sion Reactor Technolo
(459.760, 3 Credits)

Prof. Dr. Yong-Su Na
(32-206, Tel. 880-7204)




1. Introduction
k 3-6. Basic Concept of Tokamak Fusion Reactor
ek 9-10. Blanket Concept

ek 11. Material

ek 12-14. Fusion Reactor Design
ek 15. Safety

k 16. Operation and Maintenance
17. Presentation




What is required to light a fire in a
~ stove?

E Fuel: D, T
@0 E Amount/density: N
@ B Heat insulation: T

------- ¥ Ignition temperature: T

' Deuterium

s Tritium

J. D. Lawson




Fusion Reactor Energetics

- Fundamental requirement of a fusion reactor system

The overall net energy should be larger than the total energy
externally supplied to sustain fusion reactions and associated
processes subtracted from the total recovered energy

Fusion
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reaction volume
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Considering the time variations of power
(Particularly for pulsed systems)
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T,: burning time




Fusion Reactor Energetics

 Fusion Plasma Energy Balance

j[dij dt:j(dij dt—j(dij dt >0
0 dt net 0 dt out 0 dt in
Thermal energy content in the total plasma volume
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Fusion Reactor Energetics

* *

E., Plasma Q-value (fusion multiplication factor):
S S measure for how efficiently an energy input to

E.x  7nEin the plasma is converted into fusion energy

E

fu

Q, =

[ Lo gt g7, + B, ) - Bl [2dt —> [Tndrd T, By B - [t
dt Te o dt Qp T
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o "E”

B + jTEmdt B, =(0-f)E,
If, steady state E, = 2t

fc+1

p

- if, Q, — oo, the fusion energy delivered to the plasma via the charged
reaction products is seen to balance the total energy loss from the plasma.

—



2.4 YFZEIR0|A2] oLix| =

= P=dE"/dt

P, = _[ NpNy (ov) - QprdV

Ne=Np+N+> 2N, —> ny=n, >SN,
j

(ov),, : Assuming Maxwellian distribution for ion
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Ex. ITER:

U

<T;> = 8.9 keV
<n> = 1.0x10%0 m-3

Vp=831m’

—~ 516 MW
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- Power balance in the plasma 1
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- Energy confinement time in ITER

4.81x1072 (n.) (T.) Vs
T = 10*m™ keV m’
(é P.+P,, —

I:)rad j

0.
~0.056213"°B; P 69(1ne j “ AOL9RL97 058, 078

loss 1
O 9

n, = 1.1x1020 m-3

T, = 8.9 keV

Vp =831 m3

P = 500 MW

P, = 60 MW

'Drad =0 MW

— 2.4 s

I, = 15 MA

B,=53T

Pioss = P/ 5+Paux= Prag
= 160 MW

A=25

R=6.2m

a=2m

K=1.7

— 2.45 s
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— What are requirements of a fusion reactor?




Fusion Reactor Energetics

« Ignition
Energy viability of the fusion plasma:
actual self-sustaining engineering reactor condition with no heating power

Considering a D-T plasma with Q, — o,

[ Lo g d Lo, E; —En - [Sodt>0
dt Q, T
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'Fusion Reactor Energetics

fE; >Erad+j T gt
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'Fusion Reactor Energetics

- In @a homogeneous plasma, local D-T fusion ignition condition:
Charged particle self-heating power > loss powers

(radiation + plasma transport)
E (niTi + neTe)
2 T ..

E

fc,dt Pdt (ni ’Ti) > I:)br (ni ! ne ’Te) + Pc?/it (ne 'Te) +

3 .
Eyn :Eanj , J=1¢8

foaPufer = (B, +Pye )7ee+3nT «<—n;=n.=n, T,=T, =T

cyc

3T no energy
(n TE*)dt > - conversion
<ov>4 (T A_ . BowT  efficiency
fc,dtht dt( )_Abrﬁ_ =+ N contained
- complex interrelation between the plasma density
Plot?

and its temperature as required for ignition
14
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Fusion Reactor Energetics

N = 0.5x1029m"3

10~
N = 0.5x102°m"3
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20 40 60 80 100

Plasma Temperature, T(keV)

= 1020 m=3: T ~ 30 keV, nTex~ 2.7x1020 m=3s, 7o~ 2.7 S

« Ignition contours tend towards infinity as T approaches T_;.

Why?




Fusion Reactor Energetics
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- Ignition contours tend towards infinity as T approaches T_,; due to
high cyclotron radiation. 16




Fusion Reactor Energetics

 Break-even (scientific)

The total fusion energy production amounts to a magnitude equal to the
effective plasma energy input.
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0 o "E”

jdEthdt [Ql fCJE*—E* —jﬂdbo
p

HEGEZO| % YA=ZUZ2 SEA =X BHATL FHM A{ES0[ A
C2 ALECE S2| 2o 4o A EOIX|T, HE2| break-even condition
= =M 2 I HWot= FHO| ofd

- Ignition condition?| &< Q& 7tE I:I)kol A7) 7tE0e = SigetE A
ACt= oM =2[H 207t U=,

- HMEZ0 UM Q40| Rt 2 ER & U2 steady state operation= 2
ot current drive powerE i If 20 < Q< 50 BEE 12 E.

- Qo0 o|8¢t 2F 7Y 0|0 SHyet SUEN Haot 2x 7|7|o] MH
Of =& MW Bk EQoith (=T 7|, 3x 58 5)

— O 71 O

F

At
mot

A~
T

—



Fusion Reactor Energetics

- Lawson criterion

- The recoverable energy from a fusion reactor must exceed
the energy which is supplied to sustain the fusion reaction.

E:ut > EI’:‘I Eout = Eaux + Efu = 77in Ein + Ealpha + En
* * Tb E*
> Ein = Erad + I_thdt
Efu o] TE*
Fusion g*
Plasma Erad o
conduction loss
* %
< EIn Eout |
ninEin — Erad + Eth Eout = nqufu +77rad Erad +77th Eth )
. conduction
Power loss B loSS
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'Fusion Reactor Energetics

- Lawson criterion

- output electric energy (recoverable energy) > required input energy
Eout = nqufu +77rad Erad +77th Eth

ninE; = E:ad + E;

* *

E >E

out in

Erad + Eth

nqufu +77rad Erad +77thEth >

in

ninnout(E:u + E:ad + E:;]) > E:ad + Et’;l

Z’h average
Mout = , I = fu,rad,th  conversion
Z efficiency

*

E, = TE*I P(F)d°r global energy terms

19

—




'Fusion Reactor Energetics

Assuming, Bremsstrahlung only

Ml | 4°T (7P, + 7Ry, +30T) > [ d°r (7R, +30T)
V V
.3
E,.(F) = E(niTi +n,T,) =3nT

Assuming, homogeneity throughout the plasma volume V

ninnout(lrlj‘;b <ov>, Q. T +A, N*NT 7o, + 3nT) >A N2yTr.. +3nT
ab

Kronecker-0 introduced to account for the case of indistinguishable reactants

3(1_ ninnout)T

<ov>,(T)Q,,
a D _(1—7. 7 ) Ao/ T

nTE* > ninnout z1/3

77in770ut
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Fusion Reactor Energetics

- Lawson criterion
3(1_ ninnout)T

<ov>_(T)Q,,
bl ¥ (1 p g ) AT
4(1+5at) ( nlnnout) b

nTE* >

ninnout

- Practical energy break-even
condition for confinement
parameter n7 in a fusion

reactor of electric power plant N




Fusion Reactor Energetics

- Lawson criterion

N-Tau Parameter, Ntg. (s-m-3)

!
~15 ~100

lon Temperature, kT (keV)

- No particular fusion design was necessary in the derivation of this criterion.

- Although it does not contain all relevant processes such as cyclotron
radiation, it is a useful and widely employed criterion.

- For commercial power applications, it would be necessary to exceed the
minimum Lawson limit by perhaps a factor of ten or better.

22




Plasma Center Density X Confinement Time (1/cmga/s)

| Self-ignition Conditipn

A 1000_ ' '%m

1015 ¢

w

i ~1890 = ///
. - TF'I;RSS) Break even Condition SQ /////// //%////
10 E JT-600)) h _ ﬁ - %%%% é
S LU C
Condition (L /)’ ‘F:TF{(USl) § ////////////
1013 | D-N(J * US)y~~-JET(EU)~ - —
: ~ § 100 - Q=1 2
1012 | N1..?.??PLT (US4 i % | Break even
: LQSE()(Slzz}ermany) - & I Condltlon
2 Q=1 /
T g
T ™ s filiey
T-3 (U4 T4 BV ;g) 10 :

Central T t °C
Central Temperature (°C) entral Temperature(°C)




Status of the Tokamak Research

1000

5 i ITER desian target
§ O
}&T.. i parabolic distribution
7]
.ﬁ 100 flat distribution
E L break-even  bestdata, autumn 1596
E - plasma condition
>

- S JET high plasma
E ! mm A pressure H mode
§ L shear mode oo e 1896
E O | 1584
g 1993 TFTR

O
9920
10 1

central ion temperature (108 K)

24




Status of the Tokamak Research

with realistic profiles: N,z.T, >5x10*keVm™s

100
Year
A
s
ﬁ 1990
s
E
g TEIGR. DIII-DS,
X 1 ALC-Ce JT-60® 1
= Al ?
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P Reactor-relevant conditions 1980
8 01— ALC-A A
'g ASDEX e
‘c::. PLTe
§ Ti10e
e 0.01— TFR
1970
T3
.
1965
0.1 1 10

Central lon temperature T; (keV)
<ov>, o« T2 at 10-20 keV — nt.T 25

latm =1.01325bar




/f Status of the Tokamak Research

« DT-Experiments only in
- JET
- TFTR

 with world records in JET:

- Pfusion =16 MW
- Q = 0.65

Pulse No: 42976

4.2MA/3.6T

30

Pin (MW

20—

10>

o JG98.415/16c
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