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1 Fusion energy from magnetic fusion 3/18

Top magnetic fusion achievements:

Qpr = 0.27 Ppr = 10.7 MW 0.3s 1994 TFTR
Qpr = 0.62 Ppr =16.1 MW 0.7s 1997 JET
Qpr =0.18 Epr =21.7MJ 5s 1997 JET

(Jet Experiments in Deuterium-Tritium Keilhacker, Watkins, JET
Team Europhysics News November 1998)

After this, DT power was not produced for more than decade

The question is:

Instead of a “noble” goal ITER — DEMO — PROTO — ... — inexhaustible energy source
can magnetic fusion become a 30-100 MW neutron source for pot ential applications in
nuclear energy and technology ?
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Conventional approach relies on 5 “Bigs” 4118
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With numerous plasma physics prob-
lems unresolved, the conventional
approach has been essentially ex-
hausted at the level of TFTR and JET.

Can we still go forward ?
What kind of reserves is still
not utilized ?

+ Massive (Big # 6 !) Gas Injection (MGI)
+ Big promises of fusion power to the grid

Chinese character “Big” has no legs for all “Bigs” of
fusion
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2 Revealing intrinsic potential of magnetic fusion 5/18

Losses

A sector of a tokamak plasma with :
Full tokamak plasma column NBI delivering energy and parti- Fraction of plasma sector for easy

analysis
cles to the core y

: wall Close analogy with tokamak con-
S_mtered (porous) bronze — finement
filter Tokamak plasma Sintered bronze filter
Hot gas high Xe high metal e

Injection modest X; modest gas
— X Jas Xg

modest diffusion D' modest diffusion D,
core NBI fueling left-side gas supply

C : .
b core NBI heating left-side heat supply
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Regime controlled by thermal conduction
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Two fundamentally different regimes are possible

Case 1 (analogous to conventional plasma regimes).
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wall

Hot gas
Injection
Tgas
g»
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TC T(X) Th

gas . termal conduction

(1 keV << 9q/5 keV)

C X b
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Diffusion based confinement regime 7118

Case 2 (a different regime). Pumplng
wall
Hot gas h 3
Injection e T(X &;L
Tgas
9 ——— “
C b
T(x)
(60/5 keV)! (60/5 = 12 keV)

gas body (only diffusion)

C X b
5 5
Fedge—mzall — I1—>c0're, 21-\edge—>wallT _ 2I\—>coreTgaS’ Tb — Tc — Tgas
or T _ 9 OT _
Porge TP 92 T 9x 0z
Right boundary, rather than the core, is the key to good confin ement
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The Liwall Fusion (LIWF) concept
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NBI for core fueling & heating + Pumping LiWall conditions

(Limited plasma edge cooling:  Rew<ing < 0.5, 99 < TNBI)

80 keV NBI

diffusive energy
and particle losses

Dﬂ
Li PFC

The BEST possible confinement
regime: energy losses are deter-
mined only by particle diffusion

ENBl/5
Flat

Temperature

O radius

a

Density

The plasma physics is much simpler

In LIWF high edge T is OK

Peaked

O radius

No VT-driven turbulence
(ITG/ETG)

Potential TEMs affect only the

density level with NBI as a
source

No Greenwald Ilimit, saw-
teeth, ELMs.

Entire plasma volume pro-

a duces fusion

Anomalous electron thermal conduction plays no role

This simplest and best possible approach is suggested for FF RF
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Implementation is straightforward
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D, T pumping
= and power extraction

\—He ion channel

Thermalization of the beam is much faster than the particle di ffusion.

3
Enpr = (5 + 1) (T;+Te),

T;+T. Ensr

Plasma temperature will be uniform automatically
(plasma physics is not involved)

No mystery, no tricks. LIWF implements a very simple idea:

2 5]

ENBI = 80 keV —

— (T. +T;)/2 ~ 16 keV
Liwall plates for Familiar “hot-ion” regime:

T > T

For toroidal plasma it is much more efficient to prevent plasm
neutrals from the wall than to rely on overwhelming heating p

a cooling by
ower.
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3 Parameters of FFRF and mission 10/18
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I =8 Vsec Parameter FFRF
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FFRF can be potentially the next step device in PRC
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Mission 11/18

The mission of FFRF is to advance fusion to the
level of a (quasi-)stationary neutron source and
to create a technical, scientific, and technology

basis for utilization of 14 MeV fusion neutrons for
needs of nuclear energy and technology.

FFRF is a research, rather than application device.

For its justification, FFRF does not need to compete with, e.g. , fast breeder reactors

FFRF has both fusion and FFH missions
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4 Burning plasma regime of FFRF
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In burning plasma 90 % of «-particle energy goes to electrons, which do not produce

fusion but contribute to MHD 3.

The LIWF regime does not need «-particle heating.

The question is: will the hot-ion regime survive in the burnin g plasma ?

For spherical tokamaks the answer is almost for certain “Yes ". Even for I, = 8.4 MA, 60

% of a-particles can be intercepted at first orbits.

Is the LIWF regime applicable to the burning plasma with I, = 5 MA in conventional

tokamaks, like FFRF ?
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4.1 Volt-second capacities of FFRF: 40 V-sec 13/18

z Ip=0.100000 [MA] EqRcnstr z Ip=5.000000 [MA] EqgRcnstr
W,=38.4 Vsec W,=-5.8 Vsec
4 _ -|:4.4919 4 _ I—4.9695
2 - I|:. 22222 2 -
0 - 0_
-2 ] II:.2922 2 ]
4 _ |=.96884 -4 _
-I:4.4919
\ \ \ \ \ \ \ \ \ \
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0 2 4 6
Plasma configuration at the end of

Initial plasma configuration End of flat-top

About 40 V-sec is available for the flat-top of inductively dri ven plasma current.
(-6 T < B¢S<6T)
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ASTRA transport simulations 14/18

Examples of stationary hot-ion burning plasma regimes in FFR F with
Revel = 0.5, T9% =0, f = 10 (factor of anomaly of x. = fx;:)

FFRF R=4 a=1 B=5 1 =5 g=3.25 n=3.59 Ti ne=18736 dt =500. 0 FFRF R=4 a=1 B=5 1 =5 g=3.3 n=3.91 Ti ne=16151 dt =500. 0
10 ne .01 MVt .08 Ptot .2 Sn 1.5 @S 1.5 Qe 1.5 ge 1.5 TGe 10 ne .01 MVt L1 Ptot .3 Sn 1.5 @S 1.5 Qe 1.5 ge 1.5 TGe

/

30 Te 30 T.i 3 i 5 q 1.5 Q‘Sr15 Qi 15 GSr 15 GF 30 Te 30 T.i 3 i 3 q 1.5 Q‘Sr15 Qi 20 GSr 20 GF
Rcyc CF1 f PNBI betj tauE VIt PDT Q e0 <ne>Ti0O Te0 Tib Teb 1pl Rcyc CF1 f PNBI betj tauE VIt PDT Q e0 <ne>Ti0O TeO Tib Teb 1pl
.500 .300 10.0 2.07 .813 13.6 91-4 62.9 17.1 4 23 3.19 26.7 21.1 24.7 18.8 5.04 .500 .433 10.0 3.00 .966 10.3 64-4 79.6 14.3 4 53 3.54 27.8 21.7 25.6 19.6 5.03
q0 <Te> <Ti> NomA SrtA |i beTr |i PeNB PTOT PSYN PI DT q0 <Te> <Ti> NomA SrtA |i beTr |i PeNB PTOT PSYN PI DT
1.98 20.4 26.3 .000 .000 .304 2.40 .304 1.55 3.68 4.68 4.36 2.71 21.2 27.4 .000 .000 .248 2.76 .248 2.38 5.58 5.38 5.65

=== ASTRA 6.1 === 18-02-10 23:50 === Mbvdel : zFFRF === Data file: nFFRF === === ASTRA 6.1 === 19-02-10 16:58 === Mbvdel : zFFRF === Data file: nFFRF ===

PNBI — 2 MW PNBI — 3 MW

FFRF R=4 a=1 B=5 1=5 q=3.35 n=%4. 14 Ti me=32200 dt=500.0 FFRF R=4 a=1 B=5 1=5 q=3.4 n=%.31 Ti me=34607 dt =500. 0
10 ne .01 Wt .15 Ptot .5 Sn 1.5 QSr 1.5 Qe 1.5 ge 1.5 TGe 10 ne .01 Wt .15 Ptot .5 Sn 1.5 QSr 1.5 Qe 1.5 ge 1.5 TGe

30‘ ‘T‘e‘ 30‘ ‘T‘i 3‘ ‘j 8 ‘q l,5‘Q“SI" ‘1‘5‘(ii‘ 30 ‘G‘S‘r ‘30‘ ‘G‘FI‘ 30‘ ‘TLe‘ ‘30‘ ‘TLi 3 j 8 q 1‘5‘Q"S} ‘I‘S‘Q‘i‘ 30 ‘G‘S} ‘30‘ ‘G‘FI‘
Rcyc CF1 f PNBlI betj tauE VIt PDT_ Q ne0 <ne>TiO TeO Tib Teb Ipl Rcyc CF1 f PNBI betj tauE VIt PDT Q ne0 <ne> TiO TeO Tib Teb Ipl
.500 .575 10.0 3.99 1.05 8.27 49-4 90.7 12.2 4.74 3.80 27.7 21.6 25.6 19.7 5.02 .500 .720 10.0 5.01 1.11 6.92 .004 98.4 10.6 4.88 3.99 27.3 21.3 25.1 19.6 5.01
q0 <Te> <Ti> NbmA SrtA |i beTr i PeNB PTOT PSYN PI DT q0 <Te> <Ti> NomA SrtA |i beTr |i PeNB PTOT PSYN PI DT
3.55 21.3 27.4 .000 .000 .210 2.97 .210 3.21 7.46 5.60 6. 44 4.50 21.0 27.0 .000 .000 .184 3.08 .184 4.02 9.26 5.59 6.93

=== ASTRA 6.1 === 19-02-10 16:58 === Mdel: zFFRF === Data file: nFFRF === === ASTRA 6.1 === 19-02-10 8:02 === Mdel: zFFRF === Data file: nFFRF ===

PNBI — 4 MW PNBI — 5 MW
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4.2 Energy confinement time: 7-20 s 15/18
In calculations 50 % of «-particle energy was released in the plasma (assuming loss o f
energetic particles). Dilution of plasma was neglected.
25 Ig, Sec 25 25 25
: Pngi 2 MW Te, Sec¢ Pngi=3 MW T, Sec Prai=4 MW Tg, sec Prgi=5 MW

207w7 20| L 20 L 204 L
15 - | 154 Recychngjo.l 15 L 154 Recyciing=0.1 =
10¥ 10/ Reoycling=05 | 10| s 10, | L
| . | Sw 6| |
00 i é |°910Xe/X|3 00 i é Ioglee/x,d 00 i é log10xe/X; | 00 i log10xe/Xi 3

PNBI — 2 MW PNBI — 3 MW PNBI — 4 MW PNBI — 5 MW

Energy confinement time in LIWF regime for different Reeve as function of

0 <logioXe/Xxi <3 (1 < Xe/xi < 1000).

LIWF regime is not sensitive to anomalous electron thermal co
major root reason of problems in magnetic fusion.

nduction, which is the
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4.3 Fusion power:

50-100 MW 16/18

High recycling R*¥! > 0.6 (as in conventional fusion) is devastating for fusion power

| | | |
Por\MW Pngi=5 MW
Por, MW Prei=2 MW Pot, MW Pnei=3 MW Por, MW Pnei=4 MW | o0l " L
100 = 100 Recycling=01 |~ 100 L Recycling=0.5
sggg::zgzgé.@ X Recycling=0.33
Recycling=0.5 Recycling=0.5
Recycling=0 — Recycling=0.7 Recycling=0.33 Recycling=0.2
R ling=0.2
80l R:g&:ﬂgzo_?ﬁ L 80! L 8 Recycling=0.2 | 80+ \ Recycling=0.1 |~
— e \ Recycling=0.1

60| T 60 L 60| | 60
Recycling=0.7
40! L 40 L 40 | 40 L
Recycling=0.7
20| - 20| 1 20| L 204 L
Recycling=0.7
0 Xe/D 0 Xe/D 0 Xe/D 0 logsoXe/Xi
1 10 100 1000 1 10 100 1000 1 10 100 1000 0 i 2 3
PNBI — 2 MW PNBI — 3 MW PNBI — 4 MW PNBI — 5 MW

Fusion power time in LIWF regime for different
0 < logyg Xe/Xi < 3 (1 < xe/xi < 1000).

Recve gs function of

At the practical level of recycling coefficient
with PPT = 50 — 100 MW is possible in FFRF

Revel < 0.5, the burning plasma regime
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4.4 Duration of the inductive regime: 1-2 hours 17/18

With limited recycling Ré%¥! < 0.5 the loop voltage in FFRF is smaller than 0.01 V.

.025 | .025 | .025 .025

Voltage, V Prgi=2 MW Voltage, V Pngi=3 MW Voltage, V Prgi=4 MW Voltage, V
Pngi=5 MW
.02 .02 F .02 F .02 ~
Recycling=0
Recyclingfo.z
015 Reoyaind=033 | 0154 L 015 L 015 L
Recycling=0.7 Recycling=0
ecycling=0.. . s
Recycling=0.5 Recyclgngfo Recyc\!ng;o
Recycling=0.7 Eggg::gg_g% Eggﬁi:ﬂg%éa
R ling=0.! ecycling=0.!
014 - 0L - 01 Reyaing=03 01+ Recycling-07 -
.oo&/_kf 005.| L 005 L0054 L
0 I 3 10g10Xe/Xi 0 T 5 log10Xe/Xi 0 T ; 10g310Xe/Xi 0 ; ) 10g10Xe/Xi
0 3 0 3 0 3 0 3
PNBI — 2 MW PNBI — 3 MW PNBI — 4 MW PNBI =5 MW

Loop voltage in stationary stage for different Reevel as function of
0 < logyg Xe/Xi < 3 (1 < xe/xi < 1000).

With 40 Vsec of the flux swing, a simple 1-2 hour inductive regi me is possible in FFRF.
This makes FFRF exceptionally consistent with its mission
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5 Summary 18/18

The LIWF suggests the Best possible burning plasma regime fo r FFRF, which makes it realistic as

a fusion device:

1. the best possible (diffusion based) confinement

2. the best possible core MHD stability (no saw-teeth)

3. the best possible plasma edge stability (no ELMSs)

4. the best possible stationary plasma-wall interaction (no thermo-force)

5. the comprehensive plasma control by NBI and edge conditio ns (not a hostage of
plasma unknowns)
(a) hours long inductive regime
(b) the best possible conditions for non-inductive current drive
(c) the best possible power extraction approach - synchrotr on radiation
(d) no reliance on «a-heating
(e) the best possible use of plasma volume for fusion
(f) the best possible helium ash exhaust regime

The real question is “How good is the Best ?”

Crucial and well specified plasma physics and fusion technol ogies have to
be developed in parallel with the design work on FFRF in order to answer

this question.
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