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=PrlL Reminder: the Lawson criterion
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=PrFL

Reminder: physics & engineering gain factors
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=Prl How can a plasma be confined ?

We need ntg~ 109°m=3s and T = 10keV

Gravitational
Confinement Magnetic Confinement

Magnetic Field

Magnetic
n~ 10?0 m
TE ~1 S

Intense Energy
Beams

Inertial
n~ 103" m3
e~ 10_11 S

Inertial |
Confinement w

/ Fuel Pellet
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=P~L |nertial Confinement Fusion - the basics

A D-T capsule is irradiated by lasers, X-rays, or particle beams

" Driver beam Blowoff e :?1:3:1 C;flyetlzg?;forted
¥ \ 4
’f‘\ " 4 Y e
b -4 Nl : il < I \ /- \
4@:« +» 0 » ¢
us:.pn r R
ot My <~1m o A
l;reaarfi,n:_; o . Comprassion Rinitia/Rina1 ~20-40 lgnition Burn

Heating to ignition must occur before ions fly away

Compression: need ~10'2 bar to reach 103" m-3
Light pressure from most intense lasers is ~10° bar, largely insufficient
Rocket effect
Shock waves from pellet surface to the center
Once fusion starts, o heating sustains the reactions
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cPrL ICF: direct and indirect laser drive
Indirect drive Direct drive

\S‘hell Ablato:/
‘ Capsule
.
> \ '\\ < L
\ DT asers
N —

t~10-16 ns

t ~ peak compression

Ablated plasma

DT fuel
DT gas
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ICF — laser drive: NIF (US)

- / 7o)

B Swi
Plasma 192 beams, ~1.8MJ, 500TW UV light (0.35um)
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cPrL ICF: indirect laser drive at NIF

Laser beams focused The hohlraum is heated J X-rays ablate the capsule, The fuel core Fusion burn spreads
inside the hohlraum creating x-rays accelerate the fuel inwardl] reaches pressures 500 J through the fuel, yielding
billion atm >> input energy

Achieving the conditions for ignition demands precise control of design, laser, and target parameters

Lawrence Livermore National Laborato \/
B Swiss
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EPHL ICF — results @ NIF (US)
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=PrL ICF — results @ NIF (US)

v |

Aug 8" shot marks a significant advance in ICF research

¥
Burning plasmas created for the first
. 'time about 18 months ago (starting
18 Targetgain~1 U N 2020)
1.6 Erusion > Eraser 1.9M! N210808 - 4
(1.35MJ) "~ More recent experiment N210808

had:
Capsule gain ~5.8 (first >1)

Target gain ~ 0.72
06" capsule gain ~ 1 &‘\I '
0.4 Epyin> 220K/ /) - Meets scientific definitions of
ignition
- ———— | ——cemoe—imon - oz [ (M s - B l.l., . : : :
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 Some IFE strategic planning exercises

Year | _J are now underway in the US




=PrL ICF — results @ NIF (US)

Aug 8" shot marks a significant advanc@in ICF research

4
urning plasmas created for the first
time about 18 months ago (starting

18 Targetgain~1 Nov 2020)
1.6 EFusion > ELaser 19MJ N210808 'a
(1.35MJ) " More recent experiment N210808
had:

Capsule gain ~5.8 (first >1)

Target gain ~ 0.72
06" capsule gain ~ 1 %I 1
0.4 Epyin> 220K/ /) Meets scientific definitions of
ignition
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=Pr~L  Most recent ICF —result @ NIF (US)

NIF - July 2023° \
2. O5MJ laser enerQ In 9 3; 88MJ fusion enérgy out
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=PrL ICF: physics issues

Core must not be heated before shock waves arrive and compress it
Pellet design

Laser pulse timing

Hydrodynamical stability
Pellet symmetry
Beam alignment, symmetry of drive

Simulated mixing _\
due to Rayleigh- \ ’ b’
Taylor instability

Courtesy of Mathias ’
Groth, Aalto Univ.
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=PrL ICF: engineering issues

Efficiency, cost and reliability of high energy driver

Materials for first wall of vacuum chamber

Complexity and cost of capsule

LIFE: 15 Hz

From single to repetitive pulses
(3-10Hz)
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=Pr~L Plasma confinement by magnetic fields

S e e e —

) The Tokamak

Position control coils Primary coil Toroidal field coil

il

Magnetic

- A Y » N
| g pellet > ) =
Sun : v A »
Inertial
Gravitetions (i Primary
l_ Confinoment current””

— \ Plasma current

Vacuum Plasma Poloidal Toroidal Toroidal field
vessel magnetic magnetic  coil current
field field

Efficiency of confinement measured by
Contor B = plasma pressure/B-field pressure = (nT)/(B%/2,)

B Swiss






=Pl What has been achieved ?

. 16 MW
15 (1997)
/1 in a D-T plasma,
g
— 10 . . .
5 with 24 MW input into the plasma
o
: - total output : max 16 MW
LL
5 A, (1997)
//\ﬁ e Ly A i Mﬁuﬁﬁj l\ﬁfﬂl‘.
JET , \ ©
/(1991) \\ \ %
0 - ) | I | '-u-._§
0 1.0 2.0 3.0 4.0 50 6.0
Timo(s) Record fusion power gain: Q ~ 0.7
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cPrL JET — October 2023
Fusion energy record 69MJ (0.2mg DT)
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3rd Generation
~1990-2000
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2nd Generation

~1980 —f . .
= lon power / iInput power
1st Generation Q SIS po < / pu po

~1970 . .
Z‘éﬁi@;k Q > 5: plasma heating is

Developed dominated by fusion by-
1960s .
products: burning plasma
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Fusion performance — Density (m~) X Confinement time (s) X Temperature (keV)




=PrFL ITER

Scientific and technological feasibility of fusion
Q =10: first burning plasma

Ptysion= DSOOMW for ~500s

Under construction in the south of France
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ITER site

B Swiss
Plasma
Center




% l'\-\'\'\ &\ - ‘
. V‘\‘ \ &

W\

A
m?l '
in

)

B

b
"

I

\l
:
me

:

I
‘1!
i

|\ |4
|

.
.
.

Wil
i

Al UR
.—\“‘“ . il‘-

%

Central Solenoid

T &7

N . {'SPID

hi
NI

ER Neutral Beam |\

TF Coil Winding Pack

»

-". - L
"

PF Coil #1




i ]

i
I L

i S

|

- peta% __ns-lihaseJ.LLZD(”nyﬂglay)

e r——

_._S——-

B Swiss
Plasma
Center




=PrFL The future: DEMO

Hundreds of MW of electrical power
Closed fuel cycle
Plant availability

..........

e

apitalise on fusion-intrinsic safety
features, bringing critical technologies to
adequate maturity with an eye to
reducing cost of electricity...

M Swiss /A .
Plasma g;,;); EUROfusion

Center



EPHL Major gaps in view of DEMO

g A S e

\\ separatrix (LCFS)

scrape-off
* layer
X
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§ 2 [ { plosma 6ore X / first wall
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Z 1L
I } Z divertor reaion | DoTe
Materials TH

Divertor performance,
power exhaust and
extraction
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: SOF disruptions Cos il
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* Integrated pIasma scenarios -

Plasma current

Safety and waste
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cPrL A magnetic fusion power plant

Central solenoid

Breeding blanket
Poloidal field coil

RmVEZE S
Remote A ) ""'-ﬂ A5 Toroidal field coil
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