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Present JT-60U is upgraded to be a fully superconducting coil tokamak, and one of the main components dedicated
by Japan is a vacuum vessel. This paper intends to present a design status of the vacuum vessel, the design concept,
the performance analysis, and trial manufacture report. The design concept is developed from the ASME Boiler and
Pressure Vessel Code Section VIII Division 2, and the damage tolerant concept is adopted into the welding part hardly
inspected. The entire structural integrity is explained with performance analysis; a seismic event and plasma
operations. The typical size of the vessel segment is manufactured to validate the welding technologies, and to select
the technical elements. Feasibility to manufacture the real structure is discussed with present perspectives.
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Firstly, the design corresponding to structural integrity
is explained with the concept developed from the ASME
BPVC Section VIII, Division 2. Then present design
status of the structural integrity is discussed with numerical
analyses, which are issues of a seismic event and plasma
disruptions. The seismic event is designated by the
design response spectrum (DRS), which is based on the
geological survey for previous JT-60 construction, and for
the ITER design activity [9]. The mechanical response is
characterized by the horizontal stiffness of 6.46 x 102
MN/m at the plasma operational state and 6.28 x 102
MN/m at the baking. The linear modal response analyses
are performed in the each state. The plasma disruptions
are designated by the plasma current, the movement
direction and its disruption duration time.
The
electromagnetic (EM) response is characterized by the
toroidal one turn resistance of 15 μΩ and the toroidal eddy
current decay time constant of 110 ms. The EM structural
analyses are performed corresponding to the fast central
disruptions and to the downward vertical displacement
events with the halo current. The analyses results
corresponding to each operational state are judged by the
design criteria.
Finally, the feasibility of the VV
manufacture is studied with the basic welding methods and
requirements from the design concept.
The trial
manufactures are reported in the middle size of several 1 m
representative parts.

1. Introduction

JT-60SA is a combined Japan (JA) - EU satellite
tokamak program, aiming at the ITER program supports as
well as the supplements toward the DEMO, under both
broader approach agreement and the JA domestic program
[1,2].
Present JT-60U is upgraded to be a fully
superconducting coil tokamak, and one of the main
components dedicated by JA is a vacuum vessel (VV).
The VV is a vessel to ensure sufficient ultrahigh vacuum
and one turn toroidal resistance for plasma breakdown
[3,4]. Higher rigidity against operational loads is required
as the vessel structural, and as a support for the in-vessel
components such as divertor, first walls, and plasma
control coils [5,6].
JT-60SA VV consists of 18 sectors with 73 port
penetrations and a double wall structure is selected to
secure higher rigidity [7,8]. The space between walls is
utilized for the neutron shielding by 323 K boron water
circulation, as well as for baking at 473 K by nitrogen gas
flow to achieve the vacuum less than 10-5 Pa. The major
dimensions are designed to be torus outside diameter of
10.0 m and its height of 6.6 m. The total weight amounts
to 400 tons which includes the VV of 200 tons, the
in-vessel component of 145 tons, and the shielding water
of 55 tons. The dead weight is supported from the bottom
of every odd number sector, and these 9 support legs have
radial leaf-springs to absorb the thermal displacement.
Fig. 1 shows that the perspective view of VV and explains
welding paths with a toroidal 40 degree (two sectors).
The material is selected as type 316L stainless steel
(SS316L), which is prescribed in the ASME Boiler and
Pressure Vessel Code (BPVC) Section II basically,
restricted in the cobalt contents less than 0.05wt%.

2. Design Concept

The VV design concept is developed from the ASME
BPVC Section VIII, Division 2, and additionally damage
tolerant concept is introduced [10,11]. The VV is a
welding structure, which consists of innerwall, outerwall
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JT-60SA Vacuum Vessel and the gravity support (left), 40 toroidal degree (two sectors) of the inboard (middle)
and the outboard with port bores (right) are exhibited with various types of weldments. The region circled in
the outboard is the R1420 corresponding to the medium size test manufacture.
the catastrophic fracture as assumed in the general pressure
vessels. The VV material of SS316L is well-known for
its ductility and toughness, and the walls as the pressure
boundary are enough thin of 18 mm so that the final failure
mode is anticipated to be the shielding water leakage by
plastic collapse or through crack. Although the pressure
vessel is designed by the stress criteria which require being
defect-free in the pressure tight member, the VV is not
such a pressure vessel. The VV is designed by the stress
intensity factor criteria which require being damage
tolerant in service even though the defect existence is
assumed. A conservative defect is defined in the weld
joints where the relevant NDI cannot be applied, and the
specific life is evaluated by fracture mechanics. This
design usually demands the in-service inspection (ISI) but
the ISI is difficult because of the VV structural characters.
Hence, the sizing criteria of a defect are sophisticated
thorough the trial manufactures with each corresponding
welding procedure.
The support structure forms the entire structural
integrity, and is desired to be compatible with plasma
diagnostics ports as well as to avoid the interference with
the surrounding facilities even in the seismic events.
The support is required to be higher stiffness in the
horizontal, but to be lower stiffness in the radial to absorb
the thermal displacement during the baking state. As
shown in Fig. 1, the support structure is designed at the

and poloidal rib reinforcement, and it is inevitable to adopt
the partial welding method because of the double wall
structural characters. The one aspect is closure welding
requirement.
The closure welding defined in the
outerwall structure is one of the difficult parts to apply
nondestructive inspection (NDI) whatever ultrasonic test
(UT) or radiographic test (RT). Those are treated as a
partial penetration welding unless its penetration bead is
verified. Consequently, those are required to define an
unweld length. The other is the NDI for the on-site
welding. UT is not effective to verify a defect size in
austenitic weldment, and extensive RT is unrealistic.
Consequently, these parts are treated as a partial
penetration, and conservative unweld lengths are defined.
Another aspect is the consistency with rationalization of
manufacturing methods and reduction of welding
deformation. The limitation of the welding heat input is
desired for especially welded thin walls. The walls are
the pressure tight because of shielding water filled between
them, however the poloidal rib reinforcement is not. The
welding of the ribs is not required to be fully penetration,
and partial penetration welding is effective and
indispensable to limit the welding region.
The loads on the VV consist of the EM force during
the plasma operation and the 0.4 MPa pressure fluctuation
of shielding water. The EM force is an uneven load in the
poloidal as well as the toroidal, and considered not to cause
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Response spectrum analysis of the seismic event. Maximum displacement responses and dynamic characters
of the VV corresponding to each state (left), and element stress plot at the joint between the stem and the VV
bottom (right). DRS is input in the weakest direction; 34.8 deg., as explained by the lowest natural frequency.
assumed to be a much faster phenomenon than the natural
frequency, and the impulsive behaviour is dominant so that
the maximum mechanical response is clarified by static
analysis.
In each analysis, the reference state is defined
corresponding to the operational conditions.
The
reference state is explained with the temperature
dependence of the material properties and pre-loads, such
as dead weight, bolt pre-tension and thermal displacement.
The least pre-tension load of each bolt is pre-calculated for
the conservative analysis.
Apparently, the realistic
pre-tension is determined with the relevant analyses
interpretation and the bolt mechanical properties. The
design internal pressure in the double wall is defined as the
uniform 0.4 MPa.

every other sector, and consists of radial leaf-spring and
stem. Although the toroidal stiffness of a support leg is
dominant to determine the horizontal stiffness, the
toroidal deflection of the stem is desired to reduce the
shear stress in the leaf-spring as well as the out-of-plane
deformation of the VV around the stem joint.
Consequently, the balance between the horizontal
displacement and the induced stress is required to be
consistent with the entire structural integrity. The
buckling strength as the failure mode is also considered at
the weakest leaf-spring, which leads to the different
material selection, precipitation hardened stainless steel
660.

3. Performance Analysis

The structural integrity is explained with performance
analysis during an in-service period. The double wall VV
is a difficult structure to define the evaluation section
corresponding to the primary membrane stress and the
bending, and the design process through the numerical
analysis is required as prescribed in the ASME BPVC
Section VIII Division 2. The mechanical behaviour is
discussed with the analyses results of a seismic event and
EM forces during the plasma operation.
The DRS envelops the natural frequency of the VV,
and the dynamic analysis is indispensable to secure the
maximum mechanical response.
The EM force is

3.1 Seismic Analysis

In the tokamak devices, the VV is classified to be a
welding structure of 2.0% damping coefficients [12]. The
horizontal motion in the seismic event is analyzed with the
DRS, characterized with 0.81 G from 3.3 Hz to 7.0 Hz.
The vertical component is linearly scaled down from the
horizontal spectra with a factor 0.67.
The dynamic response is analyzed by the response
spectrum analysis with a modal superposition method of
the square root of the sum of the squared values (SRSS
method). The modes extraction is determined to satisfy
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EM force analyses results (left), and the structural analysis result of the VDE-2 static stress distribution (right).
Higher stress intensity region are observed around the stem joint to the outerwall.
with in the design limit, but the stresses at the both ends of
the stem are locally peaked over 200 MPa. Those stresses
however are within the capacity of reinforcements or the
fatigue design. Stresses in the key, the bolt and its groove
in the flange are within the material selection as well as the
fatigue design.
Although the response during the baking operation is
similar but explained with the thermal displacement, the
analysis result is in the same trend and confirmed within
the design limits as well as the peak stress treatment. The
motion is characterized by the horizontal of 6.25 Hz and
vertical of 20.86 Hz. The vessel displacements are
slightly higher, horizontal 6.5 mm and vertical 1.5 mm, but
also satisfy the displacement criteria.
In the real structure, the natural frequency is
anticipated to be lower because of discrepancies due to the
numerical modelling, such as mechanical joints, and the
contact behaviour. The lower natural frequency leads to
the more displacement but the less stress, and experimental
assessments are desired to validate the stiffness in each
direction.

over 95% of total effective mass in the horizontal. The
total weight is adjusted to be 400 tons by the density of the
outerwall.
The contact conditions of flange joint,
mechanical key, and electrical insulations are modelled by
the spring stiffness element.
The lowest natural
frequency and its corresponding mechanical characters are
summarized in both operational states.
The mode
characteristics are very similar to each other state, and
slightly softer during the baking operation because of the
material properties degradation and of the thermal
displacement of the leaf-spring. The mechanical response
is characterized by the horizontal stiffness of 6.46 x 102
MN/m at the plasma operational state and 6.28 x 102
MN/m at the baking. Here focus on the state during the
plasma operation. The lowest natural frequency is
resulted in the 6.49 Hz, and the motion is horizontal along
with the almost middle of two legs. The sixth mode is
resulted in the vertical motion of 21.71 Hz. The
horizontal spectrum is input in the weakest direction, as
explained by the lowest natural frequency.
The maximum vessel displacement in the horizontal
is less than 5.8 mm, and in the vertical is less than 1.0 mm
as shown in Fig. 2. The displacement criteria, of 9.0 mm
in the horizontal and of 3.0 mm in the vertical, are satisfied.
The acceleration of 9.6 m/s2 is induced on the top of the
vessel surface, but higher acceleration is induced at the
port edge and penetration pipe.
The surrounding
apparatus design is required to be compatible with each
acceleration condition. The most of induced stresses are

3.2 Electromagnetic Analysis

Plasma Major Disruption (MD) is a phenomenon that
rapid dissipation of its current and thermal energy is caused
by confinement loss and impurity influx, and the current
quench duration is dependent on the asymmetric coupling
with the passive conducting structure. The shorter
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Middle Size Test Manufacture (at the Outboard R1420). 1. Twin MAG fillet welding; its length unwelded and
position dependences are surveyed. 2. Plasma welding; the key-hole weldment as a first layer, and the TIG-like
filled as the others. 3. TIG welding as a first layer full penetration (a.) and MAG continuous plug welding (b.).
in-vessel vertical control coils. The detail model is a 40
degree model consistent with the structural model
coordinates. The typical sectors are selected; P-14
(outboard three diagnostics port penetrations) and P-15 (a
large port bore). The detailed includes the VV with the
ports bore, the baffle and the in-vessel vertical control coils.
The SS316L resistivity is 0.739 μΩ/m at 293 K, and EM
characters of the toroidal one turn are decay time constant
of 110 ms as well as resistance of 15 μΩ. The EM
response of the VV is inductive during the plasma
disruption, and resistive during the TF magnet fast current
discharge event.
In the plasma operation, the inductive response of the
passive structures causes magnetic shielding effects on
each other structure, and the time rag of the EM force peak
is observed between the baffle and the vessel. The
toroidal eddy current results in the centripetal force of over
0.8 MN/sector, and halo current results in the vertical force
of over 0.5 MN/sector as summarized in Fig. 3. The
analyses results indicate that two structural analyses
corresponding to each EM force peak are required for the
entire VV analyses and the baffle.
Three dimensional structural model is 40 degree (2
sectors) axial symmetry, and the dead weight of the model
is adjusted to be total 400 tons total by the density of the
outerwall. The integrity of the vessel and its support are
focused, and explained along with the VDE-2 of the higher
halo current as shown in Fig. 3. The dominant vertical
force resulted in the over 2 mm in the downward
displacement. The higher stress is induced in the vessel
and its support joint, however key and its groove in the
flange as well as bolts receive little operational EM load.

duration results in higher loads on the in-vessel
components as well as the centripetal load on the VV, and
the shortest duration of 4 ms is assumed in the design.
Vertical Displacement Event (VDE) is a failure event
due to the stability loss of the plasma vertical position.
The plasma motion will evolve into the upward drift or the
downward without plasma current reduction, and higher
EM force is induced when the duration from the beginning
to the current quench is longer. The halo current flows
into the structure, and passes the lower impedance circuit
with the halo region. The extreme current paths are
assumed that the halo currents are intercepted by the
diverter cassette edge and flow in the double wall. The
force is primarily vertical, and the downward is combined
with the dead weight. Two cases of VDE are assumed; a
case of 10 ms (VDE-1) and the slower of 30 ms (VDE-2).
The VDE-2 is characterized by higher halo currents, and
the maximum design asymmetry is considered by a
toroidal peaking factor.
The transient plasma behaviour is analyzed by the two
dimensional plasma disruption code DINA [13,14]. The
transient plasma models are converted to the three
dimensional transient eddy current code EDDYCAL, and
treated by two analyses process; the transient eddy current
and the halo current [15,16]. The EM forces calculated
separately are interpreted into the structural analysis code
ABAQUS, and superimposed corresponding each
disruptive event.
The two of EDDYCAL models are prepared; the
simple one for the EM force time evolution and the other
detailed for the time sliced. The simple model is a 20
degree model consisted of the VV, the baffle and the
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VII Division 2, fully assessed by the numerical analyses
because of the double wall structural character.
Additionally, the damage tolerant concept is introduced
where NDI are hardly applicable, and fracture mechanical
analyses to assess the residual strength as well as to assure
the damage tolerance are required corresponding to each
weldability.
The entire VV mechanical response during the normal
operations is explained by the performance analysis; a
seismic event and plasma operations. Those mechanical
response characters are classified by their load spectrum
and the VV natural frequency. The analyses results
provide of good design perspectives and are desired to
indicate a consistency with the detailed welding
classification to be rationalized manufacture process.
The 1m middle size of the vessel segments is
manufactured to validate the welding technologies, and to
select the technical elements. The more trial manufacture
is required such a larger size to validating the dimensional
accuracy of the real size, constraint jig, weldability of the
on-site.
These results are reorganized to assure its consistency
of the design concept with manufacture process.

The stresses induced in the VV are within the design limit
except for the joint between the vessel and the stem,
however those stresses are limited and within the peak
stress treatment.

4. Manufacture and its trial

The basic flow of the VV manufacture is that a
toroidal 40 degree (2 sectors) unit is manufactured in the
workshop, and these units split are united in the on-site.
Each sector unit is split in several small segments, and the
manufacturing process is based on the assembly of these
segments. A segment manufacture is that the poloidal rib
is jointed to the innerwall, and then the outerwall is jointed
on the rib-innerwall segments. These segments are
prepared each other and enlarged by joints in the poloidal.
The test manufactures are the process to validate the
welding technologies as well as to select the technical
elements, and consist of major two; the 1 m middle size
test manufacture and the toroidal 20 degree upper unit.
Here focus on the middle size test manufacture; the
outboard part (R1420) under the status quo.
Several 1 m middle size test manufacture are already
accomplished to validate the welding conditions, to study
the deformation reduction by the block sequence combined
with intermittent weld, to design the constraint jig, and to
recover the angular distortion. An example result is
shown in Fig. 4; the outboard part (R1420), and the process
is explained along with this typical case.
Firstly, the innerwall and rib are fillet-welded with the
twin MAG.
The length unwelded and position
dependences are surveyed to achieve uniform penetration
because of the lack of the sizing accuracy of the UT. The
angular distortion is also confirmed to be recoverable.
Then, the segments manufactured are butt-welded by the
plasma full penetration. The first layer is key-holed, and
other layer is welded with filler wire to achieve the
TIG-like deposited metal.
The outerwall are welded on the poloidal rib by TIG
full penetration as a first layer, and the other layers are
welded by the MAG continuous plug welding. The rib
and outerwall are closure-welding, and the full penetration
requires confirming the penetration bead.
The
confirmation spawns the difficulty and its cost, and the
welding processes are studied to achieve full penetration
independent of the position.
Several other segments are also confirmed to
validate their weldability along with its actual position
and methods applicability.
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5. Conclusions

The design status of the VV is explained with the
design concept, performance analysis and trial
manufacture.
The design concept is based on the ASME Section
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