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Fusmn Reactor Energetic

« Fundamental requirement of a fusion reactor system
Enet = Eout B Ein >0

E(%jnetdt !(dE*ju i(dE*). dt >0

 Fusion Plasma Energy Balance

deit:\dt -E. +E. —E —E__ —TfE—g‘dt Time variations of
0]

Y Tg power considered
Eaux = 77in Ein
E: * * *
E* =1- fc Efu_En — fCEfu
fu * *
. Efu . Efu
Q=== ~ Plasma Q-value

E nin Ein




jdEt“ dt = f0+i E. —E. —IEL“ dt
dt Q,

0

| dE; dt =E; (7,) - E;, (0)

E +I E},“ dt
* . o) TE
If, steady state Eq = 1
f.+
Qs

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




Considering a D-T plasma with  Q,—o,

e J d3r;f Ry (F,)Qqdt = J d%ﬁ(ﬂ,r + P o +J : (: tt)) }

_ 2 | ~ —3g[ M*J Why effect of ions
Por = A NN Z7KT, Ay ~1.6x10 [ eVsj not included in

Py,r and P, ?
Pcr;/gt AcycNeszTel// Acyc ~ 6'3><1O—20 (JeV _1T B _1) Homework

J‘d3r Eth (f,t) _ E; (t)
v e (F,1)  7e(t)

In a steady state, homogeneous plasma

Volume integrated

3(NkT+N KT.)

Te

1:c,dtl:)dt(l\li’-l-i):F)br(Ni'Ne'Te)_i_Pnet(N )

cyc
B = gNkT j=1,€

o« complex interrelation between the plasma density and its
temperature as required for ignition



Fusion Reactor Energetics

 Lawson criterion

recoverable energy from a fusion reactor must exceed the energy supplied
during a representative time interval

— reactor criterion: energy viability of the entire plant

*

Eout - 77fu Efu + 77rad Erad + 77th Eth

77in E;] — E:ad + E;l

Erad + Eth

NwEw + MadErag + 10 B >

in

ninnout(E:u + E:ad + E';) > E:ad + E:;l

Zn‘ E, Average
Mow =——=—— | = fu,rad,th  conversion
Z E, efficiency




E = Z'E*J. P(r)d°r Global energy terms
Assuming, Bremsstrahlung oVnIy
Mallouw | 0°7 (7-Py, +7e.Py +3NT) >[ d°r(z2.R, +3NT)
\ v
E,(F)= S(NiTi +N_.T,) =3NT

Assuming, homogeneity throughout the plasma volume V

nmmm(i\':&'\' b < ov>. Q. 7o +A N2YT 7, +3NTJ SA, N2\Tzo +3NT
ab

Kronecker-d introduced to account for the case of indistinguishable reactants
3(1_ TlinTlout )T

<ov>_(T)Q,,
r X (1 _pop Y AT

I\ITE* > ninnout zl/3

77in770ut



-

Fusion Reactor Energetics

e Ignition
Energy viability of the fusion plasma

foaPuTer = (B + Pye )7e +3NT

cyc

No energy

3T conversion
efficiency

A BT
o o Qut <Ovzdt(T) —Ap VT — CyCN v contained

(N7gs)y =

 Break-even
The total fusion energy production amounts to a magnitude equal to the
effective plasma energy input.




What is required to light a fire in a
stove?

~~ E Fuel: D, T
@D

E Amount/density: [

T@ F Heat insulation: T

B Ignition temperature: |

' Deuterium

” Tritium

> 7
guiradvson
criterion




Fusion Reactor Energetics

e A.A. Harms, K.F. Schoepf, G.H. Miley, D.R. Kingdon,
»Principles of Fusion Energy“, Ch. 8

Homework: Problems 8.6




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

1019 ¢

1014

1013 |

1012 |

1010 ¢

! Self-ignition

“onditipn

~1990
TFTR(US)

\

Break even Coi

' ~1880
N -..PLT (USAj
T-10 (SU)

~1970

S/

JT-60(J)
Achievement of i
Break even -60(J)
Condition /( /’ FETR(USl)
L
D-M(J + US)y-—JET(EU)

ASDEX (Germany)

tion

Central Temperature (°C)

TFR {FranceAj
~1960 ST (US)
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T-3 (SUAj
108 107 108 109

Confinement Time X Plasma Center Density (s -1012cmg)

1000

100 |

107

-

7

_

1
i

_

N B
<

o
[T

ITER-

FDR

L

.

ITER

| Break even
| Condition
=1 A/
JT'6O . (DT)
D) @ |TFTR
(US)
(DT)
108 102

Central Temperature(°C)



1000

confinement time = central density (1002 sec ¢m-3)

10

100 |

ITER design target
O
geli-ignition condition
parabalic distribution
flat distribation "/
break-aven best data, autumn 1596
plasma condition
£ JET high plasma
mm A, pressure H mode
shear mode .00 e 1996
@ [ )
1933 TFTR
O
O
1952
1?510

1

central ion temperature (10% K)

10




[ Status of the Tokamak Research

Reactor
100 Conditions

=}

TFiRs  pipe

—

2
w
T
E
% ALC-Ce JT-60®
= AR
o L TFTR
e Reactor-relevant conditions 1980
B 54 ®ALC-A  ASt
E ASDEX e
E. PLTe
g T10 e
z 801 TFR
1970
T3
.
1965
0.1 1 10

Central lon temperature T, (keV)




JET:
—~ 15 Fusion power
; TFTR =16MW (1997)
S (1994) V4
A ~Q ~0.64
)
S oL Y
g JET:
— Stored energy
g_ =20MJ (1997)
S 5r
S A/ | JET ‘é) ~ (0.2
g (1991)\
LL. 0 .f’”j | | |

0 10 20 30 40 50 6.0
Time(s)

e Present machines produce significant fusion power:
- TFTR (USA) —~10 MW in 1994
- JET (EU) 16 MW (Q=0.64) in 1997



 DT-Experiments only in
- JET
- TFTR

 with world records in JET:
B I:)fusion = 16 MW
- Q =0.65

Pulse No: 42976

us of the Tokamak Research

4.2MA/3.6T
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20

0
1.0 Q‘Dt
e — .9
- ~A—N— --0.6
0.5 Ptus /Pin
D, (a.u.)
0 | [
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o JGI8.415/160




Status of the Tokamak Research
10005
JT60U v _JTe0U
100 _L_fusion: Triple product nTT doubles every 1.8 years Q JET
JT60U DIID Pentium 4
i JT60U
108 T O Pentium II
8 # O
Q L Pentium Il
] 1
E E
S
& 0.1 LHC
0.01 ;—
F SppS
i Accelerators: Energy doubles every 3 years [
St ?L_ Moore’s Law; Transistor number doubles every 2 years g
=1 1 1 i

I | I I
1970 1980 1990 2000

Year
e Progress In fusion can be compared with the computing
power and particle physics accelerator energy.
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