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What is nuclear fusion?
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Nuclear Fusion Reaction

Deuterium (Deuteron)
P 3
. . 0 o

P B 1 2 3

H H H
Hydrogen (H) Deuterium (D) Tritium (T)

Tritium (Triton)




Nuclear Fusion Reaction
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[EX]
http://www.meteoweb.eu/2011/09/e-
possibile-superare-la-velocita-della-
luce-teoria-della-relativita-a-
rischio/88437/, Dec, 2014

Converting mass defect into energy — Fusion energy



http://www.meteoweb.eu/2011/09/e-possibile-superare-la-velocita-della-luce-teoria-della-relativita-a-rischio/88437/

Ivy Mike (1 November 1952)

A Mark-17 Hydrogen bomb at
the National Atomic Museum

Peaceful use of the fusion energy?



http://upload.wikimedia.org/wikipedia/commons/3/3d/IvyMike2.jpg

45 litres water + 1 lap-top battery

e Lithium in one laptop battery + half a bath-full of ordinary water

(= one egg cup full of heavy water) = 200 MW
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Abundant Energy From Sea Water
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How to confine the hot sun?







in the sun
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Black Hole

Interstellar (2014),
Warner Brothers/Paramount/Legendary
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Laser beams or
laser-produced

x rays rapidly heat
the surface of the
fusion target,
forming a
surrounding
plasma envelope.

*» Blowoff

et
ity
Fuel is compressed
by the rocketlike
blowoff of the hot
surface material.

Fusion fuel
microcapsule
(micro balloon)

=» Inward transported thermal energy

()
W/

Thermonuclear

During the final
part of the capsule  burn spreads

implosion, the fuel rapidly through
core reaches the compressed
20 times the fuel, yielding
density of lead many times the
and ignites at input energy.
100,000,000°C.
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http://en.wikipedia.org/wiki/Image:Inertial_confinement_fusion.jpg

F T

Ann

iy —
e AR T

Soiderman 2 (2004), Columbia Pictures

Spiderman 11



Spiderman 2 (2004), Columbia Pictures



Magnetic Confinement

® Imitation of the Sun on Earth

magnetic field

Equilibrium in the sun Plasma on earth

23

—




Plasma — The 4t State of Matter

N
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Warm
Liquid (water)

Cold
Solid (ice)

Hotter
Plasma

Hot
Gas (Steam)

The 4th state
Increasing Temperature of matter
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Ions and electrons are separated.




Plasma — The 4t State of Matter
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Magnetic Confinement
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Magnetic Confinement
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Magnetic Confinement

Mirror Machine
old Hanbit Device in NFRI

A

Magnetic
field
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Magnetic Confinement
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Tokamak
Invented by Tamm and Sakharov in 1952

<z?2
4 KR
SVERIGE

Toroidalnaja kamera magnitnaja katushka
(Toroidal chamber magnetic coil)
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//upload.wikimedia.org/wikipedia/commons/f/f2/Advanced_Test_Reactor.jpg

Tokamak
Invented by Tamm and Sakharov in 1952

1909 A K A A E'M M K

1973 A.A.APUUMOBUY

Cutaway of the Toroidal Chamber in
Artsimovitch's Paper Research on
Controlled Nuclear Fusion in the USSR

Toroidalnaja kamera magnitnaja katushka
(Toroidal chamber magnetic coil)
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Rp=3 m,a=0.9m, 1983-today
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JET (Joint European Torus): Rp=3 m, a = 0.9 m, 1983-today
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JET pulse 69905 (B,=3.1T)

Plasma Current High power
initiation Ramp-up phase
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http://cafe.naver.com/gamebox26.cafe?iframe_url=/ArticleRead.nhn%3Farticleid=16140




Fusion Power Plant System
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Fusion Power Plant System

s Burning plasma

Breeding Blanket
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How to heat the plasma?




Why plasma heating?

SERERE S  BERBUEEN




Plasma Heating

Radio Fregency
Heating

OHMIC Heating Transmission Line

Antenna

Neutral Beam
Injection
Heating

Heating with:
» Ohmic currents
» fast particles
o MiCcrowaves
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Plasma Heating- Ohmic Heating
SA“|K Electric blanket

; —

10U BN TR W38 N Auction, Korea (2014)
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Plasma Heating—- Neutral Beam Injection (NBI)

WIKIPEDIA
The Free Encyclopedia
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//upload.wikimedia.org/wikipedia/commons/8/86/Billard.JPG
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Neutral beam

Andy Warhol

http://www.nasa.gov/mission_pages/galex/20070815/f.htm|




Injection of a beam of neutral
fuel atoms (H, D, T)
at high energies (E, > 50 keV)

U
Ionisation in the plasma H,D, T
. o
U o ° @ I >
Beam particles confined
U

Collisional slowing down




Plasma Heating—- Wave (ICRH, ECRH, LHH)




Resonance

KBS. 2HX|:522| 2 otel T+ 1l7]. 2006.3.11
http://www.kbs.co.kr/end_program/2tv/enter/s
ponge/view/vod/1386311_1027.html




Plasma Heating—- Wave (ICRH, ECRH, LHH)

HXp x|

o S0/0 (S AL

Microwave oven (2.45 GHz)

http.//cafe.naver.com/nadobaker.cafe?iframe_url=/ArticleRead.nhn%3Farticleid=82
http.//blog.naver.comy/rihyuny27?Redirect=Log&logNo=30029307561
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Shot number : 833
Frame Count :@: 836
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KSTAR TV@2

KSTAR first plasma
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What are the critical issues?
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® Turbulence stabilisation — Increase of plasma pressure
— High fusion power
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Gyrokinetic Simulations
of Plasma Microinstabilities

simulation by

Zhihong Lin et al.

Science 281, 1835 (1998)




e Suppression of Neoclassical Tearing Mode by ECCD @
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Time (s)
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® High heat flux to the surrounding materials




Radioactivation of Materials

Stacking fault :E‘ g
tetrakedra oops - y
» ’

® Neutron impacts on materials
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What are the current status and
future prospect?




Status of the Tokamak Research

1000
I i JT60U
¢ Progress In fUSIOn Can be 100 Fusion: Triple product nTT doubles every 1.8 years O JTGO:JET
compared with the meg)Qu e
development of computer 5 JT60U
chips and particle physics ; ':'"":"‘"'
entium
accelerator energy. 5
£
@ 0.1 LHC
e D-T Tokamaks produced
significant fusion power: 0.01
- TFTR (USA)I JET (EU) Accelerators: Energy doubles every 3 years |5
0.001 4 Moore’s Law: Transistor number doubles every 2 years g

| I I
1980 1990 2000
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JET:
. 15 Fusion power
= TFTR =16MW (1997)
= (1994) »
g o \F ~Q=0.64
S JET: fusion output power
= Stored energy Q —
2 =20MJ (1997) input power
3 5
S JET %zo.z
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0 10 20 380 40 50 6.0
Time(s)
e D-T tokamaks produced significant fusion power:

- TFTR (USA) ~10 MW in 1994
- JET (EU) 16 MW (Q=0.64) in 1997




KSTAR Project KSTAR

¢ Korea Superconducting Tokamak Advanced Research
- superconducting tokamak using ITER-relevant magnets
- capability of reactor-relevant plasma performances

® Objective - To integrate optimized plasma performance and
continuous operation as a step toward an attractive
64
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KSTAR Project

e June 2008
. 2002~2007 First Plasma
1998~2001 Construction of KSTAR
Engineering Design and
9 Facility Construction

1995~1997
Basic Design and R&D

O

Launch of KSTAR Project
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Late Edition
Weather: Rain likely today, strong east
erly winds; rain ending late tonight.
Partly cloudy and warmer tomorrow.
Temperatures: today 42 47, tonight 40-

45; yesterday 3R 62. Details, page C30.
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Text of the Joint U.S.-Soviet Statement: ‘Greater Understanding Achieved’

Spectal 1o The New York Times
GENEVA, Nov. 21 — Following is

In this connection the two sides
have confirmed the im rtance of an
ting their

the text of the joint Soviet-American
statement at the end of the

slmg desire 10 seek commm ground

meeting today, as made public by the
White House:

By mutual agreement, the Presi-
dent of the United States, Ronald
Reagan, and the General Secretary of
the Central, Committee of the Com-
munist Party of the Soviet Union, Mi-
khail S. Gorbachev, met in Geneva
Nov. 19-21. Attending the meeting on
the U.S. side were Secretary of State
George P. Shultz; chief of staff, Don-

Id T. Regan; Assistant to the Presi-
dent, Robert C. McFarlane; Ambas-
sador to the U.S.S.R., Arthur A. Hart-
man; special adviser to the President
and the Secretary of State for Arms
Control, Paul H. Nitze; Assistant Sec-
retary of State of European Affairs,
Rozanne L. Ridgway; Special Assist-
ant to the President for National Se-
curity Affairs, Jack F. Matiock.

Attending on the Soviet side were
member of the Politburo of the Cen-
tral Committee of the C.P.S.U,
Mlnlsler of Fonl;n Alfairs Eduard

ﬁwy ag rved to meet again in the
nearest tulun The General Secre-
tary accepted an invitation by the
President of the United States to visit
the United States of America, and the
President of the United States ac-

Union. the timing
of the visits will be agreed upon
In their

ple of 50 peréent reductions in the nu-
clear arms of the US. and the
U.S.S.R. appropriately npplled, we
'lsll ns the idea of an interim [

D\n'hlgthenegothumolm

verification of nce with obll
gations assumed will be agreed upon.

Risk Reduction Centers

The sides agreed to study the ques-
tion at the expert level of centers to
reduce nuclear risk taking into ac-
count the issues and developrhents in
the Geneva negotiations. They took,,
in such recent steps it

tered on the following pages.

this direction as the modernization
the Soviet-U.S. hot line.

Nuclear Nonproliferation '

General Secretary Gorbacheyv and
rmed the*

Security
The sides, havis 1 key se-
curity issues, conscious of the

special re?ulsiblll of the USSR
and the U.S. for o peace,

U.S. to the Treaty on the Nonprolifer
ation of Nuclear Weapons and th:l

R that conflict be-
3 First Deptny For- tween the U.S.S.R. the U.S.c:mml:

elp Minister Georgl

Ambassador to the Unﬂed States,
Anatoly F. Dobrynin; head of the De-
partment of Propaganda of the Cen-
tral Committee of the C.P.S.U., Alek-
sandr N. Yakovlev; head of the De-
partment of International Informa-
tion of the Central C of the

in

with other countries the mnpmfllm
tion regime, and in further
the effectiveness of the treaty, inte
alia by enla: its membership.

The U.S.S.R. and the U.S. reaffirn_
their commitment, assumed then'
under the Treaty on the Nonprolifera

They will not seek to nddevl- military
superiority.

C.PSU, Leonid M. Zamyatin;
assistant to the General Secretary of
the Central Committee of the
C.P.S.U, Andrei M. Aleksandrov.
These comprehensive discussions
covered the basic questions of U.S.-
Soviet relations and the current inter-
national situation. The meetings were
frank and useful. Serious differences
remain on a number of critical issues.
While acknowledging the differ-
ences In their systems and ap-
proaches to international issues,
some greater understanding of each
side's view was achieved by the two
leaders. They agreed about the need
to improve 1.5 Soviet relations and
the international situation as a whole

Nuclear and Space Talks
The President ¢ and the General Sec-
 the on

tion of W , 1o pu
negotiations in good faith on mm
of nuclear arms limitation and disar
mament in accordance with Articl
V1 of the treaty.

The two sides plan to continue 0
promote the strengthening of the In

retary d B
nuclear and arms.

They agreed to accelerate the work
at these negoliations, with a view to
accomplishing the tasks set down in
the Joint U.S.-Soviet Agreement of
Jan. 8, 1985, namely to prevent an
arms race in space and to terminate
it on earth, to limit and reduce nu-
clear arms and enhance strategic
stability.

Noting the pi 1s recently tab-
led by the U.S. and the Soviet Union,
they called for early progress, in
particular in areas where there is
common ground, including the princi

ter Atomic Energy Agenc)
and to support the activities of the
agency in implementing safeguard
as well as in promoting the peacefu
uses of nuclear energy.

They view pnsmvely the practice ol
regular Soviet-U.S. consultations o1
nonproliferation of nuclear weapons
which have been businesslike anc
constructive, and express their inten/
to continue this practice in the future.

Chemical Weapons

In the context of discussing se
curity problems, the two sides rea

firmed that they are in favor of a gen-
eral and complete prohibition of
chemical weapons and the destruc-
tion of existing stockpiles of such
weapons. They agreed to accelerate
efforts to conclude an effective and
verifiable international convention on
this matter.

The two sides agreed to intensify
bilateral discussions on the level of
experts on all aspects of such a chem-
ical weapons ban, including the ques-
tion of verification. They agreed to
initiate a dialogue on preventing the

ministries and departments in such
fields as agriculture, housing and pro-
tection of the environment have been
uﬁehﬂ

Rec that h of
views on nglmal issues on the expert
level have proven useful, they agreed
to continue such exchanges on a regu-
lar basis.

The sides intend to expand the pro-
grams of bilateral cultural, educa-
tional and scientific-technical ex-
changes, and also to develop trade
and economic ties. The President of

— a global task — through joint re
search and practical measures. Inac
cordance with the existing U.S.
Soviet agreement in this area, consul
tations will be held next year in Mos
cow and Washington on specific pro-
grams of cooperation.

Exchange Initiatives

The two leaders agreed on the util
ity of broadening exchanges and con-

tacts including some of their new
forms in a number of scientific,
educational, medical

fialde fintar alia ~onnaral

the United States and the General
Secretary of the Central Committee
of the C_ P S 11 attended the signing

proliferation of chemical weapons.
and sports

AMubssnl Danlia i dn tha

Fusion Research

The two leaders emphasized the
potential importance of the work
aimed at utilizing controlled thermio-
nuclear fusion for peaceful purposes
and, in this connection, advocated the
widest practicable development of in-
ternational cooperation in obtaining,
this source of encryy, which is essen
tialy inexhaustible, for the benefit for
all mankind.



ITER Project

®* International Thermonuclear Experimental Reactor
- “the way” in Latin

- the essential next step in the development of fusion

® (Objective - To demonstrate the scientific

and technological feasibility of fusion
power.

® The world’s biggest
international research project




* International Thermonuclear Experimental Reactor
- “the way” in Latin

- the essential next step in the development of fusion




ITER Project

®* International Thermonuclear Experimental Reactor
- “the way” in Latin
- the essential next step in the development of fusion
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39 Buildings,

180 hectares

10 years of construction
20 years of operation

Tokamak IfléﬂI -
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ITER Project

https://www.youtube.com/watch?v=uhwQIDxJuzQ



https://www.youtube.com/watch?v=uhwQlDxJuzQ

Fusion Energy Development

* The Fast Track Approach
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Fusion Energy Development
* The Fast Track Approach
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Korean Plan for Fusion Energy Development

mm@m

Okl = n2 re

1% HI o HU

ENwan

=27 15, #EEUTL] Ha|

76




11 |What is nuclear fusion?

. | How to confine the hot sun? l
LTI | How to heat the plasma? l

'/ | What are the critical issues?

'/ | What are the current status and future prospect? l

VI | Closing remarks l




"At the launch of Cambridge University’s Big Data
Institute, we recently asked the physicist Stephen
Hawking to describe the one idea that would
transform our society. He chose nuclear fusion
— the process of releasing energy by transforming
hydrogen atoms into helium,”

- November 18, 2016, BBC




"We have already obtained energy from uranium,; we
can also get energy from hydrogen, but at present
only in an explosive and dangerous condition. If it
can be controlled in thermonuclear reactions, it
turns out that the energy that can be obtained from
10 quarts of water per second is equal to all of the
electrical power generated in the Unites States. With
150 gallons of running water a minute, you have
enough fuel to supply all the energy which is used in
the United States today! Therefore it is up to the
physicist to figure out how to liberate us from the
need for having energy. It can be done.”

e Foytman
LEGTURES "' PHYSICS

Feynman Lectures on Physics I, p.4-8
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http://www.feynmanlectures.caltech.edu/I_toc.html

When he was asked how long it would take to build the first
fusion power plant, the Soviet physicist Lev Artsimovich -
one of the pioneers of tokamak research - replied that
“fusion will be there when society needs it.” That time is fast
approaching, and with the construction of ITER finally about
to start, efforts are now gearing up for the longer —term

prospect of fusion energy.
- "Fusion: the way ahead, Physics World March 2006

909A K AAEM W

1973 A.A. APUI/IMOBWi
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"The entire cost of the fusion
development programme is equal to
only a week of spending in the
international energy markets.”

- I. Cook, IAEA 2005
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ZEHERIAV (1976), AL




"High temperature superconductivity will provide cheap
power transmission and rapid transport, and nuclear
fusion would give us an unlimited supply of clean
energy,”

Stephen Hawking




