The Prospects of Nuclear
Fusion

P.l. John

Institute for

Plasma |
Research ¢ ."'&
m|n|a ure'sun on earth7
Tamilnadu
Science i (o prowde sugmﬁcant WA
Forum | carbon-free energy ‘.
for Qumankmd

d'h ‘
10 April 2022




million
5 million
mllllon
4 million

150/ 15 million
9




What Makes the Sun Shine?

1926, Arthur Eddington

Stars draw their energy from the conversion of
hydrogen into helium by thermonuclear fusion.
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Teller-Ulam two-stage thermonuclear bomb design

boosted fission primary
chemical explosion

heavy metal case

fission fuel

fusion secondary

fissionable
“spark plug”

uranium tamper

fusion fuel

1. Chemical explosion com- 2. X-rays from primary are 3. Foam, now a plasma, com- 4. Fusion fuel ignites.
presses fission fuel to initiate reflected by casing and heat presses secondary; fissionable
fission. foam. “spark plug” ignites.
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Deuterium and Tritium nuclei fuse together to form Helium and
release energy
in the form of 14 MeV Neutrons




Why Nuclear Fusion is
difficult to achieve!

Coulomb
Barrier
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Attractive

Coulomb repulsion of positive nuclei

At low speeds, electromagnetic
repulsion prevents the collision
of nuclei.

At high speeds, nuclei come close
enough for the strong force to bind
them together.

Bring them close to 10 °m
Nuclear Force Takes Over
At speeds corresponding to 100 Million
Degrees, nuclei can overcome the
Coulomb repulsion.



Approach |
Inertial Confinement Fusion (ICF)

Use powerful lasers or particle beams to compress and
heat a tiny DT pellet

Approach Il
Magnetic Confinement Fusion (MCF)

Use Intense magnetic field to tra|i) and confine a plasma heated
to 100 Million deg



Approach | : Inertial Fusion

Her?cting Off the  Ablation of The core heats Fusion
surface of mm ki
sized pellets i) L :

leads to compression

compression



Direct heating leads to non-spherical
compression/break-up

hohlraum fusion peliet

JOHN NUCKOLLS,
LOWELL WOOD,
ALBERT THIESSEN & =~
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ZIMMERMAN

Nature

volume 239, pages . .
139-142 (1972) Indirect Heating



https://www.nature.com/articles/239139a0
https://www.nature.com/articles/239139a0
https://www.nature.com/articles/239139a0
https://www.nature.com/articles/239139a0
https://www.nature.com/
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Will Demonstrate NIF in

Full Scale Performance

1.8MJ UV

The NIF facility is the culmination of many decades
of US leadership and investment in this field




National Ignition Facility
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Temperature >3.5x 106 K
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Ignition!

N\ 192 laser Gold cavity T perature >108 K N
N\ beams (Hohlraum) Radiation
: Temperature >3.5x 106 K
Densities  >103 g/cm3
Pressures  >10"1 atm
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On Aug. 8, 2021, researchers
at Lawrence Livermore
National Laboratory (LLNL)
attained a historic
breakthrough in fusion

National Ignition Facility (NIF)
produced more than 1.3
million joules of fusion
energy.

Many more steps before a
reactor



Approach ll: Magnetic Confinement
Fusion

* Matter completely ionized = Plasma

* Thermalized plasma T~ 10,000 eV ~
100,000,000 K

* Far out of thermodynamic equilibrium
in laboratory environment

* Plasma loses heat — needs energy
confinement.

* Lawson Criterion: NTt. > 10%! (keV m™3 s)
with T between 10 to 20 keV


http://www-fusion-magnetique.cea.fr/gb/fusion/physique/lawson2.htm

Tokamak is the most
successful magnetic trap

toroidalnaya kamera,
smagnitnami

katushkami

(“toroidal chamber” with
“magnetic coils”)

Andrei Sacharov and
Igor Tamm

at the Kurchatov
Institute in Moscow
in 1950

Transformer




Magnetic Confinement

Relatively Constant Electnc Current
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Cons!am Toroidal Field

Transient
Poloidal
Field
—due 10
plasma
.‘ current

Transiont Plasma Current

Plasma
Current

Resultant

Transient Field

r \J
Toroidal Field ~ “Transient

Component Poloidal
Field

poloidal magnetic field

helical magnetic field

plasma electrical current

central solenoid

outer poloidal field coils

toroidal field coil

toroidal magnetic field
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Ohmic Heating

IR

Produced by
plasma current

No resistive heating
since hot plasma is a
good conductor

Neutral beam injection

* Injection of fast particles

* Collisions with plasma particle
* Energy transferred to plasma




Joint European Torus

Operating at Culham

Lab in Oxford
Since 1983



Typical evolution of a tokamak discharge m
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JET set new world record

-

Fusion Power (MW)

22MJ - 1997 old record
0 .
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4. D-T results confirm modelling predictions
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Hybrid scenario DTE2 1

2°"ﬁ » D-T fusion power achieved matches
| Nodoingpromes the predictions |
15| ele 1
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ki o Jg | fusion in ITER and future machines
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‘_ g R the models and extrapolate to ITER |
TR R T and beyond



The Next Step: ITER

JET ITER
Size ~8 m Size ~7 m
Magnetic Field <4 T Magnetic Field 53T

Current <4 MA Current <15 MA



INTOR DESIGN
Toronto 2001

ITER: A Brief History
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ITER Agreement
Geneva Summit in 1985: Signed 2006
Gorbachev - Reagan agreement

International project to develop fusion
energy for peaceful purposes.



The ITER Project

 Demonstrate the scientific and technological feasibility of
fusion power for peaceful purposes.

* [nternational cooperation between countries with more than
50% of the world’s population.

Cadarache
South of France




The ITER Tokamak

Cryostat
24 m high x 28 m dia \
Toroidal Field Coil

Nb3Sn, 18, wedged

Vacuum Vessel
9 sectors

Poloidal Field Coil

Nb'Ti, 6 \
Port Plug
heating/currN

drive, test blankets

limiters/RH
diagnostics

Central Solenoid — |
Nbs;Sn, 6 modules

Man standing



Vho manufactures what? o
The ITER Members share all intellectual property ||
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R

ITER Project is funded by the
Department of Atomic Energy (DAE)

Implemented by the Institute for Plasma
Research (an autonomous aided institute
of (DAE), Gandhinagar

Executed by a special project within IPR,
called ITER-India (also called the Domestic

Agency) for delivering India’s in-kind
commitments



ITER Cryostat

- Single walled, all-welded structure
-SS304 L
- ASME VIII, Div 2

central lid, Dia 10.7 x 3.7 (110 1)

main lid, Dia 29.0 x 4.1, 558 t

- in-situ assembly from 6 sections
(6 or 9 sectors for transport)

- assembly tolerance high mm

upper cyl, Dia 286 x 9.1, 583 t
(6 or 9 sectors for transport)

lower cyl, Dia 28.6 x 9.9, 523 t
(6 or 9 sectors for transport)

base, Dia29.0x6.0 1105t

base plug, Dia 4.3 x .06 (6.8 1)



Power Supplies: for _ _ |
RF & DNB systems Multi-MW power supplies developed to drive the RF based plasma

heating systems and the Diagnostic Neutral Beam system
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100 kV, 7.2 MW acceleration system
power supplies for ion source
manufactured in India and working in
Padua Italy on ion source dev. Test bed
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Layout of Dual Output HVPS at ITER-In_dIa lab
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ITER Tlme“ne.. . 2018-25 Assembly

2010-21

Bldgs/Mfg Starfire
2012 Nuclear On Earth!
Licensing 2025 First Plasma

2006
ITER
agreemen - M-
. 2014-21 3
‘ Tokamak Building ¢
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Start

ITER experiments will continue until 2032
Fusion experiments with D and T will start
Full power fusion experiments to continue until 2040.



1950: 72 years of progress

The Fusion Triple Product
(P.t; = n.T:tg) required to
reach ignition can be
compared with leading
edge performance of the
devices year-on-year.

fusion triple product (%1029 kev m 3 s)

100} ignition __ reactor conditions
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Fusion Start Ups

Tokamak Energy
moves closer to
commercial fusion:
100M gegree
plasma...




Laser ion acceleration
of hydrogen by

picosecond laser pulse
towards B-11 rich fuel

High-power H and B-11 rich
laser pulse fuel pellet

ignites H - B reaction
(non-thermal)

Magnetic confinement
Second laser and capacitive coil

Capacitive coil

Kilotesla magnetic field

by second laser and capacitive coil

increases reaction yield
in cylindrical shaped fuel

Avalanche reaction
Observed in H B-11 reaction

He (2900 keV)

Lab
B" (rest) @
L

= 2
o e
He (2900 keV)
p (665) - b
Lab
pa" (612 keV) @
™

He (2900 keV)
Lab

Further increases
reaction yield

by approx. one billion times higher
than previously thought:




1951 -- Sakharov and Tamm
Propose Tokamak

1955 -- 1st UN conference -Homi
Bhabha : "Fusion in 20 years"
1956 -- Lawson criterion :
performance of fusion systems
1958 -- 2nd UN conference :
stellarator, pinch, tokamak
presented

1961 -- 1st IAEA conference : first
plasmas at 1-10 million degrees
(ZETA, pinch)

1965 -- Failure of pinches:
temperature not as high as
expected

1968 -- Novosibirsk IAEA
Conference : Success of tokamak

1971 -- Tokamak fever; Conceptual
design of reactor

1971 -- First presentation of
Inertial fusion systems

1972 -- JET (EU), TFTR(USA), JT60 -
-proposed; reactor study

1973 — Start of INTOR later ITER
1984 -- JET, TFTR, JT60 start

1985 -- Gorbachev, Reagan : ITER
1991 -- JET first D-T exp

1997 — 16 MW in JET

2005 -- ITER location OK

2007 -- ITER Agreement

2010 -- ITER construction start
2021 - Fusion burn in LLNL

2022 - Fusion burn in JET

2022 - Tokamak Energy attains
100 Million degrees



Conclusions

* Fusion is the answer to the 215t century
energy demands

* International efforts have succeeded in
its scientific demonstration

* Inertial and Magnetic Confinement
approaches have passed critical stages

* India is participating in ITER

* Beyond this, reactor technologies have
to be developed

* Private Start ups have joined the effort



