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SYNopsis

 Development of the revised ITER baseline schedule

« Current status of project R&D, manufacturing and construction

« Staged approach towardsAI»TER burning plasma operation

T Wk R R
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- achiexe e'ktended bum9f a DT plasma
ot & with dominant alpha-particle heating
< Q= 10 ~500 s)
v i develop stéady-state fusion power
’ productlon as ultimate goal

A mtegﬂate and test all essential fusion
power reactor technologies and
components

- demonstrate safety and environmental
acceptability of fusion

-
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Revised ITER Baseline Schedule
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2015:

Final Report of the

2013 ITER Management Assessment

(Contract-ITER/CT/13/4300000830)

October 18, 2013

the Action Plan

Set clear priorities and timeline for reform

v' Reorganized and integrated the ITER Central
Team with Domestic Agencies:

v" Clear decision processes and accountability

v DG/DDG, Executive Project Board, Reserve
Fund, Project Teams

v Finalized and stabilized ITER critical component
design

v Developed and promoted a strong,
organization-wide nuclear project culture

v' Conducted comprehensive integrated bottom-
up review of all activities, systems, structures,
and components to build the ITER machine

v |ldentified need for a revised resource-loaded

schedule for timely, cost-effective construction
and operation through start of D-T plasma.

© 2016, ITER Organization
US BPO Town Meeting, APS-DPP-58, San Jose, 3 November 2016




Baseline Schedule Development

IO-CT and I0-DAs worked intensively on the development of a
revised resource-loaded baseline schedule throughout 2015

v In September 2015, IO-CT and 10-DAs held Integrated Review
Meeting to review proposed schedule and 10-CT resource estimates

v In November 2015, project management proposed to ITER Council:
v’ ‘Best technically achievable’ schedule
v' First Plasma in December 2025 and DT Operation in late 2032

v Council accepted proposal as a basis for managing project over
subsequent 2 years:

v' Based on project’s proposal for achievement of major milestones
v" Requested independent review of schedule to establish viability

v" Appointed ‘Independent Council Review Group’ of experts nominated by
Members to assess reliability and credibility of schedule

v review |0 resources required to achieve First Plasma milestone

© 2016, ITER Organization
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April 2016: intensive, in-depth review
by independent expert group declares:

“...substantial improvement in
project performance...”

“...high degree of motivation...

“...considerable progress during
the past 12 months...”

“...sequence and duration of
future activities have been fully
and logically mapped in the
resource-loaded schedule...”

“..resource estimate is
generally complete [...] and
provides a credible estimate of
cost and human resources...”

© 2016, ITER Organization
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2016: Performance & Follow-through

Name Target
Tier-1 of Cryostat base Section deliver to IN-DA Workshop Q1 2016
at ITER Site

Start of B1 Civil works in Tokamak Building Q1 2016
Lot-1 Piping - Delivered by IN-DA to IO at ITER-Site Q1 2016
Erection of Tokamak Main Cranes in Assembly Hall Q22016
Completion of First EU TF Winding Pack Q22016
Fabrication of all TF Conductors from RF, CN and JA
Completed

All Magnet Conductor Fabrication Complete for PF5 and
PF2

Completion of Performance Tests of Full-W Divertor OVT
Plasma Facing Units

Installation of WDS Tanks in Tritium Building Q22016
Complete CS Module 1 Winding Q22016
Signature of CMA Contract Q3 2016
Complete 4th (of 9) TF Conductor Unit Length Q32016
First Sub Segment Assembly VV Sector 5 Completed Q4 2016
First Liquid Nitrogen Refrigerator Equipment Factory
Acceptance Tests Completed

Steady State Electrical Network - Delivery of Power
Transformers (Lot 3) to ITER

Liquid Helium plant equipment Factory Acceptance Test
Completed

YFE;{“:' From July 2016 Progress Report 2016

compld Blue — completed 2017
Energiy Green - on schedule 2017
N 2017

En Red - delayed, mitigation needed 2017

Schedule Control

v' Main issue at present relates to
Vacuum Vessel delivery

Q22016

v" Transfer of 2 VV sectors from EU
to IO (manufactured in KO)

v Reconfigure VV Assembly
sequence to maintain FP schedule

Q22016

Q22016

v Technical measures to support
schedule/ reduce risk

Q4 2016 v Accelerate interface freeze

v" VVPSS redesign

v’ Establish Nuclear Integration Unit
to coordinate nuclear analysis

Q4 2016

Q4 2016

v Finalize Tokamak Complex Floor
Response Spectra

90000 ¢ 0 0000000 0 00000

Strong performance: meeting demands of external validation while maintaining
construction and manufacturing at full pace in accordance with agreed milestones
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18 ITER Council (June 2016)
endorses updated schedule

The 18t ITER Council,
chaired by Korea’s Won

| Namkung, convened at ITER
A Headquarters in Saint-Paul-
lez-Durance on 15-16 June

s | 2016.

First Plasma in December 2025

The updated Schedule is challenging

_ but technically achievable.

It represents the best technically
achievable path forward to First
Plasma.

The successful completion of all
project milestones to date, on or ahead
of schedule, is a positive indicator of
the collective capacity of the ITER
Organization and the Domestic
Agencies to continue to deliver on the
updated Schedule.

Members now have all the elements
needed to go through their domestic
processes of obtaining approval for
the Resource-Loaded Integrated
Schedule

© 2016, ITER Organization
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Baseline Schedule: Staged Approach

Developed in parallel with ICRG assessment to incorporate resource
constraints of Members

v' 4-stage approach foresees several phases of operation from FP to DT
v’ Staged upgrades of ITER facility following FP in December 2025
v' First DT operations phase scheduled for December 2035

v ICRG recommended to Extraordinary Council in April 2016 that Staged
Approach provides most appropriate framework for revised schedule
development

v ITER Council in June 2016 approved ad referendum schedule to First
Plasma in December 2025

v Council requested Director-General to develop revised overall
schedule and |O-CT resource estimate to DT Commissioning within
framework of Staged Approach

v' Updated Baseline schedule and |O-CT resource estimate to FP

v Indicative schedule and cost baseline from 2026 to initial DT operations

© 2016, ITER Organization
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Staged Approach: Configuration Workshop

Configuration Workshop held by I0-CT and 10-DAs in June 2016 to
define Plant Configuration for each Operations phase

v" Plant Configuration for each Operations Phase agreed on basis of
industrial experience and Members’ budget constraints

v' 7 outstanding configuration issues identified and resolved

Staged Approach: Research Plan Workshop

Research Plan Workshop held by 10-CT, and Members’ fusion experts
in July 2016 to define experimental programme from First Plasma to
initial DT operation

v Experimental programme developed around agreed evolution of Plant
Configuration

v' Key experimental goals for each phase of Operations agreed
v Principal experimental risks and physics issues identified = further R&D

@ 201€, !TER Orgenization
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Staged Approach: Baseline Schedule

Extensive interactions among IO-CT and 10-DAs to resolve
outstanding issues to finalize revised baseline schedule proposal

v" Schedule and I0-CT resource estimate to First Plasma consistent with
Members’ budget constraints

v" Director-General proposes resolution of 4-stage/3-stage approach in
favor of 4-stage: consistent with Members’ financial and technical
constraints

End of Pre-
Fusion Power
End of Pre- Operation-1l and
Start of Pre- Fusion Power Pre-Fusion Start of Pre- End of Pre-
EO Finished Fusion Power  Operation-I Power Nuclear Nuclear Fusion Power
First Plasma and Start of End of Operation-| and Start of End of Operation-Il  Shutdown for Shutdown for Operation
(FP) Assembly Il Assembly Il  (SP) Assembly Il Assembly Il  (TP) Assembly IV Assembly IV (DT)
Dec. 2025  Jun. 2026 Jun. 2028 Dec. 2028 Jun. 2030 Sep. 2031 Jun. 2032 Mar. 2034 Mar. 2035 Dec. 2035
i 1 i I ' 1 1 l’ * 1 ' s
- ) Pre-Fusion
Eggpgn':%mg P Integrated Pre Fusion J—— Integrated Power Operation- | .o Integrated
(SC Magnets) (24 Months) Comm. I Operation-| (15 Months) Comm. lIl . Nu)n e (12 Months) Comm. IV
(6 Months) (6 Months) (18 Months) (9 Months) ( ) (9 Months)
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Current Project Status
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Tokamak Building

hina eu india japan korea russia u:
R "‘

, \\\\W

RN\ §

TOKAMAK £ % ‘%%
B &PLANT SYSTEMS EI

A north-south cutaway of the Tokamak Building, which is the major element of the
Tokamak Complex, together with the Diagnostics Building and the Tritium Building
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Worksite progress

PF Coil Facility

 Cryoplant

Construction underway_ ‘

Preparatory works
Cooling systems

Preparatory works
Control Building

400 kV switchyard
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Resting on 493 seismic rs the 400 000-ton Tokamak Complex.
Concrete casting of the B2 slab was finalized on August 27, 2014._Diagnostic Building (right): B1 level slab and ‘
walls/columns now complete; Tokamak Building (centre): completion of the BioShield wall B2 level. Start of the B1

slab on 26 April 2016, and construction of interior walls/columns is on-going. Tritium Building (left): steel
» reinforcement on B1 level.

£
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Tokamak Complex

Complex and
Very Dense
Reinforcement
~300kg/m?3
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The six water detritiation tanks (four 20 m?® tanks and two 100 m?® tanks) and the
drainage tank are the first plant components installed in the ITER Tokamak Complex.
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Before being integrated in the machine, the components will be prepared and pre-
assembled in this 6,000 m2, 60-metre high building. The Assembly Hall is equipped with

a double overhead travelling crane with a total lifting capacity of 1,500 tons.
‘ © 2016, ITER Organization
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Assembly Hall

43 metres above the building’s basemat
the double overhead crane is now installed

< On 14 June lifting '
operations begin.

Complete with
gear-motors,
wheels, braces, P
electrical gear,
etc. , the beam
now weighs 186
tons.

Each pair of
cranes will
have a lifting
capacity of 750
tons.

On 22 June, the 4
beams and 2 of4> ™y
trolleys (100 t.) S
are installed.
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The welding operations of the cryostat base
(1250 tonne) started 8 September 2016.

YT
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Cryoplant

It will be the largest single-platform cryoplant in the
world. The ITER Cryoplant will distribute liquid helium
(~4.2 K) and liquid nitrogen (77 K) to various machine
components (superconducting magnets, thermal shield,
cryopumps, etc.).

L Y/ b/ 7 i e TP
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PF Coll wmdlng facmty

J‘m&:a—.rng'.i;bﬁ"
Too large to be transported by road, four of ITER’s six ring-shaped magnets (the

poloidal field coils, 8 to 24 m in diameter) will be assembled by Europe in this

12,000 m? facility. Winding table is now commissioned, manufacturing operations
(mockup) began in July.
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Who manufactures what?
The ITER Members sha're'. all _intellectual property

= ‘--_———i =

3 \\ . m—a

Feeders (31) | “ “il — Cryostat

y < _ GmeRe = - - P 1o 3 "‘r ——
“ - | ! Al Y )

Thermal shield

* X
* *
* *
* -

*

At Divertor

* X
* *
* *
* *

*

© 2016, ITER Organization
US BPO Town Meeting, APS-DPP-58, San Jose, 3 November 2016




Entering the industrial phase
with highly challenging specTfications

Manufacturing ITER components i i e cutting edge of technology:
« Geometrical tolerances measured in millimetres for steel pieces up to 17 m tall weigk veral of tons
- Superconducting power lines cooled to minus 4.2 K
« Plasma facing components to withstand heat flux as large as 20 MW per m?
» Cryoplant cooling capacity up to 110 kW at 4.5 K; maximum cumulated liquefaction rate of 12,300 litres/
hour. i
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Manufacturing progress

Internal components of an in-cryostat feeder Correction coil at ASIPP in Hefei, China.
prototype.

Magnet Systems, Power Systems, Blanket, Fuel Cycle, Diagnostics
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Tooling for Poloidal Field coil #6 (the second-
smallest ring-shaped ITER magnet, at 350 tons, The first of three power transformers for the

10 m in diameter), is complete and is being pulsed electrical network. Delivery is
commissioned at ASIPP in Hefei, China. underway.

Magnet Systems, Power Systems, Blanket, Fuel Cycle, Diagnostics
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Manufacturing progress

The first toroidal field coil winding pack — the 110-ton Inspection of the liquid helium tank inner vessel for
inner core of ITER's D-shaped superconducting TF the ITER cryoplant.
Coils — was completed in April.

Buildings, Magnet Systems, Heating & Current Drive Systems, Vacuum Vessel, Divertor, Blanket,
Power Systems, Fuel Cycle, Tritium Plant, Cryoplant, Diagnostics, Radioactive Materials
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Manufacturing progress
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SPIDER vacuum vessel installed inside bio-shield at SPIDER TL connected to vacuum vessel electrical
the PRIMA Neutral Beam Test facility in Padova, Italy. bushing.

Buildings, Magnet Systems, Heating & Current Drive Systems, Vacuum Vessel, Divertor, Blanket,
Power Systems, Fuel Cycle, Tritium Plant, Cryoplant, Diagnostics, Radioactive Materials
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Manufacturing progress

India is responsible for fabrication and assembly The transportation frame/assembly and welding
of the 30x30 meter ITER cryostat. The base plates support for the cryostat has been assembled in the
were delivered to ITER in December 2015. Cryostat Workshop where welding began in August.

Cryostat, Cryogenic Systems, Heating and Current Drive Systems, Cooling Water System,
Vacuum Vessel, Diagnostics

© 2016, ITER Organization
US BPO Town Meeting, APS-DPP-58, San Jose, 3 November 2016




Manufacturing progress

Diagnostic neutral beam vacuum vessel. A cold test was successfully completed on a prototype
cryoline.

Cryostat, Cryogenic Systems, Heating and Current Drive Systems, Cooling Water System,
Vacuum Vessel, Diagnostics
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Manufacturing progress

Connection of segments for the first inboard Toroidal Toroidal field coil heat treatment.
Field Coil structure (completed in November 2015), a
significant achievement for TF coil procurement.

Magnet Systems, Heating & Current Drive Systems, Remote Handling, Divertor,
Tritium Plant, Diagnostics
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Manufacturing progress

Series production of central solenoid conductor In October 2015, the first batch of components for
continues. 19 conductors have already been the neutral beam test facility were shipped to the
delivered to the US. PRIMA facility in Italy.

Magnet Systems, Heating & Current Drive Systems, Remote Handling, Divertor,
Tritium Plant, Diagnostics
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Manufacturing progress
@,

N
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At Hyundai Heavy Industries, where 2 of 9 vacuum Inner shell assembly of a lower port stub extension
vessel sectors are under construction, welding on for the vacuum vessel.
the upper section of the inner shell for Sector #6.

Vacuum Vessel, Blanket, Power Systems, Magnet Systems, Thermal Shield,
Assembly Tooling, Tritium Plant, Diagnostics
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Manufacturing progress
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At Sam Hong Machinery in Changwon, fabrication is Welding has begun on parts of the first 800-ton
progressing on all nine 40° thermal shield sectors. Sector Sub-Assembly Tool. Korea is designing and
manufacturing 128 purpose-built tools for assembly.

Vacuum Vessel, Blanket, Power Systems, Magnet Systems, Thermal Shield,
Assembly Tooling, Tritium Plant, Diagnostics
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Manufacturing progress

Russia

Russia completes its share of toroidal field
conductor in June 2015, marking the end of a 5-
year campaign to manufacture 28 production
lengths (more than 120 tons of material).

In December 2014,
specialists at the
Efremov Institute
successfully tested a
prototype of the fast
discharge resistor
module, designed to
rapidly discharge
energy stored in the
coils of the ITER
magnetic system.
Tests results
demonstrated full
conformance with
ITER Organization
technical
requirements.

Power Systems, Magnet Systems, Blanket, Divertor, Vacuum Vessel, Diagnostics,

Heating & Current Drive Systems
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Manufacturing progress

Fabrication and qualification tests of PF1 winding
pack stack sample were successfully completed.

Russia

Winding of first double pancake for poloidal field coil #1
inside the clean room.

Power Systems, Magnet Systems, Blanket, Divertor, Vacuum Vessel, Diagnostics,
Heating & Current Drive Systems
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Manufacturing progress

General Atomics is fabricating the 1000-ton Central
Solenoid (CS). In April 2016, winding of the first CS
module was completed.

Module tooling stations are in place and being
commissioned, including the heat treatment furnace
shown here.

Cooling Water System, Magnet Systems, Diagnostics, Heating & Current Drive
Systems, Fuel Cycle, Tritium Plant, Power Systems
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Manufacturing progress
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Steady state electrical network transformers US will complete toroidal field coil production in 2017.
have been delivered to the ITER site.

Cooling Water System, Magnet Systems, Diagnostics, Heating & Current Drive
Systems, Fuel Cycle, Tritium Plant, Power Systems
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The deliveries succeed one another.
\k ‘
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SR LOAPHOVIUEIU OOELOZU OOIZUCTIVELY,

14 January 2015:
20 March 2015:

2 April 2015:

20 April 2015:

7 May 2015 :

21 May 2015:

17 Sept 2015:

10 & 17 Dec. 2015:

18 & 25 March 2016:

21 April 2016:
10 June 2016

First of four 90-ton transformers procured by the US and manufactured in Korea
Detritiation tank (20 tons), procured by Europe

Detritiation tank (20 tons), procured by Europe

Second of four 90-ton transformers procured by the US and manufactured in Korea
Two 80-ton, 61,000-gallon drain tanks for the tokamak cooling water system, procured by US
Three 90-ton transformers procured by the US and manufactured in Korea

Two drain tanks (79 t.) for the cooling system, one (46 t.) for the neutral beam system
Six 60° segments for tier 1 of the cryostat base by India (photo)

Girder # 1 & 2 (out of 4) for the Assembly Hall gantry crane (Europe)

Girder # 3 & 4 for the Assembly Hall gantry crane (Europe) — pictured

First of three 300-ton PPEN transformer (China)
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CMA contract for
assembly and installation

In June, ITER
Organization signed a 10-
year €174 million contract
with the MOMENTUM joint
il venture, to manage and
&4 3¢ coordinate the assembly

e | and installation of the
{4 Tokamak and associated
“N# plant systems.

MZMENTUM
\

~
amec

foster
wheeler

on 74

assystem  IGEPCO
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Construction Organization

COO/SCD —{ SC Deputy Director

Site Construction Director

Construction Steering
Committee (CSC)

DCIN/CIO

Uin order to accelerate and focus more

Vv . v v on construction activities, IO made a
TED SCOD transformation to “Construction

Organization (Phase 1)”, focusing on
three main areas (TA, TC, Pl):
1CSD < LMain works contracts for three areas

Tokamak Coordiation Board ¢ — — — — . (Electrical, Mechanical and Tokamak)

; ! ) 60:40 (=3 40:60 preparation well advanced

60:40 [ 40:60
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Engineering innovation: superconductors

200 km, 2,800 tons of superconductors (80% of the total required) have been
manufactured and validated

Six ITER Members—China, Europe, Japan,
Korea, Russia and the United States—have
been responsible for the production of
cable-in-conduit conductors worth a total
of EUR 610 million.

The eight-year campaign to produce the
superconductors for ITER’s powerful
magnet systems is in its final stages.

*Harmonized global standards for
production methods, quality
controls, testing protocols, etc.

*Groundbreaking work in materials
science.

*Largest superconductor
procurement in industrial history.
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Engineering innovation: gyrotrons

Gyrotron prototype developed
by RF-DA.

| Gyrotron prototype developed
< y P y
by FAE (EU-DA).

Gyrotron prototype developed
by JA-DA.
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Engineering innovation: pellet fueling and

ELM (edge localized mode) pacing

Sl | s
.
1

Dual nozzle prototype
developed at ORNL (Oak Ridge
National Laboratories, USA).

Twin screw pellet View of the drive shaft gears and top of
extruder developed the twin-screw extruder mechanism.

at ORNL.
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Engineering innovation: cleaning methods
‘ % A N

New cleaning techniques are being
developed for ITER first mirrors.
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Engineering innovation: vacuum systems

8-tonne machined flange of the first
Torus Cryo-pump

Neutral Beam
Injection Cryo-
pump: 8 meters
long, 2.8 meters
high

Pump casing
Charcoal coated

Front flange TR e ‘ e The ITER vacuum system will be one of the

‘ N largest, most complex vacuum systems ever
built: the cryostat, at ~ 8500m3; the torus, at
~1330 m3; the neutral beam injectors at ~180m?
each; plus lower volume systems.

Pumpplug More than 400 vacuum pumps will employ 10
different technologies.

g el Final design involved new fabrication methods

radiation shield

Valve head to reduce cost and manufacturing time of cryo-
Torus and Cryostat Cryo-pump (1.8 meter diameter) panels and thermal shields within the pumps.
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Engineering innovation: robotics and
remote handling

1]
I

TR R e A
it

Due to the massive size of the ITER
Tokamak components, as well as the
intense neutron flux that will occur
during operations, the ITER machine
has required the development of
cutting-edge robotics and remote
handling tools, which will be used in

both the assembly and operational
phases.
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Staged Approach to Operations
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Configuration for each phase of Operation

Dec.2025  Jun. 2026 Jun. 2028 Dec. 2028 Jun. 2030 Sep.2031  Jun.2032 Mar. 2034 Mar. 2035 Dec. 2035
FP | | I ' PFPO-1 ' 0 I|'FPO-2 : FPO
Engineering Pre-Fusion Pre-Fusion
ot | Operation Assembly I Dregrated Power Assembly Il g Power Operation- | Assembly IV | (ecorated oT
(12m) g(l:n m;m) (24 Months) (6 Months) apefab;)n-l (18 (15 Months) (9 Months) ?21 s (12 Months) (9 Months) Ops.
2 od P, =73MW P, =73MW
5 : . P Q20MW
@ = =
L P =20MW ECRH
g ol Pecry=20MW ECRH’ P ore=20MW
o ECRH PICRF_20MW ICRF
[ Pecry=8MW (all launchers) ¥ Pya=33MW
o Pyg=33MW NB
£ - (upper launcher) Q NEB
g0 >
x - Tokamak core systems = PF/CS Convertors upgraded to full performance - Fueling: 2 additional pellet injectors - Measurement capability of
E = Principal plant systems . Fuelling; m|| gas injection capability and at least - ELM cpn?rol coil system: hardware 14 MeV neutrons
2 - Control systems 2 pellet injectors commissioned - Full function of Tritium
- Diagnostics for FP - Disruption mitigation system: hardware commissioned - First set of TBM modules (EM-TBM) Plant
- Error field correction coils: hardware commissioned installed for initial phase of test programme
- Vertical stabilization coils: hardware commissioned - Tritium Plant undergoing integrated non-active
- In-vessel viewing system; hardware commissioned commissioning
- An appropriate Be handling capability will be provided - Diagnostics for PFPO-2
- Diagnostics for PFPO-1
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Configuration for each phase - overall

- Vacuum Vessel and Ports , Cryostat
Magnet System, In-Vessel Coils and Thermal Shield In-Vessel Components

Heating Systems

TF, PF & CS coils o Sox Bt e Shield Blocks and First Wall
CC coils VPSS Full Tungsten Divertor ICRF
VS coils Vessel Instrumentation Neutral Beam
ELM coils ~4 In-Vessel Viewing System

Fueling System Vacuum System Cooling Systems

Power Supply Tritium Plant
Final @ PFPO-1

[Fi PFPO1 |
; _ { Detritiation System
—] Glow Discharge Torus Vacuum ﬁ Cryogenic System -[uagﬁt PS
Cleaning —qu @ PFPO-2 Tokamak Exhaust
Final @ PrPO2_| Cryostat Vacuum —{ TCWS = — VS coils PS Processing(’)
== Gas Injection Final @ PFPO-2 == |sotope Separation
NB Vacuum . = ELMs coils PS
Frar@PrPoT | L Wateh Chilled Water [Fra@rreoz |
Pellet Injectigs #— & Heat Rejection cf’/- Water Separation
Service Vacuum —[Dieeel nerators
. _ I Storage and
== Disruption Mitigation - De:?v%ly(*)

=) (ewo1 ] [ero2 J(_mo ]

(*)}temporary connections
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Example:

Additional Diagnostics for PFPO-1

55.A8 Fibre Optic Current Sensor 55.E2 H-Alpha Visible
55.AJ High Frequency Sensors 55.E4 Divertor Impurity Monitor
55.AL/AO | Divertor Coils 25-E0 E IR i e R G .
- i isible Spectroscopy Reference System
Siel Jolne i : 55.E7 Radial X-Ray Camera
55.AN/AP Divertor & Blanket Rogowskis 55.EG VUV Divertor
55.B4 Neutron Flux Monitor Systems 55.El X-Ray Crystal Spectrosopy Edge
55.B8 Neutron Activation System 55.F1 Electron Cyclotron Emission
55.BC Divertor Neutron Flux Monitors 55.FA Density Interferometer Polarimeter
55.BF Tangential X-Ray 55.G1 Vis/IR Eq Ports (r_emainder of system)
55.BV Neutron Calibration (2.5 MeV) [Partial] b L e o Db e,
55.BT Neut Facilitv A 55.G3 Pressure Gauges
- BEnNEREIIEen . - 55.G4 Residual Gas Analysers
55.C1 Core Plasma Thomson Scattering (partial) 55.G6 Divertor IR Thermography
55.C5 Toroidal Interferometer Polarimeter 55.G7 Langmuir Probes
55.D1 Bolometry System 55.GA Vis/IR Upper Ports
55.GD First Wall Samples
« Emphasis in measurement capability: [ >5CE il s ___ ___
| t | . d t 55.GG Calorimetry (for testing with aux. heating inputs)

— plasma contro (mq Isruptions) Black = functional

— Investment protection Orange = not functional* (captive)

— basic plasma parameters Blue = “upgrade”
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Research Plan within Staged Approach

* ITER Research Plan Workshop held during 26-28 July with
participation of experts from Members’ fusion communities

* Workshop participants requested to analyze key activities required
to develop the research programme following First Plasma to:

1. commission all required auxiliary systems with plasma to full performance
(with pulse durations appropriate to the programme requirements)

2. develop the experimental capability required to achieve initial DT fusion
power production at levels of several hundred MW

— Workshop participants also requested to analyze:
consistency of system availability and planned experimental programme
estimates of the experimental time required

experimental/ operational issues requiring further analysis within the ITER
R&D programme to support the further development of the Research Plan

risks to the Research Plan and possible mitigation measures
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Research Plan Structure and Activities

1. Pre-Fusion Power Operation (PFPO):
First Plasma: nominal 100 kA/100 ms
plasma operation to ~3.5 MA to establish initial divertor operation
disruption loads, disruption detection, avoidance and mitigation
development of plasma operation to ~7.5 MA/ 2.65 T
possible option for operation at 5 MA/1.8 T (allowing early H-mode access?)
H-mode operation and ELM Control
demonstration of 15 MA/ 5.3 T operation

2. Fusion Power Operation (FPO):
— development of deuterium H-modes and preparation of DT scenarios
— initial DT operation to short-pulse Q~10

=> |eads on to long pulse operation with inductive pulses of ~400 s at Q=10 and
non-inductive operation aiming to achieve Q=5 for periods ~3000 s
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Overview of ITER Research Plan

Complete First Hydrogen/ Helium Initial DT Experiments

Tokamak Core W W Plasma

ITER Operations Phase
2024 | 2025 2027 | 2028 | 2029

Phase Complete @ . 4

Integrated Commissioning F gineering Cominission(ng
4
Close Crygstat Phase Il

Flrst Eiasma Integrated Cormpmissioning 1l
H/He Plasiha Devglopmert, Control, Diagnostics] ECRH

ruption [Characierizatiop, DMS [Commy|{H-moge?)
Assemply Phage Il

Pre-Fusion Power Operation 1

Commisgsioning Il
H&CD Comips, Conj‘rol, DV§ .

Pre-Fusion Power Operation 2 He H-mode§ ELM

15 MIA and ChSruptign Avoid@nce

) ) Tritium-Plant
Licensing ‘Mide en Sedrvice’ Procedu |  Tolamak |

Tritiim Intrdduction AMise en

T-Plant Commissioning
Assgmbly Phase IV

Integrated Comlmission|ing 1V

D Operation D Plasmals, D H-r

Fusion Power Operation

ace-T and low gduty cyd Shdit Pulse
DT Operation
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First Plasma

1. Integrated Commissioning:

— integrated commissioning of required plant systems (central control systems,
power supplies, cooling/baking, vacuum, cryogenics etc)

integrated commissioning of Magnet systems to level required for FP
(nominally 50% maximum current)

magnetic diagnostic calibration

integrated commissioning of ECRH, diagnostics, fuelling, GDC, PCS
systems

2. First Plasma:
— 100 kA/ 100 ms milestone

3. Engineering Operations (~6 months):
— performance tests of all Magnet systems to full current
— magnetic axis alignment measurement
— if opportunity arises, 1 MA circular limiter plasma demonstration
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Integrated Commissioning |

and Engineering Operations

Dec.2025  Jun. 2026 Jun. 2028 Dec. 2028 Jun. 2030 Sep.2031  Jun. 2032 Mar. 2034 Mar. 2035  Dec. 2035
' ' PFPO-1 ’ FPO-2
Engineering tearated Pre-Fusion tearated Pre-Fusion
Operation Assembly | .],.'.'(f;lf“,f?”l‘]" Power Assembly Il ',f."t_‘;_[f‘l"ftl‘[]“ Power Operation- | Assembly DT
(ClAEWEEM (24 Months) j“,':‘{.‘] R Operation-I (18 (15 Months) :‘p e I (12 Months Ops
(6 Months) (0 Months) Months) (¥ vonihs) (21 Months)
L1+ J[ 2 J[ 3 1[4 J[ 5 ][ 6 ][ 7 ][ 812(5months) | [ 13 ] o o o 18
| Cryostat Vacuum Leak Test (RT)
o Jeak GIS/GDC VVbaking |———

Cool down of TS/
Mag/Feeder

Magnet Test
(1/2 TF rating
+ FP configuration)

| PCS commissioning for magnet test

ECRH com.

During this operation, TF Magnetic Axis
Measurement is planned for adjusting
the relative alignment of the Shielding
Blanket/First Wall system in the critical
First Wall areas.

~~ >

PCS com. With

Engineering Operation
(Magnet commissioning to 100%)

| }> critical Path I

magnetics diag.
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Pre-Fusion Power Operation 1 - |

 Main elements of experimental programme during PFPO-1:
— development of plasma control capability (PCS), including CIS/CSS plasma-
related functions:
« commissioning of plasma magnetic control
« commissioning of core plasma density and impurity control
» commissioning of blanket first wall protection system
* initial commissioning of divertor heat flux control capability

commissioning of disruption prediction, avoidance and disruption/runaway
electron mitigation systems

exploitation of VS coils and Correction Coils; possible early functional tests
of ELM Control coils

commissioning of ECRH to full power in all launchers

development of plasma scenarios for robust operation up to perhaps 10 MA
(with B; over range 1.8 — 5.3 T)
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Pre-Fusion Power Operation 1 - |l

Critical first step is commissioning of plasma magnetic control:

— foreseen to occur in 3 steps in H/He (each step ~ 60 days):
+ I,~3.5MA(B;=2.65T,lcg = 20 kA)
+ I,~5MA(Br=265T, lcg; = 30 kA)
* I,~75MA(B;=2.65T,lcg = 30 kA)

Main elements of programme in H/He for study of 7.5 MA L-mode
plasmas (possibly higher current depending on operational time):

analysis of disruption loads

development of disruption detection/ prediction capability and
commissioning of disruption mitigation capability:

commissioning of P to 20 MW and pulse length to beyond 50 s
development of 7.5 MA/2.65-5.3 T plasma scenarios with flat-top of ~ 50 s

study of L-mode energy and particle transport, MHD stability, divertor
physics in 7.5 MA plasmas
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PFPO-1 — disruption loads and mitigation

* Quantitative analysis of thermal
and EM loads for unmitigated
disruptions in ITER: ssof

halo current EM load mitigation
loads low essential

<§<§ O DT{

— EM loads imply DMS essential 3 /.aDp
above 8.4 MA s E, (H-mode)— g He

. operational space where no o0l Li oY JOH

i gl E,(L-mode)
E,, ..(outer div) ~ 60 MJ

risk of melting of W-divertor

. risks associated with
RE loss to FW

Eth,crit (FW) ~ 50 MJ
35F 5

thermal energy* [MJ]

: E. (ohmic
E, . (inner div) ~ 25 MJ n ( )

: Wy, for ohmic plasmas

RE can cause
water leaks

 Extensive programme of
disruption characterization,
avoidance and mitigation
throughout experimental phases

10 v : ' -
0 25 5 7.5 10 12.5 15 17
plasma current [MA]
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PFPO-1 — option for operation at 1.8 T

e Option for low field operation (1.8 T):

— provisional analysis of TF coil inner leg wedging indicates that operation at
B; <2 T is possible

— initial plasma scenarios at 1.8 T (1/3 full field) have been generated -
detailed load calculations confirm that plasma scenarios viable

* Possible plasma operation scenario:
plasma breakdown and effective heating requires second harmonic ECRH

possibility of dual frequency operation (170/ 104 GHz) of a tranche of
gyrotrons (JA DA) under investigation

requires relatively minor modifications to ECRH transmission system
calculations of combined 2"9/3 harmonic ECRH efficiency being launched

if viable, such an option would provide access to promising operational
scenarios
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PFPO-1 — option for operation at 1.8 T

Ne min B, ) Py, - H, P, - He Py, - D, Py, - DT
(10" m?) () (m’)  (MW) (MW) (MW) (MW)

0.16 1.8 683
0.25 2.65 683
0.5 Sk 683

 Potential plasma scenario at 5 MA/ 1.8 T (qqg5 ~ 3):

— in helium plasmas, this scenario would permit access to H-mode transition
studies if 20 MW of ECRH can be coupled efficiently to plasma

— in PFPO-2, hydrogen H-modes might be accessible if, say, 50% of ICRF
power can be coupled (2"9 harmonic H majority)

— in D/DT operation, this scenario would provide access to H-mode at lower
stored energy (and ELM amplitude)
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PFPO-1 — possible scenarios at 1.8 T

N\

1 1
I 00—

a a aQ
% 4 % % 4 %
= = [3i (=] = [=]
00— —

Vo

B,=53T B,=2.65T
5. ., =+0.34% 5. . =-0.54% 5 ., =-1.28%

High level of ripple at 1.8 T may impact confinement quality
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PFPO-1 — possible scenarios at 1.8 T

« Advantages if 1.8 T scenarios can be exploited:
low power threshold for H-mode access
operation at qg5 = 3
investment protection during commissioning
potential scenario for effective EC heating of plasmas (2X/3X)

H-mode operation at 1.8 T in PFPO-2 (hydrogen?) and FPO campaigns

 Issues to be further considered/ analyzed:
EC start-up assist in 3X operation

impact of TF ripple on H-mode performance (and fast particle losses if
ICRF/HNB used)

low density operation and H-mode access

lower performance H-modes (e.g. TF ripple) may limit scope for physics
studies, development of MHD control, etc
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PFPO-1 — options for ICRF exploitation

e Installation of one ICRF antenna to couple 10 MW to the plasma, increasing
the total auxiliary heating to 30 MW (20 MW ECRH + 10 MW ICRF)

» Allow early commissioning of ICRF system for optimization studies
(coupling, etc.)

Mam BT) | Py Good IC | H-mode
 Half-field operation (2.65 T): (MW) | scenario

I e e

— He plasmas — fundamental H minority, - --
good absorption 1.8

 Third-field operation (1.8 T): - --

— H plasmas — 2"d harmonic H majority,
good absorption

— He plasmas — dominant electron absorption.
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Pre-Fusion Power Operation 2 - |

e Main elements of programme in H/He for study of 7.5 MA H-mode
and 15 MA L-mode plasmas:

— commissioning of HNB (33 MW), ICRF (20 MW) and DNB with plasma

— continued development of plasma control capability:
» feedback control of H&CD systems
« initial commissioning of non-axisymmetric and profile control schemes

« termination scenarios in H-mode and at high plasma current
extend capability for disruption prediction, avoidance and mitigation
demonstration of divertor heat flux control at higher P,

establishment of H-mode plasmas at 7.5 MA/ 2.65 T (primarily in He) and
development of ELM control as internal coils commissioned

demonstration of 15 MA/5.3 T L-mode plasmas at highest P,

characterization of key aspects of PWI in ITER environment

© 2016, ITER Organization
US BPO Town Meeting, APS-DPP-58, San Jose, 3 November 2016




Pre-Fusion Power Operation 2 - ||

e Commissioning of H&CD systems to full power/ ~50 s:

— commissioning of HNB (33 MW) (and
DNB) with plasma

* following off-line beam-line commissioning
during Integrated Commissioning |l

ngy (DT phase)

* must be adapted to shinethrough limits

 gradual increase in injected pulse length as

ducts conditioned/ shinethrough monitored
ngy (H-He, H-H phase)

— commissioning of 10 - 20 MW ICRF with 870keV'H beam H L-mogsplasmd

: |
870keV Hb HeL-mode pl
plasma 3 e eam r!m epasn?a
requires antenna conditioning in vacuum

significant commitment to antenna coupling/ ! .
tuning of matching systems B0 2 B W 5K

tests of antenna phasing, frequency
sweeping, power modulation
gradual extension of pulse length
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Pre-Fusion Power Operation 2 - li|

e H-mode operation and ELM control in H/ He plasmas:
— establishment of H-mode at 7.5 MA/ 2.65 T (primarily in He):

* determination of H-mode access conditions at ITER scale in He — and in H, if
circumstances favourable

commissioning of ELM control coils and demonstration of ELM suppression with
magnetic perturbations

* H-mode characterization in controlled ELM regime

 investigate density and impurity control, ELM heat loads, etc

— investigation of H-mode access in H:

« operation at 5 MA/1.8 T could allow access to H H-modes if adequate P, can be
coupled (P, ~ 20 MW) — or if low energy NBI possible (TBC)

alternatively, present results from devices with all-metal PFCs indicate reduction
of P, by up to 30% possible — potential for access at 7.5 MA/2.65 T

if successful, significant H-mode programme in H viable — either as complement
or replacement for planned programme in He
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Pre-Fusion Power Operation 2 - |V

o Strategy for development of 15 MA
scenario revisited:

development of 15 MA scenario in H
plasmas favoured to suppress
marginal H-modes above 7.5 MA

deviation from constant qq5 has
benefits via slower increase in
disruption loads

route towards higher |, and By is
developed to accommodate variations
in ECRH resonance location

breakdown must still be re-optimized
at new B, values
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Pre-Fusion Power Operation 2 - V

Plasma-wall interaction studies increasingly significant in PFPO-2
(initiated in PFPO-1):
— ELM and quasi-stationary heat loads

 investigation of possible localized (edge) melting, small-scale cracking of W
PFCs

» regular inspection by erosion monitor (Speckle interferometry) necessary

» desirable to remove cassette for PFC inspection at end of campaign

quantitative fuel retention studies important — would benefit from trace-D
experiments in H

T-removal studies
 time required for divertor baking, conditioning discharges required
dust formation and properties

« expect primary dust source to be melted Be from blanket first wall

 regular monitoring of wall erosion/ damage by IVVS also essential
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Fusion Power Operation - |

First period of FPO phase centres on machine recommissioning
and D H-mode development:

— recommissioning of tokamak operation for D plasmas:

commissioning of H&CD system in D (HNB at 1 MeV D?)
re-optimize plasma magnetic scenario, if necessary
establishment of D H-modes inrange 5—-7.5 MA/1.8-2.65T

re-establishment of ELM control techniques in D H-modes

— studies of H-mode plasmas in D:

optimization of D H-modes at 7.5 MA/ 2.65 T
extension of 7.5 MA/2.65 T H-mode towards longer pulses and high power

trace-T experiments to initiate DT operation, investigate fuelling and fuel
transport

extension of H-mode operation towards 15 MA/ 5.3 T, preparing DT scenarios

confirmation of reliable operation of DMS at high current and power
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FPO — high current deuterium H-modes

n, B S Py-H, Py-He  Py-D,  P,-DT
(10°m%) (1) (m) (Mw)  (MW) (MW) (MW)

0.5 2.65 683
0.5 9L6 683
1.0 5.3 683

Total auxilliary heating

» Based on ‘Martin’ scaling, H-mode g
operation at highest currents may/ . - \
may not be possible: § 60

Dvi 0]
o

— depends on density control and
power margin for high confinement

— could be influenced significantly by o
all-metal PFCs *50 75 100 15.0

1, (MA)

20
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Fusion Power Operation - li

Development of fusion power production in DT:
— development of DT H-mode operation at 7.5 MA/ 2.65 T:

development of D H-mode operation with increasing T concentration (10 — 50%)
characterization of changing H-mode behaviour as T concentration increased

extension of H-mode operation towards high power and longer pulses (at least
several tens of seconds)

adaptation of control functions to fusion power operation

— development of fusion power production in DT:

development towards 15 MA/5.3 T DT H-mode operation, varying fuel mix to
manage fusion power production and control issues

confirmation of reliable operation of DMS as fusion power increased

extension of plasma control capability in DT, including heat exhaust and fusion
burn control

optimization of Q towards short-pulse Q ~ 10 operation at several hundred MW
fusion power
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Summary on
Research Plan within Staged Approach

* Key activities of the ITER Research Plan from First Plasma to initial
DT operation have been re-analyzed within the framework of the
‘Staged Approach’:

— major activities adapted to match the staged availability of auxiliary systems

— assuming acceptable hardware reliability, expected requirements for:
« commissioning of necessary plasma control capability
« H&CD systems
* plasma scenario development
appear compatible with available experimental time in PFPO phase
principal risks and key issues requiring further analysis identified

an option for operation at 1.8 T identified: implies some adaptation to the
ECRH system, but would potentially allow early access to H-mode operation

option for including 10 MW ICRF capability in PFPO-1 and implications for
plasma scenarios under study
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ITER Is moving forward!
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http://www. |ter org
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Key ITER Physics R&D

Extensive Physics R&D programme in collaboration with
international fusion community — addresses remaining design
issues and preparation for Operations

v' Effective disruption management essential to reliable operation
v Addressing disruption detection, avoidance and mitigation

v" International collaboration on development of shattered pellet injector
concept for disruption mitigation (IO-CT/ USIPO/ DIII-D/ JET)

v" ELM control by magnetic perturbations, including spectral
requirements and control of divertor heat loads

v Understanding impact of fuel and impurity transport on plasma
performance in ITER

v" Divertor and PWI studies:

v' Experimental and simulation studies to support specification of divertor
monoblock shaping

v Dust production, tritium retention and tritium removal
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Coordinating ITER Physics R&D

v' Emphasis on mobilization of fusion
community:

v' Develop key R&D activities

v' Support Research Plan
development

v" Prepare for efficient operation

v" Mechanisms to integrate fusion
community into ITER programme:

v International Tokamak Physics
Activity (ITPA)

v IEATCP on Co-operation on
-_— Tokamak Programmes (CTP)

First ITER Scientist Fellows’ Workshop MoUs with fusion facilities and
ITER HQ, September 2016 academic institutions

ITER Scientist Fellows’ Network
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