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The International Fusion Materials Irradiation Facility (IFMIF) is being jointly
planned to provide an accelerator-based Deuterium-Lithium (Li) neutron source to
produce intense high energy neutrons (2 MW/mz) up to 200 dpa and a sufficient
irradiation volume (500 cm3) 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 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 and thermal stress analyses, the accessibility evaluation of the IFMIF Li
loop, and the tritium inventory and permeation of the IFMIF Li loop are summarized as
JAERI activities on the IFMIF target system performed in FY2004.
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1. Introduction

The IFMIF is an accelerator-based Deuterium-Lithium (Li) neutron source to produce
intense high energy neutrons (2 MW/m2) up to 200 dpa in a sufficient irradiation
volume (500 cm3) for testing candidate materials and components used in ITER and
DEMO reactor [1]. To realize such a condition, a 40 MeV deuteron beam with a current
of 250 mA is injected into a Li target assembly where liquid Li circulates. -

For removing heat of the beams and ensuring the intense neutron field, stability of
high-speed free-surface Li flow along a concave backwall is necessary. Among the
assembly, the backwall is located in the most severe region of neutron irradiation.
Thermal deformation of the backwall due to nuclear heating by neutron is a critical
issue for maintaining the stability of Li flow.

Neutrons are produced in the Li flow and emitted through a back wall to high flux
test module. Since, the back wall will be activated under intense irradiation of about 50
dpa/year, replacement of Li target assembly including the back wall is performed by a
remote handling system. However, activated materials of the back wall are transferred
into the Li flow due to erosion/corrosion process and deposit on inner surface of the Li
loop components. Therefore, accessibility around the Li loop piping will depend on a
radiation dose rate caused by the deposition of the activated materials. The accessibility
evaluation of the IFMIF Li loop needs to be done considering the deposition of the
activated corrosion products.

‘In the IFMIF, tritium is generated in the Li flow. Most of the generated tritium is
removed by an yttrium hot trap in a Li purification loop, where impurities in the liquid
Li are removed. However, a part of the tritium remains in the Li loop, and permeates
through the wall of the Li loop components. The permeated tritium is released to the Li
loop area filled with Ar gas or to test cell area. It is important for the safety of the
IFMIF to evaluate the amount of tritium permeation and inventory in the Li loop of the
IFMIF target system.

In this paper, JAERI activities on target system performed in FY2004 are summarised.
Major topics are the thermal and thermal stress analyses of the backwall and thermal
shielding / insulation around the target assembly, the accessibility evaluation of the
IFMIF Li loop, and the tritium inventory and permeation of the IFMIF Li loop.

Reference : :

[1-1] Moeslang,A., Fischer,U., Heizel, V., Vladimirov,P., et al., “Recent Advances at
the International Fusion Materials Irradiation Facility IFMIF”, 19th Fusion
Energy Conference, 14-19, Oct.2002, Lyon (IAEA-CN-94/FT/1-2).
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2. Liquid Lithium Target in IFMIF
2.1 Li Target Facility

The Target Facility is one of the major facilities of IFM.IF[2—1],[2-2]. The major
function of the Li target system is to provide a stable Li jet for production of intense
neutrons under irradiation of a 10 MW deuterium beam. The averaged surface heat flux
on the free liquid Li flow is 1 GW/m’. To handle such an ultra high heat load, a high
speed liquid Li jet flow of 20 m/s is necessary. The system consists of a target assembly,
a Li main loop, a Li purification system and a heat exchange system. Table 2-1
summarizes the major design requirements of the target facility based on these results.
A block diagram of the Li target system is shown in Fig.2-1. The Li loop circulates the
liquid Li to and from the target assembly through a Li purification and heat exchange
system by an electromagnetic pump. The Li purification system, with a cold trap and
two hot traps, is able to maintain tritium, "Be, radioactive corrosion products and other
impurities under permissible levels to realize the required safety condition and to
minimize corrosion of the loop materials.

2.2 Target Assembly

The target assembly is made of stainless steel 316, except for the back wall, which
will use either Reduced-Activation Ferritic/Martensitic (RAFM) steel or stainless steel
316. The back wall operates under severe conditions of neutron irradiation damage
(about 50 dpa/y); therefore, the back wall is designed for replacement every 11 months.
Two design options for the back wall structure are under investigation. Figure 2-2
shows an example of a cross section of the Li target assembly based on the first option.
In this option, an yttrium aluminum garnet (YAG) laser will be used to cut the lip seals
of the flanges and the target assembly will be moved to the hot cell area for replacement
of the back wall itself. The second option is a so-called “Bayonet” type back wall. With
this concept the back wall is replaced using a remote handling device, without moving
the target assembly. The sliding back wall is mechanically attached to the target
assembly. The target assembly is approximately 2.5 m tall, weights about 600 kg, and is
supported by arms attached to the sidewall. The vertical test assemblies will be located
as close as possible (within about 2 mm) to the target back wall to receive maximum
neutron fluence. Nominal vacuum conditions are 10~ Pa in the target chamber and 10
Pa in the test cell.

2.3 Li main and purification loops
A detail flow diagram of the Li loop including the Li purification loop is shown in
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Fig. 2-3. The major components in this loop are the target quench tank, the surge or
overflow tank, the Li dump tank, the organic dump tank, the main electromagnetic
pump, and two heat exchangers. All of the piping and tanks are constructed of austenitic
316 stainless steel. There are, in addition, a trace heating system (to maintain the
temperature throughout the loop above the melting point of the Li at all times the liquid
Li is present in the loop), thermal insulation, valves, electromagnetic flow meters,
instrumentation, and connections to vacuum and argon headers. The total Li inventory
is about 9 m’. Major impurities in the Li loop are protium, deuterium, tritium, "Be,
activated corrosion products and other species (C, N, O). Tritium and "Be are produced
by direct reactions of the deuteron beam with the Li. Deuterium from the beam is also
contained in the Li flow. The total estimated production rates of H, D, and T for full
power operation are about 5 g/y, 160 g/y, and 7 gfy, respectively. Hydrogen isotopes (H,
D, T) are removed by hot trapping with yttrium sponge at 285°C, or, as an option, by the
cold trapping with hydrogen sparging. The main highly radioactive impurity will be "B,
a 53-d half-life material produced from (d,n) and (d,2n) reactions with Li. The cold trap
with 316 SS mesh at 200°C will remove most of the "Be, but some is expected to plate
out around the loop, and will very likely dominate the remote handling requirements. If
not removed, this product will build up to a saturation activity of 4.5 x 10'° Bq (=140
kCi). Activated corrosion products are also highly radioactive impurities. Since remote
handling requirement depends on the activation level of the corrosion products,
evaluation of corrosion rate and activation levels are urgently needed. Oxygen will also
be removed by the cold trap. Nitrogen will be removed by the hot trap at 550°C up to
600°C. Candidate getter materials are V-Ti alloy [2-3], Zr, etc. Nitrogen forms highly
corrosive compounds with Li and may build up from air contamination during repair
exchange of components and adhesion to component surfaces. Carbon can build up
from HX tube leakage. The design value of permissible concentrations of these
impurities (C, O, N, H isotopes, and Be) are 10 wppm.

References

[2-1] Nakamura, H., et al., “Latest liquid lithium target design during the key element
technology phase in the international fusion materials irradiation facility
(IFMIF)”, Fusion Eng. and Des. 66-68, 193(2003).

- [2-2] Nakamura, H., et al., “Present status of the liquid lithium target facility in the
international fusion materials irradiation facility (IFMIF)”, J.Nucl.Maters.
329-333, 202 (2004).

[2-3] Sakurai,T., et al., “Control of the nitrogen concentration in liquid lithium by the
hot trap method”, J.Nucl.Maters. 307-311, 1380 (2002).
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Table 2-1. Major design requirements of the IFMIF target system.

Items Parameters
Deuterium beam energy/current 40 MeV / 125 mA (nominal) x 2 accelerators
Averaged heat flux | 1 GW/m* :
Beam deposition area on Li jet 0.2m" x 0.05m"
Jet width / thickness 0.26 m/0.025 m

Jet velocity

15 (range 10 ~ 20) m/s

Nozzle geometry

Double-reducer nozzle based on Shima’s model

Nozzle contraction ratio

10 (4 : 1 nozzle, 2.5 : 2™ nozzle)

Surface roughness of nozzle <6 um

Curvature of back wall 0.25m

Wave amplitude of Li-free surface | <1 mm

Flow rate of Li ' 130 /s (at target section)
Inlet Temperature of L1 250°C (nominal)

Vacuum pressure

10° Pa at Li-free surface
10" Pa in target/test cell room

Hydrogen isotopes content

<10 wppm (<1 wppm T )

Impurity content

<10 wppm (each C,N,0)

Corrosion product content

TBD

Materials (back wall)
(other components)

RAF steel or 316 stainless steel
316 stainless steel

Erosion/corrosion thickness

(nozzle and back wall) <1 wm /year
(piping etc.) <50 um /30 years
Replacement every 11 months for back wall
No replacement for 30 years (other components)
Availability >95 %
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3. Thermal Analysis of Target Assembly
3.1 Thermal condition of target assembly

Thermal condition of the IFMIF target in the test cell is shown in Fig. 3-1. The test cell
atmosphere is vacuum (0.1 Pa) condition in operation and 1atm (~0.1 MPa) Ar in
maintenance. Before Li charging and beam operation, a temperature of the target assembly
including the backwall should be maintain enough higher than the Li freezing point of 181 °C.
Thermal analysis of the target assembly was performed by considering heat balance among'
heat conduction and radiation. The analysis is divided into two parts. One is that for most of
the slant part of the target assembly as shown in Fig. 3-1. Thermal isolation is available for
this part. The other is that for a part around the backwall. Thermal isolation is not available
for this part because of an installation of the vertical test assembly (VTA) for utilizing
neutrons generated by D-Li reaction.

3.2 Analysis for shield and insulation part
3.2.1 Calculation conditions

Calculation model is shown in Fig. 3-2. Two types of thermal isolation shown in also
Fig. 3-1 were evaluated in this analysis. One was insulation made of ceramic fiber. The other
was thermal shield consisting of SS304 plates with a thickness 0.2 mm and a spacing of 5 mm.
Required thickness of these equipment to keep temperatures 300 °C in the target assembly
and at about 50 °C outside the equipment was calculated under Ar atmosphere condition of
0.1 MPa and vacuum. Calculation cases are shown in Table 3-1. Typical emissivity: o was
assumed 0.2 for the thermal shielding plates, outside of the insulation and wall of the test cell,
assuming polished 304 steel. The calculation was performed under such a simplification that
the target assembly was a cylinder with a radius of 0.134 m and infinite length. Also the wall
of test cell was assumed to be a cylinder with a radius of 1.5 m and a temperature of 20 °C.

3.2.2 Results

As results, required thickness of the thermal shield / insulation was 140, 327, 80 and
75 mm for Cases Al-A4, respectively. Figure 3-3 shows temperature in the thermal
shield / insulation. In case of employing the insulation, required thickness is larger than that in
case of the thermal shield. In case of vacuum condition, required thickness of the insulation is
far larger than that in case of the thermal shielding. Employing the thermal shield is better
choice for thermal isolation of the target assembly.

To improve shielding performance of the thermal shield, reducing the emissivity from 0.2
is needed. Figure 3-4 shows required number of the shielding plate as a function of the
emissivity. Emissivity, excepting those of the most outside of the shield and wall of the test

cell, was changed in this calculation. In Case A3, the number of the plate could not be
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reduced to less than 12, since most of heat flux per unit length 120 W/m was made as heat
conduction between the shields plates. In Case A4 under vacuum condition, the number of the
plate can be reduced to 5 with employing well-polished stainless steel with an assumed
emissivity of 0.05 deteriorated from an initial value of 0.02.

3.3 Analysis for non-shield part
3.3.1 Calculation conditions

Calculation model is shown in Fig. 3-5. Thermal shielding is not applicable to a part near
the backwall as shown in Fig. 3-1. Only heater is attached to a part around the reducer nozzle.
Furthermore, the backwall is located 2 mm (assumed 1.5 mm in the analysis considering an
error of 0.5 mm at installation) distant from the VTA with a wall temperature 50 or 150 °C.
To prevent Li solidification, Li temperature of 200 °C should be maintained even in case of
VTA temperature of 50 °C. Temperature of eleven elements (six for the target assembly, five
for the backwall) was calculated considering heat balance among the elements, heaters and
VTA. Calculation cases for this non-shield part is shown in Table 3-2. An emissivity of 0.05,
0.1 or 0.2 was assumed for all equipment. A heat transfer between the backwall and the target
assembly was 150 or 5000 W/m*K. Temperature of 300 °C at the shield part was assumed as
a boundary condition.

3.3.2 Results

As results, every minimum temperature was respectively 74, 162, 185, 215, 216, 236, 244,
257, 242 and 256 °C in Cases B1-B10 at center of the backwall, which was most distant from
heater and nearest to the VTA. Therefore, the test cell atmosphere should be vacuum
condition and the emissivity of the target assembly and VTA should be 0.05-0.1. An effect by
heat transfer between the backwall and the target assembly was not significant, since the
employed values were enough high in comparison with the heat conduction in the large
assembly and the backwall made of stainless steel.

3.4 Required power of the electric heater

Total required capacity of heater was evaluated using the result of Cases A4 with
assumption of length of 15 m for the shield part and the result of Cases B3. Heater capacity of
14 kW is sufficient to increase the maximum temperature of the target assembly and pipes
from ambient temperature to 300 °C within 5 hours.

3.5 Summary
The thermal analysis of the target assembly is summarized as follows:

1) Thickness of the thermal shield can be reduced to 20 mm by employing stainless steel with
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emissivity of 0.05.

2) Liquid Li should be charged and circulated under vacuum condition and the emissivity of
the target assembly and VTA should be 0.05-0.1.

3) Total required capacity of the heater system would be 14 kW.

In a case of 0.1 Pa in the test cell, structural design of the test cell room is not easy.
Therefore, to mitigate structural design of the test cell room, operation under 0.1 MPa He is
proposed. At present, design option of the target assembly compatible with He environment
slightly less than 0.1 MPa is being in progress. In this case, electric heater is needed on the
backwall outer surface to maintain temperature of the backwall during start-up phase.
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Table 3-1 Calculation cases and results for thermal shielding / insulation.

Input conditions Results ,
Case Thermal Test Cell Required thickness Heat flux per unit
isolation atmosphere (mm) length (W/m)
Al Insulation 0.1MPa Ar 140 165
A2 Insulation Vacuum 327 94
A3 Shielding 0.1MPa Ar 80 (17 Layears) 130
A4 Shielding Vacuum 75 (16 Layears) 46

Table 3-2 Calculation cases and results for non- shield part of target aésembly.

Input conditions : Results
Minimum
Case Test Cell ;/rfl? Emissivity trlz;ltfsz}ter temp. Heat loss
atmosphere °C) (W/m¥K) C) (W)

Bl | 0.IMPaAr 50 0.2 5000 73.8 180
B2 0.1MPa Ar 150 0.2 5000 161.5 133
B3 Vacuum 50 0.2 5000 185.1 149
B4 Vacuum 150 0.2 5000 214.8 116
BS Vacuum 50 0.1 5000 216.1 79
B6 Vacuum 150 0.1 5000 236.3 61
B7 Vacuum 50 0.05 5000 243.6 43
B8 Vacuum 150 0.05 5000 256.5 33
B9 Vacuum 50 0.05 150 242.3 43
B10 Vacuum 150 0.05 150 255.6 33
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4. Thermo-mechanical Analysis of Back Wall
4.1 Calculation model

A backwall attached to an [FMIF target assembly suffers most intense neutron irradiation
equivalent to about 50 dpa a year among IFMIF equipment. Deformation of the backwall due
to temperature distribution under condition of neutron irradiation was estimated by using an
FEM code ABAQUS Ver 6.3.1[4-1]. Figure 4-1 shows three-dimensional view of the
backwall. Its shape is nearly a disc with a diameter of 715 mm. Its Li-side has a concave face
with radius of 250 mm, which is wetted by liquid Li. The Li-side has also a flat face
(X' = 0 mm), which is contacted to a target assembly. The minimum thickness 1.8 mm of the
backwall is given at its center (Y =0 mm, Z =0 mm). As shown in Fig. 3-1, the backwall is
connected to the target assembly by welded lip seal and mechanical cramp at the

circumference. Both parts are assumed made of 316 stainless steel in this calculation.

4.2 Calculation condition

Figure 4-2 shows nuclear heat by neutron irradiation [4-2]. The maximum value
25 W/cm® was given at a beam center (Y = 0 mm, Z = 0 mm), where the wall thickness was
1.8 mm. The analysis was 'performed for a 1/4 section (0 mm <Y, 0 mm < Z) of the backwall
because of its symmetry. This 1/4 section consists of 35,170 elements and 40,338 nodes as
shown in Fig. 4-3. Heat transfer between the backwall and the target assembly: a was 15.8 or
150 W/m*K depending on contact pressure due to clamping, which was assumed 0.1 or
1.0 MPa. Deformation of the backwall depends on also constraint conditions at its
circumference. Two cases for the constraint condition were considered at the circumference of
the disc. One is a constraint for all degrees of freedom, and the other is that only in X
direction. The analysis cases are summarized in Table 4-1. Temperatures of the target
assembly and liquid Li were both 300 °C, and heat transfer coefficient between Li and 316
steel was 34 kW/m*>K. Pressure in a test cell room, where the backwall and the target

assembly were installed, was assumed vacuum. An emissivity of stainless steel 316 was 0.3.

4.3 Results
Backwall temperature is shown in Figs. 4-4 and 4-5. Even with nuclear heating by the
neutrons, temperature of the concave part is about 300 °C due to cooling by Li flow. In Cases
Cl and C3, the maximum temperature was 440 °C. In Cases 2 and 4, the temperature
distribution was nearly equal to that in Cases C1 and C3. The maximum temperature was
445 °C. Effect of VTA temperature: Tyra upon the backwall temperature was found to be

negligible.
Figures 4-6 through 4-9 show calculated stress in Cases C1 through C4. Case C-3 gives the
minimum stress among Cases C1-C4 with a heat transfer coefficient of 15.8 W/m*K. Even in
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this case, thermal stress was about 500 MPa at the concave part.

Figures 4-10 and 4-11 show calculated displacement in Cases C2 and C4. The displacement
significantly depends on the constraint condition. The displacement of +5.2 mm in
X-direction in Case C-2 exceeded a designed clearance of 2.0+0.5 mm between the target
assembly and VTA. Even in Case C-2, displacement of the backwall center was —2 mm in
X-direction. This local displacement made convex part on the concave surface, and would
consequently make instability on the high-speed free-surface flow of the Li target.

However, in Cases C5 and C6 with increased heat transfer coefficient of 150 W/m*K, the
maximum temperature was about 380 °C as shown in Fig. 4-12. Thermal stress was reduced
to about 260 MPa and the backwall displacement became -0.3 mm in X-direction, as
respectively shown in Figs. 4-13 and 4-14. To reduce the stress and deformation in the IFMIF
backwall, a high heat transfer coefficient of more than 150 W/m*K in the contact surface will
be required and the structural design of the backwall and the target assembly will proceed in
the next design stage.

4.4 Summary
The thermal-stress analysis are summarized as follows:

1) The backwall deformation would be reduced from 2 to 0.3 mm by increasing heat transfer
coefficient from 15.8 to 150 W/m*K.
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Table 4-1 Calculation cases and results of thermo-mechanical analysis.

, Input conditibns Results
Case Heat Direction | VTA Max. Max. Max. displacement (mm)
transfer of ‘ temp. temp. stress X Y 7
(W/m*K) | constraint | (°C) (°C) (MPa)
Ci 15.8 X, Y, Z 50 440.2 1003 +4.9 | +0.54 | +0.54
C2 15.8 X,Y,Z 150 444.5 1065 +5.2 | 40.57 | +0.56
C3 15.8 X 50 440.2 485.5| -2.0 | 40.63 | +0.72
C4 15.8 X 150 444.5 504.7 | -2.2 | +0.67 | +0.76
C5 150.0 . X 50 379.5 261.5 | -0.29 | +0.24 | +0.26
C6 150.0 X 150 381.1 266.8 | -0.33 | +0.25 | +0.27

Constraint Position
(¢715mm, tSmm)

\

Concave Face 7
(R250mm)

Contact Face
(X=0mm)
Target Assembly Side ~ Test Assembly Side

Fig. 4-1 IFMIF target backwall.
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5. Radiation Dose Rate around the Li Loop Components
5.1 Introduction

Neutrons are produced in the Li flow and emitted through a back wall to high flux
test module. Since the back wall will be activated under intense irradiation of about 50
dpa/year, replacement of Li target assembly including the back wall is performed by a
remote handling system. However, activated materials of the back wall are transferred
into the Li flow due to erosion/corrosion process and deposit on inner surface of the Li
loop components. Therefore, accessibility around the Li loop piping will depend on a
radiation dose rate caused by the deposition of the activated materials. In this section,
the accessibility evaluation of the IFMIF Li loop is described considering the deposition

of the activated corrosion products.

5.2 Activation Calculation

The flow of calculation procedure is shown in Fig.5-1. Main process comprises
calculations of the neutron spectrum on the target back wall and radioactivity in the wall
on the basis of the spectrum. Prior to the calculation of the radioactivity, an activation
cross section library was preliminarily compiled for the present analysis. Activation
level of the back wall is calculated by the ACT-4 of the THIDA-2 system [5-1]
developed in JAERI for activation evaluation of a fusion reactor. The neutron flux
spectra at the IFMIF target back wall célculated with McDeLicious code [5-2] is sho§vn
in Fig.5-2. Highest energy in these spectra is 56 MeV. But, the existing cross section
library for the ACT-4 code has a maximum energy of 15 MeV and an energy structure
of 42 groups. Therefore, the cross section of the IEAF-2001 [5-3] with an energy range
up to 150 MeV was employed for the activation ca]culafion ab(;Ve 15 MeV. The highest
energy group (13.72 MeV — 56 MeV) of the ACT-4 has been replaced by the effective
cross section evaluated using IEAF-2001 in the energy range between 15 MeV and 56
MeV. Activation calculations are performed for the back wall with a composition of
stainless steel 316LN [5-4] although low activation Ferritic/Martensitic steel is also one
of candidate materials. One year full power operation of IFMIF with a deuterium beam

current of 250 mA is assumed.

5.3 Back Wall Activation

As a function of the cooling time up to one year, the total and specific activities of the
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back wall calculated by the ACT-4 are shown in Fig.5-3. Total radioactivity one hour
- after the shut down is 4.0x10'* Bq/kg. The total radioactivity gradually decreases up to
one year after the shut down. The total activities after 1 day, 1 week, 1 month and 1 year
cooling are 3.1x10", 2.8x10', 2.3x10"* and 7.5x10" Bg/kg, respectively. Just after shut
down, Co-58 with a half-life of 2.33 month is dominant in the total activity up to 3
month. Up to 3 month after the shut down, the other dominant species with a activity
more than 10" Bg/kg are Co-56, Mn-54 and C0-57.‘ ’

5.4 Accessibility Evaluation

Using the total specific activities after one year IFMIF operation calculated by the
ACT-4 code, radiation dose rate around the Li loop piping is calculated by
QAD-CGGP2R code [5-5]. In the accessibility evaluation, the radioactive corrosion
product is supposed to be generated in a beam foot print 100 cm” in area. The corrosion
rate is selected as 1 wm/y using the data from FMIT project [5-6]. Composition of the
corrosion product in Li flow is assumed to be same as stainless steel 316LN.
Measurements of the corrosion product composition are performed in ENEA and IPPE.
The radioactive corrosion products from the back wall area are deposited in a Li loop
components with a total surface area of 572 m* where the largest surface area is 532 m’
in the Li heat exchanger. In the IFMIF Li purification system, a cold trap removes the
corrosion products. Although at present quantitative efficiency of the cold trap is not
available, the efficiency more than 90% is expected. As a reference case, the radiation
dose rate around the piping near an electromagnetic pump is calculated. Inner and outer
diameters of the pipe are 248.8 mm and 267.4 mm, respectively. Figure 5-3 shows the
dose rate around the piping in a case of 100% deposition (100% plate-out) of the
corrosion materials and uniform deposition on inner surface of Li loop piping. Figure
5-4 shows the dose rate as a function of the days after the shut down. Permissible level
for hands-on maintenance is selected as 10 uSv/hr. As the results, in the case of 100%
plate-out hands-on maintenance is not permitted until one year cooling down. However,
in the case of 10% deposition of the corrosion materials (10% plate-out), hands-on
maintenance becomes possible. Therefore, reliable operation of the cold trap with a
removal rate more than 90 % is needed. During the engineering validation and
engineering design activity phase planned in the IFMIF project, performance of the Li

purification system including the cold trap will be validated [5-7]. In future, radiation
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dose rates around the cold trap, the hot trap and the Li heat exchanger will be evaluated.

In addition, according to preliminary analysis of the radioactivity by 'Be with a
half-life of 53 days, the surface dose rate of the Li pipings after 1 month from the
shut-down is in a range of 10°> uSv/hr in a case of 100% deposition. Therefore, further
studies including characteristics of 'Be removal and remote maintenance are necessary

to establish reliable design of the Li loop.

5.5 Summary

Activation level of the back wall is calculated by the ACT-4 code of the THIDA-2
system. The activities after 1 day, 1 week, 1 month and 1 year cooling are 3.1x10'"*
2.8x10", 2.3x10'" and 7.5x10" Bqg/kg, respectively. After a shut-down, Co-58 with a
half-life of 2.33 month is dominant in the total activity for 3 months. After that, Mn-54
and Co-57 become dominant in the total activity. Radiation dose rate around the Li loop
pipe near the electromagnetic pump is calculated by QAD-CGGP2R code. In the case of
10% deposition of the corrosion materials (10% plate-out), hands-on maintenance
becomes possible assuming a permissible level of 10 uSv/hr. Therefore, a removal of
radioactive material in Li more than 90 % is needed for the maintenance work. Also,

further study on 'Be control is needed.
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6. Tritium Inventory of Lithium Loop
6.1 Introduction ,

In the IFMIF, tritium is produced by D-Li stripping reaction between 40 MeV
deuterium and liquid Li. Most of the generated tritium is removed by an yttrium hot trap
in the Li purification loop, where impurities in the liquid Li are removed. However, a
part of the tritium remains in the Li loop, and permeates through the wall of the Li loop
components. The permeated tritium is released to the Li loop area filled with Ar gas or
to test cell area. It is important for the safety of the [IFMIF to evaluate the amount of
tritium permeation and inventory in the Li loop of the IFMIF target system. In this

section, the tritium inventory and permeation of the IFMIF Li loop are evaluated.

6.2 Li Target and Tritium Generation

Figure 6-1 shows the block diagram of the IFMIF lithium target system. Main loop
to provide a stable Li jet consists of target, a quench tank, an electromagnetic pump, a
heat exchanger and pipes between them. Purification loop to remove the impurities in Li
consists of a V-Ti hot trap for nitrogen [6-1], an yttrium hot trap for tritium and a cold
trap for C, O and "Be.

In the Li loop, tritium is typically produced by following reactions.

D+'Li — T+°Li (6-1)
n+°Li— T + He (6-2)

Tritium is also produced by following reactions.

D+’Li— D+ T+*He (6-3)
D+'Li— p+D+2T | (6-4)
D+'Li — 2T+°He (6-5)
n+'Li—n+T+*He (6-6)

The amount of generated tritium in the IFMIF is 3.0x10'! Bg/h [6-2]. The tritium is
~removed by absorbing to yttrium getter in the yttrium hot trap. Hydrogen can be
absorbed up to a saturation concentration. Beyond the saturation concentration, yttrium

hydride will be deposited in the liquid Li. At 558 K of the operational temperature of
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the yttrium hot trap, hydrogen concentration should be lower than 24 appm (0.66 appm
for tritium). In the calculation, the tritium concentration is assumed to be 0.66 appm for

the present estimation.

6.3 Calculation

The tritium in the liquid Li adheres to the inner surface of the components in
accordance with the distribution coefficient between liquid Li and wall material. Then
the tritium diffuses in the wall, and leaks out. The tritium concentration Cs of the inner

surface is given by
Cs = CLi x Kd (6_7)

where Cy; is the tritium concentration in liquid Li and K} is the distribution coefficient.
The distribution coefficient between liquid Li and 316 stainless steel as a reference wall
material of the IFMIF Li loop is not known at this stage. Therefore, the estimated value

for 18Cr-8Ni steel (304 stainless steel) is used as follows [6-3].

InK, =2.52-7500/T | (6-8)

where T is temperature (K).

In this paper, the tritium permeation and inventory in steady state are calculated for
conservative evaluation, because they give maximum value. And the hydrogen
concentrations are steady state at surface attached Li and the surface of backside is zero.

The permeation rate through unit area of a plane in steady state is given by
C
J=D—= 6-9
" (6-9)

where J is the permeation rate, D is the diffusion coefficient, and d is the thickness of a

plane. The diffusion coefficient in 316 stainless steel is used as follows [6-4].

D =6.32x107 exp(=5750/T) (6-10)



JAERI—Review 2005—005

The permeation rate through unit length of a pipe in steady state is given by below

equation [6-5].

J=oaD—C : (6-11)
In(1+d/a)

where a is the inner radius of a pipe, and d is the thickness of a pipe.

On the other hand, the tritium contained in the Li loop components is evaluated by
steady state tritium depth profile in the wall. The regions evaluated the tritium
permeation rate and inventory are the main loop components (the target, the quench
tank, the heat exchanger and pipes), the pipes between main and purification loops, the
V-Ti hot trap (873 K), the yttrium hot trap (558 K) and the cold trap (473 K). These

specifications are shown in Table 6-1.

6.4 Results and Discussion

The tritium permeation rates through the wall wet by the Li loop of the IFMIF are
shown in Fig. 6-2. The amount of total tritium permeation rate is 1.0x10° Bq/h. Which
is much smaller than the generated tritium (3x10'' Bg/h) in the Li flow. Therefore, most
of the generated tritium deposits to the liquid Li or to the Y hot trap. About 95 % of the
tritium permeation from the Li loop components is one at the V-Ti hot trap. This reason
is that the product of the diffusion and distribution coefficients at 873 K of the operating
temperature of the V-Ti hot trap is 4 orders of magnitude greater than one at 523 — 558
K of the operating temperature of the other regions. In the main loop components, the
tritium permeation rate through the heat exchanger is most large, because the surface
area of the pipes for heat transfer is about 444 m?, which is larger than total surface area
of the other Li loop components. The tritium permeated through the pipes for the heat
transfer solves to organic oil. Then the tritium in the organic oil release to the Li loop
area, or solves to water at a heat exchanger for the organic oil. In this section, it is
assumed that the permeated tritium from the heat exchanger release to the Li loop area.

Figure 6-3 shows the flow chart of the tritium processing for permeated tritium from
the liquid Li. The value at each area is the generated rate of tritium, and the values at
each detritiation system are maximum tritium concentration which can be processed by

the detritiation system and maximum achieved tritium concentration. The permeated
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tritium from the target, the quench tank, and a part of the pipe in the main loop releases
to the test cell. Tritium contaminated vacuum exhaust from the test cell is processed by
the exhaust detritiation system for tritium contaminated air. The tritium permeation rate
from the Li loop to the test cell is 5x10* Bg/h, and the tritium concentration of the
vacuum exhaust is 5x10 Bg/cc, which can be processed by the exhaust detritiation
system for trittum contaminated air.

The permeated tritium from the other components of the IFMIF Li loop releases to
the Li loop area. The Li loop area is filled with Ar gas to eliminate the possibility of the
Li combustion in the event of a Li leak, and is kept at negative pressure to prevent
uncontrolled releases of the tritium. However, an air leaks to the Li loop area by the
negative pressure. Thetefore, the air components leaked to Li loop area are removed by
the Ar purification system using a pressure swing absorption (PSA) method. In this
process, the exhaust gas (air + Ar purge gas) from the Ar Purification system may be
contaminated by tritium remained in the adsorbent bed of PSA. If the tritium from the
Li loop area leaks to the exhaust gas of the Ar purification system, the tritium
* concentration of the exhaust gas become up to 3.5x10 Bg/cc. Which is larger than
5x10™* Bg/cc of IFMIF design target (1/10 of allowable tritium concentration as water in
exhaust gas to atmosphere [6-6]). In this case, the exhaust gas from the Ar purification
system has to be processed by the exhaust detritiation system for the tritium
contaminated air. ‘

In order to adjust the pressure in the Li loop area, a part of the Ar gas (I Nm*/h)
purified by the Ar purification system is discharged, and new Ar gas is supplied. For
conservative evaluation, it is assumed that the exhaust gas of the Ar purification system
does not contain tritium. All tritium permeated from the liquid Li to the Li loop area is
processed by the exhaust detritiation system for tritium contaminated Ar, ‘and its
concentration becomes 1 Bg/cc. (Which is almost same to the tritium concentration in
the Li loop area, and the gaseous tritium in the Li loop area is 1.5x10° Bq.) The design
of the exhaust detritiation system for the tritium contaminated Ar does not depend on
the tritium permeation from the Li loop, because the tritium permeation rate to the Li
loop area is smaller than 6x10” Bg/h [6-7] of the generated tritium in the tritium test
module processed by same system.

The permeation rate at the V-Ti hot trap is about 95% of the total tritium permeation

rate. Therefore, the reduction of the tritium permeation rate from only the V-Ti hot trap
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can directly reduce the total tritium permeation from the Li loop and the gaseous tritium
in the Li loop area. For example, if the tritium concentration of the liquid Li into the
V-Ti hot trap is reduced by the yttrium hot trap, the permeation rate from the V-Ti hot
trap can be reduced. The sum of the tritium permeation rates from the V-Ti hot trap and
the heat exchanger is 99 % of the total tritium perndeation rate from the Li loop. If they
are reduced by two orders of magnitude, the exhaust gas from the Ar purification
system can release to atmosphere without tritium removal by the exhaust detritiation
system for tritium contaminated air.
The tritium contained in the walls wet by liquid Li in the IFMIF is shown in Fig. 6-4.
The amount of total tritium contained in the walls is 5.3x10” Bq, and the tritium
| contained at the V-Ti hot trap is about 95% of the total tritium contained in the walls
wet by liquid Li in the IFMIF. TABLE II shows comparison of deposited tritium in the
IFMIF. The amount of the total tritium contained in the walls is much smaller than
4.9x10" Bq of the tritium contained in the liquid Li of 9 m’ in the IFMIF.

6.5 Summary

The tritium inventory and the permeation of the IFMIF Li loop components are
evaluated for the safety of the IFMIF. The amount of total trittum permeation rate is
9.6x10° Bg/h, of which about 95 % is the permeation rate at the V-Ti hot trap.
Therefore, the reduction of the tritium permeation rate from only the V-Ti hot trap can
directly reduce the total tritium permeation from the Li loop and the gaseous tritium in
the Li loop area. The design of the exhaust detritiation system for the tritium
contaminated Ar does not depend on the tritium permeation from the Li loop, because
the tritium permeation rate from the Li loop is smaller than the tritium from the tritium
test module processed by same system. The total tritium contained in the walls wet by
liquid Li in the IFMIF is 5.3x10” Bq, and is much smaller than 4.9x10" Bq of the

tritium contained in the Li flow with a volume of 9 m®.
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Table 6-1. Specification of the Li loop components.

Component Area Thickness Temperature
(m’) (mm) (K)
Pipe of From Quench Tank to 5.8 9.3 558
Main Loop | EMP
From EMP to Heat 6.4 8.2 558
Exchanger
From Heat Exchanger to 13.5 8.2 523
Target
Quench Tank 7.5 12 558
Target Assembly ’ 1.5 6 523
Heat Pipes for Heat Transfer 444 2.6 523-558
Exchanger Outer Wall ’ 27 15 523-558
Pipe between Main and Purification Loops 17 2.8 558
Y Hot Trap Trap 1.8 8 558
Pipe 0.76 2.8 558
Cold Trap Trap 3.3 9 473
Pipe (to Trap) 0.38 2.8 : 558
(from Trap) 0.38 2.8 473
V-Ti Hot Trap - 2.8 15 873
Trap Economizer(to Trap) 1.2 2.80r3.7 558-723
(from Trap) 0.29 2.80r3.7 06-873
Pipe(to Trap) 0.29 2.8 723
(from Trap) 0.28 2.8 873

Table 6-2. Comparison of deposited tritium.

Tritium Inventory(Bq)
Tritium in walls wet by Li 5.3x10’
Gaseous tritium in Li loop 1.5x10°
Area
Tritium in Liquid Li 5.6x10"
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Fig. 6-1. Block diagram of target system of the IFMIF.
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Fig. 6-2. Tritium permeation rate from the Li loop of the IFMIF.
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Fig.6-3 Flow chart of the tritium processing for permeated tritium from liquid Li.
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7. Summary ,

The thermal and thermal-stress analyses of the target assembly revealed that 1)
thickness of the thermal shiel;i can be reduced to 20 mm By employing stainless steel
with emissivity of 0.05; 2) liquid Li should be charged and circulated under vacuum
condition; 3) total required capacity of the heater system would be 14 kW; and 4) the
backwall deformation would be reduced from 2 to 0.3 mm by increasing heat transfer
~ coefficient from 15.8 to 150 W/m® K.

Activation level of the 316N stainless steel back wall was estimated to be 3. 1x10‘4,
2.8x10™, 2.3x10" and 7.5x10" Bg/kg after cooling time of 1 day, 1 week, 1 month and
1 year, respectively. After a shut-down, Co-58 with a half-life of 2.33 month is
dominant in the total activity for 3 months. After that, Mn-54 and Co-57 become
dominant in the total activity. Based on the calculations for radiation dose rate around
the Li loop pipe near the electromagnetic pump, hands-on maintenance is possible if
fractional deposition (plate-out) of corrosion materials is less than 10% for a
permissible level of 10 uSv/hr. Therefore, a removal of radioactive material in Li more
than 90 % is needed for the maintenance work.

The total amount of tritium permeation rate through Li loop components was
estimated to be 9.6x10° Bg/h, of which about 95 % Was the permeation through the .
V-Ti hot trap. Therefore, the V-Ti hot trap is a key component to reduce the total tritium
permeation from the Li loop and the gaseous tritium in the Li loop area. The design of
the exhaust detritiation system for the tritiﬁm contaminated Ar was unnecessary to
change because the tritium permeation rate from the Li loop was much smaller than that
from the other sources. The total tritium contained in the walls wet by liquid Li was
5.3x10” Bq, which was negligibly small compared with the tritium contained in the Li

flow with a volume of 9 m’, 4.9x10'* Bq.
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