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The International Fusion Materials Irradiation Facility (IFMIF) is being jointly planned to provide an
accelerator-based Deuterium-Lithium (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 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 Li flow with a
speed of 20 m/s. In target system, radioactive species such as 'Be, tritium and activated corrosion products
are generated. In addition, back wall operates under severe conditions of neutron irradiation damage (about
50 dpa/y). In this paper, the thermal structural analysis and the accessibility evaluation of the JFMIF Li loop
are summarized as JAEA activities on the IFMIF target system performed in FY2005.
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1. Introduction

The International Fusion Materials Irradiation Facility (IFMIF) is an accelerator-based
deuteron-lithium (D-Li) neutron source for testing the effects of neutron irradiation on the properties of
candidate materials of fusion reactors. The IFMIF activity has been implemented since 1995 as an
international collaboration under auspice of the International Energy Agency (IEA), and IFMIF design at
2003 was identified in IFMIF Comprehensive Design Report (CDR) [1.1]. The IFMIF activity is still under
going as that in a transition phase to IFMIF Engineering Validation and Engineering Design Activity
(EVEDA).

To provide the intense neutron flux of 4.5 x 10" neutrons/m*/s with a peak energy around 14 MeV,
two deuteron beams with total current of 250 mA and energy of 40 MeV are injected into a flowing liquid
lithium target, which is operated at maximum flow speed up to 20 m/s for removal of 10 MW heat
deposition by the deuteron beams and suppression of the excessive increase of lithium temperature.

Stability of this high-speed free-surface lithium flow is a key issue to assure quality of the neutron
flux and integrity of the target facility. Thermal stress in and deformation of the target assembly are caused
by nuclear heating due to the neutrons in the IFMIF operation. Since they affect respectively the target
integrity and the flow stability, thermal stress analysis was performed using a calculation code and material
data. Furthermore, stability of free-surface flow without beam injection was experimentally examined using
a small lithium loop.

Impurity in the liquid lithium is a key issue to assure long-term integrity of the target facility and
worker safety at maintenance. Effect of beryllium-7 upon worker dose was estimated using a calculation
code, since its radioactivity is the most dominant among nuclides in the lithium loop. Removals of nitrogen
and hydrogen isotopes from liquid lithium were examined using elemental setup including candidate
materials for impurity trapping.

This report consists of the activities in FY2005 above mentioned. The analyses were performed by
Japan Atomic Energy Research Institute (JAERI) until September 2005 and by Japan Atomic Energy
Agency (JAEA) after merger with Japan Nuclear Cycle Development Institute (JNC) in October 2005.

Reference

[1.1] IFMIF International Team, “IFMIF Comprehensive Design Report”, IEA on-line publication,
http://www.iea.org/Textbase/techno/technologies/fusion/IFMIF-CDR_partA.pdf and partB.pdf
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2. IFMIF Liquid Lithium Target

2.1 Target Facility

The IFMIF consists of the accelerator facility, the target facility and the test facilities. Features of
IFMIF target are a lithium target for simulating fusion neutrons with energy peak around 14 MeV through
D-Li reaction, and a liquid target for removal of heat locally deposited with high density inevitable at the
high-flux neutron generation.

Three-dimensional arrangement of the target facility is shown in Fig. 2-1. Two deuteron beams with
total current of 250 mA and energy of 40MeV are injected into a rectangular foot-print of
Hs50 mm x Y200 mm on the lithium target. To remove this high heat load with density of 1 GW/m’, the
lithium target flows with flow velocity up to 20 m/s in the target assembly. The total heat load of 10MW is
removed through the primary lithium loop, the secondary organic-oil loop and the tertiary water loop. The
primary lithium loop consists of a main loop with flow rate of 130 litter/s and a purification loop with

impurity traps. Major design requirements are summarized in Table 2-1.

2.2 Target Assembly

Three-dimensional view of the target assembly is shown in Fig. 2-2. The target assembly with weight
of about 600 kg is supported and adjusted by the support attached to both side walls of a Test Cell room
under a condition of vacuum (1 x 10° Pa) or filled with Ar/He gas. The target assembly made of stainless
steel 316 has lip seals (indicated in blue) for welding/cutting by yttrium aluminum garnet (YAG) laser.
Considering high irradiation damage up to 50 dpa/year, the back-wall is made of 316-steel or
reduced-activation ferritic/martensitic (RAFM) and replaced after every 11-months operation. There are
two options for the replaceable back-wall. One is a back-wall with lip seal welding/cutting as shown in Fig,
2-1. The other is a “bayonet type” back-wall with mechanical slide-guide and bolting. In the JAEA activity,
the former type has been examined from viewpoint of thermal stress and deformation due to nuclear
heating by neutrons during an operation.

Cross-sectional view of the target assembly is shown in Fig. 2-3. The liquid lithium with width of
260 mm flows down, with reducing its thickness from 250 mm to 25 mm and increasing its flow velocity
up to 20 nv/s in the double reducer nozzle, then along the concave back-wall with radium of 250 mm to
avoid lithium boiling by a centrifugal force in the free-surface flow under the accelerator vacuum condition
of 1 x 10° Pa. Surface behaviors of high-speed free-surface flow generated by a smaller double reducer

nozzle have been experimentally examined under JAEA/Osaka University collaboration.

v
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2.3 Lithium Loop

The functior} of the main lithium loop is removal of the heat up to 10 MW. As shown in Fig. 2-1, the
main loop consists of an electro magnetic pump (EMP) to circulate the liquid lithium, the target assembly
to form the liquid target, a quench tank to relax lithium temperature distribution localized due to the beam
injection, a heat exchanger (HX) to cool the liquid lithium, and a dump tank to storage the lithium with
inventory of 9 m’. All components are made of 316 steel, excepting a RAFM back-wall.

In the lithium loop, radioactive nuclides are produced through nuclear reaction between
deuteron/neutron and lithium/steel elements. Radioactivity of corrosion products from an activated
back-wall after 1 year operation was estimated 4 x 10" Bq in FY2004.[2.1] Radioactivity of tritium
remaining in the lithium loop was estimated 6 x 10" Bq also in FY2004.[2.2] In comparison with them,
radioactivity of beryllium-7 ('Be) produced through SLi(D, n)’Be and "Li(D, 2n)'Be is larger (estimated
5x 10" Bq). Furthermore, a nuclide Be decays emitting a gamma ray with high energy of 0.48 MeV, and
sufficient reduction of the radioactivity within 1-month annual maintenance, since half-life of "Be is
53.3 days. Therefore, 'Be is the most dominant nuclide from viewpoint of worker dose. Effects of these
radioactive nuclides have been estimated as JAEA activity.

Most of impurities including radioactive ones in liquid lithium are expected to be removed in the
cold/hot traps in the lithium purification loop. Required concentration of each element is less than 10 wppm.
Hydrogen isotopes are trapped mainly in the hydrogen hot trap with yttrium (Y) sponge operated at 285 °C.
Nitrogen are trapped mainly in the nitrogen hot trap operated at 550-600 °C. Candidate materials for the

nitrogen hot trap are vanadium titanium (V-Ti) alloy and zirconium (Zr).

References

[2.1] H.Nakamura, M. Takemura, M. Yamauchi, U. Fischer, M. Ida, S. Mori, T. Nishitani, S. Simakov
and M. Sugimoto, “Accessibility Evaluation of the IFMIF Liquid Lithium Loop Considering
Activated Erosion/Corrosion Materials Deposition”, Fusion Eng Des 75-79 (2005) 1169-1172.

[2.2] K. Matsuhiro, Hirofumi Nakamura, T. Hayashi, Hiroo Nakamura and M. Sugimoto, “Evaluation of
Tritium Permeation from Lithium Loop of IFMIF Target System”, Fusion Science and Technofogy
48 (2005) 625-628.
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Table 2-1. Major design requirements of IFMIF target facility.

Items

Parameters

Deuteron energy

Deuteron beam current

Beam footprint on Li flow

Beam power, heat flux

Li flow thickness (inc. deviation), width
Li flow average velocity

Li flow rate in main loop

Nozzle geometry

- Nozzle contraction ratio

Surface roughness of nozzle inner wall
Li temperature at inlet

Vacuum condition at Li free surface
Vacuum, filling gas in Test Cell room
Hydrogen isotopes concentration in Li
Impurity concentration in Li
Corrosion concentration in Li

Erosion/corrosion rate

Component material

Replacement period

Alignment accuracy of back-wall

Availability of target facility

40 MeV
125 mA x 2 accelerators
550 mm x V200 mm

10 MW, 1 GW/m*

T25+1 mm, Y260 mm

15 m/s (range: 10-20 mv/s)
0.13 m/s (at 20 m/s)

Double reducer based on Shima’s model

1052551 (1250 > 62.5 — 25 mm)
<6 um

250 °C (nominal)

10 Pa

0.1 Pa, ~0.1 MPa-Ar/He (TBD)

<10 wppm (total of 'H, *H, *H), < 1 wppm (H)
< 10 wppm (each C, N, O)

TBD

<1 um/year (back-wall, nozzle)

<50 um/30year (others)

RAF or 316 steel (back-wall)

316 steel (others, excepting impurity-getter materials)

Every 11-months operation (back-wall)
No replacement in 30 years (others)
+0.5 mm

>95%
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Fig. 2-1 Three-dimensional arrangement of the IFMIF target facility.

Lip welding/cutting &
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Fig. 2-2 Three-dimensional view of the IFMIF target assembly.




JAEA-Review 2006-009

Beam Duct Target Assembly
A

Flow Straightener

Double Reducer Nozzle

Back-wall

u
Lip Welding &
o Mechanical Clamp
s
=P —
F
Quench Tank | i
~

Fig. 2-3 Cross-section of IFMIF target assembly.
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3. Thermo-structural Analysis of Back-wall

3.1 Introduction

In the IFMIF, intense neutrons are emitted inside the Li flow through a thin back-wall attached to the
target assembly [3-1]. Since the back-wall is operating under a severe neutron irradiation of 50 dpa/year
and a maximum nuclear heating rate of 25 W/cm®, thermo-structural design is one of critical issues in a
target design. The back-wall is designed for replacement every 11 months. The target assembly is stainless
steel alloy except for the back-wall made of 316L stainless steel or Reduced-Activation Ferritic/Martensitic
(RAFM) steel such as F82H. In a previous study [3-2], [3-3], thermal stress analyis of the 316 stainless
steel back-wall has been done to evaluate dependences of a constraint condition and a thermal transfer
conefficient on the thermal stress. Two design options of the back-wall replacement are under investigation.
The first option is called the “Cut and reweld” option shown in Fig.3-1. The back-wall is connected to the
target assembly by welded lip seal and a mechanical cramp at the circumference. For replacement of the
back-wall itself, the overall target assembly with the back-wall is removed using a remote handling system
to the hot cell area where YAG laser device will be used for cutting the lip seals of the flanges. The second
option is called the “bayonet” option shown in Fig.3-2. In this case, “bayonet” type mechanical attachment
of the back-wall to the target assembly is envisaged. To replace the back-wall of the target assembly, a
remote handling device is used in a test cell room [3-4].

In this section, the latest results of the thermo-structural design of the “Cut and reweld” back-wall

option has been described.

3.2 Calculation Model and Conditions

Deformation and thermal stress of the back-wall due to nuclear heating by neutron irradiation was
estimated by using ABAQUS code [3-5]. Figure 3-3 shows calculation model of the back-wall. Its shape is
nearly a disc with a diameter of 0.715 m. Its Li flow side has a concave face with a radius of 0.25 m. The
analysis was performed for 1/4 section (0 m<Y, 0 m<Z) of the back-wall because of its symmetry.
Distribution of nuclear heating rate is shown in Fig.3-4 [3-6]. The maximum value of the nuclear heating
rate was 25 W/cm® at beam center (Y=0m, Z=0m). In previous study, two cases for the boundary
condition were considered at the circumference of the back-wall. One is constraint for all degrees of
freedom, and the other is that only in X direction. Since the former constraint is not acceptable due to high
thermal stress, the latter constraint is used in this analysis. Temperatures of the target assembly and liquid
Li were both 300 °C, and thermal transfer coefficient between Li and the back-wall was 34 kW/m>-K that
was estimated as the minimum value from experimental results [3-7]. Emissivity of the back-wall was 0.3.
Temperature of vertical test assembly (VTA) is assumed to be 50 °C because an effect of the VTA
temperature from 50 °C to 150 °C on the back-wall temperature was found to be negligible.

Thermal transfer coefficients between the back-wall and the target assembly were 15.8, 79 and

158 W/m*K depending on the contact pressure due to clamping mechanism, which was assumed to be 0.1,
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0.5 and 1 MPa, respectively. To evaluate effects of the back-wall thickness on the thermal stress and the
deformation, the minimum thickness of the back-wall was selected to be 1.8 (reference value), 3 and 5 mm.
In the back-wall, an inelastic deformation of the back-wall is not allowed to realize a stable high speed Li
flow. Therefore, a permissible stress of the back-wall is defined by yield strength. In addition, the yield
strength of unirradiated condition was used because the yield strength increases after neutron irradiation.
The permissible stresses of 316L [3-8] and F82H [3-9] are shown in Figs.3-5 and 3-6. To prevent from
deterioration of high-speed Li flow, the deformation of the back-wall needs to be as small as possible.

Permissible deformation value will be defined by a future study on Li flow stability.

3.3 Results and Discussions

3.3.1 Thickness and Thermal Transfer Coefficient

In the previous analysis of the 316L stainless steel back-wall with a minimum thickness of 1.8 mm
and a thermal transfer coefficient of 158 W/m?>K between the target assembly body and the back-wall, the
maximum thermal stress and deformation at a center of the back-wall were about 260 MPa and 0.3 mm,
respectively [3-3]. Temperature at a center of the back-wall was about 300 °C close to Li temperature. The
calculated thermal stress was beyond a permissible value of 164 MPa at 300 °C for 316L stainless steel.
Although the permissible deformation value is not yet defined, to mitigate the thermal stress and the
deformation, an effect of the minimum thickness (tmin) of the back-wall and the thermal transfer coefficient
on the thermal stress and the deformation was evaluated. Results with ty, = 1.8 mm and thermal transfer
coefficient (a) 15.8 W/m2K are shown in Figs.3-7 and 3-8. Dependence of the minimum thickness on the
thermal stress and the deformation are shown in Fig.3-9. Increasing the minimum thickness of the
back-wall, the thermal stresses decrease and are close to constant values. However, in a range of 15.8 to
158 W/m*K, which corresponds to a contact pressure of 0.1 to 1 MPa, the induced thermal stresses are still
above the permissible value even in 5 mm case. Considering realistic design conditions on the thermal
transfer coefficient and the minimum back-wall thickness, 316L stainless steel is not recommended as the

back-wall material in the IFMIF.

3.3.2 Back-wall Material

Considering advantages of reduced radioactivity and higher mechanical strength than 316L stainless
steel, Reduced-Activation Ferritic/Martensitic (RAFM) steel such as F82H was selected as a candidate
material. Using the reference configuration with a minimum thickness of 1.8 mm, thermal stress analyses
have been done. Figures 3-10 and 3-11 show contour of the temperature and the von Mises stress of the
F82H back-wall, respectively. High thermal stresses are observed at a center and a corner of the back-wall.
Figure 3-12 shows the von Mises stress and the deformation as a function of the thermal transfer coefficient
between the back-wall and the target assembly. For a comparison, results of the 316L back-wall are also

shown. According to IEA data base [3-9], a permissible stress defined by yield strength of F82H is
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455 MPa at 300 °C. Even in the case of reference condition (15.8 W/m”K), the von Mises stress is below
the permissible value. The deformation of the F82H back-wall is 0.3 to 1.1 mm in a range of the thermal
transfer coefficient (15.8 to 158 W/m>K). From a viewpoint of the thermo structural design, F82H is

recommended as a back-wall material

3.3.3 Revised Model

In the previous sections, the thermo-structural analysis of the back-wall was performed independent
of the target assembly. However, the constraint condition with a freedom to radial direction needs to be
evaluated in more detail. Therefore, a model with a simplified target assembly was applied. In this model,
to simulate the target assembly, a thick plate with a thickness of 30 mm was added behind the back-wall.
The plate with a lip seal was connected to the back-wall lip seal. As the results, induced thermal stresses at
the back-wall center and the lip seal are beyond the permissible values. To mitigate the thermal stress and
deformation at the back-wall center, modification of the lip seal configuration was applied. Calculation
model is shown in Fig.3-13. In the lip seal, semi-circular part is added to mitigate thermal expansion.
Typical results are shown in Figs. 3-14, 3-15 and 3-16. As the results, the thermal stress and the
deformation at the back-wall center are reduced to 60-90 MPa and about 0.1 mm, respectively. In this case,
the maximum thermal stress is observed at the lip seal. These results show that the modification of the lip

seal with a round part is effective to reduce the thermal stress and the deformation.

3.4 Future Data Need

To apply F82H to the back-wall, one of design issues is lip seal welding between the F82H back-wall
and the 316L stainless steel target assembly because a welding between F82H and 316L stainless steel is
difficult. To solve this issue, use of an interlayer between the target assembly lip and the back-wall lip will
be evaluated. R&D on the lip seal welding including the interlayer is planned. In the reference
conﬁgufation of the “Cut and reweld” back-wall, neutron irradiation at the lip seal location in full
performance of the IFMIF is estimated to be 0.1 to 1 dpa/y although neutron irradiation at a center of the
back-wall is 50 dpa/y. In this condition, He generation rate is about 1 to 10 appm. Rewelding characteristics
of the irradiated lip seal needs to be evaluated. To mitigate the deformation of the back-wall, optimization
of the back-wall configuration is under investigation. Moreover, further study on a constraint condition of
the back-wall is under way.

In a next phase of IFMIF project called as EVEDA, engineering design and validation on the

replaceable back-wall will be performed.

3.5 Summary

Thermo-structural analyses of the “Cut and reweld” type replaceable back-wall made of 316L
stainless steel and F82H have been done by ABAQUS code. In a case of the 316 stainless steel back-wall,
the von Mises stress was higher than a permissible value of 140 MPa at 300 °C. However, in a case of

F82H back-wall, the von Mises stress is less than a permissible value of 455 MPa at 300 °C. Therefore,
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F82H is recommended as a back-wall material. In case of the revised model with a simplified target
assembly and the lip seal, the thermal stress and the deformation at the back-wall center are significantly
reduced. But, in this case, the maximum thermal stress is observed at the lip seal.

In future, engineering design and validation of the target system will be done in the EVEDA.
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Target Nozzle

Lip seal

j Backwall

Fig. 3-1 Three Dimensional View of Target Assembly and Back-wall.

RH arm Back-wall

Fig. 3-2 Bayonet type mechanically replaceable back-wall.
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Fig. 3-3 Back-wall model for the thermal stress analysis.
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Fig. 3-7 Contour of Temperature (316L)
(tmin=1.8 mm, 0=15.8 W/m’K)

max. 504 ;
. 504 MPa

(Free in Y, Z directions)

Fig. 3-8 Contour of von Mises Stress (316L)
(tmin=1.8 mm, 0=15.8 W/m’K)
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Fig. 3-9 Dependence of the backwall minimum thickness on the thermal stress of 316L back-wall.
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Fig. 3-10 Contour of Temperature from Li flow side view.
(F82H, tyi=1.8 mm, 0=15.8 W/m’K)
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Contour. Solid Yon Misas Stress

Fig. 3-11 Contour of von Mises Stress from Li flow side view.

(F82H, tmix=1.8 mm, o =15.8W/m’K)
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deformation of the 316L and F82H back-walls with a minimum thickness of 1.8 mm.
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Fig. 3-13 Revised Model of the back-wall with a simplified target assembly and
revised lip seal (F82H).



JAEA-Review 2006-009

. 000e +02

1w3
Step: Step-1
Increment 1t Step Time = 1.000
Primary Var: §T11

peformed Var: not set  defoxmation Scale Factor: not sat

Fig. 3-14 Contour of temperature of the revised back-wall model. .

(Back-wall material : F82H, o=15.8 W/m’K)
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Fig. 3-15 Contour of von Mises Stress of the revised back-wall model.

(Back-wall material : F82H, a=15.8 W/mzK)
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Fig. 3-16 Deformation of the revised back-wall model.
(Back-wall material : F§2H)
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4. Radiation Dose Rate Due to Beryllium-7

For the IFMIF target facility, an annual maintenance after every 11-months operation is scheduled.
Radioactivity in the lithium loop and required duration at the maintenance influence worker safety and
system availability respectively. Beryllium-7 ('Be) produced through the reactions 'Li(D,2n)'Be and
SLi(D,n)"Be is a dominant radioactive nuclide for worker dose in IFMIF, because its production rate is
5.02 x 10" Befs, using a production ratio of 'Be to 40 MeV deuteron (D) 0.00322 (12 %) Be/D [4.1], and
it emits a 0.478 MeV y-ray with a probability of 0.105. An analytical estimation of accessibility to typical

components of the IFMIF lithium loop was performed as follows.

4.1 Calculation Condition

Radioactivity of each component was assumed to be proportional to its surface area wetted by the
liquid lithium as show in Table 4-1. With a half-life of 53.3 days, a radioactivity of 'Be can be considered
to reach to almost equilibrium condition of 5.02 x 10"° Bq within IFMIF operation. In the conservative case,
100 % of the "Be (5.02 x 10" Bq) deposits on inner wall of each component. A ratio of this 'Be to lithium
inventory of 4.5 t is about 80 appb and 80 wppb. Some part of the 'Be would deposit in the cold trap in a
form of 'Be;N, with solubility of 0.5 appb [4.2] depending on conditions of temperature and nitrogen |
concentration. In this analysis, also deposition of 10 % of the 'Be (5.02 x 10'* Bq) was assumed with 90 %

removal performance of the cold trap.

Table 4-1 Radioactive source in component and dimension of most-outer wall of component.

Component Length LD. Thickness Wet Area Radioactivity (Bq)
» (m) - (m) (mm) (m2) 100% deposition  10% deposition
Pipe 6.5 0.1999 0.82 4.1 3.17x 10" 3.17x 10"
Quench Tank  2.095 1.2 12.0 9.0 7.01 x 10" 7.01 x 10"
EMP 2.9 0.4778 15.1 9.7 7.56 x 10" 7.56 x 10"
HX 7.9 1.1 15.0 576.4 448 x 10" 4.48 x 10"
Others - - - 473 3.63x 10" 455x10""
Total - - - 646.5 5.02x 10" - 5.02x 10"

* In case of 10 % deposition, most of Be-7 was assumed to exist in the cold trap.

Typical components dealt with in this analysis were a 6.5 m-long pipe the longest amohg the main
loop, a quench tank, an electro-magnetic pump (EMP) in the main loop and a heat exchanger (HX) between
the primary lithium loop and the secondary organic-oil loop. The largest source component is HX with the
largest wet area 647 m”> due to 434 sets of U-tube. In case of the pipe and the quench tank, their
radioactivity was assumed to deposit on their cylindrical wet surfaces with “LD.” (inner diameter) shown in
Table 4-1. The main EMP in the IFMIF lithium loop is that of center-return type having three cylindrical

wet surfaces with diameters of 199.9 mm, 390.6 mm and 477.8 mm respectively. In case of the EMP, its
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radioactivity was assumed to uniformly deposit on these three surfaces. For the HX, its radioactivity of
4.48 x 10" Bq (4.48 x 10" Bq in case of 10 % deposition) was assumed to uniformly deposit in the volume
with length of 7.9 m and diameter of 1.1 m.

A code QAD-CGGP2R was employed to deal with three-dimensional (3-D) problem for radioactive
source deposited on each component wall, buildup factor within each component wall and estimation points
(virtual-detector locations). This code was revised from QAD-CGGP2 [4.3] to deal with dose equivalent
rate. Cylindrical layers of the radioactive source were divided into twenty-four (in cases of the pipe and the
EMP) or ninety-six (the quench tank) elements in circumference direction (6) and more than ninety
elements in length (L). In case of the HX, its volumetric source was divided into ninety-six elements in 9,
ninety-eight in L and fifty-five in radial direction (R). Each small radioactive source is assumed to be a
point source by the code, which calculates dose equivalent rate as sum of those due to the point sources.
This discrete method caused estimation error less than 10 % (at a location 1 cm from each component wall)
and less than 1 % (5 cm) in dose equivalent rate. (compare Appendixes 4-1 and 4-2)

All component walls were assumed to be made of 316L stainless steel consisting of Fe (66 %),
Cr (16), Ni (12), Mn (2), Mo (2), Si (1) and void (1) in the calculation model. The atomic number and the
partial density influence buildup factor and shielding performance of each element. Only the most-outer
walls with “Thickness” shown in Table 4-1 were assumed for calculation of y-ray attenuation and buildup,
while the EMP has the inner cylinders and the HX has the many U-tubes. Existence of liquid lithium in the

component was also ignored. These assumptions bring slightly conservative results.

4.2 Resulits

Figure 4-1 shows calculated results of dose equivalent rate (I:I) around the pipe, the quench tank, the
EMP and the HX, just after shutdown of D-beam injection in the case of 100 % deposition. The rates at
1 cm distant from each component are respectively 6.5 x 10%,5.7x 10°, 1.1 x 10° and 1.1 x 10’ pSv/h. The
maximum value is given near the HX with wet-surface area of 576 m?, which corresponds to 89 % of wet
area in the IFMIF lithium loop. In case of the of 10 % deposition, each dose equivalent rate is 1/10 of that
in the case of 100 % deposition. Any rate is far larger than the acceptable dose equivalent rate 10 uSv/h
derived from an ICRP-60 recommendation (100 mSv during 5-years) and assumed working time of
10000 hours. Access control even with distance (R) of 5 m from centerlines of component can reduce the
rates only by one or two orders. Especially, in case of long component such as 7.9 m-long HX, the rate
reduces almost in inverse proportion to the distance (H oc R"). The rates are 6.2 X 10°, 1.2x 10%, 1.3 x 10*
and 7.2 x 10° uSv/h at the locations R =5 m from each centerline of the pipe, the quench tank, the EMP
and the HX, respectively in the case of 100 % deposition. Furthermore, even a cooling time of 1-month
during annual maintenance can reduce the rates only by 1/1.5, considering the half-life of beryllium-7
53.3 days. The rate is still large, for example 4.9 x 10° uSv/h at 5Sm from the HX at 30 days after a
beam-shutdown. Under these conditions, no worker can carry out maintenance work such as repair and

replace of component.



JAEA-Review 2006009

1085|||||||||]||||||1||'||||
E 1 cm from component O~Pipe
i —z5~ Quench Tank
107 F —7#—EMP
- —{HX

108

10° E

Dose Equivalent Rate (it Sv/h)

10* E

10°

Distance from C.L. (m)

Fig. 4-1 Dose equivalent rate around each component (100 % deposition).

To reduce significant worker mentioned above, effect of radiation shielding was estimated. Iron (Fe)
and lead (Pb) are candidate materials of radiation shield to attenuate y-ray with energy of 0.478 MeV
emitted from beryllium-7. An additional analysis using QAD-CGGP2R was performed to found thickness
of iron/lead shield to satisfy the acceptable dose equivalent rate 10 pSv/h. In the code, attenuation factor is
8.46 x 10 and 1.62 x 107 m’/kg respectively for iron and lead in case of y-ray with energy of 0.478 MeV.
Inputted densities of iron and lead were respectively 7.86 x 10° and 1.134 x 10* kg/m’. Figure 4-2 shows
calculated results of dose equivalent rate around the HX without radiation shield, with iron-shield and with
lead-shield, just after a beam-shutdown in the case of 100 % deposition. With attaching a 22 cm-thick iron
shield or a 6.5 cm-thick lead-shield to the HX, the rate can be reduced to the acceptable level less than
10 pSv/h. The rates are 9.3 and 9.7 uSv/h at locations 1 cm from the iron and the lead shield respectively.
The rate reduces in inverse proportion to the distance (H < R™) in a region R>1 m, and thus the rate
beyond the calculation region (R > 5 m) can be predicted.

Mass of the shield.is 57 t (the 22 cm-thick iron shield) and 22 t (the 6.5 cm-thick lead shield). Any of
them is larger than that of HX 19 t. In case that these heavy shields are not acceptable from viewpoint of
rational design of the target system, other measures for worker safety should be investigated. Possible
measures are employments of a cold trap and remote-handling system. Figure 4-3 shows calculated results
in the case of 10 % deposition assuming impuﬁty removal by a cold trap. Needed thickness of the shield
reduces to 18.4 and 5.3 cm respectively for iron and lead shields. More estimation on beryllium-7
locaiization in a cold trap under temperature gradient condition is needed. Also investigation of
remote-handling system suffering y-ray corresponding to 10’ pSv/h is needed. These tasks for design of the

target system are to be carried out in IFMIF Engineering Validation and Engineering Design Activity.
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4.3 Summary

Dose equivalent rate around typical component in the IFMIF lithium loop was several orders higher
than the acceptable level of 10 uSv/h. In the most conservative case assuming 100 % deposition of
beryllium-7, maximum value was 1.1 x 10’ uSv/h at a location 1 cm from the heat exchanger due to its
large wet-surface area of 576 m”.

The dose equivalent rate around the heat exchanger can be reduced by 22 cm-thick iron-shield or
6.5 cm-thick lead-shield to the acceptable level.

Employment of a cold trap reduces the dose equivalent rate and needed thickness of the radiation
shield. For example, the shield thickness was 18.4 and 5.3 cm respectively for iron and lead shields in the

case of 10 % deposition.
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5. Summary

Dose equivalent rate around typical component in the IFMIF lithium loop was several orders higher
than the acceptable level of 10 uSv/h. In the most conservative case assuming 100 % deposition of
beryllium-7, maximum value was 1.1 X 107 uSv/h at a location 1 cm from the heat exchanger due to its
large wet-surface area of 576 m’. The dose equivalent rate around the heat exchanger can be reduced by
22 cm-thick iron-shield or 6.5 cm-thick lead-shield to the acceptable level. Employment of a cold trap
reduces the dose equivalent rate and needed thickness of the radiation shield. For example, the shield

thickness was 18.4 and 5.3 c¢m respectively for iron and lead shields in the case of 10 % deposition.

’ Thermo-structural analyses of the “Cut and reweld” type replaceable back-wall made of 316L stainless
steel and F82H have been done by ABAQUS code. In a case of the 316 stainless steel back-wall, the von
Mises stress was higher than a permissible value of 140 MPa at 300 °C. However, in a case of F82H
back-wall, the von Mises stress is less than a permissible value of 455 MPa at 300 °C. Therefore, F82H is
recommended as a back-wall material. In case of the revised model with a simplified target assembly and
the lip seal, the thermal stress and the deformation at the back-wall center are significantly reduced.
However, in this case, the maximum thermal stress is observed at the lip seal.

In future, engineering design and validation of the target system will be done in the EVEDA.
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