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Nuclear Fusion (X< )
s Clean Energy Source for Mankin

PPk 2R (C. Z. (Frank) Cheng)

B 1LDIRER: AR ZE R
(Plasma and Space Science Center
& Department of Physics)
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Taiwan Energy Supply & Demand

 Taiwan total oil and natural gas reserve is estimated at ~500
million Barrels of Oil Equivalent (BOE)

 Taiwan consumes ~600 million BOE energy in 2000. 98% of
Taiwan energy supply is imported — almost completely relying
on world energy supply.

e Taiwan electricity supply: ~75% by fossil energy resources
(coal 43%, natural gas 19%, oil 6%, cogeneration 7%); ~21%
by nuclear fission power

* Nuclear fusion is a climate and environment friendly
option for replacing fossil fuels!



Sources: International Energy Agency Energy Statistics

Figure 1 » 2004 Fuel Shares of World Total Primary Energy Supply*

Gas Other**
20.97% 0.5 Tide 0.00047
Wind 0.064%
Hydro 2.2% Solar 0.039
0il IIII Renewables Combustible
3.3 | 1312 renewables Geothermal
and 0.414,
! ren. waste
10.6%
Non-renew. waste Coal

0.2% 25.1%

 Taiwan aims to achieve ~30% energy supply from renewable:

by 20350.
* >70% energy must be supplied by fossil fuel and nuclear

energy (fission & fusion). However, fossil fuel will run out first
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Nuclear Fusion  oj=r

Tjﬂ&:1P+2N

Fastest fusion reaction is: He5=2P+2N
D+T=> n (14 MeV) + “He (a-particle, 3.5 MeV)
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Copyright @199 Conlemporary Physics BEduealion Pojpct Tion (K
For first gf]lflﬂﬁﬂll fusion reactors Copyright @ 1976 Conblempomiry Physics Edusation Project.
= = MC? (Mass lost fraction = 0.38%)

Energy gain ~ 450 Needs a plasma at
20% goes to sustain fusion T..,~ 10 keV (108 K)
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H sz (Hydrogen)= 1P
D;v (Deuterium)=1P+1N
Tjﬁ& (Tritium)=1P+2N

He5=2P+2N



Different Fusion Reactions

Reaction Ignition Temperature Output Energy
Fuel Product (millions of °C)  (keV) (keV)
D + T ‘He + n ‘
17,600
& N 26 ® 220 20
D + %He ‘He + p |
P 350 30
> €0 0
X ) (°He + n
+ 400 35
© mp o ©
v © < T + p
® 400 35
\@g ®

3He sunplv 1s verv limited. but can be mined from the Moon.



ADVANTAGES OF FUSION

Abundant Supply of Fuel (deuterium and
tritium)

No Risk of Nuclear Accident

— No reactor meltdown possible

— Large uncontrolled release of energy impossible
Minimal or No High Level Nuclear Waste
Careful material selection should minimize waste
caused by neutron activation

No Air Pollution of Greenhouse Gases

Reaction product is Helium and neutron



Abudant Supply of Fusion Fuel

» Deuterium isotope = 1/ 7000 of hydrogen atoms in water
and can be extracted at a negligible cost (= $1/gr)

» Deuterium in 1 gallon of water has the same energy as 300
gallons of gasoline, if burned in a fusion D-T reactor

 Tritium is not present in Nature (13 year half-life), but
slightly more than 1 tritium atom can be created for
each DT neutron in a lithium “breeding blanket”

Li® + n->T + He* (7% natural Li)
Li7+n->T+He*+n (93% natural Li)
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PLANT OPERATIONS (1000 MWe)

e ~2,000.000 TONNES
=, <1 00 RAILCAR LOADS)

~1,300,000 TONNES
110,000,000 BARAELE)

T ~30 TONNES UOD.
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Fusion energy release from 1 gm of DT tuel equals
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To overcome repulsive electrical force of like charged particles,

Very High Temperature is Required

| EHL O R By oz enn Sl

| 6. 000007 C Sun Center
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'hree Basic Ways to Achieve Fusion

jon gyroradius = 1 ct
T.=20keV,B=201

Magnetic
Confinement

Magnetic
lucleus Fleld

Intense
Beansy

F"E'F'E"E‘—; o: difficult to he
P T X D-T fuel to

. 20 keV in a v
Inertial
Confinement small
Gravitational space and sh

Confinement time



Main Difficulties in Fusion Research

The fusion power created must be larger than the
wer required to keep the D-T fuel at high temperatur

=» near-term scientific goal of a “burning plasma

The mechanical structure of the device must be
pable of withstanding damage due to plasma
mbardment and radiation damage due to 14 MeV
utrons

= long-term engineering goal of improved
~“tariale



Requirements for Fusion Burning

‘Burning” means self-heating by D-T alpha particles

alpha heating rate = plasma energy loss rate

constant « n2 T2 = 3nT/ Tg

[Where 1 is the plasma energy confinement time]

neTe+Te= (10 cm=3) « (20 keV) « (5 sec) -- MFE

or neTe+T. =~ (102 cm3) « (20 keV) » (0.5 nsec) -- IFE



VWWhat RHave We Done In Magnetic Confinement
Research in Past 50 Years ?

Model A Stellarator of 1953
(with Lyman Spitzer)
n~ 101 cm
T~10eV Te=1sec

Te~ 10 usec NnTT. still needs a factor

P : FP!‘\.I“ l"\l IE'I‘I:HH ﬁﬂ“fl:*:ﬂ'

n =101 cm-3
T = 20 keV



Early Ideas for Magnetic Fusion Research

magnetic mirror linear pinch

field reversed configuration stellarator



The Winner so Far: the Tokamak

Tokamak = toroidal magnetic chamber (Russian acronym)

Dhnﬂn-Hﬁling Toroidal-Field
Poloidal-Field Magnet agn Magnet

Magnetic
Plasma Field Line



! _ Present World Magnetic Fusion D )

evices _—

JETI (EU) W=7X (Germany) LHD (Japan) I JT=60( (Japan) NSTX( (US)
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!World Fusion Energy R&D History and

Fusion reactor

Comercialized fusion energy via
“FAST TRACK" in advanced countries

* Fast Track : 35 years plan for
commercial fusion reactor based on
unified version of the DEMO PROTO

ngineering demonstration o

. »
[ )] ] =-ta [ ] &

@ Experimental reactor for output
power of 0.6GW, energy multiplier
of sqng 10, and sustaining time > 400
* US priority investment on science

infrastructure is ITER for next 20 yvears
constructio

jentific demonstrati
of fusion plasmas

.

Basic science

-




World Fusion Program Progress

JET/TFTR
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IITER — A Burning Plasma rFusion Reactor (~2019)

30m tall & 30m diameter

Design
Goals:

« Q =10
(burning
plasma)

« 0.5 GW
fusion power
« 500 sec

long pulse

* NO
electricity
output

108 Eure ITER agreement was e|gned by 7 per’uee In 2005

r.r-e..n Sy, EER g, )



Major Fusion Technology Challenges

* Materials development
— Survive high heat flux (10 MW/m?)
— Retain strength despite neutron activation

— Minimize production of activated wastes
* Develop safe and efficient Tritium handling
techniques

— Develop breeding technologies for Tritium from
Lithium blankets

— Minimize Tritium inventory for improved safety

* Reduce size, cost, and complexity to make
competitive with other energy sources



Fusion Research Spending
ITER

— Agreement signed in June 20035 with construction cost
~$13B over 10 yrs, to be built in France
— Participants: EU(40%) , Japan(10%), US(10%), Korea
(10%), Russia(10%), China(10%), India(10%o)
representing ~ % of world population
2006 US annual magnetic fusion budget ~ $300M
— One space shuttle launch costs ~$500M

— Japan & EU each spends more than US
— Developing nations increase fusion funding greatly since 2000

Korea’s fusion investment
— K-STAR tokamak built mainly by Korean industries.
Total investment ~ $ 1B during 1995-200S including
industry investment
Taiwan’s fusion & plasma science investment:
none or negligible now! Now is the time for

™r b |



Rorea Jump-Starts Fusion Program in 199«

J Approval of the KSTAR project in 1995
d Mid-entry strategy
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Modern version of Lawson’s criterion”

e N> T?2>5x10% x nTHE >
e NT 1 > 5 x 10%! (m3-keV-s)
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