intense neutrons (20 dpa/year) by stripping reactions with the deuterium beam.

Table 4-1 summarizes the major parameters of the target system. The lithium target system

consists of the target assembly and the lithium loop. Under irradiation of 10 MW deuterium

beam, averaged surface heat flux on the free liquid lithium flow is 1 GW/m2. The target

assembly needs to handle such an ultra high heat load using liquid lithium jet flow. The

lithium loop needs to circulate the liquid lithium to and from the target assembly through the

impurity purification system and heat exchange system by an electromagnetic pump. The

impurity purification system in the loop needs to maintain tritium, 7Be and other impurities

under permissible level to realize required safety condition and to minimize corrosion of the

loop materials.

Table 4-1 Major Specifications of IFMIF Target System

Beam Deposition Area on Li Jet

Jet Thickness

Jet Width

Li Jet Velocity

Flow rate of Lithium

Inlet Temperature of Lithium

Vacuum Pressure in Target Chamber

Availability

Replacement

200 mm (width) x 50 mm (height)

19, 25 mm (resp. for 32, 40 MeV D+)

260 mm

15 (range 10 ~ 20) m/s

1301/s

250 V,

10"3 Pa at Li free surface

95%

9 month/fpy (backwall)

no replacement for 20 years (other component)

4.2 Target Assembly

The lithium target assembly consists of a flow straightener, a reducer nozzle, a back wall,

drain baffles and flanges. Material of the assembly is stainless steel (304 or 316). Figure 4-1

shows cross section of the target assembly. Figure 4-2 shows the conceptual model of the

target assembly where the vertical test assemblies are shown. The distances between the target

and the test assemblies are intentionally enlarged to show the details. The flow straightener is

aimed to change turbulent flow to laminar flow. At the outlet of the straightener, the double-

reducer nozzle is adopted. This nozzle has a large contraction ratio with no flow separation in
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the nozzle by employing Shima's model based on the potential flow theory. Shape of the

nozzle exit is rectangular (0.26 m wide by 0.025m thick). To avoid a boiling of the lithium by

applying an induced centrifugal force, the curved backwall with a curvature of 25 cm is

adopted. The back wall has most sever condition under neutron irradiation among the target

assembly. Because of lifetime of the backwall, the target assembly is designed for exchange

by 9 month. There are two design options on the backwall replacement. First option is to

replace the backwall at the target assembly. But, this option needs special remote handling

device and increases cost. Second option is to remove overall target assembly with the nozzle

and the backwall and move to the hot cell area. YAG laser device will be used for cutting of

lip seals of the flange as shown in Fig.4-1. The backwall will be replaced in the hot cell area.

One of key issues of the target assembly designs is to evaluate thermal-hydrodynamic

behavior of the lithium target flow of the double-reducer nozzle. Multi-dimensional analysis

has been done using FLOW-3D code [12]. The energy deposition profile of the D+ beam was

separately calculated. Typical result is shown in Fig.4-3 where calculation parameters are

beam energy of 35 MeV, a beam current of 250 mA, a lithium velocity of 20 m/s,

respectively. Since the maximum temperature in the lithium flow is about 400 °C and a

boiling temperature is 1090 °C under a centrifugal force of 160G by the curved backwall, the

lithium flow has enough margin to avoid a lithium boiling. To investigate characteristics of

the lithium jet flow experimentally, water jet experiments have been performed in JAERI

using a prototype nozzle [13]. Non-dimensional numbers such as Reynolds number was

preserved to simulate lithium jet flows using water at room temperature. In the previous

experiments at 1 atmosphere, free surface was stable although two dimensional to three-

dimensional waves with length of about 1 mm were observed at the downstream of the

smooth surface near the nozzle exit. To validate a stability of the lithium flow with the double

reducer nozzle, a lithium loop experiment is under consideration.

4.3 Impurity Purification System

Impurity purification system consists of a cold trap, a Titanium-hot trap, an Yttrium-hot

trap and on-line/off-line. In the CDA design, the impurity purification system has spares for

complete redundancy. In this low cost design, the spare of impurity traps was removed from

the Li loop although the spare will be stored in a laboratory for quick exchange. For spare

traps, there is only space to exchange them with remote handling. Major impurities in the

lithium loop are protium (H), deuterium(D), tritium(T), 7Be, and other species (C, N, O). H, T

and 7Be are produced by direct reactions of the deuterium beam with the lithium, as well as by

the capture of low energy back-scattered neutrons by 6Li. Deuterium from the beam is also

contained in the lithium flow. Total production rate of H, D, and T for IFMIF full power

operation is estimated to be about 5 g/year, 160 g/year, 7 g/year, respectively. The inventory
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of tritium and 7Be should be minimized since these could be the dominant hazardous source

term in the event of a radiological release. H, D, T are removed by a hot trap with an yttrium

getter. As an option, the cold trap with protium sparging, the so-called swamping method will

be considered. 7Be is produced from (d,n) and (d,2n) reactions with the lithium and the most

highly radioactive impurity (53 day half-life). Without removal, saturated activation level of
7Be is 140 kCi. The cold trap can remove 7Be. But, some 7Be will deposit inside the loop,

which might need remote handling system for maintenance. Dominant source of C, O and N

impurities is the loop materials. The cold trap will remove C and a hot trap with a titanium

getter will remove O and N. Design values of permissible concentration are selected to be 10

wppm for H, D, T, C and O, and 400 wppm for N. These value will be updated when KEP

task results become available. To control these impurities within the permissible levels, on-

line and off-line impurity monitoring systems are needed. These systems will contain a

hydrogen membrane diffusion meter and a resistivity monitor. The latter provides an indirect

measurement of the nitrogen concentration. Nitrogen and oxygen monitors will be applied

after the development.

4.4 Lithium Loop and Building

Flow diagram of the lithium loop of the reduced cost design is shown in Fig.4-4. The

lithium loop consists of the main Li loop, the impurity purification loop and the cooling loop.

All piping and tanks are made of austenitic stainless steel. The first loop circulates the lithium

and consists of the target assembly, the quench tank, the main electromagnetic pump, the

dump tank and the heat exchangers. In the main Li loop, an Annular Linear Induction Pump

(ALIP) center return type electromagnetic pump (EMP) are selected for easy maintenance of

the induction coils in the failure. To reduce cost of the target system from the CDA design,

the layout of components and routing of piping have been reviewed and reduction of the

height of the Li loop and the building have been studied. The main loop and the dump tank

are located in same cell area although the dump tank is located under the floor. These layout

review can reduce the height from a free surface of the quench tank to the inlet of the

electromagnetic pump from 13 m in the CDA design to about 6 m.

To satisfy this NPSH (Net Positive Suction Head) of 6 m-Li without cavitation at the

EMP, the EMP is modified to reduce pressure drop and flow rate inside the EMP. Outer

diameter of EMP is increased from 0.9 m to 1.1m. Flow rate is reduced from 9 m^/min (150

1/s) to 8 m-7min (133 1/s). Using this EMP, the height of the lithium loop from a free surface

of the quench tank to the inlet of the EMP can be reduced from 13 m to 6.5 m in the improved

layout. Addition of 0.5 m is due to the concrete thickness for radiation shield between the test

cell room and the Li loop area room. These design modifications can significantly reduce the

height from the center of the target assembly to the floor at the pit from 21 m in the CDA
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design to 10.5 m as shown in Fig.4-5. This rationalization also reduces the Li inventory from

21 m3 of the CDA design to 9 m3.

The Remote Handling System to exchange Target Assembly is unified into the URS

(Universal Robot System) in Test Facilities. Therefore, the cost is included in that of Test

Facilities. Furthermore, the technology of remote handling for URS will be developed in

EVP. Another Remote Handling System to exchange Hot/Cold traps is covered by running

cost.

5. Activities in Key Element Technology Phase (2000-2002)

In 2000, a 3-year KEP has begun with the objective of reducing the key technology risk

factors needed to achieve a CW deuterium beam with the desired current and energy, to reach

the corresponding power handling capabilities in the liquid Li target system, and to satisfy the

availability and reliability endurance tests. There are 83 proposed KEP tasks, with 27 tasks for

the test facilities, 12 tasks for the Li target system, 26 tasks for the accelerator system, and 18

tasks for design integration [14]. In Table 5-1, the KEP target tasks underway are listed which

includes a water jet experiment, Li loop experiment, and development of lithium purification

and performance monitors for the target system. Aim of the water jet experiment is to

simulate characteristics of the liquid lithium flow with same Reynolds number as lithium

flow. In IFMIF condition, vacuum pressure around a free surface of the lithium flow is 10"3

Pa. In previous experiment, a stable flow was observed under 0.1 MPa[13]. Recent water jet

experiment under 0.01 MPa showed that a stable water jet flow was also observed up to a

flow velocity of 20 m/s. Effect of nozzle roughness on the flow stability was measured to

obtain IFMIF target nozzle design. Two nozzles with 100 u m roughness and 6 /im

roughness were compared. As results, the experiment with the nozzle of 100 p. m roughness

showed larger surface waves beyond a flow speed of 10 m/s than the nozzle of 6 Mm

roughness. The velocity profile inside the water jet was measured by Laser Doppler

velocimeter. Reductions of the flow velocity near a boundary layer were observed for both

experiments. But, thickness of the layer with the reduced flow velocity were 0.4 mm for the

nozzle of 100 l± m roughness and 0.2 mm for the nozzle of 6 u m roughness, respectively. To

confirm a stability of the lithium flow with the double reducer nozzle, a lithium loop

experiment with a same size nozzle as the water jet experiment is under consideration by

University - JAERI collaboration. The experiment is expected in FY2001. For the test

facilities, development of temperature control for the test module and miniaturized specimen

technologies has been started.

KEP also includes tasks for redesign of the IFMIF components to update the CDA/CDE

design with the new elements developed during KEP. This will include a new design of the

IFMIF building including facilities for processing of radioactive materials and updates of the

- 7 -
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controls and instrumentation. In design of the target system, the layout of the components are

reviewed considering required space for maintenance. Also, routing of the pipes are reviewed

based on a thermal stress analysis. As a result, piping from the quench tank to the EMP has

been modified to reduce thermal stress within a permissible level. Figure 5-1 shows three

dimensional view of the layout of the components and pipes.

After the KEP results have been reviewed by the international development team, the

IFMIF project will be ready for a possible international decision to proceed to the three year

Evaluation and Validation Phase (EVP). EVP includes continuous, stable operation of each

subsystem: accelerator system, target system and test facilities could be validated. After an

international review of the EVP, the construction of IFMIF could be started and first

operation could be expected as early as 2010.

6. Summary

An irradiation test facility producing neutrons of high flux and with a proper energy

spectrum is indispensable to develop materials required for designing and building fusion

reactors. IFMIF is a facility well suited for such a mission, and could be operational within

the required time span. This paper described a reduced cost design of the target system and

the key element technology development, currently underway.

In the reduced cost design, the following design changes have been done; (1) number of

the Li target has been changed from 2 (CDA) to 1, (2) spare of impurity traps of the Li loop

was removed, (3) height of the building are reduced from 21 m to 10.5 m by an optimization

of the loop layout and reduction of the Li loop height using the modified EMP. Cost of the Li

target is reduced significantly to 35% of the CDA estimate from 115.2 MICF to 40.1

MICF, where 1 MICF = 1 Million IFMIF Conversion Factor units (approximately $1M US in

January 1996). In KEP, 12 Li target tasks are proposed among 83 IFMIF tasks. Water jet

experiment is now underway. Planning of the Li loop experiment is started.

After a check and review, the KEP will be followed by a 3 year Engineering Validation

Phase (EVP) which will validate those critical technologies. First operation could be expected

as early as 2010. In addition to the fusion materials development, IFMIF will also promote

activities on fusion neutronics studies for fusion reactor development 15].
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Table 5-1 List of Key Element Technology Tasks of IFMIF Lithium Target System

o
I

Classification

1

T
ar

ge
t

2

Stability of Li
Flow

Damage and
Corrosion by Li

Flow

Li Purification

Li Vaporization

Li Safety

Loop Integrity

Safety Analysis

Remote Handling

Item

Stability of Li Jet

Cavitation

Behavior of
Erosion/Corrosion

Inspection
Method

Diagnostic
Method of

Impurity in Li

Li Vapour Effect
on HEBT

Li Leak. Li Fire

Transient
Behaviour of

Loops

Safety Analysis
for Rationalized

Design

Setup Method of
Target Assembly

Necessity

Li jet may be disturbed because of high-speed,
broad jet and possible erosion/corrosion of
reducer nozzle inner surface.

Cavitation should be avoided for flow stability
and loop integrity.

Data base for erosion/corrosion of pipe and
target assembly materials under Li flow
condition.

Inspection method should be established

On-line/off-line diagnostic and removal of
impurities of T. 7Be and C,N,O

Quantify Li accumulation rate on HEBT inner
wall

Events of Li leak and Li fire should be
considered.

Analyses of startup/shutdown procedures
including beam trip

Safety analyses should be performed again,
because the number of target and the concept of
reserved hot/cold traps have been changed.

Development of in-situ welding/cutting methods
to mount/replace target assembly using a remote
handling technique

Development Item / Method

Examination of free surface behavior in water experiment under
low pressure condition

Design of Li test Loop referring the JAERI and FMIT water jet
experiments and simulation results

Remodelling of existing loop and verification of its performance

Fabrication of Li test loop and verification of the performance

Cavitation at a joint of back wall is examined in water experiment.
(Current JAERI proposal does not include replaceable back wall)

Cavitation at EMP is examined in a small Li loop

Measurement of erosion/corrosion in an existing loop

Li flow experiments for erosion/corTosion for the Li loop materials

Design of inspection method of damage and corrosion

Verification of the method of damage and corrosion in Li test loop

Design of both methods of impurity concentration measurement
(On-line/off-line diagnostics) and impurity removal

Verification of the both method in Li test loop

Establishment of estimation methods of Li vapour towards HEBT
based on Li loop experiments

Collection and examination of existing data of Li reaction

Basic tests for Li fire in air contaminated Ar gas Analysis for
behaviour of 7Be and T in Ihe Li loop

Numerical analyses by a computer code

FMEA. Dependent Failure and Accident Sequence analyses for the
changed target system

Design remote handling devices

Manufacturing of remote handling devices

Establishment of key methods such as a welding between different
metals by remote handling

KfcH

Task ID

TG11

TGI 2

TG13
TG14

TG15

TG16
TG21

TG31

TG32

TG41

TG51

TG52

TG61

TG71

TG81

US EU

X

X

X

X

X

RF

X

X

X

X

X

X

X

X

X

X

JP

X

X

X

X
X

X

X

X

X

X

hVH

X

X

X

X

X

X

X

>

oo



for 50mA Operation
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Fig. 3-1 Plane view of IFMIF for staged deplyment
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Fig. 4-1 Cross section of IFMIF lithium target assembly
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Fig. 4-2 Model of lithium target assembly and vertical test assembly

(Distances among the assemblies are intentionally enlarged to show the details.)
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Fig. 4-3 Depth profiles of the lithium temperature and lithium boiling temperature.
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Fig. 4-4 Flow diagram of the lithium loop in reduced cost design.
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Fig. 4-5 Cross section of IFMIF target system building.
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