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CZa A brief history: the pioneers

' 1920: Arthur Eddington (UK) suggests that stars draw their
energy from the fusion of hydrogen into helium

BN 1928: George Gamow (Ukraine-USA) introduces
the mathematical basis for quantum tunneling
(— explains a-radioactivity)

' 1934: Ernest Rutherford (NZ-UK) & Mark Oliphant (UK)
perform 1%t beam-target D-fusion in Cavendish lab

I' 1938: Hans Bethe (USA) explains what is thought
to power the sun: C-N-O fusion reaction .
(actually p-p, as proposed by Gamow & Von Weizsacker, 1937) §
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CQ_ZI A brief history: the beginnings

' 1950: Tokamak concept by Andrei Sakharov
& lgor Tamm (USSR)

@ 1950: Stellarator concept
by Lyman Spitzer (USA)

' 1952: First H-bomb "lvy Mike" (USA) of 10.5 Mt TNT in
Marshall islands, Teller-Ulam design
(Hiroshima & Nagasaki atomic bombs ~12 kt)

' 1955: "Atoms for Peace” conf. on D. Eisenhower’s
initiative — IAEA created in 1956

B® 1957: Sputnik 1 — Space Race as part of Cold War
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1958: 2"d |AEA conf. "Atoms for Peace" (Geneva): many # concepts for
controlled magnetic confinement

1968: Breakthrough at IAEA (Novosibirsk) by Lev Artsimovich
(USSR)— 1 keV achieved in T3 Tokamak (< 100 eV in other machines)

1969: UKAEA team confirms Russian
results (Thomson scattering)

1983: 15t plasma in Joint European
Torus (Culham, UK)

1985: launch of an international effort on fusion
by Ronald Reagan & Andrei Gorbachev — ITER
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CZa Outline

I Basics on fusion
== FUSION on Earth
== Advantages & drawbacks
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CZa  Principle: moving towards stable Iron *®Fe Irfim

Binding energy per nucleon B(A, Z) = (Zm, + Nmy)c* — M(A, Z)c¢?
“Fe T~ Al Koo Seemaa, CC BV-5A 4.0
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CZa  Three main reactions

Cross-section =

Most “easy”
D+T —4He+ n +17.59 MeV

Abundant fuel

SHe+ n + 3.27 MeV
D+D <

T +p+ 4.03MeV

NO neutrons
(actually non-vanishing amount)

SHe+D — 4He + p + 18.35 MeV
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C@Q D-T fusion — the principles (l)

D + T - He + n
Hydrogen isotopes Helium Neutron
Stable Unstable stable ¢ & % l

/ -

* Impact on device
e used to produce T
* not key for ITER

* must be produced
* not key for ITER

temperature [keV]
10° 10* 10° 10°

1023 | Threshold condition for fusion

— DT
- D-D - - -
— D-He3|1 — interaction distance 1013 m

E,, 210 keV — Plasma state

0 Y 107 107 10° 10
temperature [billion Kelvin]
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_ D-T fusion — the principles (ll)

lT generation: n +%7Li — He + T (+n)

D + T - He + n
Plasma at 10-20 keV 3.5 MeV 14 MeV
T Plasma heating Energy prod.

then ash removal

» Power balance at equilibrium: sources = losses
— Internal energy ~ nT
P, + Py = Winternai
[

— TE
a-heating \ \

~ Nn2(cV)(T) additional Energy confinement time
heating
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CEZ4a Towards ignition: the triple product (Lawson) éRfm

Self-heated Fusion (ignition) Q=P /Py
nT 1 > 610°'m=3.keV.s o |
5 20 —
MHD Turbulent s
stability transport S [ ITER target
energy content governs E 10 Fmrimremrm s
‘e~ " Toss power fusion £
performance 0 i
0.0 0.5 1.0

Energy confinement time -/ 1 _,son

» Magnetic confinement

T~20keV (threshold reaction)
= Pressure ~ few atm

n~10*m3  (B=P,. /P .on<1) (Ps,~10Matm)

Sun

= Requires t¢ = 3s
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Cea Several critical advantages...

: : G. Charpak, R.L. Garwin
I Safety: no chain reaction 100800 = |

(neutrons do NOT participate to reaction) s - ’

I Fuel: Deuterium (sea 32mg/kg) \\ A tRIGHe
Lithium (earth 20mg/kg) o —
= abundant N =i
= well distributed on Earth =
= _Fusion
B Waste: - e
= Small quantity of long life == Charbon
= NO CO, production
= Limited risk of proliferation 0 100 200 300 400

Années aprés l'arrét
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Ccea ... and a few drawbacks

Q Threshold reaction regarding temperature

a Constraints on materials: neutron and heat flux

- J. Knaster et al., Nature Physics (2016)
S .,(3 \ 200 keV fusion r:::::trcin recoil cascade P 10,000 : :
=8 | 200kev - § _|nNE37MeV) »a . |
‘i _— I. -—--—-—----—-—-——-—-—-——-—-——-+-————-—-i——-—-— ——==—=-
© & neutron ‘ = A /’gf.-'}'l.-
2) SNS/SINQ | IFMIF o
£ S - ad EENES B S B e S B
O = o |
c S e 3 T w0r- / :
_ S fer %o i @© | |
c O .-"20 keV fission neutron _ (@F : :
o c 28 recoil cascade e (&) 1+ 1
o) ' e T = i
8 c ” :E;m 20 keV ~ g .y RTNS-I !
S % " i neutron 2 © son
At ST 2 reactors
8 % i 10 nm 5656 g 001 —----—# ‘ e i R
A ©
T 000 | | | | | |
0.0001 0.0 0. Q1 1 10 100 1,000

Displacement per atom

= IFMIF (International Fusion Materials Irradiation Facility): Accelerator / Target / Test facilities

a Tritium production = breeding blankets n + Li
1 GW (thermic) reactor — 56 kg / year

IMT, 25.05.2022 CEA | Y. Sarazin | Page 12



CZa Outline

' Controlled magnetic fusion
= Confinement
== Key physics issues
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CZa Particle Confinement in 3-dimensions drfm

Q Particles confined in 2-dim. by strong magnetic field B:

Magnetic

ie i : .
2 lons &+ Toroidal angle ¢

Ps = =~ ~3.1072m
q, Plasma
Wy = ds ~3.108 s1
ke 'm5

O Inhomogeneous B (norm. & directior

e.g. circular field lines

= vertical particle drifts

= still 2-dim. confinement only .
Poloidal

PURELY TOROIDAL E TWISTING § ang|e 0

a Solution: magnetic field lines
twist around tori called
magnetic surfaces
= helicity “annihilates” drift

effect
= 3-dim. confinement
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_ Generating magnetic topology in tokamaks &/

Q “Toroidal” magnetic
field genergted by P
external coils W

—
L

|\ .

-

Q “Poloidal” magnetic
field generated by

(inductive & non-inductive)

Q Resulting magnetic field
lines (OMxB=0) are helical
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CZa Plasma confinement: Lorentz force

Confining particles is not sufficient — their collective effects
(e.g. plasma pressure) have to be balanced

I’ Magnetic surfaces are (leading QGEIR®

= ISODbar Major radius R
_

= isothermal ' t’ g
A/
_ X
B Pressure gradient Vp /
L]
— plasma expands | r
— balanced by Lorentz force jxB Nested magnetic surfaces

= Magneto-HydroDynamical equilibrium
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CZa Several ways to produce helical B field drfm

I Tokamak I Stellarator
© Confinement © Stability
® Plasma current, Disruptions ® a-confinement, Technology

Wendelstein 7-X
(Germany)
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cea CEA, Cadarache, IRFM Irfim
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C22 From Tore Supra (1988-2013) to WEST (2016-) i
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CZa Outline

' Controlled magnetic fusion
= Confinement
== Key physics issues
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C2a Self-consistent description of plasma

Quasi-neutrality: © = 0
Ampére: V X B = ]

P, | ¢, A
\ Plasma /

response?

Maxwell

Charge & current
densities

Electro-magnetic
field

Several approaches: Kinetic / GyroKinetic
Fluid / MHD
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O Plasma heating, fueling R
& current drive (tokamaks) #7272 tl § By b i

® Plasma-surface | %,
interaction: particle & / Vi
heat exhaust i

© Stability of magnetic
configuration

® Plasma confinement

N,
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C2a Heating & fueling schemes

(1
Q Temperature (10-20 keV ~ 150 106 °C)

— heating & current drive

= Joule effect (but resistivity ~ nT-372)

= Radio-frequency waves: resonant
absorption by charged particles

= Beams of energetic neutral particles

positive/negative ion source, acceleration,
neutralization

= Alpha particles (self-heating/burning)

Q Particles —» Fueling: gas / pellets

IMT, 25.05.2022
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Plasma-wall interaction: requires adequate

solution — the divertor

Interface with plasma facing
components:

Q In general: hot & diluted plasma
— emission of impurities
— non efficient pumping

Q Preferable solution: dense, cold

& radiating plasma

— appropriate device = divertor
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CZa  The aim of a divertor

e 3250
BEF #17148 4272000 be.twee n ELMS

Q Heat exhaust (~ 10 MW.m=2) Asdex-U

2800

~ Shuttle thermal shield x 2-3
~ Surface of the Sun/ 6

O Pumping ashes (He)

Q Controlling impurity influx | 6500
during ELM ) kd / (mBs)

DEZ #17 148 4 260000

04

a Fueling the plasma with DT

ad Resilience to transient heat ——
loads
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C22 Operational domain — large scale instabilities &3/

©
B Magneto-hydrodynamic (MHD) D[')S;r\ljf;v:tyaf EZJOEQT)
Instabllities
== Pressure
= Current
== Radiative losses

I Instabilities can

IMT, 25.05.2022

~ plasma current

Reach steady-state
Oscillate
Disrupt

Normalized density
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CZa Controlling runaway electrons {rfm

I Disruptions = sudden (few ms) loss of confinement

== Huge forces on plasma vessel

== Runaway Electron beam v,~c — up to 100 MJ in ITER
I Strategies: avoidance and/or mitigation

Mitigation of RE at JET with shattered D2 pellets  [Reux et al., PRL 2021]

t-t =-0.5ms } t-t

collapse ~— collapse

=+0.3 ms | t-t =+/.5ms

collapse

),
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Turbulent transport governs the

confinement time

Fluctuations of the
electric potential
(convective cells)

B Departure from thermodynamical
equilibrium: vn, VT

I Instabilities above thresholds
— Nonlinear saturation
— Turbulence

B Convective cells ~ cyclones/anticyclonesi. ¥
— Cross-field transport S Y cy
— Effective turbulent diffusion Dy, b

B D, T = confinement time 4 V. Grandgirard, G. Dif-Pradalier, P. Donnel, X. Garbet,
Te ~ (machine size)2 / Dturb Ph. Ghendrih, K. Obrejan, C. Passeron, Y. Sarazin
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Improved confinement above power rfin

threshold: L-H transition

B! Spontaneous bifurcation of plasma:
confinement time 1t doubles Wagner, PRL (1982)

60 ASDEX
above power threshold P, ot
50 1 °6 Oo °
(prediction of P__, = ongoing research) %, g0 Ttee
O%oooo-{»%ib o o
= 40 1 o o o
E QO
I' Discovered on ASDEX In 1982 . 30 R
. " % I “
(all tokamaks since then) > 204 " Lotype
Ip =300 kA
10 - By =22 T
Pni> 2 MW
0 —
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Improved confinement above power rfin

threshold: L-H transition

B! Spontaneous bifurcation of plasma: Manso, PPCF (1993)
] . 5 L 1 | 1 |
confinement time t. doubles ASDEX |
¥x " .
above power threshold P, o] b High
o | -.gg%u T confinement
(prediction of P_, = ongoing research) % mode
C?E g - i
B Discovered on ASDEX in 1982 o
o
(all tokamaks since then) = & -
- confinement
_ _ _ . mode
I’ Gradients increase in a i I
boundary layer
O 1 1 1 |
q=—yxNVI =q, 0 10 20 30 40 50

v+ = VT T = transport barrier r (cm)
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CZ4a L-H transition due to vortex shearing drfm

' Turbulence = radially
elongated convective cells __ Criegler C-Mod 2014

Il Sheared flow V¢ can tear
apart the cells
= turbulence decorrelation

. . BT
3 H
aan® . Hi ST
- % ..
- ﬂ---“_ h-"---q.
_ - !
O B .
e,
P -
e

= reduction of transport
A 7 .
N
o2 |
=R
5
ER R
S r “
I__U'. A DT A TN
0.826 0.828 0.830 0832 time
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(4]

Small-scale turb. can generate large-scale fields:

Magnetic field ? (turbulent dynamo?)

Zonal Flows in stratified rotating turb. (e.g. Jupiter)

Zonal Flows in tokamak plasmas: [Review by
) . ) Diamond-Itoh-
Q Excited by modulational instab. Itoh-Hahm
| | (2005)]
Ofvpn) _ 1 D (a0
ot P2 op v PR

-

m——

Reynolds stress

Q Linearly damped by collisions only
[Rosenbluth-Hinton (1998)]

O Saturation: Kelvin-Helmholtz
Instability?
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Zonal Flows in tokamak plasma

(GYSELA
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X \ 0010
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| \ / ‘ 0.002
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1
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0.
000
0.002
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CZ4a Zonal Flows govern turbulence saturation Irfm

° Zonal Flows
= tear apart convective cells
= do not contribute to L transport

U

reservoir of energy for

turbulence
[Beyer, PRL (2000)]

I
ZF Energy //
_>

[Lin et al., Science (1998)]

furb. Energy

0 1000 time
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CZa Outline

B ITER
= ocientific program... paved by decades of experiments
== Present status
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CZa The triple product as a figure of merit drfm

Wurzel & Hsu 2021

ll]'.:'u‘!- - - . . .
A Constant progress towards onre o TR (ot
bl ot Do ted |
ignition (i.e. self heating) H"i \'\'—'
10! —
— To ka ma ks OMEGA !uL-'.:;_ll.ll:
O Caveat: Ignition # efficient = .
power plant o101 P
= QMEF _
. o~ QMCF _ g
= Magnetic Controlled B QME _ |
Fusion: pulse duration ST ozt =
- - ol 2TART . .|||-'.'|
(pulsed vs stationary) v i okl
F—-E ETA-BETA I1 Stellarator
= |Inertial Fusion (IF): shock = 10Y 4 wiETA o
repetition rate . fj'.tf..',i,..d-|-..k=......k
(1/day vs. @ 10 Hz) | + ZPincd
104 ETA-BETA | x  Lascr [CF
i MagLIF
| | | | ]
1960 1980) 20010 2020 2040
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CZa Deuterium-Tritium experiments

Q 1994 TFTR
P:= 11 MW peak et
16 (1997)
Q 1997 JET
= Peak performance: s
— 10
P:s = 16 MW g
QDT: I:)fusll:)add.: 0.67 E
z ET
= Quasi-stationary: 5 (1997)
P:s = 4 MW u
3
0 | '@
6.0

O 1.0 2.0 3.0 4.0 5.0
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a 1994 TFTR

14 1 Ll 1 1
P:s= 11 MW peak i
12
Q 1997 JET s DTE25OMJ 1
- Peak performance: 2 |
P, = 16 MW g
QDT: I:)fusll:)add.: 0.67 0? 6
- e -
_ 5 : _ S 4 L
Suaf'jtﬁt\'/snary' u‘é_’ i DTE1 22MJ
fus — 2 L
a 2021 JET 0 ' ' ' ' '

00 10 20 30 40 50 6.0 7.0

= P, =10 MW during 5s time (s)

+ Qpr~0.3
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C@@ Bigger is better: confinement T with size Irfm

Q International database
(dimensionless formulation) ITPA20-IL [Verdoolaege, NF 2021]

— + » AN
O Te @ _~0.425 1 0.061 LU Ly i

0.12+0.21 |« GLS

p.=pfa~2.103in ITER |
Q ITER prediction: 1= 2.79 s £0.43s 10"

( =30 years
ITER
JET
ASDEX-U
COMPASS-D

256 512 1/p*
| ]
I I
Sln ALl sananpel sanlag Loaunsasa Lmaiarsl ualag U
o

2 A € El
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Tore Supra (1988) JET (1983)
25 m3 80 m3
~0 ~ 16 MWth

Q~0 Q~1
~0.3BE€ ~1B€

ECM, 09.05.2022

) e
| =

— F
-

AW

ITER (2025)

800 m3
~ 500 MWth
Q ~ 10
~ 22 BE

—

- -
g

l
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CZA ITER objectives

"Demonstrate scientific & technical feasibility of fusion energy for peaceful purposes”

Performance:

= Stationary Q>5 — Inductive Q>10 |
= Nb of pulses: ~10% of 300-500s duration -
= Average neutron flux > 0,5 MW/m?2 —

Courtesy D. Campbell

—

‘D
< BT
e, VBT W
Th )

Scientific program:

= MHD: active control of instabilities —
effect of a particles

= Confinement : control of turbulent -+ (
transport — improved confinement f%fft((ﬁ i,

= Main heating (2/3) by a particles:
plasma self-organisation [

= Particle & heat exhaust in stationary burning regime
* Prototype for a Tritium breeding blanket
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CZ2a ITERis on track

Main construction milestones:

2006 Signature of ITER Agreement =

2007-2009 Land clearing & levelling

2010-2014 Ground structure & seismic
foundations for Tokamak

2010-2021 Construction of ITER plant &
auxiliary buildings

2014-2021 Construction of Tokamak
Building

2018-2025 Assembly phase 1

Dec 2025 First Plasma

203X
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DE LA RECHERCHE & L'INDUSTRIE

C22 ITER s on track o AL
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CZA ITER s on track: cryostat

O 3 out of 4 cryostat sections manufactured and two already
installed in the tokamak pit; top lid under assembly on site

d Cryostat base (~ 1250 tonnes, 30 metres diameter) -
heaviest ITER component rests on 18 bearings

\ Oy A

A L R 4 . | S i

A : S
§ S f

S e Sk
\ - £ =

Base & cylinder of cryostt in

e o

e—

place (202-0%)
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CZa Conclusions & perspectives

' Fusion: abundant fuel, intrinsic safety and waste handling

I Short term:
== Preparation of the ITER scientific program

== Modelling & experiments on available tokamaks

' Longer term:
== exploitation of ITER
== Structure materials under high neutron fluence
== Pplasma facing components

== high field superconductors
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C2a To go beyond

Web sites: CEA http://irfm.cea.fr/ - ITER: http://www.iter.org/

GUY LAVAL S Alain Bécoulet
L’Energie
de fusion

LENERGIE BLEUE
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LA FUSION / "
AIRE ©
NUCLE»«mcm: FONDAMENTALE

REC
DELA oN D'ENERGIE 7

A LA PRODUCTY

Thé Future of

Fusion Energy /\
=) W vors scinute Sebes

DANIEL CLERY

BBUOTHEQUE SICENTTIUE

FUSION ENERQGY
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THE SUN

Jean-Lows Bobin
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