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Constant R&D Progress for 60 years
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Tokamak Research

® 1980s - Large tokamaks come into operation: JET (EU), TFTR (US), and JT-60U (JA)
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https://alltheworldstokamaks.files.wordpress.com/2012/07/jt60-24inside.gif
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€ 20t Century: US-EU-RF-JA lead fusion studies:
As a result, the fusion research reached on the final

of fusion energy realization.

demonstration to assess the scientific and technological feasibility

ITER Project:

International research project in
participation of world leading
scientists & engineers
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Historical Background

® ITER was seen by the USA and the Soviet Union as a way
to maintain east-west scientific collaboration without

jeopardising defence or industrial secrecy.

= |tis believed that ITER has started by the US-USSR summit
meeting. = Politically true but scientifically not accurate.

® ITER is followed by many years of scientific research, on the best way to harness fusion
energy, which has culminated in the large tokamak experiments such as JET/TFTR with

16/10 MW of fusion power and JT-60 with 520 M°C.

® 1975~1980’s: expanding phase from medium to large tokamaks, good days for

international competition and cooperation.

- There had been preceding efforts toward international cooperation called INTOR under the
IAEA Joint design study (methodology) of fusion reactors by international collaboration,
continued for almost 10 years (1978-1987) until the start of ITER.

- However, the next generation machine in each country is still within a domestic program,
INTOR-J, INTOR-US etc., JET in EC, and JT-60U in Japan, etc.

- FER (Fusion Experimental Reactor) program was the main line of activity.
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ITER (International Thermonuclear Experimental Reactor)

November 1985

At the Geneva Summit in 1985, President Reagan and
General Secretary Gorbachev give a decisive political
push to an international effort to develop fusion
energy...

...“as an inexhaustible source of energy for the
benefit of mankind”...

28 June 2005
The ITER Parties unanimously agreed to
build ITER on site proposed by Europe.

21 November 2006

On November 21, 2006, the ITER Agreement
was signed at the Elysee Palace in Paris by the
seven Parties.
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Itinerary of ITER Site
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ITER History

® Worldwide collaboration since 1988 under IAEA

= Soviet Union, USA, Japan, European Union
® Conceptual design (CDA) completed in 1991
® Detailed engineering design (EDA) finalized in 2001

® Negotiations among the Parties completed in 2006
= USA rejoined in 2003, having left in 1999.
= China and Korea joined in 2003.
=  Selection of Cadarache, France, as the construction site in June 2005.
® Indiajoined in December 2005.
= Agreement initialed on 24 May 2006.
= Signature on 21 November 2006.
= Ratification to be completed in 2007.
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R&D during CDA & EDA (1988~2001)
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ITER Design during CDA & EDA (1988~2001)

@ Conceptual Design Activities (CDA) : '88.04.~'90.12. : "2 M E o[ Sl C|X}Ql”
- 2K 7|&H M4 ol X JiE MA : about 10 person for joint work at IPP Garching (5)
- A E ALY = (small scale R&D)
- KXo Heds et Olgf AN S 2, H|E, - X3 5 He|
-dA el e B =t EZN A AW B ALEX| Q| 7[=H d4 FHO|
- AA| =X : ITER Council (International Team, Home Teams) (0|3}, EU, 2{A|Of, & &)

@-1 Engineering Design Activities (EDA) : '92.07. ~ '98.07.
- CDAS| 43X Ql A7 0|2 S&MHA =Tl : three design centers, each 50 professionals
MAHL| 2HCH, R&D =3 SLY (large scale technology R&D)
o=t XA LA 2 HE2E X 2o a2t 92,72 EDA &8 M Z
CDA ZHEEA 0f et #HX el SSHEAE &S ™S, 0|5 HIY2E AIYH| & §2 e
MA F=K| : ITER O|AtZ], ITER Central Team, 47ff Home Teams (O] =1, EU, 2{A|Of, & &)

@-2 Engineering Design Activities(EDA) Extension : '99 ~'01.07.
- ITER 7|1&2X =S 5F06t, 85 SEE BX2BH-25)S EA7IE (baseline) =¥
- 1EH7| EDAC| ITER BCH= FAE BY(1/2 HI8)Q| MZ2 TER EA 2t (=M ITER, '01.78)
- AA FA| : ITER O|A}Z], ITER Central Team, 37ff Home Teams (EU, 2{A|O}, €& (O|= EE)))

® Coordinated Technical Activities (CTA) : '02.1271X|
- CTA= EDA O|= ZEA A|7|, ITER X MH, 2 =H[5t, At Q| 2t8d | K|St X} o
- EEX| /2 E0 Moot dA eHdS sl = =Y, Q1571 EH] & ZEHUQH 7|=X Nt S HAE
- A =K : ITER International Team, 37}l Participation Parties (EU, 2{A|OF, & &)
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ITER Legal Entity

ITER Legal Entity: ITER Organization

Council

Science & Technology
Advisory Committee

Management
Advisory Committee |

Auditors

Director-General (DG)

|0 Staff (professionals + support staff)

[ Central Team ]

I Field Team I I Field Team I FieIdTeam]

for construction phase

Domestic Domestic Domestic
Agency Agency Agency
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[ Host country ]

Contracts

Supporting \

Services

Support for Project
Management,
Computer Network
Technical works, etc.
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Early ITER Construction Plan

ITER License Tokamak
Legal to Assembly First
JIA Entity Construct Starts Plasma
VY v A 4 v
[ 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 |
 —
PSR ISafety Review anld LICENSING

finalisation Public Enquiry

Vendor's Design  gxcaAVATE

BUILD TOKAMAK COMPLEX

Bid
Contract
award

HVAC/Crane ready for assembly
PFC FABRICATION BUILDING . o
OTHER BUILDINGS Convernt PF Fab. Building to Cry oplant Building

Install PFC
fabrication
tooling

First sector Complete Complete
subassembly VV torus blanket/divertor

TOKAMAK ASSEMBLY
Install | Place Sub-assemble

cryostat | lower CS on-site
bottomlid | PFC

INSTALL/TEST COI TC.

PS, TWCS, CRYOPLANT, K

Vendor's Design

MAGNET STRANDS/CONDUCTORS |Last PFC complete

Bid

Contract
award

PFC TFC CS to assembly Last TFC Last CS
fabrication start complete DP complete

VESSEL h’ Vendors Design .\ 1 ATERIALS
Contract

award First three Last three Last defivery of
VV sectors VV sectors

SYSTEM STARTUP & TESTING
INTEGRATED COMMISSIONING

Complete leak Magnet
& pressure test energisation

KFE P30l g oo X[ KFCC Workshop, Gyeongju, 12-14 Nov. 2021

KOREA INSTITUTE OF FUSION ENERGY




Overall ITER Project Phase/Cost

. Construction Operation Decommissioning
Phases: Phase Phase Phase
{24 October 2007 ~ 31 Decembar 20:25) {1 January 23036 ~ 23 Detober 2037) {24 Oct 2042~ )

In-kind Contribution (2864.5 kIUA + Reserve Fund Credits of 7.1 kiIUA)

Construction Cost for Final
Installation
i {up to 2035)
g (860.2 kIUA)
Construction Cost g 2035 4
Costs: (4014.3 kIUA) -
E Operation Cost
E (188 kIUAIyear for 2025-37)
i Decommissioning Cost
=k (530 M€, value 2001)
20247
O | Construction Cost Sharing: 45.46/9.09/9.09/9.09/9.09/9.09/9.09
O | Operation Cost Sharing: 34/13/13/10/10/10/10
[0 | Deactivation Cost Sharing: 34/13/13/M10/10/10/10
O | Contributions to Decommissioning Fund*®: 34/13/13/10/10/10/10
™ to be provided during Operation Phase

Footnote: all the in-kind procurements are supposed to be attached to the Construction Phase
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ITER Project
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ITER (“the way” in Latin)
is the essential next step in
the development of fusion.
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ITER Project

® ITER is on the way to commercial fusion reactor and it will demonstrate the feasibility and
integration of science and technologies, and safety features for a fusion reactor;

® The self-sustained D-T burning plasma in ITER will generate 500 MW which is 10 times more
power than it receives;

® |TER enterprise will create a new collaborative culture and standard solving energy and
environmental problems and contributing to the world peace;

» An integrated project:
Central Team & Seven Domestic Agencies (DAs)

* The 7 ITER Members make in-

cash and in-kind contributions P 4 0
(90%) to the ITER Project. They % § \c

have established DAs to handle
the contracts to industry.

ITER
* The lO Centr.al Te.am manages w Project @
the ITER Project in close
collaboration with the 7 DAs.
/// ‘\‘\

* The ITER Members share all ?, %
R=6.2 m, a=2.0 m, Ip=15 MA, B;=5.3 T, intellectual Property generated )~ | =
m=23,000 tons, (H) 29.0 m x (D) 28.6 m AR T IT a3 \/

Pr=ol 3 oHof| L X| o171 KFCC Workshop, Gyeongju, 12-14 Nov. 2021

KOREA INSTITUTE OF FUSION ENERGY




Vacuum Vessel

9 Sectors
Nb,;Sn, 6 Modules

\ . | R _— Port Plug
Poloidal Field Coil L. H&CD
NbTi, 6 Coils ' - : Diagnostics

Remote Handling

Toroidal Field Coil

Blanket
Nb,Sn, 18 Wedged Coils 440 Modules
Vacuum,
Cryostat W Extraction
29 m (H) x 28 m (D) “h el 8 Units

|
g ‘L(w‘ I - H
: 54 Cassettes

¢ 1992~2001 CDA, EDA (R&D)
€ 2001 FDR (Baseline 2001)
4 2007 ITER Baseline 2007

On Friday 9 November 2012, French Prime Minister signed
the official decree that authorizes the ITER Organization to
create the Installation nucléaire de base (INB No.174) ITER.

KFE Ot=104 g OLOf|L{ K| 2

KFCC Workshop, Gyeongju, 12-14 Nov. 2021
KOREA INSTITUTE OF FUSION ENERGY




ITER SAF S (=22 FiCtEs)

, -‘-’“E('21 6*J 7|-’-‘-) ~74 1%
HH| 5 X]: 180ha(180%tm?)
7"*"”X| 42ha(42'='|'m2)

PF Coil
Bwldmg

K:E "E“"%"mil'-'lxlq-_r‘ﬂ KFCC Workshop, Gyeongju, 12-14 Nov. 2021

KOREA INSTITUTE OF FUSION ENERGY



= X

1. Fusion Energy Research A}
2. ITER AFY HAL

3. ITER St A A}

4. ITER Aty eigt

5. LA R&D AIY = 4|eid QA

KFE P30l g oo X[ KFCC Workshop, Gyeongju, 12-14 Nov. 2021

KOREA INSTITUTE OF FUSION ENERGY



jol

KFE

= 1995. 12 =27}

= 1996. 01

= 2003. 06 —H|HE

= 2005. 10 "=27}¢

—_— —
S

d

=t

HEEollL x| 70

= 2007. 08 "37}%

r

= 2006. 12

= 2007. 09 KSTAR &= Al

ITER =X 7| &H

= 2007. 10

ct=0p7|sd+

= 2017. 04 H[3%t s FeofHXx|7HE TS 7=

= 2018. 12 MA|

= 2012. 11

"17~'21)

=l
2]

&
o
B
=
5
=
m
=
L
X

K]

2

S

MIA

= 2020. 11
= 2020. 11. 20

-
N
(=]
(o]
>
o
2
<
)
(o]
-
3
[=T4)
c
(]
(]
>
O
o
(o)
45
)
==
S
=
(S
O
e
4

KOREA INSTITUTE OF FUSION ENERGY

KFE Ot=104 g OLOf|L{ K| 2




53 S B0l L x| JHL M2

72| MR (-

L @® Conventional Device (Cu)
5 © Superconducting Device
1GW |-
o
= 1MW |
o
m =
c JET/TFTR
5 i @ JET/T
("]
2 KW [ @ DIII-D
PLT @
@ ALCATOR C Superconducting Device
WgE T3
- (19.68) ATC ALcATORA  SNUT-79 ?
o

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2020 2030 2040

Year
SIS HRMNL 7| 2A 2 =T S| X7 TS TH’H (2006)
KSTAR 712 A|Z} (1995) ST X7 IS 7|24 2 =T (2007)

KF E Ph=oll- 3 2Ol L4 X| 4+ 9 KFCC Workshop, Gyeongju, 12-14 Nov. 2021

KOREA INSTITUTE OF FUSION ENERGY



KSTAR (Korea Superconducting Tokamak Advanced Resear
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.
Roles of ITER Korea (Korean Domestic Agency)@

® The “ITER Korea (KO-DA)” at National Fusion
Research Institute (NFRI) is performing all
activities with respect to the ITER Korea

Project with full responsibilities as the ITERAHY 2 LY Mty 2
Domestic Agency of the Republic of Korea. ITER Korea Domestic Agency

EE O o =

® Main Roles and Responsibilities

* On time delivery of the KO procurement packages
in complying with 10 QAP

 Selection and dispatch KO experts to 10
* Management of KO procurement activities

e Collaboration and coordination activities with 10
and other DAs
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ojLet 2 ZEHES

TF ZH & =X (Conductor)
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2. ITER AFY HAL

3. ITER St Al HA}

4. ITER At sl

5. CH™ R&D AtY =M€= QA
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Overview of ITER Site

- #‘Enkamikt‘bl‘n‘bqu )
(Nuclear Buildings)

B11 — Tokamak. Buuding' \

B14 — Tritium Building
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IO Human Resources Statistics (31 August 2021)

J The 10 had 1016 staff members:
> 733 P staff
> 283 G staff

U The 10 is implementing the 2021 Recruitment
Plan (and newly agreed 120 positions for 2022 &
2023 will be gradually included). Since the end of
September 2016, the 10 has appointed 510 new
staff members; among them 213 (42%) are non-
Europeans;

O In 2021, departures of 35 staff; 80 positions have
been advertised; 2486 applications have been
received through the DAs and 346 candidates
have been shortlisted/interviewed.

10 Staff by Member (G, P & Higher)
(incl. TCWS, VAS, PostDoc & SCSN)
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Successful Installation of PF Coil #5 on 16
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Progress of Installation and Assembly

Central Column installation in the Pit TF Coils #12 and #13 in SSAT#2 VVTS #6: Insulation Test
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Progress of Vacuum Vessel (VV)

VVGS #6: final assembly
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Progress of Divertor

R et e

" | & DIVERTOR CASSETTE FULL-SCALE PROTOTYPE
- MANUFACTURED BY WALTER TOSTO

Successful High Heat Flux testing

¢ EU full-scale Divertor prototype manufactured
by ANSALDO NUCLEARE
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Challenges of ITER Project

® International Enterprise
* A number of stake-holders: there are too many different views on ITER.
* In-kind procurement system: there are too many interfaces.
* Roles and responsibilities of IO and 7 DAs are not clearly defined.
 Quality: how to control and manage the quality of in-kind components/system.

® First-of-a-kind Fusion Device -> Technical Challenges

* Design of key components is not completely frozen until now. It is still on-going
for 6 years after the start of construction.

» There are no explicit lessons learned on a number of technical issues. The
mechanism of decision making is too late.

® Fusion Reactor -> Safety Requirements
 Safety issues: 10 should respect the French Nuclear Regulations.
» Safety requirements come later since site-selection after FDR 2001 baseline.
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CHE atstr|= R&D ALY =M 3 Q&A
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Source : BP Statistical Review of World Energy ; LBST
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i getoLX| BA/AHE/H D 7|= Challenges

o i :dHA ECt=0l Z2|8 (Maxwell’s Equations, Electromagnetic Physics)
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AMEXIA A|AHE(TX}7|EY

® 10,000 tons of magnets, with a stored
magnetic energy of 51 GJ, produce the
magnetic fields that initiates, confines,
shapes and controls the ITER plasma.

® Manufactured from Nb3Sn or Nb-Ti, the
magnets become superconducting when

cooled with supercritical helium in the
range of 4 K (-269 °C).
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€ Confinement is the most important safety
function that is achieved by a coherent set of
physical barriers and / or auxiliary techniques.

« First confinement system designed to prevent
releases of radioactive materials into the
accessible working areas.

« Second confinement system prevents releases
to the general public and the environment.
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Summer sunny day
1 kW/m?

Space shuttle
(re-entry)
500 kW/m?

ITER Blanket First Wall
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, —_ transient EM loads

transient Thermal + EM loads
+ large particle Heat flux

ITER Divertor
(peak) 20,000 kW/m?
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Tokamak

Spherical Tokamak

Stellarator

Aspect ratio: 2.5~3.5

Inner Poloidal field coils
(Primary transformer circuit)

Outer Poloidal field coils

L (for plasma positioning and shaping)

Poloidal magnetic field

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field

(secondary transformer circuit)

Aspect ratio: 1~2
No CS, Low TF field

Sot=0t MR 28 S =
no disruptions, steady state

- Need start-up current
- High B operation
- High bootstrap current

- Challenges to engineering
(remote maintenance)
- Manufacturability of magnet

* (US) TFTR, DIII-D

* (EU) JET, (CN) EAST
* (KO) KSTAR,

* (JA) JT60-SA

* (10) ITER

=9 3ol X1+ ¢

* (UK) START, MAST-U
* (US) NSTX-U
* (UK) STEP

* (JA) LHD
* (German) Wendelstein 7-X
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