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Abstract
The International Thermonuclear Experimental Reactor (ITER) vacuum vessel (VV) is one of
the critical components of the ITER tokamak fusion reactor. The first sector of the ITER VV
was delivered to ITER Organization in 2020, and it is ready to assemble into the tokamak
system. After manufacturing the ITER VV, an evaluation should ensure that the components
are designed and manufactured to meet the functional requirements, such as vacuum leak
tightness and structural integrity. The factory acceptance test (FAT) is essential for confirming
acceptance in engineering and manufacturing. This paper introduces the engineering process
and technical method of the FAT, which is applied explicitly to the first-of-a-kind ITER VV.
We establish a visual inspection, pre-pumping assessment, pressure test, helium (vacuum) leak
test, and final dimensional inspection for the FAT. The visual inspection revealed no blockages
in the cooling channels of the double walls. The pre-pumping assessment conducted to check
the vacuum level and residual gas condition, concluded that the inside of the VV was flawless
and thus met the leak test requirements of 1 × 10−8 Pa m3 s−1. We confirmed no leakage or
deformation through the pressure test under reduced pressure. The helium leak test
demonstrated engineering soundness with leak tightness of 6.08 × 10−9 Pa m3 s−1, which is
more stringent than the allowable limit. Furthermore, three-dimensional metrology was
utilized to determine the as-built dimensions of the manufactured sector. Due to unavoidable
weld deformation and tight tolerances, the as-built result does not perfectly meet the assigned
tolerance level. Nevertheless, it can be considered as advanced information for assembly with
in-vessel components and other sectors. Based on the conformance and suitability of the
suggested FAT for the first ITER VV sector, we will determine the acceptability of the
upcoming VV sectors, which will be manufactured and delivered by Korea shortly.

Keywords: tokamak fusion reactor, vacuum vessel, functional acceptance, factory acceptance
test, ITER

(Some figures may appear in colour only in the online journal)

∗ Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1741-4326/22/016003+15$33.00 Printed in the UK 1 © 2022 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1741-4326/aca1d0
https://orcid.org/0000-0001-5493-6646
https://orcid.org/0000-0002-1182-1141
mailto:hkmoon@kfe.re.kr
http://crossmark.crossref.org/dialog/?doi=10.1088/1741-4326/aca1d0&domain=pdf&date_stamp=2022-11-25
https://creativecommons.org/licenses/by/4.0/


Nucl. Fusion 63 (2022) 016003 H. Moon et al

1. Introduction

Nuclear fusion power is considered to be a type of next-
generation energy due to its plentiful fuels and environmental
sustainability with carbon-free heat generation [1–4]. Nuclear
fusion induces the fusion of two light atoms of deuterium
(D) and tritium (T) and generates an alpha particle of heavier
helium and a neutron with 14 MeV of energy [1, 5]. Imple-
menting a highly demanding high-vacuum plasma environ-
ment to sustain the fusion reaction on Earth is essential. In
particular, as a prerequisite for the generation of fusion power,
it is necessary to achieve the burning plasma condition where
the fusion reactions are sustained in a well-confined plasma
environment. For this purpose, tokamaks have been designed
as the most promising way to achieve nuclear fusion [1, 6].
This design consists of a doughnut-shaped toroidal chamber
with superconducting magnets that traps the plasma. Plasma
confinement is achieved by toroidal and poloidal magnetic
fields in the toroidal vacuum vessel (VV). Because the VV is
not only a hermetical sealed plasma container but also the first
safety barrier, the VV is a critical component of the tokamak to
secure the function and relevant safety of its fusion engineering
facilities [7].

The International Thermonuclear Experimental Reactor
(ITER) is the first nuclear fusion facility to demonstrate the
technical feasibility of fusion physics and engineering for the
implementation of fusion power generation [8, 9]. The ITER
tokamak comprises a VV including blankets and divertors
as the plasma-facing components, superconducting magnets
(toroidal field system, poloidal field system, central solenoid,
corrections coils, magnet feeders, and in-vessel coils), and a
cryostat. For the first plasma operation of the ITER, tentatively
scheduled for 2025, manufacturing of the principal mechanical
components and construction involving their assembly on-site
are in progress [9]. The tokamak assembly process started in
2020 as the first tokamak sector to be assembled. The tokamak
sector is assembled with the sector of the VV, two toroidal field
coils, and a corresponding sector of a thermal shield, and is
wholly manufactured with two poloidal field coils [10]. The
main functions of the ITER VV is to provide a high-vacuum
condition to sustain the stability of fusion plasma, to serve
as the first primary confinement barrier against any leakage
of radioactive materials, to provide mechanical support for
in-vessel components, and to remove the nuclear heating by
circulating tons of cooling water [11]. Accounting for the main
functions of the VV, the ITER VV is a critical component of
the ITER tokamak fusion reactor.

Based on its role as the first safety barrier and mechani-
cal support for plasma-facing components, the ITER VV is
classified as a safety-important component and a protection-
important component [12]. Specifically, it is classified as cat-
egory IV pressure equipment under the French Decree on the
design and construction of pressure equipment (ESP) and as
Nuclear level N2 under the French Order Concerning Nuclear

Pressure Equipment because pressurized cooling water (i.e.,
up to 1.1 MPa in normal operation) is applied during its
operation [13, 14]. Moreover, it is categorized as a class-2
welded box structure with supporting and leak-tight com-
ponents according to RCC-MR 2007, which is the relevant
technical guideline pertaining to its design and construction
[12–14]. The manufactured ITER VV must comply with the
assigned codes, regulations, and ITER requirements, including
all manufacturing processes. Therefore, it is essential to evalu-
ate the engineering and manufacturing approval process of VV
to ensure functional needs such as vacuum leak tightness and
structural integrity after manufacturing is finished. The VV’s
functional acceptability verification phase consists of several
tests, collectively knowns as the factory acceptance test (FAT)
[15–18].

This study aims to identify the specific process and tech-
nical method of the FAT such that this series of tests will be
effective for the first ITER VV considering its functional and
safety requirements. Considering the first-of-its-kind sector for
the ITER VV, this study lays the groundwork for the feasibility
of evaluation methods and the demonstration of results to
ensure proper engineering integrity. Systematic approaches
have been devised for the first manufactured VV. The func-
tional acceptability assessment was carried out through a
visual inspection, a pre-pumping assessment, a pressure test, a
helium (vacuum) leak test, and a final dimensional inspection.
As the first sector (sector #6) is manufactured and delivered
to the ITER Organization [10, 19], the technical details are
based on those applied to the first sector of the ITER VV.
The evaluation results demonstrate that all ITER VV’s FAT
elements comply with relevant specifications and technical
guidelines, reflecting important functional requirements such
as vacuum leak tightness and structural integrity.

2. ITER vacuum vessel and its acceptance for
implementation: factory acceptance test (FAT)

The ITER VV has a toroidal double-walled stainless steel
(316L(N)-IG) [20] structure divided into nine sectors with
an angle of 40◦ in the circumferential direction. Figure 1
presents the configuration of the comprehensive ITER VV
with an image of the first-manufactured sector (sector #6).
There is a set of eighteen radial port extensions at the top
(upper ports), seventeen ports at the equatorial level (equatorial
ports), and nine ports at the lower level (lower ports) for
the entry of auxiliary systems to be installed for diagnostics,
plasma heating, and vacuum pumping. Furthermore, several
mechanical supports and rails exist inside of the vessel wall
(i.e., plasma side) to support in-vessel components such as the
blanket modules, coils, and blanket manifolds [7, 21].

Regarding the comprehensive features of the ITER VV, the
FAT is essential for functional verification of the vacuum leak
tightness and structural integrity of the factory-manufactured
ITER VV after it is fully manufactured. In particular, the
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Figure 1. ITER vacuum vessel: (a) the ITER vacuum vessel consists of nine vacuum vessels, eighteen upper ports, seventeen equatorial
ports, and nine lower ports. Precisely, one vacuum vessel consists of four poloidal segments. (b) Manufactured the first sector (sector #06) of
the ITER vacuum vessel. It is 13.8 m high (the height of D-shape is 11.4 m) and 6.6 m wide. The total weight of the vacuum vessel sector is
374 tons. The first sector was delivered to the ITER site in August of 2020.

VV components should indicate that engineering safety can
be guaranteed through conformance with the RCC-MR 2007
specification. A set of engineering verification procedures was
established and conformity was evaluated according to the
code and requirements [22]. The Korea Domestic Agency
(Korea Institute of Fusion Energy) and the manufacturer
Hyundai Heavy Industry Co. have established systematic test
procedures.

Figure 2 shows the detailed sequence of the FAT applied to
the first sector (sector #6). Among the FAT components, the
visual inspection, pre-pumping assessment, and helium leak
test are designed to evaluate vacuum-leak-tightness capabil-
ities. In addition, the pressure test and the final dimensional
inspection are for the structural integrity assessment. A typical
FAT involves a flow test, a pressure test, a baking, a helium
leak test, and a final dimensional inspection [23, 24]. However,
the FAT for the ITER VV should be reset based on technical
feasibility considerations. Because the flow test determines
whether the inner channels are clogged, it is more concise and
intuitive visually to check during fabrication than to allow the
flow into the complex D-shape interior of the VV. Moreover,
the pressure test can verify the flow passage inside the D-
shaped VV through pressurization. On the other hand, baking
is necessary to remove volatiles and molecular species (such
as water) that affect the vacuum conditioning and leak test
background. Convective baking was planned for the VV sector
using a qualified furnace. Despite the fact that the furnace

capacity is suitable for VV heat-up and cooling, accurate con-
trol of the uniform temperature distribution across the heavy
(374 tons) VV given its complex internal geometries within the
target schedule will be challenging. Moreover, thermal stress
could arise due to a non-uniform temperature distribution if
the flow inside the VV is not actively controlled during the
baking process [25]. This would give rise to involuntary non-
uniform thermal expansions. Thus, baking is replaced with
pre-pumping assessment, which can discharge contamination
from the surfaces of the internal VV.

2.1. Visual inspection

Figure 3(a) presents in-wall shielding (IWS) blocks made of
borated stainless steel (SS 304 B7 and SS 304 B4). These
are installed in the space between the inner and outer shells
(i.e., double walls) of the VV to provide effective neutron
shielding. Plated IWS blocks are pre-assembled with an aver-
age spacing of 4 mm and then assembled inside the double
wall. The gap between the first plate and inner shell is 42 mm,
and the gap between the last plate and the outer shell is
78 mm [26]. The coolant circulates through these gaps to
cool the VV during the ITER operation. During the FAT, it
is also important to ensure that the pumping inside the VV
is not clogged for pre-pumping assessment and helium leak
testing to evaluate the vacuum leak tightness. Through the
visual inspection, we can validate whether there are any flow
blockages in the space between the double walls of the VV.
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Figure 2. The FAT sequence is applied to the first sector of the ITER vacuum vessel. The FAT process involves a visual inspection, a
pre-pumping assessment, a pressure test, a helium (vacuum) leak test, and a final dimensional inspection.

Figure 3(b) shows a schematic diagram of the visual inspec-
tion. An endoscope (Olympus, IPLEX NX) was applied to
each gap in the double-wall to investigate any blockages. The
endoscope passes through the channel after checking along
each position marking number.

2.2. Pre-pumping assessment

For the VV components, the pre-pumping assessment is essen-
tial to reduce contamination on the surfaces and to validate the
requirements of the subsequent leak test regarding the vacuum
state and leak rate. Figure 4 shows a schematic diagram of
the pre-pumping assessment and helium (vacuum) leak test
system. The pre-pumping system is connected to the VV lower
port stub extension (LPSE). It mainly consists of four individ-
ual vacuum pumps: a rotary pump (Duo 125, Pfeiffer), a roots
pump (Okta 1000, Pfeiffer), a dry pump (nXL200i, Edwards),
and a turbo molecular pump (TMP: Hipace 2300U, Pfeiffer).
Specifically, the rotary and roots pumps are connected to the
roughing pump (viscous flow), and the TMP and dry pump are
connected to the molecular pump flow. Two pressure gauges
(P1 and P2: PKR 251, Pfeiffer) are installed and recorded to
verify the vacuum condition of the double wall during the
pumping process. To check the status of the mass spectrum
of the residual gas, a residual gas analyzer (RGA200, Stan-
ford Research Systems) operates when the vacuum level of

5 × 10−2 Pa is reached. The monitoring mass range is from
1 to 100 amu (atomic mass unit).

2.3. Pressure test

A pressure test should be conducted to assess the structural
integrity of the VV. The design pressure of the VV and port
is 2.60 MPa [11], and the actual load for the pressure test
of the full VV is 3.72 MPa according to the RCC-MR 2007
specification (i.e., Ptest = 1.43Pdesign,max) [22]. After the 360◦

entire assembly of the VV at the ITER site, the VV cooling
channels will be tested under the calculated pressure condition,
3.72 MPa. As far as the factory pressure test allows, however,
for a single sector of the VV, the pressure applied during the
assessment is 0.50 MPa under the pneumatic test condition
because the actual load by the coolant is 0.50 MPa on the
poloidal ribs at the field joint of a single sector during the
operation. The pressure should be kept at 0.50 MPa to avoid
plastic deformation of the side ribs of the VV sector. The level
of 0.50 MPa with the pneumatic condition also prevents the
inclusion of water in the space between the double walls that
must be evacuated to create a vacuum for the helium leak test.
If water is used as the test medium, it should be recognized that
crevices may contain water and cause a virtual leak. Regarding
these aspects, the pressure test was designated to be performed
at 0.50 MPa using nitrogen. Figure 5 shows an image of the
actual installation of the pneumatic pressure test system. A
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Figure 3. Double inside wall and visual inspection of the vacuum vessel: (a) installation of the IWS blocks in vacuum vessel sector #6.
(b) Schematic diagram of the double-wall interior visual inspection. We examined the cooling channels created by the IWS blocks using an
endoscope to check for blockages.
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Figure 4. Schematic diagram of the pre-pumping assessment and helium (vacuum) leak test system with pictures of the actual installation.
The pre-pumping system consists of a rotary, roots, dry, and turbo molecular pump. Two calibrated leaks (CL1 and CL2), a cold trap, and an
MSLD are applied during the helium leak test.

nitrogen gas (5-nine purity) bundle is connected to the water
inlet of the VV LPSE and the VV temperature is measured
at ten selected points during the test. To check the pressure
inside the double wall, two class 0.25 pressure gauges (Dwyer,
DPG-100) are installed, one on the LPSE and the other on the
upper port stub extension (UPSE). During pressurization and
decompression, the values of the two pressure gauges on the
LPSE and the UPSE are checked and recorded.

2.4. Helium (vacuum) leak test

A weld approximately 1.5 km long is used to manufacture VV
sector #6 for structural supporting and vacuum leak tightness.
Regarding the integrity of welding, the leak test is vital in the
FAT to ensure the critical functionality of the ITER VV. As
a non-destructive test, the helium leak test was employed to
determine the leak-tightness requirement of the material and
surface of the VV [27–29]. While helium is applied as a tracer,
differentiated pressure conditions are controlled inside and
outside of the object to allow helium penetration into any con-
ceivable cracks [29]. During the helium leak test, the inside of
the VV is evacuated (high vacuum condition to 10−1–10−4 Pa)
with the pumping system. In contrast, the outside of the VV
is maintained at a helium concentration of more than 50%
with a designed enclosure at room temperature. The leak rate
on the plasma side of the VV must meet the criterion of

1 × 10−7 Pa m3 s−1 even after the torus is assembled [11].
Given that the VV is located between the plasma and the cryo-
stat as the first confinement barrier and mechanical supporting
structure, the leak rate should adhere strictly to a rate of less
than 1 × 10−8 Pa m3 s−1.

Figure 4 shows a schematic diagram of the helium leak test
system with pictures of the actual installation. The leak test
system is connected to the water inlet of the VV LPSE. There
are two calibrated leaks in the pre-pumping system, referred
to here as CL1 (FV 4700, Pfeiffer, 1.2 × 10−8 Pa m3 s−1) and
CL2 (FV 4310, Pfeiffer, 5.3 × 10−8 Pa m3 s−1), to provide
a known helium mass flow in the system for calibration. In
addition, a cold trap and a mass spectrometer leak detector
(MSLD: ASM380, Pfeiffer) are included. Primarily, the cold
trap is employed for liquid nitrogen to remove water vapor
from outgassing, which improves the helium leak detection
sensitivity. After checking the leak test system, the MSLD is
used to verify the leak rate when the conditions of a vacuum
inside the VV and the 50% or more helium-rich conditions
outside the VV are met. The sensitivity of the test system must
exceed one order of the allowable leak rate [11, 30]. Helium is
added to the designed enclosure (nylon vacuum bag, WL 7400,
Airtech). The helium concentration is monitored at two points
in the enclosure on the opposite side of the helium injection
point by katharometers (XP-3140, New Cosmos). The leak rate
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Figure 5. The picture of the actual installation of the pneumatic pressure test system. The lower pressure gauge is installed on the LPSE side,
and the upper-pressure gauge is installed on the UPSE side. A bundle of five-nine purity nitrogen gas is connected to the LPSE connection.

can be estimated according to the helium leak rate results. It
demonstrates the leak tightness of the VV.

2.5. Final dimensional inspection (three-dimensional
metrology)

Following the previous series of assessments,
three-dimensional inspections were conducted to confirm
the as-built condition of VV sector #6. The inspections
were conducted in the laying position of the VV sector
(figure 1) as agreed with the ITER Organization. The
measurements were manually done made by moving a
retro-reflector (discrete or continuously) across all surfaces of
the VV, with a laser tracker continuously tracking the laser
reflected from the retro-reflector [31]. The feedback signal
is recorded in the metrology software along with the CAD
model in the specified coordinate system. It is challenging to
measure the actual characteristics of such a large VV (height
11.4 m) under measurement uncertainty of several hundred
micrometers. Specifically, the measurement system as devised
here secures the movement of the reflector within 60 μm,
instrument drift within 150 μm, object temperature deviation
within ±1 ◦C, and the estimated cumulative uncertainty
within 200 μm during the measurement. Figure 6 shows
the three-dimensional measurement scheme and strategy
for the final dimensional inspection. A portable coordinate
measuring system with a laser tracker (AT 960, Leica
Absolute Tracker), a retro-reflector, and portable metrology
software (SpatialAnalyzer, HEXAGON, and PolyWorks,
InnovMetric, respectively) are employed for the measurement
[19, 32–34]. Because multiple measurements are undertaken,
the application of a fiducial post (mounting of the target
nest and retro-reflector) is required as a physical reference

(figure 6(a)). Moreover, measurements are impossible with
only a single setting of the measuring instrument for the
VV sector. They can be done by applying several settings,
though this affects the measurement uncertainty [31]. After
measurement with the SpatialAnalyzer, an advanced bundling
technique (i.e., unified spatial metrology network) is applied
to avoid the accumulation of measurement uncertainty (2σ)
in the three-dimensional measurement results. The as-built
result is then fitted to the nominal CAD model using what
is termed the minimizing relationship method (i.e., move
objects by minimizing relationships), taking the global datum
system into account. Figure 6(b) shows the three-dimensional
measurement strategy for the final dimensional inspection. All
tolerances and datum systems given for the VV must initially
be checked [35]. Manufacturing tolerances are primarily based
on the capabilities of the VV and are subject to geometric
dimensioning and tolerance (GD & T) standards according
to the assigned values [36, 37]. When performing as-built
3D measurement of the VV, care must be taken to minimize
measurement uncertainty, mainly due to instrumental drift
and temperature changes. Finally, a GD & T analysis was
conducted using the 3D construction results.

3. Results and discussion

3.1. Vacuum leak tightness upon visual inspection,
pre-pumping assessment, and helium leak test

The visual inspection, pre-pumping assessment, and helium
leak test evaluate the vacuum-leak-tightness capabilities of
the VV. All visual inspections by third-party inspectors with
expertise confirmed that the cooling channels in the double
wall were not blocked. This indicates that the pumping inside
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Figure 6. Three-dimensional measurement scheme and final dimensional inspection strategy: (a) actual 3D measurements using a laser
tracker and fiducial posts as the final dimensional inspection of sector #6. (b) Three-dimensional measurement strategy for the final
dimensional inspection.

the VV is not clogged for the pre-pumping assessment and
helium leak test. Figure 7 shows the pre-pumping assessment
results according to a sequential pump operation. After oper-
ating the rotary pump for 12 h, the pressure inside the VV

reached a plateau of 900 Pa. After turning on the roots pump,
the pressure went to approximately 20 Pa within 3.5 h. The
free volume inside the VV is about 20 m3, but the surface area
of the interspace of the VV is 1509 m2 due to the IWS blocks.
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Figure 7. Pressure variation during the pre-pumping assessment: (a) time trace of the pressure variation during rough pumping (operation of
the rotary pump and roots pump), and (b) time trace of the vacuum level during the operation of the turbo molecular pump and dry pump
(P2 is the vacuum level inside the vacuum vessel).

The rough pumping took longer than expected owing to the
complex geometry and consequent large surface area of the
IWS blocks. After rough pumping, the dry pump and the TMP
were started while checking the vacuum level. After operating
the TMP for about 12 h, the vacuum level reached 10−1 Pa
(9.73 × 10−2 Pa), as shown in figure 7(b). It is confirmed that

the VV can hold the necessary vacuum condition on the inside
double wall to check the vacuum-leak-tightness via the helium
leak test.

Figure 8 shows the results of the analysis of the mass spec-
trum of the residual gas during the pre-pumping assessment.
The highest partial pressure appears at 18 amu, indicating

9
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Figure 8. Analyzed mass spectrum of the residual gas during pre-pumping; H2 (2 amu), H2O (18 amu), N2 (28 amu), O2 (32 amu), Ar
(41 amu), and oil (43 amu) appear.

that the main component of the residual gas is water vapor.
Because the VV is constantly exposed to the atmosphere as it
is manufactured, water vapor and air can easily be absorbed
into the surface [30, 38]. The composition of air, which is
H2 (2 amu), N2 (28 amu), and O2 (32 amu), constitutes the
second-largest amount of residual gas (mainly N2), with argon
(41 amu) being third. Argon is utilized as a purging gas for
tungsten inert gas (TIG) welding of the entire VV. Finally, oil
(43 amu) comes out, which can be mechanical pump oil by the
rotary pump or processing oil when machining the segment
before the D-shaped assembly [19]. The mass spectrum of
residual gas can confirm that the inside of the VV is clean
enough to meet the leak test requirement without baking.

Figure 9 shows the helium leak test results under the vac-
uum condition and the helium leak rate inside the VV. We
locally sprayed helium to check for any leaks in the vacuum
fitting connections in the leak test systems and then confirmed
that there were no leakages by checking for any changes in the
helium leak rate. While helium filled the enclosure, the vacuum
level inside the VV (P2) was monitored, showing a stable value
of 2.2 × 10−3 Pa, as shown in figure 9(a). After reaching a
50% helium concentration in the enclosure, the leak rate was
calculated using the formula set in code EN13185 [30] with
the selected helium leak rate. The calculated leak rate VLeak is
determined as follows:

VLeak =

(
SLeak − SLeak−Background

)
(
SRef − SRef−Background

) × VRef ×
100
CHe

, (1)

where SLeak is the helium background (the helium leak rate
inside the VV as provided by the MSLD) that appears at the
end of the hold time after the helium concentration reaches

50% outside the VV, SLeak-Background is the stable reading of
the helium background when the 50% helium concentration
is achieved outside of the VV, SRef is the helium background
that appears at the end of the response time after opening
the calibrated leak, SRef-Background is the stable reading of the
helium background before opening the calibrated leak, VRef

is the nominal value of the calibrated leak, and CHe is the
helium concentration outside the VV. Figure 9(b) shows the
helium leak rate variation while maintaining a helium-rich
condition exceeding 50% outside of the VV and checking
the response time. The response time is the time it takes for
the helium to reach the leak detector if it enters the system
through any leak. It should be checked before establishing
a helium-rich condition outside of the object. However, if
helium flows into the VV, it will become trapped inside the
VV and a virtual leak may occur. Therefore, it was decided
to check the response time after sufficiently maintaining a
helium-rich condition. The response time can be considered
over 90% of the helium signal arising from a leak (in this case,
CL2 opened) to be detected by the MSLD, and it appeared
for 16 min (figure 9(b)). The holding time must be at least
three times the response time according to the RCC-MR 2007
specification. The holding time must be at least 48 min, and the
actual hold time was 50 min, which is sufficient. We applied
the selected helium leak rate (SLeak, SLeak-Background, SRef, and
SRef-Background) to equation (1) to calculate the leak rate (VLeak),
as shown in table 1. The calculated leak rate (VLeak) is 6.08 ×
10−9 Pa m3 s−1, more stringent than the acceptance criteria of
1 × 10−8 Pa m3 s−1. Vacuum leak tightness is thus verified
through the visual inspection, pre-pumping assessment, and
helium leak test results.
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Figure 9. Pressure and helium leak rate variation while maintaining a 50% helium enrichment condition outside the vacuum vessel and
checking the response time: (a) time trace of the pressure variation (P2 is the vacuum level inside the vacuum vessel), and (b) time trace of
the helium leak rate of the inside vacuum vessel.

Table 1. Variables and values for leak rate calculation.

Variable Value

VRef (Pa m3 s−1) 5.30 × 10−8

SRef (Pa m3 s−1) 1.10 × 10−7

SRef-Background (Pa m3 s−1) 4.30 × 10−8

SLeak (Pa m3 s−1) 4.30 × 10−8

SLeak-Background (Pa m3 s−1) 3.90 × 10−8

CHe (%) 5.20 × 101 (average value)
VLeak (Pa m3 s−1) 6.08 × 10−9

3.2. Structural integrity upon a pressure test and final
dimensional inspection

The assessment results from the pressure test and the final
dimensional inspection can demonstrate the structural integrity

of the VV. After the pre-pumping assessment, a pneumatic
pressure test was conducted using nitrogen. The pressure was
maintained in the space between the inner and outer shells, and
the average temperature of the VV was 15 ◦C. There are three
holing steps for pressurization up to 5 bar for the test, and there
is one step for depressurization at 4 bar. Figure 10 shows the
actual pressure steps and results. Each holing step should last
for at least 30 min to check the pressure drop and to perform the
visual inspections. At the peak condition of 5 bar, bubble tests
with a visual inspection were performed randomly to verify
leaks and to check for any visible deformation. We confirmed
no deformation after relieving the pressure through the final
visual inspection. In addition, pressurized nitrogen before the
leak test can improve the cleanliness inside the VV and IWS
blocks when flushing the nitrogen.

11
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Figure 10. Pneumatic pressure test steps for the applied pressure and hold time. At 5 bar, bubble tests with a visual inspection were
conducted randomly to check for leaks and any visible deformation.

Figure 11 shows the as-built result of the inner shell on
VV sector #6. The inner shell is the first shield plate during
operation, and it has many interfaces with in-vessel compo-
nents such that the inner shell results are mainly introduced
when presenting the as-built results. Before analyzing this
result, the as-built results were fitted to a nominal CAD model
using the least square method, minimizing the relationship
method in the SpatialAnalyzer [19, 33, 39] considering the
datum system. The given tolerance for the inner shell surfaces
is a profile of 20 mm [35]. Including the shell tolerances,
the tolerances of the ITER machine were derived using a
statistical variation analysis based on Monte Carlo simulations
considering the manufacturing, assembly, and tokamak func-
tional and interface requirements [35, 36]. The satisfaction
rates for the tolerance were 99.98% for PS1, 95.87% for PS2,
95.48% for PS3, and 96.48% for PS4. PS2, PS3, and PS4
are out of the local area’s tolerance of up to 10 mm in the
radial direction. Despite the fact that applying a specially
designed jig and fixture while also controlled the welding
heat input and speed, welding deformation was unavoidable
due to the absolute quantity of the welding [33, 40–42].
The final dimensional inspection confirmed the as-built con-
dition of manufactured VV sector #6. Due to unavoidable
weld deformation and tight tolerances, the as-built result does
not perfectly meet the assigned tolerance level. Deviations

from the tolerances found in the final dimensional inspec-
tion were summarized in a non-conformity report (NCR) and
issued for official control in ITER Organization [42]. Even
if not all as-built results meet the given tolerances, they pro-
vide good information with regard to preparing sequential
components.

3.3. Verified FAT for the following VV sectors

The first VV sector’s FAT results prove that the identified
process and method are sufficient to evaluate the functional
acceptability of both vacuum leak tightness and structural
integrity. All identified processes and methods were performed
in the laying position of the VV sector. Significantly, vacuum
leak tightness was re-confirmed through the site acceptance
leak test by ITER after delivery to ITER [10]. Therefore,
we applied similar approaches and techniques for the fol-
lowing VV sectors, i.e., sector #7 and sector #8 (sector #1,
which is the last sector of Korea’s responsibility, will also
be applied). Technically, we demonstrated that vacuum-leak
tightness could be achieved only with sufficient pumping
inside the VV without baking. For the following VV sectors,
a visual inspection, pressure test, helium leak test, and final
dimensional inspection are used to evaluate the functional
acceptability.
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Figure 11. As-built profile of the inner shell of vacuum vessel sector #06. This is the scan result, and the numbers of measuring points are as
follows: PS1: 79287, PS2: 96564, PS3: 79139, and PS4: 122650. The tolerance assigned to the inner shell is a profile of 20 mm, and the
satisfaction rates with the tolerances are 99.98% (61.86% + 38.12%) for PS1, 95.87% (66.33% + 29.54%) for PS2, 95.48% (22.60% +
72.88%) for PS3, and 96.48% (20.53% + 75.95) for PS4.

4. Conclusions

This study aims to introduce the specific process and technical
method of the FAT applied to the first sector (sector #6) of
the ITER VV. After the completion of manufacturing, these
components should be evaluated to ensure they are designed
and manufactured to meet certain functional requirements,
such as vacuum leak tightness and structural integrity. The
FAT as devised is an essential process to assess the functional
qualification of the ITER VV manufactured in the shop. It
is categorized into two principal evaluations: a leak tightness
function and structural integrity. The FAT assessment of the
ITER VV demonstrated the necessary functional requirements
with the following results:

(a) We have devised the process and facilities for the FAT,
which is proper for the ITER VV. Justifying the technical
feasibility, the applied FAT covers a visual inspection,
pre-pumping assessment, pressure test, helium (vacuum)
leak test, and final dimensional inspection. The visual
inspection, pre-pumping assessment, and helium leak test
assess the vacuum leak tightness. The pressure test and the
final dimensional inspection are to ensure the structural
integrity.

(b) The vacuum leak tightness of the ITER VV was evaluated.
The visual inspection revealed no blockages in the cooling
channels between the double walls. We also validated
that the inside of the VV is clean enough to meet the
leak test requirement without baking through the vacuum
level and the mass spectrum of the residual gas. The
first sector of the VV can guarantee leak tightness to
6.08 × 10−9 Pa m3 s−1, which is more stringent than the
acceptance criteria.

(c) The structural integrity of the ITER VV was confirmed by
an inspection of any possible leakages and/or deformation
through a pressure test. The as-built dimensions for the
manufacturing sector were implemented as a principal
determinant of the structural integrity. Due to unavoidable
weld deformation and tight tolerances, the as-built result
does not perfectly meet the assigned tolerance level. Devi-
ations from the tolerances found in the final dimensional
inspection were summarized in an NCR and issued for
official control in ITER Organization. Nevertheless, the
results contribute to the preparation of sequential compo-
nents for tokamak assembly and provide lessons learned
that can be applied when manufacturing subsequent VV
sectors.

13
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(d) The first VV sector’s FAT results prove that the identified
process and method are sufficient to evaluate the func-
tional acceptability. We applied the proven FAT to Korea’s
remaining VV sectors.
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