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Strategies for gradual increase of flat-top 

plasma performance towards the 

operational point according to the ITER 

operational plan
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A. Loarte, UID 692HTL

ITER shall demonstrate scientific & technological feasibility 

of fusion energy:

• Pulsed operation: Q ≥ 10 for burn lengths of 300-500 s

inductively driven current

→ Baseline scenario 15 MA / 5.3 T

Pa /Paux-heat ≥ 2 

• Long pulse operation:

Q ~ 5 for long pulses up to 1000 s 

→ Hybrid scenario ~ 12.5 MA / 5.3 T

• Steady-state operation:

Q ~ 5 for long pulses up to 3000 s, 

with fully non-inductive current drive

→ Steady-state scenario ~ 10 MA / 5.3 T

→ Pa /Paux-heat ~ 1
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ITER Mission Goals



ITER Research Plan (IRP)
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R&D Strategy to achieve project’s goals with distinct phases :

• Integrated Commissioning, First Plasma, Engineering Operation

• Pre-Fusion Plasma Operation phases (H/He)

• Fusion Power Operation (D and DT) → Achievement of high Q goals
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https://www.iter.org/technical-reports 

ITR-18-003

A. Loarte, UID 692HTL

IRP describes the strategy for R&D to achieve project goals starting from First Plasma :    

Q = 10 (300-500 s), Q = 5 (1000 s) & Q = 5 (steady-state)

Proposed R&D is supported by available systems in each phase
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ITER Research Plan (IRP)

• current delay: 35 months

• re-baselining: FPO-1 in June 2037 

(18 months later)

• tbc by ITER Council 2023

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


Staged approach and H&CD systems
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1st Plasma PFPO-1 PFPO-2 FPO HCD Upgrade

EC 5.8MW,

170GHz, 

UL

20MW + 

10MW1

20MW + 

20MW2

IC 20MW 20MW + 

20MW2

NB 33MW, 

H-beam

33MW, 

D-beam

33MW + 

16.5MW2, 

D-beam

Key 

Kinetic 

Scenarios

First plasma 5MA/1.8T 

H-mode

7.5MA/2.65T 

H-mode,

15MA/5.3T 

L-mode

15MA/5.3T 

DT H-mode 

(“ITER baseline”)

Hybrid and 

Steady-State

Kim, IIS2022

1 To be confirmed                                           
2 HCD upgrade options



A. Loarte, UID 6GZLEU

Integrated Commissioning 

• Commissioning of combined use of:

• Plant systems (central control systems, power supplies, cooling/baking, vacuum, cryogenics etc.)

• Magnet systems to level required for FP (nominally 50% maximum current)

• ECRH, diagnostics, fuelling, GDC, PCS systems

• Magnetic diagnostic calibration

• Repeated before every operation phase

• Newly available plant systems

• Novel functionalities

• Integration with other (existing) components
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Integrated Commissioning
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• Cryostat

• Vacuum Vessel

• Poloidal Field Coils

• Central Solenoid

• Toroidal Field Coils

• ECH partial (7.6 MW)

• Vacuum systems, basic 

diagnostics, fueling, etc.

• Temporary limiters and 

divertor replacement 

structure
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First Plasma (FP) and Engineering Operation (EO)

First Plasma

• 100 kA/ 100 ms milestone

• ECH assisted start-up 

(P. de Vries, NF 2019)

Engineering Commissioning

• Performance tests of all 

Magnet systems to full current

• Definition of strategy to align 

plasma facing components

• Studies of ohmic start-up 

(for 1.8 T)



A. Loarte, UID 6GZLEU

• Plasma Facing 

Components

• Vertical Stability 

control coils

• Pellet fueling system 

(partial)

• ECH full system (20 MW)

• Disruption Mitigation 

System

• Improved diagnostic 

system fueling, etc.
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Pre-Fusion Plasma Operation-1 (PFPO-1)
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• Plasma Facing 

Components

• Vertical Stability 

control coils

• Pellet fueling system 

(partial)

• ECH full system (20 MW)

• Disruption Mitigation 

System

• Improved diagnostic 

system fueling, etc.
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Pre-Fusion Plasma Operation-1 (PFPO-1)

FP, PFPO-1

EC

170 GHz

X2, X3

EC
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104 GHz
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elongate

First Plasma

diverted
plasma

Disruption Research
Programme

FW power flux control

routine
L-mode

3D field 
optimization

first H-mode
demonstration

• H-mode access
• ELM control schemes

• gas species
determination

q-profile studies
integrated control
transient power fluxes
increase operation space

Ohmic/L-mode
H-mode

Baseline SPI Design

Physics R&D (Experiment + Modelling

• Large amount of material → demonstrate 

injection from multiple locations

• Effectiveness of pellet fragment sizes for 

various mitigation missions

• Concept of runaway electron avoidance 

and runaway energy dissipation

• On-going experiments DIII-D, JET, 

KSTAR-multiple SPI, AUG

3D MHD 

JOREK 

modelling 

of JET SPI

R&D for H-mode access in PFPO-1

5 MA/1.8T H-mode 

(0.36 ≤ <ne>/ nGW ≤ 0.5)

• 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 ?)

JET-Solano-NF 2022

Plasma 

species

Pmin
L-H

(MW) 

PH-mode

(MW) 

ne = 0.5 nGW

H 16 22

He 12 16



• ELM control coils

• ICH (20 MW)

• NBI (33 MW)

• Pellet fueling system (full)

• Almost complete set of 

diagnostics

• Test Blanket Modules 

(Electromagnetic)

ITER  PLAN  FOR  GR AD U AL PER FOR M AN C E IN C R EASE IN C LU D IN G TR AN SIEN TS M AX- PLAN C K- IN ST IT U T  F Ü R  PLASM APH YSIK |  W OLF GAN G T R EU T T ER ER  |  30.8.2022 10

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

A. Loarte, UID 6GZLEU

(ECH: 20 MW)



• ELM control coils

• ICH (20 MW)

• NBI (33 MW)

• Pellet fueling system (full)

• Almost complete set of 

diagnostics

• Test Blanket Modules 

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

A. Loarte, UID 6GZLEU

PFPO-2

EC

170 GHz

X2, X3

EC

170 GHz

104 GHz

EC

IC 

2wcH

IC

2wcH H min in He 

IC

wcHe3 = wcT
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1000s
H-mode

disruption-free
robust L-mode

highest current
and field

in H

CD efficiency
q-profile formation

ohmic/L-mode
H-mode
advanced scenario

(ECH: 20 MW)

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) : 

Paux/PLH ~ 1

→ very restricted operation : poor ICH SPA 

scheme & large NBI shine-through

• He H-modes are robust : Paux/PLH ≤ 2.5 

→ uncertainties regarding extrapolation to DT 

(fueling, PWI, pedestal, ELM control, …)

Plasma 

species

Pmin
L-H

(MW) 

PH-mode

(MW) 

ne = 0.5 nGW

H 32 41

He 22 29



A. Loarte, UID 6GZLEU

• Complete set of 

diagnostics 

(fusion products : 

a + 14 MeV n) 

• Test Blanket Modules 

(Nuclear)

• Tritium Plant
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Fusion Plasma Operation
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• Complete set of 

diagnostics 

(fusion products : 

a + 14 MeV n) 

• Test Blanket Modules 

(Nuclear)

• Tritium Plant
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Fusion Plasma Operation

FPO-1
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in D
performance
optimization
disruption-free
robust L-mode

in D

ELM
control

Integrated scenario
• high confinement
• core-edge
• trace Tritium

hybrid/ advanced 
scenarios

Q ≥ 5

ohmic/L-mode
H-mode
advanced scenario

Edge-Core Integration
Stationary and ELM transient power fluxes

• Radiative Dissipation

• ELM control

• ELM control: Mitigation by fELM increase and 

suppression

JOREK

G. Huijsmans

PRAD,DIV = 56.6 MW

qdiv < 10 MWm-2

A. Loarte, UID 6GZLEU

Power fluxes to 

divertor 

~ 60 MWm-2

(similar to Sun’s 

surface)

Thermal load: Areas of Concern

Panels in these areas have 

highest heat handling capacity: 

q⊥ ~4.5 MWm-2
R. Pitts, UID Y3WKWF

Limiter 

start-up

Stationary fluxes in 

secondary X-pt region 

and ramp-down in 

divertor configuration

Limiter start-up 

and ramp-down

Charge exchange 

and photonic 

fluxes

Stationary Power Exhaust
• Power in charged particles similar for all ITER 

high Q scenarios

Q = 10 with Paux ~ 50 MW ➔ Ptotal ~ 150 MW

Q ~ 5   with Paux ~ 70 MW ➔ Ptotal ~ 140 MW

• Expectations

• Narrow near separatrix e-folding length 

➔ 80 – 100 % of PSOL power arrives divertor

• Broad far SOL e-folding length (+ ELMs) 

➔ 20 - 0 % PSOL arrives at first wall 

Burning plasma divertor power flux must be 

reduced by factors of 4 – 10 for compatibility with 

divertor target power handling capability

R
. 
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E
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0
1
9

A. Loarte, UID 692HTL

Energetic ions in ITER scenarios
Energetic ions (a particles) impact on ITER 

burning plasmas 

• Can drive MHD Alfvén eigenmodes 

→ energetic ion loss Pa ↓

• Can reduce anomalous transport level 

→ higher tE → Pa ↑☺

• Can increase core plasma b and thus 

Shafranov Shift 

→ increased edge stability/pressure →

increased tE → Pa ↑ ☺

• Alfvén eigenmodes can reduce plasma 

turbulence 

→ higher tE but energetic ion loss → Pa ? ☺

Coupling between all effects difficult to predict in 

quantitative way for ITER burning plasmas since 

Pa is dominant

A. Loarte, UID 692HTL

Advanced Scenarios

Tokamak scenarios are characterized by a 

combination of pressure and current profile

• Accessing and maintaining scenarios can be 

challenging due to the nonlinear plasma 

physics

• Control strategies have to be developed to 

robustly operate the desired scenario

P
la

s
m

a
 p

re
s
s
u
re

(a
.u

.)

Zohm, IIS 2022



A. Loarte, UID 6GZLEU

• Complete set of 

diagnostics 

(fusion products: 

a + 14 MeV n) 

• Test Blanket Modules 

(Nuclear)

• Tritium Plant
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Fusion Plasma Operation

FPO-2
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advanced scenario

Access to high Q conditions
• Access to high Q requires build-up of Pa since 

Paux is moderate and PL-H is high

• Key to high Q access is density control (gas 

fuelling for nsep and pellet fuelling for ncore

• Access in current ramp and low ne allows 

high Q earlier in flat top

A. Loarte, UID 6GZLEU

F. Koechl - ITER –
JINTRAC - NF 2020

Exit from high Q conditions
• Main issue:avoid fast H-L transitions 

→ radial plasma movement difficult to control 

and large power fluxes to divertor

• Adjust Paux, fueling and Ne seeding 

• to lengthen Wplasma decrease phase and 

• avoid too high qdiv or too deep detachment

• W accumulation can take place in exit

due to density/temperature profile evolution 

if pellet fuelling is quickly switched-off 

• Prad remains moderate due to high Tcore

A. Loarte, UID 6GZLEU



A. Loarte, UID 6GZLEU

• Complete set of 

diagnostics 

(fusion products : 

a + 14 MeV n) 

• Test Blanket Modules 

(Nuclear)

• Tritium Plant
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Fusion Plasma Operation-3 (FPO-3)

FPO-3
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H-mode
advanced scenario
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Accompanying R&D Programme

B1: Disruption characterization, prediction and avoidance

B2: Stationary H-mode plasmas, ELMs, ELM control and impact on H-

mode and power fluxes 

B3: Characterization and control of stationary power fluxes 

B4: Plasma-material/component interactions and consequences for 

ITER operation 

B5: Start-up, Ohmic, L-mode scenario development 

B6: Conditioning, fuel inventory control 

B7: Basic scenario control and commissioning of control systems 

B8: Transient phases of scenarios and control 

B9: Complex scenario control during stationary phases 

B10: Validation of scenario modelling and analysis tools 

B11: Heating and Current Drive and fast particle physics 

B12: Specific issues for long pulse/enhanced confinement scenarios

ITR-20-008



Modelling R&D

Integrated Modelling and Analysis Suite (IMAS) 

created to support ITER exploitation: 

• Integrated scenario simulations

• Experimental analysis workflows

IMAS database of ITER simulations representing 

all phases of IRP (> 120 cases)

Adopting IMAS → development and validation of ITER modelling/analysis tools
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Expt. DBs

Access to raw 

data mapped to 

ITER Data Model Processed 

data
Analysis 

chains

Interpretive 

modelling

Application of IMAS data access tools

Including 
ITER!

Integrated Modelling

15 MA Q = 10 DT ITER baseline scenario with 

DINA-JINTRAC workflow 

Visualisation S. Pinches

A. Loarte, UID 6GZLEU



DINA

JINTRAC

CORSICA

Also METIS, 

ASTRA, etc.

Kim, IIS2022

List of ITER PFPO phase scenarios
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Staged Scenario and Control Development
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1st Plasma PFPO-1 PFPO-2 FPO-1 FPO-2 FPO-3

Disruption 

mitigation

preliminary 
limiters, 

th./mech load, 
Disr. res. prg., 
baseline DMS

DMS optim. for 
high current and 
field (H/He)

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

operation near 
stability 
boundaries

Disruption 

avoidance

RE detection 
and avoidance

vertical stab., 
disruption-free 
scenarios

disr.-free op. at  
high currents 
and fields

burning H-mode, 
MHD control in 
advanced scenarios

robust integrated 
long-pulse Q ≥ 
10 scenario

Power flux power flux 
char., FW 
head load prot

power flux 
control in L-
mode

power flux control in 
H-mode, 
ELM control

power flux 
control in Q= 10 
plasma

robust power flux 
control in long-
pulse scenarios

MHD 

stability

self-similar 
scenarios, fast 
particle effects

NTM and core MHD 
control, MHD in 
advanced scenarios

MHD stability on 
long timescales

MHD effect 
minimization on 
Pfus

Current 

profile

current drive 
efficiency, q-
profile formation

advanced/hybrid 
scenario studies 

long pulse/ 
steady state 
scenarios Q ≤ 2

long pulse/ 
steady state 
scenarios Q ≥ 5

Burning 

plasma

burn condition 
access/exit

burn control stable, long-
pulse Pfus

generation
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Conclusion
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FP, PFPO-1

elongate

First Plasma

diverted
plasma

Disruption Research
Programme

FW power flux control

routine
L-mode

3D field 
optimization

first H-mode
demonstration

• H-mode access
• ELM control
• gas species
determination

q-profile studies
integrated control
transient power fluxes
increase operation space

PFPO-2

1000s
H-mode

disruption-free
robust L-mode

in H

CD efficiency
q-profile formation

FPO-1

in D
performance
optimization
disruption-free
robust L-mode

in D

ELM
control

Integrated scenario
• high confinement
• core-edge
• trace Tritium

hybrid/ advanced 
scenarios

Q ≥ 5

FPO-2

long pulse
(1000 s)
Q ≤ 2

Q = 10
50 ➭ 500 s

Q ≥ 10

steady state
(3000 s)
Q ≤ 2

FPO-3

long pulse
(1000 s)
Q ≥ 5

steady state
(3000 s)
Q ≥ 5

?

avoid large 
Pfus variations

Staged, iterative approach driven by

• Component availability/upgrade

(heating, diagnostic, control system, TBM, 

license)

• Risk mitigation

• Re-evaluation and adaptation of existing 

systems and models

• Stored energy ~ 

protection system maturity

• Alternative paths

• Ongoing research

• Advancement of scenarios, monitoring 

and control

• Including stationary and transient phases

• Accompanying R&D programme

ohmic/L-mode
H-mode
advanced scenario



Thank you for your interest !

The End
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Ip = 7.5MA, Bt = 2.65 T 

• H H-modes (33 MW NBI + 20 MW ECH) : Paux/PLH ~ 1

→ very restricted operation : poor ICH SPA scheme & large NBI shine-through

• He H-modes are robust : Paux/PLH ≤ 2.5 

→ uncertainties regarding extrapolation to DT 

(fueling, PWI, pedestal, ELM control, …)

7.5 MA/2.65T H-mode scenarios in PFPO-2 (H, He, H + 10%He)

A. Loarte, UID 6GZLEU
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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) : 

Paux/PLH ~ 1

→ very restricted operation : poor ICH SPA 

scheme & large NBI shine-through

• He H-modes are robust : Paux/PLH ≤ 2.5 

→ uncertainties regarding extrapolation to DT 

(fueling, PWI, pedestal, ELM control, …)

Plasma 

species

Pmin
L-H

(MW) 

PH-mode

(MW) 

ne = 0.5 nGW

H 32 41

He 22 29


