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The engineering design of an integrated target assembly of IFMIF lithium target was performed in IFMIF/EVEDA
project for a high intensity neutron source. In the evaluation of the design, a thermos-structural analysis of was
evaluated by ABAQUS code, and the modeling region was a part of the target assembly which was from the inlet
nozzle to the outlet pipe. The material of the target assembly including the back plate was F82H steel. In the
thermal-structural analysis, the normal operations and start/stop or abnormal operations were evaluated at 250
or 300 °C operation of Li ﬂow in inlet pipe. The result showed that the temperature of the target assembly was
evaluated to be still lower than the Li boiling point of 344 °C under a vacuum pressure of 10−3 Pa. In a temperature constant operation, the calculated stresses and displacements were small enough for thermal soundness
of the target assembly in steady states. In a transient cooling process from 300 °C to 20 °C through 250 °C, the
maximum Mises stress was found to be 372 MPa, which was lower than the yield stress at 300 °C.

1. Introduction
The main function of the International Fusion Materials Irradiation
Facility (IFMIF) or the other neutron source facilities is to generate the
high intense neutrons by injecting the deuteron or proton beams accelerated to high energy onto the target material such as liquid target of
Li [1-4], Hg [5–7] Pb-Bi [8,9] and solid target [9–12]. The highest beam
power in them is 10 MW of the IFMIF. The engineering validation and
design activities (EVEDA) for IFMIF were performed to start from 2007
in a jointed program between the EU and Japan as a Broader Approach
(BA) for fusion demo reactor. Some validation test and engineering
design for lithium target facility of IFMIF were completed [13–28].
The objective of IFMIF is to generate high intensity neutrons, which
are similar to fusion neutrons with 14 MeV, by injecting the deuteron
beams accelerated to high energy onto the 260 mm wide and 25 mm
thick free-surface lithium ﬂow. Guiding the liquid lithium along the
concave back plate at a speed of 15 m/s is required to increase the
pressure in the lithium ﬂow by centrifugal force, to avoid boiling by the
heat input of the deuteron beams, and to remove heat by the lithium
ﬂow circulation [2,29]. This enables the target geometry to be maintained at the time of heat input, which is unexpected for solid target,
and realizes the steady-state neutron source. IFMIF is composed of
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lithium target facility, accelerator facility, test facility with high ﬂux
module [14,30] and the other modules, and conventional facility.
In IFMIF operation after EVEDA, intense neutrons are emitted inside
the Li ﬂow through a thin back plate attached to the target assembly.
Since the back plate is operating under a severe neutron irradiation of
50 dpa/year and a maximum nuclear heating rate of 25 W/cm3,
thermo-structural design is one of critical issues in a target design. The
back plate is replaced in annual maintenance after every 11 months
operation because of neutron irradiation damage. Two design options
of the target assembly for the back plate replacement are under investigation. The ﬁrst option is an “Integrated type” target assembly
where the Li ﬂow channel includes an integral back plate. This option
requires replacement of the entire target assembly prior to life time of a
portion of it. The second option is a target assembly with replaceable
bayonet-type back plate. In this option, only the back plate will be replaced [21,22]. The Guiding the lithium ﬂow along the concave back
plate in target assembly at a speed of 15 m/s at 250 °C is required to
increase the pressure in the lithium ﬂow by centrifugal force, to avoid
boiling by the heat input 10 MW by the 40 MeV deuteron two beams
with 250 mA in total, and to remove heat by the lithium ﬂow circulation. In this study, the thermos-structural analysis and the design of an
integrated target assembly (TA) of IFMIF lithium target was evaluated.
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165.2 mm (in JIS, 6B, Sch.40), a part of the Li outlet channel and parts
of the beam ducts are in the TC. Temperature of the BP, thickness of
which is the thinnest among Li components and most severely irradiated by neutron and gamma ray, is monitored. There is no vacuum
port in TC. Beam duct vacuum pressure is maintained by vacuum
pumps through vacuum ports both outside of TC. Downstream end of
the Li outlet channel is below the Li level in the QT by 0.2 m to suppress
Li splash by conﬁnement by duct and Li boiling by the head pressure.
Also downstream end of the bypass is below the Li level to avoid cavitation under vacuum condition of QT with reﬂecting experiences at
the EVEDA Lithium Test Loop (ELTL) operation. Temperature and Li
level of QT are monitored. A Li overﬂow line is near the top of QT.
Height diﬀerence between the overﬂow and the reference Li level in
operation is about 0.2 m corresponding to Li volume beyond the reference level. Vacuum of the QT is maintained at 10−3 Pa or less
through the surge tank (ST). Also Ar is supplied or evacuated through
the ST. There is a gate valve under QT, which is closed at each TA
replacement to limit volume exposed atmosphere containing air (O and
N). All valves for Li components are opened and closed remotely by
pressurized Ar gas, since no worker is accessible to the areas in beam
operation when radiation is too high for workers and the areas are ﬁlled
with Ar gas. Outer diameter of pipes between the QT and the main EMP
is 267.4 mm (10B, Sch.20S) for smaller pressure drop to avoid cavitation at the inlet of the EMP located at the lowest among operating Li
components, 6.5 m below the Li level in QT. Branch lines to/from the
Impurity Reduction System (IRS) are connected to this section. Pressure
in this section is low in comparison with the other part of the main Li
loop. This condition eases design pressure of the ICS. Li ﬂow rate at the
exit of the EMP is ﬁnely controlled by feedback with a ﬂow rate measured at the electro-magnetic ﬂow meter (EMFM). Temperature of the
EMP coil is monitored for a feedback control on a start of blower for
cooling. Outer diameter of pipes downstream the EMP is 216.3 mm (8B,

Table 1
Main speciﬁcation of Li ﬂowing target in IFMIF. Temperature will be increased to 350 °C inside lithium ﬂow by the beam injection. The surface
temperature will be elevated up to 280 °C. The margin of boiling temperature
at the surface is about 40 °C.
Item

Condition

Heating power
Vacuum
Li temperature in inlet pipe
Flow velocity
Li ﬂowing thickness and width
Li thickness variation
Li amount
Li ﬂow rate

10 MW
10−3 ∼ 10−2 Pa
250 °C
15 m/s (max. 16 m/s)
0.025 m, 0.26 m
≦ ± 1 mm
9 m3 (4.5 tons)
130 l/s

Some of engineering design of lithium target facility of IFMIF were
presented by some studies [2–4,13]. The main speciﬁcation of lithium
target facility of IFMIF engineering design is shown in Table 1.
2. System diagram of target assembly of lithium target facility of
IFMIF
The system diagram of the lithium target facility was given in Fig. 1.
The facility is composed of main lithium loop, lithium target system and
target assembly, lithium ﬂow measurement system and diagnostics,
target test cell, beam duct, electro-magnetic pump system, impurity
monitoring loop, impurity control system (lithium puriﬁcation loop),
quench tank and drain tank system, heat removal system, and remote
handling systems.
In the main lithium loop and target assembly, the main Li loop
circulates liquid Li through the TA by the main electro-magnetic pump
(EMP). The TA with the Li inlet pipe with an outer diameter of

Fig. 1. System diagram of lithium target facility of IFMIF. (FE: Flow element, FI: Flow indicator, FM: Flow meter, LE: Level element, LI: Level indicator, PE: Pressure element,
PI: Pressure indicator, TC: Temperature controller, TE: Temperature element, TI: Temperature indicator, TIC: Temperature indicator controller, XT: Expansion tank).
16
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Fig. 2. Target assembly of lithium target facility.

Fig. 3. (a) CATIA CAD model, (b) and (c) ABAQUS mesh model of target assembly.

proportional to square of ﬂow rate, i.e. (15/16)2 times) and pressure of
the oil ThermS-900 is 166–180KPa. In case of tube rapture in HX1,
leakage is in the direction from the Li to the oil. Pressure of Li at inlet
and outlet of the HX1 is monitored by pressure gauges with straingauges and membranes inside, whose type is the same as that fabricated
for use at the ELTL. A remarkable change in absolute pressure or
pressure diﬀerence between the two gauges tells malfunctions such as
tube/shell rupture or partial plugging, respectively. Temperature of Li
at inlet and outlet of the HX1 is monitored. Temperature of Li in the
main Li Loop is controlled by feedback with the Li temperature measured at outlet of the HX1 typically. Li ﬂow velocity in the shell side of
the HX1 is very low, 0.2 m/s at reference ﬂow rate of 97.5 L/s. Note that
heaters and thermo-couples are equipped on not only the outlet of HX1

Sch.20S) in the LLA, but 165.2 mm (6B, Sche.40) in the TC to reduce
neutron and gamma ray through the wall penetration. Outer diameter
of pipes of the bypass line is 114.3 mm (4B, Sch.20S), since the line is
used for rather small ﬂow rate up to 32.5 L/s (equivalent to 5 m/s at the
TA nozzle exit) in normal operation. The EMFM is calibrated with
monitoring Li level in the QT. For this purpose, the drain line was
changed to downstream of the EMFM. The primary heat exchanger
(HX1) transfers the heat up 10 MW from liquid Li on the shell side to
organic oil ThermS-900® on the tube side. Even while a hotter ﬂuid is
on tube side in usual designs of heat exchangers, the liquid is in on the
shell side in IFMIF LF design to reduce risk of tube plugging of Li which
freezing point is 181 °C far higher than those of oils. In normal operation, pressure of Li in the shell side of HX1 is 196–211 kPa (assuming
17
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Fig. 4. Schematic image of lithium ﬂow in the back plate of integrated target assembly.

estimate a soundness of the target assembly. The beam chamber and the
support arms have radiation surfaces and are not equipped with heaters. The outer surfaces of the lithium ﬂow channel were covered with
the heaters, except for the top of the BP. The heater was simulated to
load heat ﬂux as input data. Adiabatic boundary condition was adopted
to the surfaces with the heaters except for the outer surfaces of the back
plate. It was considered that heat was transferred from the BP to the
High Flux Test Module (HFTM). Those heat transfer coeﬃcients were
calculated. The surface temperature of the HFTM was assumed 50 °C for
conservative estimation at heat transfer. On the lithium ﬂow channel
i.e. inner surface of the back plate, the radiation to the inside space of
the body was considered, and the contact heat transfer was set on the
ﬂange.

but also everywhere of the main loop except for small area around the
BP and vacuum vessel part of TA not contacting to liquid Li. Rapid
decrease of Li temperature is achieved by not only no-current in the
heater but also increase of the oil ﬂow rate in the secondary loop. There
are two drain lines between the main Li loop and the Li dump tank (DT)
for redundancy corresponding to malfunctions of gate valves at
opening. Furthermore, each drain line has two gate valves corresponding to malfunctions at closing. Temperature of Li in the DT is
monitored and controlled. This information is used mainly at Li
melting. Also Li level of the Li DT is monitored. This information is used
mainly at Li drain and Li charge after Li melting. Pressurized Ar gas is
supplied to the Li DT at the Li charge. The Li DT is under vacuum
condition in operation, but ﬁlled with Ar gas in maintenance.

(1) Calculation model
The thermal and structural calculations by ABAQUS code version
6.9 were done to estimate for strength to the thermal stress of the
integrated target assembly. The calculation model was the same as
one for the thermal analysis as shown in Figs. 3 and 4, and the
thermal boundary condition is shown in Fig. 5.
(2) Calculation conditions

3. Model of target assembly of IFMIF and the thermo-structure
analysis
The thermo-structural analysis for the designed integrated target
assembly was performed by ABAQUS code version 6.9. The modeling
region was a part of the target assembly as shown in Figs. 2–4 which
were from the inlet nozzle to the outlet pipe. The calculations were
performed for a half section of the target assembly because of symmetry
to X-Z plane. X axis is the vertical direction of YZ plane which is basically the intermediate of two beam directions, Y axis is the horizontal
direction, and Z axis is the perpendicular direction. The Hexa meshes
were only used in this model. The material of the target assembly including the back plate was a reduced-activation ferritic/martensitic
steel F82H (the main chemical composition: Fe-8Cr-2W-0.1C–0.04Ta)
in the calculation model. This calculation simulated pre-heating operation of the IFMIF, so there was no liquid lithium and nuclear heating.
In this calculation, some thermal boundary conditions were set to

The calculations in this section were classiﬁed into two groups as
follows. The ﬁrst group calculations simulated the start, stop and abnormal operations of the IFMIF without the beam. The second group
calculations simulated the normal operations of the IFMIF with the
beam. In both groups, the calculations were performed through two
steps as follows. In the ﬁrst step, thermal calculations of the steady state
heat transfer option were performed to obtain various temperature
distributions using diﬀerent thermal boundary conditions. In the second
step, structural calculations of the linear static option were performed,

18

Nuclear Materials and Energy 17 (2018) 15–23

E. Wakai et al.

Fig. 5. Classiﬁcation of the thermal boundary conditions in the outer surface, back plate surface, and ﬂow channel and ﬂange.

Table 2
List of calculation cases (*) a room temperature (No Li in ﬂow channels).
Case ID

Group

Step

Temperature of
boundary simulating Li
( °C)

Heating
simulating
nuclear heat

Case-T11
Case-T12
Case-T13
Case-S11
Case-S12
Case-S13
Case-T21
Case-S21
Case-S22

1. Simulating
IFMIF start/
stop or
abnormal
operations

(1) Thermal

Oﬀ

2. Simulating
IFMIF
normal
operations

(1) Thermal
(2) Structural

300
250
200
20*→250→300
300→250→20*
300→250→200→20*
300
300
300

(2) Structural

Table 4
Summary of calculated results (*) occurred in body.
Case ID

Case-S11
Case-S12
Case-S13
Case-S21
Case-S22

Max. von Mises
stress (MPa)
in TA

in BP

117.2*
371.9*
281.9*
8.43
8.44

60.3
364.1
272.8
8.43
8.44

Magnitude

2.875
0.724
1.165
3.14E−3
3.12E−3

Maximum displacement (mm)

X

Y

Z

− 1.369
0.350
− 0.566
− 3.12E−3
3.12E−3

1.173
− 0.248
− 0.423
1.92E−3
− 1.92E-3

2.831
− 0.700
− 1.149
− 9.49E−4
9.49E−4

On
Oﬀ→On
On→Oﬀ

4. Calculation results of target assembly
The calculation results are summarized in Tables 4 and 5. In Fig. 6,
temperature distribution of target assembly (TA) with heater control.
The calculated deformation results of Case-S11 and Case-S21in the
target assembly and the back plate are shown in Fig. 7, where the deformations are exaggerated by factors of 50 for the target assembly, 200
for the back plate, respectively. This analysis was done to estimate integrity of the integrated TA under the design pressure and the design
temperature before Li charge.

based on the temperature distributions obtained in the ﬁrst step. The
calculation cases of two groups are listed in Table 2. In thermal calculations of step 1, the boundary conditions were set. In this section,
heater model was replaced by heat transfer from liquid Li. The thermal
boundary conditions are listed in Table 3. In the structural calculations
of step 2, the constraint conditions for the displacement and rotation
were set. The calculated temperature of the lithium ﬂow channel was
estimated higher than 200 °C. While in the other part of the target assembly, for example the ﬂange, the body and the support, the calculated temperature was estimated lower than 200 °C. Because the
melting point of lithium is about 180 °C, the lithium ﬂow channel shall
be preheated above 190 °C including a margin.

4.1. Transition process and normal keeping temperature condition
To compare the results in Case-S11 and in Case-S12, it was not a
reversible process for the temperature ascent and the temperature
descent. (The temperature distribution was changed from uniform to
non-uniform in Case-S11, while it was changed from non-uniform to

Table 3
List of thermal boundary conditions.
Marks in Fig. 5

Models

Locations

Heat transfer coeﬃcient (W/m2K)

Emissivity (-)

Boundary Temp. ( °C)

HT-1
HT-2
HT-3
HT-4
HT-5
HT-6
R-1
NBC

Heat transfer

BP / HFTM
BP / HFTM
Frame / HFTM
Frame / HFTM
Flange / Flange
Flow channel / Li
Outer (far from Li)
Outer (near to Li)

43.4
11.0
7.81
6.72
15.8
3.4E4
–
–

–
–
–
–
–
–
0.3
–

50
50
50
50
50
200∼300
50
–

Radiation
No (Adiabatic)
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Table 5
Power density in each region (W/mm3).
X-div.

Layer 3

Layer 2

Layer 1

Y-div.

6
5
4
3
2
1
6
5
4
3
2
1
6
5
4
3
2
1

Z-div.
A

B

C

D

E

F

G

2.242e−3
3.826e−3

2.057e−3
3.460e−3

1.909e−3
3.116e−3

1.597e−3
2.629e−3

1.189e−3
1.987e−3

2.516e-3
4.424e-3

2.254e-3
3.956e-3

2.070e−3
3.628e−3

1.686e−3
2.798e−3

2.516e−3
4.981e−3
1.023e−2
2.247e−2
2.488e−2
2.599e−2

2.254e−3
4.299e−3
7.667e−3
1.494e−2
1.661e−2
1.754e−2

2.070e−3
3.670e−3
5.634e−3
8.608e−3
1.003e−2
1.089e−2

1.686e−3
2.568e−3
3.546e−3
4.516e−3
5.273e−3
5.852e−3

1.199e−3
1.924e−3
2.448e−3
2.895e−3
3.374e−3
3.636e−3
1.199e−3
1.592e−3
2.016e−3
2.472e−3
2.832e−3
3.158e−3

8.887e−4
1.383e−3
1.724e−3
1.964e−3
2.228e−3
2.365e−3
8.314e−4
1.099e−3
1.301e−3
1.520e−3
1.704e−3
1.868e−3
8.314e−4
1.043e−3
1.219e−3
1.440e−3
1.660e−3
1.843e−3

5.549e−4
6.694e−4
7.919e−4
8.881e−4
1.002e−3
1.047e−3
5.155e−4
6.221e−4
7.224e−4
8.416e−4
9.314e−4
1.021e−3
5.155e−4
6.221e−4
7.224e−4
8.416e−4
9.314e−4
1.021e−3

Fig. 6. Temperature distribution of target assembly (TA) (before Li charge).

the target assembly could be estimated. To compare the results in CaseS21 and in Case-S22, it was a reversible process for the beam on and the
beam oﬀ. In both cases, the maximum von Mises stresses and magnitude displacements were nearly same each other, and the maximum
displacements in each direction had the same values and reverse directions each other. In those cases to change thermal conditions of the
beam on and oﬀ, the calculated stresses and displacements were small
enough, so it was considered that there was no problem for thermal
soundness of the target assembly. In this case, it was possible to estimate the temperature range of the lithium ﬂow channel, 200 °C to
325 °C by adjusting the input data of the heat ﬂux of the heaters. The
maximum temperature of the TA is 325 °C, and it is still lower than the
Li boiling point of 344 °C under a vacuum pressure of 10−3 Pa. The TA
temperature was reduced and became uniform, almost equaled to Li
temperature (250 °C typically) after starting of Li circulation through
the TA with heater control at the same time.

uniform in Case-S12.) The maximum value of von Mises stress in CaseS12 was more than three times as large as that in Case-S11. The maximum displacement was observed in Case-S11, and it was to be
2.875 mm in the instantaneous elevated temperature process from RT
to 250 °C in the operation preparation process under a condition of no
nuclear heating and no lithium ﬂowing, and the magnitude of deformation can be reduced by the decrease of the elevating temperature
rate.
In Case-S13, to add a step of 200 °C into the temperature descent
process, the maximum stress was equal to 3/4 in Case-S12. The calculated maximum von Mises stress, 282 MPa was lower than the permissible stress of F82H, 423 MPa which was deﬁned by the yield stress
at 300 °C. The maximum Mises stress was found to be 372 MPa in
transient cooling process from 300 °C. In actual phenomenon, it is expected that the temperature changing progress more slowly, so the
thermal stress will be reduced furthermore. Therefore a soundness of
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Fig. 7. Calculated deformation results (a) Case-S11 and (b) Case-S21in the target assembly and the back plate.

4.2. Nuclear heating caused by neutron ﬂux

5. Conclusion

On the IFMIF normal operations, there will be the beam with
250 mA of 40 MeV deuterons which has its footprint with 200 mm in
width and 50 mm in height on the back plate center. The input data of
the nuclear heating were based on those due to neutron through Li and
secondary gamma through Li, based on the calculation of Simakov et al.
[31,32]. The neutrons are produced in the exothermic 7Li(d, n)8Be reaction. The yield of these high energy neutrons is relatively small
(0.5%), but they have signiﬁcant importance for the nuclear heating,
activation and shielding behavior. The input data of the nuclear heating
were based on those due to neutron through Li and secondary gamma
through Li. In the gamma-ray yield produced in the Li target. There are
two physical processes which produce photons in the lithium target:
ﬁrst, the primary reaction Li(d, xγ), and, second, neutron induced
secondary reactions such as the inelastic scattering of source neutrons
on lithium nuclei, i.e. the Li(n, xγ) reaction. Both of these production
paths were analysed by means of McDeLicious calculations using the
evaluated INPE data for d + 6,7Li and n + 6,7Li. The contribution of the
neutron induced gamma-ray production depends on the size and mass
of the lithium target. For the Li target, it amounts to about 8% of the
deuteron induced gamma-ray yield, which, in turn, is one order of
magnitude less than the total neutron yield.
In this study, to simulate the power distribution of the nuclear
heating, calculation model of the back plate was divided into sub-regions three-dimensionally. In thermal calculation with the beam of
group 2, the nuclear heating was loaded as the power density as shown
in Table 5, and the distributions of nuclear heating in back plate of the
target assembly is evaluated and is shown in Fig. 8.

In the IFMIF operation, intense neutrons are emitted inside the Li
ﬂow through a thin back plate attached to the target assembly. Since
the back plate is operating under a severe neutron irradiation of 50
dpa/year and a maximum nuclear heating rate of 25 W/cm3, thermostructural design is one of critical issues in a target design. The back
plate is replaced in annual maintenance after every 11 months operation because of neutron irradiation damage. In this study the engineering design of a target assembly of IFMIF lithium target was performed in IFMIF/EVEDA project for a high intensity neutron source.
The “integrated type” target assembly versus the target assembly model
with replaceable bayonet-type back plate were evaluated. Thermosstructural analysis of the target assembly was evaluated by ABAQUS
code. The applied material for the target assembly including the back
plate was F82H steel. In the thermal-structural analysis, the normal
operations and start/stop or abnormal operations were evaluated in the
temperature condition at 250 or 300 °C operation of Li ﬂow in the inlet
pipe of the target assembly. The result in all conditions were showed
that the temperature of the target assembly was evaluated to be still
lower than the Li boiling point of 344 °C under a vacuum pressure of
10−3 Pa. In a temperature constant operation, the calculated stresses
and displacements were small enough for thermal soundness of the
target assembly in steady states. In a transient cooling process from
300 °C to 20 °C through 250 °C, the maximum Mises stress was found to
be 372 MPa, which was lower than the yield stress at 300 °C.
Conﬂict of interest
This research paper was the result of “The design and thermostructural analysis of target assembly for high intensity neutron source”
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Fig. 8. Distributions of nuclear heating in back plate of the Li target assembly. X axis is the vertical direction of YZ plane which is basically the intermediate of two
beam directions, Y axis is the horizontal direction, and Z axis is the perpendicular direction.
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