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Abstract

This provocativel y titled talk presents an uncon ventional view on the
basic issues of magnetic fusion (excluding its nuclear issues), suc h as:
core fueling, con�nement, stability , power and He extraction from the
plasma. A super -critical regime is sug gested when alpha heating is not
essential for sustained fusion power production.

An unusual similarity between Spherical Tokamaks and stellarator s is also
mentioned.

A separate national program (' $2-2.5 B for ' 15 years) can realisticall y
develop an Ignited Spherical Tokamak (IST) as a fusion neutr on sour ce for
reactor R&D in 3 steps (2� DD, 1� DT):

1. A spherical tokamak, targeting achievement of absorbing wall regime
with neo-c lassical con�nement in a DD plasma and QD T � equiv = 1,

2. Full scale DD-prototype of IST for demonstration of all aspects of sta-
tionar y super -critical regime with QD T � equiv ' 50.

3. IST itself with a DT plasma for reactor R&D and � -par tic le power ex-
traction studies.
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1 The number 1 kg=m 2 of T in fusion strategy

The simple number 1 kg/m 2 of T � 15 MW�year/m 2 of neutr on
�uence uniquel y speci�es the fusion strategy for reactor R&D

Ignited Spherical Tokamaks (IST) are
the onl y candidate:

1. Volume ' 30 m3.

2. Surface area 50-60 m2.

3. DT power ' 0.5 GW.

4. Neutr on coverage fraction of the
central pole is onl y 10 %.

ITER-like device (' 700 m2 FW sur -
face) would have to process 700 kg
of T.

The possibility to have a unshielded copper central pole is a

decisive factor in favor of IST as the reactor R&D tool
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2 The “LiW all” regime

By de�nition, the ªLiWallº regime is

1. Plasma fueling through the core , and
2. Absorbing walls � pumping boundar y conditions for

both ions and electr ons

� micr o;ions
edge! w al l ' � ions

conv ectiv e

� micr o;el ectr ons
edge! w al l ' � electr ons

conv ectiv e

Lithium plasma facing components provide , at least,
the �r st condition of low recycling
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2.1 “Flat” temperature in presence of absorbing walls

Perfectl y absorbing walls (no cold par tic les) would lead to a
“�at” temperature , relevant to fusion

E.g, the atomic beam of 45 keV NBI
will be conver ted into a plasma
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When the density level becomes sta-
tionar y, Ti = Te = const

In “�at” temperature there is no myster y nor plasma physics
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2.2 Con�nement in the presence of absorbing walls

Absorbing walls lead to the best possib le con�nement situa-
tion

1. No reasons for ITG or other turb ulence

2. Thermo-conduction losses are essentiall y eliminated

3. � E is the same as par tic le con�nement time , whic h is
always determined by the best con�ned component.

The neo-c lassical diffusion coef�cient
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sug gests the energy con�nement time � E ' � p � 10 sec
for a ' 0:4; B > 2 T.

To my kno wledg e, there is no indication of “pr o�le-stiffness”
for the density pro�le
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2.3 Free boundary stability and ELMs

A widespread belief in MHD theor y is that the high edge cur -
rent density is destabilizing
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In presence of separatrix, the high edge current density is
stabilizing
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2.3 Free boundary stability and ELMs (cont.)

High edge temperature is stabilizing for ELMs.
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The “peeling-ballooning” diagram is misleading

There is no “peeling” modes for the separatrix limited

plasma if j edge 6= 0
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2.3 Free boundary stability and ELMs (cont.)

JET has a quiescent regime
as a transient phase from
ELM-III to ELM-I

“Edg e issues in ITB plasmas
in JET”
Plasma Phys. Control. Fusion 44

(2002) 2445­2469 Y. Sarazin, M.

Becoulet, P. Beyer, X. Garbet, Ph.

Ghendrih, T. C. Hender, E. Joffrin, X.

Litaudon, P. J. Lomas, G. F. Matthews,

V. Parail, G. Saibene and R. Sartori.

The crucial role of the edge current density was
emphasiz ed in the paper
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2.3 Free boundary stability of “�at” temperature plasma (cont.)

S.Medvedev's group sho wn the absence of peeling modes
with KINX code in 2003
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TCV-like pro�les were used as a reference for KINX.
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2.3 Free boundary stability of “�at” temperature plasma (cont.)

“Heuristic” and numericall y calculated diagrams are identical

S.Yu. Medvedev, A.A.Mar tyno v, et al. Plasma Phys.Contr ol Fusion 48 927-
938 (2006)
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“Flat” temperature makes plasma stability robust and
independent from the core physics
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2.4 Stability of NSTX plasma

START, NSTX achieved the reactor R&D levels of beta

Tendencies in stability in NSTX are consistent with the LiWall concept
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2.4 Stability of NSTX plasma (cont.)

STs alread y have a relevant stability data base

In 2004 beta in NSTX appr oached the necessar y 40 % (� = 39%)
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3 Ignited Spherical Tokamaks (IST)

Only compact devices are suitab le for reactor R&D

Z [m]

R [m]    0     2     4     6     8
   -4

   -2

    0

    2

    4

ITER cross-section

Entire IST plasma

IST Parameters
CenterPole R m 0.5 0.5 0.5

CenterPole B T 7.5 7.5 7.5

Plasma R 1 m 0.5 0.5 0.5

Plasma R 2 m 2.0 2.0 2.0

Height m 3.0 3.2 3.4

Volume m3 26.1 27.8 29.6

Surface m2 53.4 55.9 58.5

I plasma MA 11.1 11.9 12.7

IST Plasma performance
PD T MW 388 490 606

� E sec 0.75 0.69 0.64

Fneutr on MW/m2 5.8 7.0 8.3

Loss neutr on % 9.4 9.6 9.8

ITER
PD T MW 410 V 834 m3

� E sec 3.7 S 680 m2

Fneutr on MW/m2 0.5

IST rely on � =0.4 and in "�at" Ti;e ' 15 keV
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3.1 Core fueling of IST

Large Shafrano v shift in ST makes core fueling possib le

z Orbits

r    0    .5     1   1.5     2   2.5

   -1

    0

    1

45 keV NBI

“Core” fueling is crucial for
the density pro�le contr ol.

The charge-exchang e penetra-
tion length

� cx '
0:3

n e;20

Vb

Vb;40 keV
[m ] (3:1)

The distance between mag-
netic axis and plasma the sur -
face in IST

R e � R 0 = 0:3 � 0:5 [m ] (3:2)

� -par tic les orbits in 8.4 MA IST 45 keV NBI can provide core fueling
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3.1 Core fueling of IST (cont.)

Toroidal geometr y of magnetic surfaces is favorab le for core
fueling

The NBI beam is quasi-1D while the volume V (a) of magnetic
surfaces is / a2, where a is the minor radius of magnetic sur -
face .

As a result, the par tic le sour ce Spar t (a) distrib ution

d _N b

dx
= � � cx N b; Spar t (a) �

d _N b

dV
=

d _N b

dx

dx

dV
/

1

a
; (3:3)

despite the atten uation of the beam.

Without relying on other fueling ideas (e.g., HFS pellet injec-
tion)

ISTs allo w a variety of NBI combinations for �e xib le fueling
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3.2 Super-critical ignition regime for IST

A new, super -critical ignition (SCI) regime is possib le in ST

The power balance in the plasma is given by

f �
Z

P � dV + Pb =
E pl

�� E
; (3 :4)

where f � � 1 is a fraction of used � -par tic les.

For ignition at f � = 1

f pk hppl i �� 0 = 1; f pk �
h4pD pT i

hpi
' 1 (3:5)

IST would need
�� 0 ' 0:7 sec: (3:6)

With a “�at” temperature and “e xcessive” � E

�� E � �� 0 (3 :7)

IST can be in a “super -critical” ignition regime with f � � 1
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3.2 Super-critical regime for IST (cont.)

Super -critical regime would chang e the philosoph y of ignition

1. No con�nement of � -par tic les is necessar y. They can be
expelled to the wall at full energy.

2. Burn-up of tritium is enhanced
n h� v i D T;16keV �� E = 0:03n 20 �� E ! 1: (3 :8)

3. No issues with Helium dilution of the DT plasma.

4. Density pro�le and bootstrap current are contr olled by NBI.

5. Power regime and fueling are externall y contr olled

6. A reasonab le NBI can provide a high Q ' 50 factor , e.g,

Pb =
E pl

�� E
; e.g., PD T = 0:5 GW

Z

P � dV = 100 M W

�� E ' 10� 0; Pb = 10 M W; Q �
PD T

Pb
=

5� E

� 0
= 50:

(3:9)
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3.2 Super-critical regime for IST (cont.)

Only NBI power goes to the SoL in the SCI regime

7. ' 60 % of � -par tic les can be inter cepted by the wall in IST
at �r st orbits.

8. Although non-unif orm, their power is distrib uted over the
wall surface , rather than being localiz ed.

9. The � -par tic le expulsion reminds the ion losses during counter
injection in DIII-D QHM.

10. A natural “Hot ion mode”, Ti > Te, is provided in SCI with
NO high-tec h involved.
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3.3 Power extraction in SCI

Power extraction in � -heating- and SCI-based fusions are to-
tall y diff erent

electrons

NBI ions

wallradiation

divertor plates

?
?

Neutrons blanket

  �particlesa e�thermo�conduction

i�thermo�conduction

?

SoL

ELMs

6+2 Govrnmts

� -heating-based fusion has a pile of problems on a way to PFC
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3.3 Power extraction in SCI (cont.)

Power extraction in SCI-based fusion is conceptuall y clean

Neutrons blanket

  �particlesa wall

NBI ions electrons SoL divertor plates

?
?

The new physics of � -par tic le losses (whic h are favorab le)
and of the collisionless SoL becomes essential.

The goal is to remo ve trapped par tic les from SOL. It is oppo-
site to con�nement related goal in former mirr or machines.

Collisions, cone and �ute instabilities work for expelling par-
tic les.

Plasma physics of IST is scalab le to the power (SCI) reactor
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3.4 Helium exhaust

The entire tokamak program is built around the single idea of
a diver tor

Divertor plates for
D,T,He pumping
and power extraction

Side wall for distributed
power extraction

D,T pumping and
power extracting

"belt-limiter" wall

Exhaust channel
for cold ionized He

(a) (b) (c) LiWalls case

(a) conventional divertor: all problems are well known; Not scalable to reactor

(b) the side walls: inconsistent with particle, impurities and helium pumping:

both requiring low edge plasma temperature (turbulence, ELMs, disruptions, etc).

LiWalls absorb the power and D,T from the plasma and automaticall y distill
the Helium ash (as a cold gas) from D,T
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3.4 Helium exhaust (cont.)

The gas-d ynamic scheme of He exhaust is currentl y adopted

T
o pum

p

Buffer
volume

pp
in out

Collisional flow of neutral gas

vessel
Vacuum

T
o pum

p

Buffer
volume

in
p

Vacuum

Collisionless free flow of ionized gas

vessel

He
+,++ He

out
p

Conventional, gas-dynamic scheme:

a) collisional neutral gas in "pipe",

b) requires pressure drop

pin > pout

A scheme for ionized gas in tokamaks:

a) Free stream of He+ ;++ along B ,

� ' 1
n� cx 0+

' 1
1012 �3�10� 15 ' 30 [m]

b) Back �o w is limited by

� H e = D n 0
x ; D = hV ther mal

c) Helium density in the chamber plays no

role, while D is in the hands of engineers.

LiWall concept is consistent with pumping He
using the second scheme
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3.4 Helium exhaust (cont.)

Honeycomb channel duct may utiliz e condition B pol � B tor

Both He+ ;++ ions and incoming neutrals n H e ' 1018=m 3 are collisionless

Flux � H e+ ;++ � � H e; mean free path � ' 10 m (3:10)
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3.4 Helium exhaust (cont.)

The poloidal extend of the duct is smaller than tor oidal
L pol =L tor < 0:05

The appr oach relies on

1. Power absorption by di-
ver tor plates or bumper
limiter

2. D,T pumping by lithium
coating

3. Ionization of He, released
from the Li surface , near
the separatrix

The size of hone ycomb chan-
nels is exaggerated. Also,
B tor is reduced by a factor of
two.

Honeycomb channel ducts allo w to pump He+ ;++ ions, while trapping

neutral He back�o w
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4 The 3 steps strategy toward the power reactor

The IST concept opens a way toward power reactor R&D

All three mutuall y linked objectives of magnetic fusion, i.e.,

1. Development of the high power density Operational Power Reactor Regime ,
' 10 MW/m3 (0.5 MW/m3 in ITER, 1000 MW/m3 in a �ssion sub-critical
cell),

2. Development of the “Fir st Wall” (FW), i.e., �r st 15 cms of the structure
faced by 14 MeV neutr ons,

3. Tritium Cycle

can be achieved with ISTs.

The Quiescent H-Mode disco vered on DIII-D gives
a basis for optimism
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4 The 3 steps strategy toward the power reactor (cont.)

Three steps (2� DD, 1� DT) are necessar y to develop an IST

1. ST, targeting achievement of absorbing, LiWall regime with
neo-c lassical con�nement in a DD plasma and

QD T � equiv ' 1

2. A full scale DD-prototype of IST for demonstration of all
aspects of a stationar y super -critical regime with

QD T � equiv ' 50

3. IST itself with a DT plasma as a neutr on sour ce for reactor
R&D and � -par tic le power extraction studies.

QD T ' 50

15 years for a separate ' $2-2.5 B program is a reasonab le time
inter val for implementation of 3 steps
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5 Summar y

The 3 steps strategy has a vision beyond the IST based R&D

-0.8
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R

Z
NCSX plasma cross�sections Regarding SCI regime , Spherical

Tokamaks are more similar to stel-
larator s rather than to tokamaks:

1. Both are suitab le for low energy
NBI fueling

2. Both are “bad” for � -par tic le con-
�nement and good for SCI regime

While STs cannot serve as a reason-
able power reactor concept,

the stellarator s have no obvious
obstac les to be a power reactor

The SCI-based strategy inc ludes both R&D and power
production phase of fusion energetics
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