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ITER Mission Goals

ITER shall demonstrate scientific & technological feasibility
of fusion energy:

* Pulsed operation: Q 2 10 for burn lengths of 300-500 s &S
inductively driven current
-> Baseline scenario 15 MA /53T

Pa/Paux—heat 22

« Long pulse operation:
Q ~ 5 for long pulses up to 1000 s
- Hybrid scenario ~125 MA /53 T

« Steady-state operation:
Q ~ 5 for long pulses up to 3000 s,
with fully non-inductive current drive
- Steady-state scenario ~10 MA /53T

> I:)on/Paux-heat ~1

A. Loarte, UID 692HTL
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ITER Research Plan (IRP)

R&D Strategyto achieve project’s goals with distinct phases:
* Integrated Commissioning, First Plasma, Engineering Operation
* Pre-FusionPlasmaOperation phases (H/He)

 Fusion Power Operation (Dand DT)=> Achievementof high Q goals

Construction Phase Operation Phase e
End of Pr=-Fusion
Start of Pre- End of Pre-Fusion Pre-Fusion Power Operation-II End of Pre-
EOFinished End of FusionPower PowerOperation-]  End of Power and Start of Pre- Nuclear Fusion Power
First Plazma and Start of Aszzembly Operation-I and Start of Azsembly Aszzembly Operation-II MNuclear Shutdown  Shutdownfor  Operation
(FF) Aszzembly 1 I (5F) 111 (TF) for Azzembly IV Assembly IV (DT)

Dec. 2025 Jun. 2026 Jun.2028 Dec. 2028 Jun. 2030 Sep.2031  Jun.2032 Mar. 2034 Mar.2035  Dec.2035

4 ) - —
—————————————————————— A B A e B *
Fabrication Integ. Comm. Integ. Integ. Integ.
& First Plasma Assem. |Comm.| PFPO | Assem. |Comm.| PFPO | Assem. |Comm. FPO
Assembly | Engineer. Op. 1 1 I 1 1 I \Y \Y
Stage | Stage ll | Stage lll Stage IV

A. Loarte, UID 6GZLEU
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ITER Research Plan (IRP)

IRP describes the strategyfor R&D to achieve project goals starting from First Plasma :
Q =10(300-500s),Q =5(1000s) & Q =5 (steady-state)

Proposed R&D is supported by available systems in each phase

Complete First Hydrogen/ Helium Initial
Tokamak Core Plasma Phase Complote DT Experiments

ITER Operations Phase

2024 1 2025 | 2026 2027J2028‘2029 2030 | 2031 | 2032 | 2033 20345203532035 2037 | 2038 | 2039 20‘012041 | 2042 | 2043 | 2044 | 2045 | 2046

[ [ ] * current delay: 35 months

Integrated Commissioning

Ciose Cryd - * re-baselining: FPO-1 in June 2037 ITER TECHNICAL REPORT
" : (18 monthslater) | e
[ « tbc by ITER Council 2023 s

TITLE
Pre-Fusion Power Operation | ITER Research Plan within

the Staged Approach
(Level lll — Provisional Version)

uuuuuuuuuuuuuu

AAAAAAAAAAAAAA

Pre-Fusion Power Operation 2

Tritium Plant Commissioning

D Operation

Fusion Power Operation I | R 18 003

DT Operation

© 01 158 Orginatien

*“Authorization for Operation of Nucioar |

https://mww.iter.org/technical-reports

A. Loarte, UID 692HTL
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https://www.iter.org/technical-reports

Staged approach and H&CD systems

IC

NB

Key
Kinetic
Scenarios

Kim, 11S2022

5.8MW,
170GHz,
UL

First plasma

20MW +
10MwW1

5MA/1.8T
H-mode
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- 20MW +

20MW?
20MW — 20MW +

20MW?
33MW, 33MW, 33MW +
H-beam D-beam 16.5MW?,

D-beam
7.5MA/2.65T 15MA/5.3T Hybrid and
H-mode, DT H-mode Steady-State
15MA/5.3T (“ITER baseline™)
L-mode

1 To be confirmed
2HCD upgrade options
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Integrated Commissioning

Integrated Commissioning

« Commissioning of combined use of:
» Plant systems (central control systems, power supplies, cooling/baking, vacuum, cryogenics etc.)
 Magnetsystemsto level required for FP (nominally 50% maximum current)
« ECRH, diagnostics, fuelling, GDC, PCS systems

« Magnetic diagnostic calibration

« Repeated beforeeveryoperationphase
* Newly available plant systems
* Novel functionalities

* Integration with other (existing) components

A. Loarte, UID 6GZLEU
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First Plasma (FP) and Engineering Operation (EO) . i

First Plasma
« 100 kA/ 100 ms milestone

« ECH assisted start-up
(P. de Vries, NF 2019)

Engineering Commissioning

 Performancetests of all
Magnet systems to full current

« Definition of strategy to align
plasma facing components

« Studies of ohmic start-up
(for1.8T)

A. Loarte, UID 6GZLEU
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Pre-Fusion Plasma Operation-1 (PFPO-1)

 PlasmaFacing
Components

« Vertical Stability
control coils

 Pelletfuelingsystem
(partial)

« ECHfullsystem (20 MW)
« Disruption Mitigation
System

 Improveddiagnostic
systemfueling, etc.

2 o 55 ISR

A. Loarte, UID 6GZLEU
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Pre-Fusion Plasma Operation-1 (PFPO-1)
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6.0 . gas species trafsient powerflyxes
d gas sp inciease operation space :
........................ etermlna.tlon _ FW pOWEl’ﬂUX 'CO'nt'l'U'}
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Cl.|2 4 0[6

R&D for H-mode access in PFPO-1
5 MA/1.8T H-mode

f
10.0 — =
ploss[MW] | ' o)
8.0 - o
| lo
AT A
6.0 - Lo lad A s
1 ..!J'A‘ [ eori ]
Plasma Pmin- pH-mode
species (MW) (MW)
Ne = 0.5 gy
H 16 22
He 12 16

Ohfmic/L-mode

« 20 MW for He plasmas and
30 MW for H plasmas
—> Is this the correct physics picture ?

» Baseline Staged Approach
- 20 MW ECH
(10 MW ECH (170 GHz) upgrade ?)



Pre-Fusion Plasma Operation-2 (PFPO-2)

ELM control coils
ICH (20 MW)
NBI (33 MW)

Pelletfueling system (full)

Almostcomplete set of
diagnostics

 TestBlanket Modules
(Electromagnetic)

2 o 55 ISR

A. Loarte, UID 6GZLEU
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Pre-Fusion Plasma Operation-2 (PFPO-2)

highestcurrent g 7.5 MA/2.65T H-mode scenarios in
120 and field R PFPO-2 (H, He, H + 10%He)
// * H H-modes (33 MW NBI + 20 MW ECH) :
1351 ’// I:)aux/F)LH ~1
....................................................... S e ,—- —> very restricted operation : poor ICH SPA
12.0 [ robustL-mode .’ scheme & large NBI shine-through
inH e  He H-modes are robust : P, /Py <2.5
L T — W ) N ! ...... - uncertainties regarding extrapolation to DT
d (fueling, PWI, pedestal, ELM control, ...)
....................................................... /.—. B/lp=2.65/7.5 TIMA in hydrogen
9.0 1000s ,* I with 2% Be + 0.5% Ne, P_ =53 MW
< H-modé Pl p_ LH pH-mode
S 75 e e, ) i} P I L.... asfna min
— /' s species (MW) (MW)
- 6.0 I /// T ne:OS nGW
' R CD efficiency
.............................................. Lot B g-profile.formation H 32 41
45 1 O He 22 29
.................................. prvenrene] = I @
30F /// IC I:I_:;- : E
Gos= 3, ¢ IC ®cHe3 = AcT z : =
// IC 2® H H min in He Ohm|C/L'mOde ﬁ | =
15F - o 0 H-modé = |
.........).ﬁ ................................. 2('OCH ......... honoounon0oonooooonooooooad F o000 . =P I
// ] .advancedscenarlo 1 -I--?C:II...L.HI....I..I..I....I....I....
0 £ 1 1 1 1 1 1 1 1 1 1 1 i 2 3 4 5 6
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Fusion Plasma Operation

« Completeset of
diagnostics
(fusionproducts:
o+ 14 MeVn)

e TestBlanket Modules
(Nuclear)

e TritiumPlant

A. Loarte, UID 6GZLEU
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Fusion Plasma Operation

Advanced Scenarios

15,0 [rrrmmrrrere s sssessesssssensesns R — S e
e e e i Qz25-/ . .
R Tokamak scenarios are characterized by a
135 F : performance // ‘combination of pressure and current profile
' : optimizéation in D .
N S SV NOC N RN L mm—— f —.
: LU, Advanced
) <« operation ’
............................. 5 3 \— A
% 5 Reversed
) S 3| shear
assssmmssssEEsssEEnnnnntannnn (@] E
: B of Mok
)
— < "
< o ETB jy | L-mode
2 ) - EETTTTTTTT TP T TP P P PP i H-mode
&b . ;ntrol Normalised radius r/a OO 0.5 r/a 1
6.0k Q hybrid/ advanced i
i scenarios _ o _
............................................... 4 ‘ . Accessmg and maintaining scenarios can be
45 R ‘ challenging due to the nonlinear plasma
: : : : : physics
i It » Control strategies have to be developed to
. robustly operate the desired scenario
A. L 0 £ 1 1 1 1 1 1 1 1 il 1
0 0.5 1 1.5 2 2.5 3 35 4 45 50
Zohm, 1S 2022



Fusion Plasma Operation

15.0
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12.0
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Exit from high Q conditions

Main issue:avoid fast H-L transitions
- radial plasma movement difficult to control

and large power fluxes to divertor
e ODT - 10 H-mo‘jﬁ
-~ 1.5 seconds after H-L transition

4
2._
E
S 0
-2
-4
4 § K] 10
R (m)

Adjust P,,, fueling and Ne seeding
to lengthen W, ,sma decrease phase and
avoid too high qg, or too deep detachment
W accumulation can take place in exit
due to density/temperature profile evolution
if pellet fuelling is quickly switched-off
P..q remains moderate due to high T,y

A. Loarte, UID 6GZLEU



Fusion Plasma Operation-3 (FPO-3)

15,0 [ e — — -

135
« Completeset of

diagnostics
(fusionproducts:
o+ 14 MeVn)

e TestBlanket Modules
(Nuclear)

120 _»’i avoid large
: : i Py variations

9.0 B . (30005)
f o . Q=5

e TritiumPlant

ohmic/l?,-mode
"é'éi'\'/'éi'ﬁ'c':jéa'scenario

A_ L‘ 0 £ L L L L L L L L | L :
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Accompanying R&D Programme

ITER TECHNICAL REPORT

ITR-20-008

Required R&D in Existing Fusion Facilitiéé
to Support the ITER Research Plan

Alberto Loarte for the Science Divl:inn staff

Alberto.Loarte@iter.org

ITR-20-008

(@OI0)

Bl:
B2:

Disruption characterization, prediction and avoidance
Stationary H-mode plasmas, ELMs, ELM control and impact on H-

mode and power fluxes

B3:
B4:

Characterization and control of stationary power fluxes
Plasma-material/component interactions and consequences for

ITER operation

B5:
B6:
B7:
B8:
BO:

Start-up, Ohmic, L-mode scenario development
Conditioning, fuel inventory control

Basic scenario control and commissioning of control systems
Transient phases of scenarios and control

Complex scenario control during stationary phases

B10: Validation of scenario modelling and analysis tools

B11l: Heating and Current Drive and fast particle physics

B12: Specific issues for long pulse/enhanced confinement scenarios




Modelling R&D

-

all phases of IRP (> 120 cases)

Q
fus
O HODOO

Integrated Modelling and Analysis Suite (IMAS) 2 o Integrated Modelling o
createdto support ITER exploitation: Z"§,_:—J/ S
. : i %F
* Integrated scenario simulations T e S e
« Experimental analysis workflows Esgj ;
2 200
IMAS databaseof ITER simulations representing ;‘m-lj.:’k

: :
1 1
200 250 300 700 750 800
Time [s]

15 MA Q =10 DT ITER baseline scenario with
|

DINA-JINTRAC workflow
Application of IMAS data access tools - : S. Pinches

Adopting IMAS = developmentandvalidation of ITER modelling/analysistools

Access to raw
data mapped to
ITER Data Model

A. Loarte, UID 6GZLEU
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List of ITER PFPO phase scenarios

ilcih i DINA PR R Lo Cont e B Lo Also METIS,

leseel 4 ITER 15MA H-DINAZG017-01 -14.97 -5.3 H Ohmic DINA

lasee2 4 ITER 15MA H-DINAZG13-04 -14.97 -5.3 H Ohmic DINA ASTRA! etC

lgsee3 4 ITER 18MA H-DINAZ2018-83 -10.08 -5.3 H Ohmic DINA

15084 4 ITER 7.5MA H-DINA2016-81 -7.52 -2.65 H L-mode DINA

150605 4 ITER 7.5MA H-DINA2816-82 -7.52 -2.65 H L-mode DINA

igggg? ?9 Pulse Run Database Reference J |NTRAC Ip[MA] BO[T] Fuelling Confinement Workflow

3 T

1856809 & 1840601 1 ITER Elina IAEA-FEC 2016 TH/P2-23 Figurel 15MA 5.16T pe -15.8 -5.16 H L-mode JINTRAC mkimas

105810 6 184001 2 ITER Elina IAEA-FEC 2016 TH/P2-23 Figurel 15MA 5.30T pe -15.8 -5.3 H L-mode JINTRAC mkimas

1056811 10 104182 12 ITER Elina IAEA-FEC2821 figurel, Vasilli Hyd. 5MA 1.8T -5.8 -1.8 H L-mode JINTRAC mkimas + spider-inverse

1856812 5 184182 22 ITER Elina IAEA-FEC2821 figurel, Vasilli Hyd. 5MA 1.8T -5.8 -1.8 H L-H JINTRAC mkimas + spider-inverse

105013 1 184182 32 ITER Elina IAEA-FEC2821 figurel, Vasilli Hyd. 5MA 1.8T -5.8 -1.8 H L-H JINTRAC mkimas + spider-inverse

1856814 1 184182 42 ITER Elina IAEA-FEC2821 figurel, Vasilli Hyd. 5MA 1.8T -5.8 -1.8 H H-mode JINTRAC mkimas + spider-inverse

105815 1 184183 12 ITER Elina IAEA-FEC2821 figure4, Luca Hyd. Ne rich 7.5M -7.5 -2.58 H L-mode JINTRAC mkimas + spider-inverse

1056816 1 184183 22 ITER Elina IAEA-FEC20821 figure4 Luca Hyd Ne rlch 7.5M -7.5 -2.58 H L-H transition JINTRAC mkimas + spider—inverse

185017 1 184103 32 ITER [ S ) F- | i e ——— T T e o e e

1056818 1 104183 42 ITER Elina

1015 1 [loflod 12 ITER  Eling - cc fun Patebase Reference CORSICA i W Wl Bt L

105620 1 |164104 22 ITER Elinahggsp; 3 ITER Nonactive-H, 7.5MA 2.65T L-H-L, 46.8MW Paux 7.5 -2.65 H L-H-L CORSICA

105621 1 ig:ig;‘ ig EE: E{%“a 106502 3  ITER Nonactive-H, 7.5MA 2.65T L-H dithering, 39.2MW Pau -7.5 -2.65 H L-H dithering  CORSICA

iggggg i gl L Ciihonoeses 3 ITER Nonactive-H, 7.5MA 2.65T L-mode, 46.8MW Paux -7.5 -2.65 H L CORSICA

105024 1 114162 22 ITER Elina 1805604 3 ITER Nonactive-H, 9.6MA 3.25T L-mode, 42.8MW Paux -9.6 -3.25 H L CORSICA

105625 1 114182 32 ITER Elina 180585 3 ITER Nonactive-H, 12.7MA 4.78T L-mode, 46.8MW Paux -12.7 -4.7 H L CORSICA

105026 1 |114103 12 ITER Elinglf0506 3  ITER Nonactive-H, 15MA 5.3T L-mode, 46.8MW Paux -15.0 -5.3 H L CORSICA

114160 51 |114103 22 ITER Elinall®0507 3  ITER Nonactive-H, 5MA 1.8T L-H-L, 30MW Paux -5.0 -1.77 H L-H-L CORSICA

114101 41 |114183 32 ITER Elinall10561 3  ITER Nonactive-He, 7.5MA 2.65T L-H-L, 43.0MW Paux -7.5  -2.65 He4 L-H-L CORSICA

115001 4  |114103 42 ITER Elingll10502 3 ITER Nonactive-He, 9.6MA 3.25T L-H-L, 49.2MW Paux -9.6 -3.25 Hed L-H-L CORSICA

i 17 o N 0 e O o 1105683 3 ITER Monactive-He, 11.3MA 4.06T L-H dithering, 56.8MW P  -11.3 -4.0 Hed L-H dithering CORSICA
1185604 3 ITER Monactive-He, 12.7MA 4.76T L-H dithering, 53.06MW P  -12.7 -4.7 He4d L-H dithering CORSICA
110585 3 ITER Monactive-He, 12.7MA 4.78T L-H dithering, 63.6MW P  -12.7 -4.7 Hed L-H dithering CORSICA
118506 3 ITER Monactive-He, 15MA 5.3T L-mode, 53.0MW Paux -15.8 -5.3 Hed L CORSICA
110587 3 ITER Monactive-He, 15MA 5.3T L-H dithering, 63.6MW Paux -15.0 -5.3 Hed L-H dithering CORSICA
116568 3 ITER Nonactive-He, 7.5MA 2.65T L-mode, 28.3MW Paux -7.5 -2.685 Hed L CORSICA
110569 3 ITER NMonactive-He, 7.5MA 2.65T L-H-L, 43.8MW Paux -7.3 -2.65 Hed L-H-L CORSICA

Kim, 11S2022
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Staged Scenario and Control Development

1st Plasma | PFPO-1

PFPO-2

FPO-1

FPO-2

Disruption preliminary th./mech load,
PP, limiters, Disr. res. prg.,
Lungaten baseline DMS
Disruption RE detection vertical stab.,
- and avoidance  disruption-free
avoidance scenarios
Power flux power flux
char., FW
head load prot

MHD

stability

Current

profile

Burning

plasma
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DMS optim. for
high currentand
field (H/He)

disr.-free op. at
high currents
and fields

power flux
controlin L-
mode

self-similar
scenarios, fast
particle effects

currentdrive
efficiency, g-
profile formation

DMS optim. (D) for
burning plasma and
H&CD scenarios

burning H-mode,
MHD controlin
advanced scenarios

power flux control in
H-mode,
ELM control

NTM and core MHD
control, MHD in
advanced scenarios

advanced/hybrid
scenario studies

burn condition
access/exit

operation near
stability
boundaries

robustintegrated
long-pulse Q =
10 scenario

power flux
controlin Q=10
plasma

MHD stability on
long timescales

long pulse/
steady state
scenariosQ <2

burn control

robust power flux
controlin long-
pulse scenarios

MHD effect
minimization on
I:)fus

long pulse/
steady state
scenariosQ =5

stable, long-
pulse Py,
generation
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Conclusion

Q=10 2210
15.0 50 < 500 S.
long pulse
135 8205?8)
hdhg pulse =
£€1000 sY ( B g Staged, iterative approach driven by
12.0 Q<2 avoid large L
P..variations * Component availability/upgrade
105 (heating, diagnostic, control system, TBM,
e license)
steady state . - :
9.0 (3000 5s) steady state® Risk mitigation
T Q=2 (320g5) + Re-evaluation and adaptation of existing
=75 Qz systems and models
- O « Stored energy ~
6.0 1 protection system maturity
i © « Alternative paths
* Ongoing research
3.0 « Advancement of scenarios, monitoring
and control
15 =ff_‘nr2‘:)°é'é'm°de « Including stationary and transient phases
@ advanced scenario « Accompanying R&D programme
0

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5.0
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The End

Thankyou foryour interest’!
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7.5 MA/2.65T H-mode scenarios in PFPO-2 (H, He, H +

10%He)

7.5 MA/2.65T H-mode scenarios in
PFPO-2 (H, He, H + 10%He)
+ H H-modes (33 MW NBI + 20 MW ECH) :

* HH-modes(33MW NBI+ 20MW ECH): P, /Py ~1

I:)aux/F)LH ~1
—> very restricted operation : poor ICH SPA

—> very restricted operation : poor ICH SPAscheme & large NB  scheme & large NBI shine-through

« HeH-modesarerobust: P, /Py <2.5

 He H-modes are robust : P, /P,y <2.5
—> uncertainties regarding extrapolation to DT

—> uncertainties regarding extrapolationto DT (fueling, PWI, pedestal, ELM control, ...)
(fueling, PWI, pedestal, ELM control, ...) wif;'g;fg:f}g;m::ﬂs:f;os%e;w
— — Plasma P PpH-mode
l, = 7.9MA, B, = 2.65T species (MW) (MW)
Ne = 0.5 Ngw
H 32 41
He 22 29
S I @ ]
o | O
m I E
= | o
s | =
= |
>P :
sol LH |
A. Loarte, UID 6GZLEU 12 ----- I yEE— S :
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