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The paper presents results of the design development of the diagnostic equatorial and upper ports by RF DA

ITER (Russian Federation Domestic Agency) and results of the preparation of the production and assembly areas. The

Diagnostic ports
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Neutron activation

ports are being developed at the Budker Institute of Nuclear Physics of the Siberian Branch of the Russian
Academy of Sciences (BINP) in good coordination with the ITER Central Team with the task of standardizing
ports. Studies of boron carbide ceramics were conducted to prove that they meet the requirements of ITER. The

preparation of port-plug production and the construction of the assembly hall at the BINP are described.

1. Introduction

The aim of the international project ITER is to demonstrate the
feasibility of creating burning fusion plasmas with the release of large
amounts of energy (up to 500-700 MW [1]). The plasma will be heated
to very high temperatures inside the vacuum chamber. A very important
task for understanding plasma processes and ensuring a safe discharge
mode is to determine plasma parameters. For this purpose, a large
number of diagnostics are being developed, which will be placed in the
diagnostic ports of the vacuum chamber and will explore the plasma
from different sides, are being developed. The diagnostic ports will also
house various auxiliary equipment, such as plasma control systems
suppressing plasma disruption. Three types of diagnostic ports are used
to place diagnostic systems in the vacuum vessel: upper, equatorial and
lower.

The design of the Diagnostic generic upper port plug (GUPP) and
Diagnostic generic equatorial port plug (GEPP) is meant to be common
to most upper and equatorial port-based diagnostic systems (see Figs. 1
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and 2). It provides a common platform, or support/container, for a va-
riety of diagnostics. In addition, the port plug structure must contribute
to the nuclear shielding of the port and further contain circulated water
to allow cooling during operation and heating during bake-out. The
BINP develops a modular design in close cooperation with the ITER
Central Team, specifically also the diagnostic port integration project
team (DPI-PT), in the framework of port standardization [2-4]. The
modular design allows the standardization of diagnostic ports developed
in different countries, allowing the use of the same tools for the main-
tenance and repair of the ports, as well as the use of similar technologies
for the production of port elements.

2. Description of the design and features of the diagnostic port
plugs

The BINP is developing the ITER upper and equatorial ports in a
unified approach: a modular design [2-4]. The in-vessel part of the
diagnostic ports consists of the following main components: the

Received 18 December 2021; Received in revised form 17 March 2022; Accepted 20 March 2022

0920-3796/© 2022 Elsevier B.V. All rights reserved.


mailto:shoshin@mail.ru
www.sciencedirect.com/science/journal/09203796
https://www.elsevier.com/locate/fusengdes
https://doi.org/10.1016/j.fusengdes.2022.113114
https://doi.org/10.1016/j.fusengdes.2022.113114
https://doi.org/10.1016/j.fusengdes.2022.113114
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2022.113114&domain=pdf

A. Shoshin et al.

Fig. 1. Overview of the Generic Upper Port Plug structure with a modular
configuration.

Diagnostic Shield
Module (DSM) +
Diagnostic First Wall (DFW)

Fig. 2. Overview of Equatorial Port Plug #11 with a modular configuration.

diagnostic first wall (DFW), the diagnostic shielding module (DSM) and
the port plug structure (PPS) (see Fig. 1). The DFWs and the PPSs are
developed, customized as requested by the port integrator and supplied
by other suppliers. The DFWs and the PPS will be joined together with
the DSMs in the BINP’s assembly hall. The DSM manufacture is the re-
sponsibility of the port integrator, the other two component types shall
be developed and supplied by other suppliers.

Unlike the diagnostic upper port plugs, the diagnostic equatorial port
plugs consist of three DSMs, which are oriented vertically (see Fig. 2).

The diagnostic ports should provide a 10°-fold decrease in neutron
flux—from 10** n/em?s on the Diagnostic First Wall to 10° n/em?s in
the Port Cell—and ensure that the dose rate near the closure plate will be
below 100 pSv/h 12 days after reactor shutdown [2,3]. Radiation pro-
tection is a dramatically complicated issue as the ports have stringent
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weight restrictions: an equatorial port may not be heavier than 45 tons
and a single DSM may not be heavier than 10 tons. The BINP, the ITER
Central Team, and the US Domestic Agency independently proposed
boron carbide for port protection because of its low density and high
neutron capture cross-section. The ITER Central Team also performed
comparative radiation shielding calculations for a large number of ma-
terials (metals, concretes, polymers, boron compounds, water, to name
some), ensuring that the fillers had the same weight [5]. The report
concluded that boron carbide is one of the best options for ITER [5].

Initially, the BINP suggested pouring boron carbide powder into
closed boxes which have cutouts for diagnostics (Fig. 3, left). However,
this approach was finally not selected by the ITER Vacuum Section, and
so it was proposed to use boron carbide ceramics. The BINP suggested
using ceramic blocks of the simplest possible design: rectangular blocks
without cutouts, as they are the cheapest to produce, but require a metal
framework. A prototype of such a neutron shielding arrangement was
made. However, after discussions with the ITER Central Team, it was
decided to change to using flat shielding trays with centrally holed
ceramic blocks attached to them on both sides (Fig. 3, right).

Each DSM is integrated using tenant diagnostics constraints defined
in the Interface Sheets and CAD models following the generic Modular
DSM design gaps and tolerances between items inside the Port Plug. The
latter are managed by shielding trays to avoid additional nuclear fluxes
following the ALARA (As Low As Reasonably Achievable) principle. The
closure plate of the Port Plug is one of the key design drivers of EP #11
integration. There are apertures and cut-outs both on the Port Plug
closure plate and in the inner part of the Bioshield Plug. Each diagnostic
system provides information on what interfaces they need on the closure
plate, such as windows, feedthroughs, or direct access to the vacuum
vessel. One electrical feedthrough is shared between tenants and port
plug structures.

The DSM consists of a C-shaped metal frame with vertical blades
inside (size 2.3-2.0-0.52 m), see Fig. 4. This design provides the neces-
sary rigidity and structural integrity irrespective of the internal location
of the diagnostics [6].

On the vertical blades around the diagnostics, there are metal trays
with B4C ceramic blocks. To eliminate gaps between the trays and di-
agnostics equipment, stainless steel blocks are used as backfilling units.
They are installed on the DSM and fill its empty space (see Fig. 4).

The major issue was the need to prove the feasibility of using a large
number of boron carbide ceramic bricks in the ITER vacuum.

The redesign of the DSM upper ports led to a change in their classi-
fication according to the French Order on Pressurized Nuclear Equip-
ment (ESPN Order). The assessment [8] shows that the DSM of Upper
Ports #02 and 08 should be reclassified as ESP Pressure Category III
(without changes) and Level N3 (formerly Level N2 in the Procurement
Arrangements).

All design activities were supported by mechanical, hydraulic and

Fig. 3. Drawing of the previous design steel box with boron carbide powder for
DSM Equatorial Port Plug #11 with cutouts for diagnostics (left) and a photo of
the prototype tray in its current design (right). For better thermal conductivity,
the tray in the prototype was made of bronze; however, calculations showed
that bronze would not withstand expected loads, and for that reason it was
decided to use steel 316L(N)-IG instead.
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Shielding
Trays

Diagnostic_-
(LFSR)

Backfilling

DFW
DSM frame

Fig. 4. Exploded-view drawing of the shielding design of Equatorial Port Plug
#11 DSM #1. LFSR: Low-Field Side Reflectometer [7].

thermal analyses performed by the St. Petersburg Polytechnic University
(SPbPU) [3-4,8-10]. Fig. 5 shows the calculation of the electromagnetic
loads on the upper port at one type of disruption, a Vertical Disruption
Event type III [11]. The results were expertized by the ITER Organiza-
tion during design reviews, with the diagnostic teams contributing and
the applicability of the diagnostic ports confirmed.

3. Tests of boron carbide ceramics (shielding bricks)

Boron carbide (B4C) ceramic bricks are located inside the port plugs
for neutron shielding. Since a huge number of bricks are located in the
vacuum, the main requirement on the ceramics is its low outgassing rate,
which is regulated by the ITER Vacuum Handbook (IVH) [12] and the
approved specification for the supply of B4C [13]. According to the
recommendation of the ITER Organization set out in the specification,
the outgassing rate of ceramics is limited to 1-10~8 Pa-m®s~1.m~2 for
hydrogen [13].

Russian manufacturers of ceramics, with Virial Ltd. (St. Petersburg)
one of them, submitted samples and the BINP has conducted numerous
studies on the chemical composition, thermal and vacuum properties of
the ceramics, the results of which are presented in the Ref. [14-16]. In
particular, a long-term vacuum test was carried out, when large amounts
of the sintered ceramics were not removed from the vacuum stand for
2.5 years and measurements were regularly carried out. The table with

Volume-Force
[N/m*3]

1.7E+08
I 49E407
1.4E407

39E406
116406
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87E04
25E04
706403
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5.6E402
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138401
356400

1.0E+00

Time  =867.50000ms

Fig. 5. Maximum electromagnetic force density profile in the Upper Port #07
components during a type III Vertical Disruption Event, N/m? [11].
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the results of measurements over the first year is presented in Ref. [15].
The results of recent measurements are as follows: after 20 months, the
outgassing rate was 2.78-107° Pa-m®.s~1-m~2; after 25 months, it was
2.21.10° Pa-m3-s’1-m’2; and after 30 month, it decreased 5-fold, to
2.06:107° Pa-m®.s~!-m~2 from the initial value. The measured spectrum
of gasses is shown in Fig. 6. The spectrum meets the requirements of the
IVH general test for cleanliness.

An important requirement on boron carbide ceramics (B4C) is the
minimum amount of hazardous impurities. The presence of impurities
worsens the vacuum properties of the material and leads to increased
radioactivity after neutron irradiation. A direct and sensitive method for
measuring impurities leading to activation is to measure the gamma
spectra of the activated substance after irradiation with neutrons with a
spectrum similar to the neutron spectrum at the location of the ceramic
bricks in the port plug. Such a high-intensity neutron spectrum can be
obtained on a powerful tandem accelerator in the BINP (Novosibirsk)
[17]. The results of experiments with irradiation of ceramics with
low-energy neutrons are presented in Ref. [14]; the results of experi-
ments with fast neutrons are presented in Ref. [15] and are shown in
Fig. 7.

The ITER organization calculated the rate of formation of helium and
tritium in EPP#11 (Equatorial Port Plug) elements, which showed that
in the first column of ceramics the amount of helium was 10'® atoms/
cm?, and in the last column, 10'* atoms/cm3. The amount of tritium was
10'® atoms/cm? in the first column of ceramics and 10'! atoms/cm® in
the last column [18]. Thus, boron burnout after the SA-2 scenario of
ITER operation [1] is negligible.

Studies have shown that boron carbide ceramics meet all ITER re-
quirements for vacuum properties and radiation safety.

In addition to neutron shielding, boron carbide has also been pro-
posed for fusion reactors as a first wall coating [19]. The BINP has
extensive experience in researching the durability of the first wall to
powerful heat fluxes [20-27]. Now the BINP is conducting experiments
to study the rapid heating of boron carbide ceramic samples by a
powerful laser pulse, and the results will be published later. Similar
research is conducted with plasma guns [28].

4. Manufacturability

As a part of the preparation for the production of diagnostic port
components, a series of technological studies was carried out both by the
BINP and by the ITER Organization to confirm the feasibility of using the
proposed technologies for the manufacture of the components. A typical
cooling system has been developed for the DSM of the equatorial and

upper ports. A prototyping of complicated assemblies was carried out,
including the manufacture of gun-drilled channels and the welding of

1.0x10°*
1.0x10°*
1.0x101°
1.0x10"

1.0x10"

1.0x10"
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Fig. 6. Mass spectrum of gasses measured with a quadrupole mass spectrom-
eter for Virial-sintered boron carbide ceramics at 100 °C after 2.5 years in the
vacuum. On the vertical axis: the partial pressure in torr; on the horizontal axis:
the atomic mass. Masses (a.u.m.) and components of the six highest peaks: 2 H,,
12 C, 16 O, 18 H,0, 28 CO, 44 CO,.
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Fig. 7. Measured spectrum of gamma rays emitted by sintered boron carbide
ceramics (Virial) after fast neutron irradiation. On the vertical axis: the number
of detector counts; on the horizontal axis: photon energy in keV.

blind holes.

The DSM structure needs an active cooling system to allow cooling
during operation and heating during bake-out. The total mass flow rate
available for EPP #11 is 22.2 kg/s [10]. The parameters of the water
cooling channels were carefully calculated taking into account the ITER
requirements and heat release during the DT discharge [10]. For active
cooling, the DSMs have a branching network of cooling channels (see
example in Fig. 8), some of them are up to 2 m long. To produce this kind
of channels, gun-drilled holes 10, 15, 20, 25 mm in diameter are
required.

The DSM cooling system contains multiple orifices, which are used to
balance mass flows inside the DSM and between the DSM and the DFW.
The SPbPU conducted an analysis; proper values of the hydraulic
resistance coefficient of the orifices and the corresponding dimensions of
the orifices were determined [29].

As was demonstrated on the prototypes, it is possible to deep-drill
cooling channels; additionally, a technology for measuring the
straightness of these channels and a technology for welding plugs of
these channels were developed.

The next critical issues after drilling that kind of channels are the
welding and inspection of channel caps. According to the requirements

Connection to cooling

system of DFW (2‘5\ kg/s) Outlet (6.8 kg/s)

Circuit 2, Circuit 2 O

. s _ Inlet
Frontpart  Back part 3 [T (6.8 kg/s)
(0.45 kg/s) '

i Inlet
£ s rear pipe

l Outlet
rear pipe

Connection to
cooling system of DFW (2.5 kg/s)

Circuit 1,
Back part Example of

orifice location

Fig. 8. Geometry of the cooling channels of Equatorial Port Plug #11 DSM #2
and flow direction (drilled channels + pipes) [10]. The front of the DSM has
more energy release, hence a large number of water channels running through
the DSM frame (Fig. 3). The flow rate was 0.09 kg/s in each of the ten channel
in vertical plates.
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from IVH [12] and RCC-MR 2007 code, all hermetic welds should have
full-penetration welds and 100% non-destructive testing (NDT) inspec-
tion (X-ray or ultrasonic testing). Because the network of cooling
channels has several layers and the thickness of DSM parts in some areas
is 350-500 mm, X-ray cannot be applied to these types of welds. Instead,
a special design of cups has been prepared (see Fig. 9).

To demonstrate the feasibility of an ultrasonic inspection, some R&D
has been carried out. A local full-scale mock-up has been designed and
manufactured.

Another important issue with relevance to successful port integration
is the welding of diagnostic flanges to the port plug structure at the
closure plate. The main challenge here is how to complete full-
penetration welding and inspection in the settings of great constraints.
The closure plate is a vacuum border of a port plug structure. All flanges
from tenant diagnostics and all necessary services should penetrate a
vacuum border through the closure plate. That is why the closure plate is
a quite complicated safety important component with great restrictions.
For successful welding on the closure plate, the BINP plans to use

Prepared groove o2 N eyl
for welding N

Undercut for full
penetration weld and -
ultrasonic inspection

Drilled channel
representation

N\ ~>-/\

Fig. 9. Shape of the water channels in the front of the DSM (top), part of the
full-size mock-up of the water channels for development of welding plugs
during manufacturing (center) and a drawing of a cooling channel cap cross-
section (bottom).
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automatic tungsten inert gas (TIG) orbital welding (see Fig. 10). This
type of orbital welding provides welding from the internal part of the
flanges and helps to deal with the inaccessibility of some sites. The
feasibility of this kind of welding has preliminarily been demonstrated
on a flange mock-up (see Fig. 10).

While preparing for port-plug production, the BINP developed and
agreed with the ITER Organization documents by approval of related
documents for manufacturing, gun-drilling, handling [30], storage,
cleaning [31] and labeling of ITER parts.

5. Assembly hall

An important task in preparing for the production of the ITER port-
plugs is the creation of a special assembly hall at the BINP (see
Fig. 11). This hall should provide the ability to assemble heavy and
large-sized port elements, for flange welding on the closure plate, for
installation and alignment of diagnostics.

The main technological requirements are that the premises should be
level I work areas according to the RCC-MR code at all times during all
assembly operations and testing (see Fig. 11) and that acceptance tests
should be carried out in a clean room environment.

Critical restrictions for the creation of the assembly hall are the
weight of the equatorial port plug, which is 48 tons and the length of the
upper port plug, which is about 6 m. To assemble the upper port plug,
the necessary space under the crane hook should be at least 13 m (see
Fig. 11). Since the assembly and installation of different equipment
(DFW, PPS, diagnostic components) will be occurring at different times,
sometimes together with the assembly of port-plugs, the hall must be re-

Welding head

Welding
column

Closure plate
Precision

shifters

Back part of
PPS

Flanges for
tenant diagnostics

Welding column

Precision supports

Sample
(300 mm) Barbell

Welding head

Fig. 10. Elements interfering with the welding process on the closure plate
(above); demonstration of the feasibility of internal welding on the flange
mock-up (below).
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Fig. 11. Assembly hall overview.

arranged to allow different components to be transported and stored
independently of each other (see Fig. 12). A clean room in the assembly
hall has been designed, constructed and passed through the clean
acceptance test (see Fig. 13). The clean area consists of three isolated
clean rooms (Fig. 12), whose dimensions allow for simultaneous as-
sembly of 2 DSMs and 2 port-plugs. The central clean room is for loading
the equipment, washing it and welding the flanges. One isolated room
has a higher cleanliness class (class 6 according to ISO 14,644-1) for
assembly of optical diagnostics.

The graph in Fig. 13 presents the time dependence of the number of
dust particles (5 micrometers) per m® inside the clean area of the as-
sembly hall. At 13:00, the Acceptance Commission participants enter the
first clean work area; at 13:20, the second. During inspection, up to 10
persons were in the clean room. The number of particles was increased,
but was still lower than their maximum allowable number for this
cleanliness class (3000 particles per m>). Special equipment has been
developed for canting and tilting and working with large-sized and
heavy port parts (see Fig. 14).

i ! THE F| = =
1 2ee L T el il
g s, | locker Control room
1 rooms
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m oty 14

Personnel gate

= Clean room
ISO class 7

= =%
P
, l__r Clean
room for
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Gate
Trolley
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Fig. 12. Layout of the assembly hall and clean rooms.
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Fig. 13. Acceptance test of the clean room in the assembly hall: Acceptance
Commission participants (above); time dependence of the number of dust
particles (5 micrometers) per m® (bottom).

Fig. 14. Clean room in the BINP with port plug handler inside (top) and DSM
equatorial port handler installed (bottom).
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6. Conclusion

Integration of the diagnostic equatorial and upper ports developed
by RF DA has demonstrated the applicability of a single unified princi-
ple: a modular design of diagnostics ports.

The possibility of using large amounts of boron carbide ceramics in
ITER diagnostic ports has been demonstrated.

Manufacturing techniques for supporting the design solutions have
been developed and demonstrated.

A specialized assembly hall was built that successfully passed the
cleanliness test; now it is fully operational.
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