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T
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as
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neutron
fusion

source
for

a
R

eacto
r

D
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entF
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outlined.
T
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IS

T
w

ould
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three

objectives
ofm

agne
tic

fusion,i.e
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(a)
obtaining

a
high

pow
er

density
plasm

a
regim

e
(

'
5-10

M
W

/m
3),

(b)
designing

the
"�rstw

all"
ofa

reactor
(up

to
a

�uence
of

'
15

M
W

year/m
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(c)
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a
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cycle
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boundary
conditions
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all
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ensity
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pow
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+
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P
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F
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“gift”
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T

G
turbulenttransport.

M
ost

of
the
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a

volum
e

does
notproduce
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M
olten

Lipum
ps

the
plasm

a
out.

H
igh

edge
T

is
O

K

a
0

radius

Density

a
0

radius
Temperature

F
lat

P
eaked

N
o

“gifts”
from

plasm
a

physics
(IT

G
/E

T
G

,
saw
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E

LM
s)

are
expected

or
accepted.

R
eliance

only
on
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control.
T

he
entire
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a
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N
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T
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energy
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be
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tem

perature

E
N

B
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52
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i +

T
e )

A
fter

collisionalrelaxation,

�
i

=
68

n
20

T
3=2
i;10 ;

�
e

=
5800

n
20

T
3=2
e;10

the
tem

perature
pro�le
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es

�at
autom

atically.

T
i

=
const;

T
e

=
const;

T
e

<
T

i
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linked
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(cont.)

LiW
F

does
not

depend
on

the
behavior

of
electrons

in
the

plasm
a

core.

N
S
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X
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-U
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R
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T
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X
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�
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w
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in
2005),

N
S

T
X
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holder
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record
�

=
40

%
,2004),IT

E
R
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ith

the
�

-heating
dom

inated
regim
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IS

T
(0.2-0.5

G
W

)

W
ith

high
�

in
S

phericalTokam
aks

a
high

pow
er

density
can

be
achieved.

LiW
F

is
com
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w
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and

generaltechnol
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M
M

F
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technolog
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aks

(cont.)

Inventory
oflithium

for
pum

ping
purposes

is
notthe

issue

E
.g.,

for
the

IT
E

R
size

plasm
a

3-4
L

of
lithium

(0.1
m

m
�

30-40
m

2
)

w
ith

the
rate

ofreplenishm
ent10L=

hour;
V

Li
<

1
[cm

/sec]

is
suf�cient.

E
xisting

technology
ofcapillary

system
s

(“R
ed

S
tar”,T-11M

,F
T

U
,U

C
S

D
),grav-

ity
and

M
aranginieffect

provide
a

solid
design

basis
for

pum
ping

surfaces
(ev-

erybody
has

his
ow

n
experience

w
ith

solder
and

a
copper

w
ire).

M
olten

lithium
autom

atically
provides

controlofunburned
tritium

In
M

M
F

approach,the
gas

puf�ng
(in

addition
to

100%
recyclin

g)
spreads

tritium
over
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inside

the
m

achine
.
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alls.

In
1998

T-11M
tokam

ak
(T

R
IN

IT
I,

Troitsk,
R

F
)

dem
onstrated

outstanding
plasm

a
pum

ping
by

Licoated
w

alls
(http://w

3.pppl.gov/~zakharov/M
irnov010221/M

irnov.ppt,
p.18,E

xper.
S

em
inar

P
P

P
L,F

eb.
21,2001)

T
11M

and
D

oE
's

A
P

E
X

/A
LP

S
technology

program
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triggered
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idea
ofLiW

alls
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alls.

(cont.)

M
cC

racken
(1969)

and
U

W
M

A
K

project
(1974)

introduced
m

any
com

ponents
ofthe

LiW
allconcept.

“Ion
B

urialin
the

divertor
of

a
fusion

re-
actor”

by
G

.M
.M

cC
racken

and
S

.K
.

E
r-

ents
(S

ept.
1969

N
ucl.F

us.
R

eactor
C

onf.,C
ulham

,U
K

)

“A
poloidal

D
ivertor

for
the

U
W

M
A

K
-

1
Tokam

ak
R

eactor”
by

G
.A

.E
m

m
ert,

A
.T.M

ense,
J.M

.D
onhow

e
(A

pril,
1974

U
W

F
D

M
-93)

A
rem

arkable
property

oflithium
to

pum
p
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in

a
very

li
m
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range

oftem
peratures

w
as

spelled
outexplicitly
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1.2
P

astand
presenthistory

ofLiW
alls.

(cont.)

T
F

T
R

discovered
the

effect
of

lithium
conditioning

on
high

tem
perature

plasm
a

regim
es,T

i=
20-40

keV

  

3
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3

.5
 

4
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2
 

4
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T
im

e
 (s
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L-m
o

d
e

 
S

u
pe

rs
h

ot 

Lith
ium

-a
ide

d
s

u
p

e
rs

h
o

t 
ne

 tE
 T i

  (10 20m-3 sec keV) 
* 

N
eutral B

eam
 Injection 

1
0

 

tim
e = T

B
I + 500 m

s

0 1 2
3 # Li pellets

dre02069803c

0 1 2 3 # Li pelletsT
oroidal IT

G
 M

odes w
ith 

S
elf-C

onsistent N
eoclassical

R
adial E

lectric F
ield

2.7
2.8

2.9
3.0

3.1
3.2

3.3
M

ajor R
adius (m

)

keV
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T
i

T
i

M
E

A
S

U
R

E
D

S
IM

U
LA

T
E

D

Tripple
productnT

(0)�
E

vs
tim

e
(T

F
T

R
,S

hot#
83546,

D
.M

ans�eld,C
.S

kinner)
P

lasm
a

tem
perature

pro�les
w

ith
Lipellets

T
F

T
R

did
notreach

its
fullpotentialin

perform
ance

enhance
d

by
lithium
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2
P

lasm
a

regim
e

w
ith

LiW
alls

T
he

basic
points

ofthe
LiW

allconceptw
as

form
ulated

in
D

ec.
1998,follow

ing
the

P
P

P
L

m
otion

to
destroy

T
F

T
R

A
fter

understanding
stabilization

ofE
LM

s
and

core
fueling

(June.
2005)

T
he

LiW
allconceptbecam

e
self-consistentin

alldetails
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2.1
C

ore
fueling

Large
S

hafranov
shiftm

akes
core

fueling
possible

�
-particles

orbits

I
pl

=
8

:4
M

A

z
O

rbitsr
    0

   .5
    1

  1.5
    2

  2.5

   -1

    0

    1

80 keV
 N

B
I

T
he

charge-exchange
penetration

length

�
cx

'
0:6

n
e;20

V
b

V
b;80

keV
[m

]

T
he

distance
betw

een
m

agnetic
axis

and
the

plasm
a

surface
in

IS
T

R
e

�
R

0
=

0
:3

�
0:5

[m
]

80
keV

N
B

Ican
provide

core
fueling

F
or

fueling
ofthe

plasm
a

center
M

M
F

relies
exclusively

on
the

actions
ofG

od
and

unstructured
m

eshes

E
ven

at8.4
M

A
60

%
ofalphas

intersectthe
plasm

a
boundary

and
can

be
lostat�rstorbits
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2.2
P

lasm
a

boundary
and

S
O

L

C
ore

fueling
should

be
com

plim
ented

by
2

conditions
of

pum
ping

w
alls

Z

R
P

1
P

4

P
3

P
2

    0
   .5

    1
  1.5

   -1

  -.5

    0

    1

   .5
�

ions
core

!
edg

e
'

�
ions
edg

e
!

w
all

;
(low

recycling)

�
electrons
core

!
edg

e
'

�
electrons
edg

e
!

w
all

;
(low

secondary
e-em

ission)

T
he

S
O

L
is

high
tem

perature
( 10-15

keV
)

and
collisionless,en-

larged
by

trapped
particles.

Lithium
P

F
C

satisfy,atthe
very

least,the
condition

oflow
recycling.

T
he

im
portance

of
the

second
condition

is
not

yet
know

n.
U

pon
necessity,

it
m

ightbe
provided

relying
on

m
agnetic

insulation,scale
relations

�
see

=
4:76

B
T

�
�

S
O

L
e

=
238

rT
e;10keV

B
T

�
�

D
=

14100

rT
i;10keV

B
T

[�
m

]

and
technology

developm
ents,e.g.,

lithium
�lled

“velvet-like”
m

icro-structure
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2.2
LiP

F
C

for
pow

er
extraction

(cont.)

P
F

C
have

to
be

consistent
w

ith
all

aspects
of

the
plasm

a
regim

e

D
ue

to
evaporation,the

Lisurface
tem

perature
has

to
be

lim
ited

T
Li

<
400

�
500

oC
:

F
or

any
choice

of
P

F
C

(W
,C

,Li)
pow

er
extraction

is
lim

ited
by

the
coolanttem

-
perature,rather

than
by

the
P

F
C

surface
tem

perature.

Licovered
P

F
C

have
the

sam
e

pow
er

extraction
capabilities

a
s

W
,C

P
F

C

In
term

s
ofconsistency

w
ith

the
plasm

a

T
he

huge
S

O
L

sheath
potential(

>
10

keV
)

protects
plasm

a
from

contam
ination

by
Liions

from
the

plates,m
aking

Z
eff=

1

M
M

F
plays

gam
es

w
ith

a
huge

therm
o-force

/
Z

2nT
0

acting
on

C
or

W
ions

T
he

only
question

is
how

m
any

m
inutes

w
illbe

necessary
for

radiation
to

take
over
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2.3
B

oundary
conditions

and
con�nem

ent

P
lasm

a
edge

tem
perature

is
determ

ined
by

the
particle

�ux

S
.K

rasheninnikov's
boundary

conditions

52
�

e T
edg

e
e

=
ZV

P
e dV

;
52

�
i T

edg
e

i
=

ZV
P

i dV
;

T
edg

e
i;e

'
T

i;e (0)

lead
to

elim
ination

ofthe
therm

o-conduction
in

energy
transport

52

I

�
i;e T

i;edS
|

{z
}

convection

+
I

q
i;e dS

|
{z

}
therm

o
�

conduction

=
Z

V0
P

i;e (V
)dV

|
{z

}
P

ow
er

source

;
I

q
i;e dS

|
{z

}
therm

o
�

conduction

'
0

I

�
i;e dS

|
{z

}

convection

=
Zv

S
i;e dV

|
{z

}
particle
source

T
he

energy
losses

from
the

plasm
a

are
exclusively

convective
and,thus,deter-

m
ined

by
the

bestcon�ned
com

ponent(ions).

T
he

LiW
F

introduces
in

fusion
the

bestpossible
con�nem

entr
egim

e

In
M

M
F

the
energy

losses
are

due
to

turbulenttherm
o-conduct

ion
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2.3
B

oundary
conditions

and
con�nem

ent(cont.)

T
he

reference
transportm

odelfor
LiW

allregim
e

H
eat�ux:

q
i

=
�

neo
i

r
T

i
neo-classicalions,plays

no
role,

q
e

=
�

neo
i

r
T

e
”anom

alous”
electrons,plays

no
role;

P
article

�ux:

�
i;e

=
�

neo
i

r
n

(W
are

pinch
neglected)

T
he

LiW
F

does
notassum

e
anything

regarding
con�nem

entofel
ectrons

M
M

F
relies

exclusively
on

the
“science”

ofscalings.
A

tthe
s

am
e

tim
e,

ithas
no

representative
database

for
its

“hot-electron”
m

o
de
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2.3
B

oundary
conditions

and
con�nem

ent(cont.)

A
S

T
R

A
-E

S
C

sim
ulations

ofJE
T,B

=
2.6

T,I=
2.2

M
A

,50
keV

N
B

I

H
ot-ion

m
ode:

T
i

=
12

:6
[keV

];
T

e
=

9
:45

[keV
];

n
e (0)

=
0

:3
�

10
20;

�
E

=
4

:9
[sec];

P
N

B
I

=
1

:6
[M

W
]

F
or

50
keV

N
B

I,

3+
2

M
W

s
are

available

C
an

be
experim

entally
tested

on
JE

T
w

ith
intense

B
e

conditio
ning
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2.3
C

on�nem
ent

properties
(cont.)

����

��
�

��	
�

��	� �

-
D

ifference in propagation speed
corresponds to differences in
perturbed electron heat transport

-
T

e  crash propagates from
 edge to

core, ne  globally unperturbed
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e  gradient suggests critical gradient threshold
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N
S

T
X

experim
ents:

Ions
are

neo-classical,
E

lectron
are

anom
alous,

D
ensity

pro�le
is

not“stiff”

(see,K
evin

Tritz,N
O

1.00005)
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2.3
B

oundary
conditions

and
con�nem

ent(cont.)

A
S

T
R

A
-E

S
C

sim
ulations

ofT
F

T
R

,B
=

5
T,I=

3
M

A
,80

keV
N

B
I

tim
e, s

 0.000
 4.000

 8.000
 12.00

 16.00
 20.00

    =
=

=
 A

S
T

R
A

 6.0 =
=

=
 29-10-06 13:39 =

=
=

 M
odel: zm

od =
=

=
 D

ata file: tftr =
=

=

50 M
W

P
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T

Q
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T
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20  

 P
N

B
I
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 T
i0 
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 T
e0 
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T
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T
R
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=

2.43 a=
1    B

=
5    I=

3    q=
4.58 n=

3.44
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T
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e=
20.02 dt=

10.00

 P
D

T
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 Q
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N

B
I

50  

 tauE
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 P
D
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50  
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 tauE
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B
I
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 T
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3.2 M
W

 N
B

I

4.2 M
W

 N
B

I
40 M

W

T
e0

T
i0

tauE

1.6 M
W

 N
B

I

20

E
ven

w
ith

no
�

-particle
heating:

P
N

B
I

<
5

[M
W

]
;

�
E

=
4

:9
�

6:5
[sec];

P
D

T
=

10
�

48
[M

W
]

;
Q

D
T

=
9

�
12

w
ithin

T
F

T
R

stability
lim

its,
and

w
ith

sm
allP

F
C

load
(<

5
M

W
)

P
N

B
I

n
T

P
D

T
Q

D
T

tauE
nend

T
i0

T
e0

gb
%

(a)
1.65

0.3
10

15.4
9.34

6.54
0.42

18.7
14.8

1.64
(c)

3.30
0.3

10
35.5

10.6
4.04

0.55
17.6

13.6
1.96

(d)
4.16

0.3
10

48.9
11.6

3.58
0.59

17.5
13.4

1.96

T
he

“brute
force”approach

(P
N

B
I

=
40

M
W

)
did

notw
ork

on
T

F
T

R
for

getting
Q

D
T

=
1

.
W

ith
P

D
T

=
10

:5
M

W
only

Q
D

T
=

0
:25

w
as

achieved.

In
the

LiW
allregim

e,using
less

pow
er,T

F
T

R
could

easily
cha

llenge

even
the

Q
=

10
goalofIT

E
R

Leonid
E

.Z
akharov,A

P
S

-D
P

P
2006

M
eeting,P

hiladelphia
PA

,U
S

N
ovem

ber
2,2006

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
22



2.3
B

oundary
conditions

and
con�nem

ent(cont.)

E
ven

w
ith

an
“in�am

m
atory”

circular
plasm

a
in

T
F

T
R

,
Q

=
1

should
notbe

a
problem

Q
/

�
2E

In
order

to
achieve

its
m

ilestone,

T
F

T
R

program
should

have
to

reproduce
only

50
%

ofthe
success

ofC
D

X
-U

T
he

physicaldestruction
ofT

F
T

R
by

M
M

F
“revolutionaries”

e
lim

inated
the

opportunity
for

the
U

S
to

go
forw

ard
w

ith
fusion

for
m

any
year

s
ahead

Together
w

ith
T

F
T

R
the

entire
experim

ental
base

(P
LT,

P
B

X
-M

),
suitable

for
developing

LiW
allfusion,w

as
destroyed

in
P

P
P

L
in

favor
of“ingenious”

plasm
a

physics
ideas

on
3-D

particle
m

otion
on

exclusive
m

agnetic
surfaces.
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2.3
B

oundary
conditions

and
con�nem

ent(cont.)

In
LiW

F,
scalings

of
the

fusion
pow

er
production

becom
es

transparent.

1.P
lasm

a
tem

perature
is

determ
ined

exclusively
by

the
beam

energy

T
e

+
T

i
=

25
E

N
B

I
;

T
e

<
T

i

2.P
lasm

a
density

is
controlled

by
the

N
B

I
pow

er,
e.g.,

in
the

ion
neoclassical

diffusion
m

odel

�
neo
i

n
/

n
2

I
2plasm

a

p
T

/
I

N
B

I
/

P
N

B
I

E
N

B
I

3.F
usion

pow
er

P
D

T
and

the
ef�ciency

factor
Q

are
externally

controlled,e.g.,
w

ith
neoclassicalionsP

D
T

/
n

2T
2

/
I

2plasm
a

E
3=2
N

B
I

P
N

B
I

Q
D

T
/

I
2plasm

a
E

3=2
N

B
I

T
he

pow
er

scaling
is

justneo-classical.
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2.3
B

oundary
conditions

and
con�nem

ent(cont.)

A
S

T
R

A
-E

S
C

sim
ulations

ofIS
T,B

=
3

T,I=
8.4

M
A

,80
keV

N
B

I

tim
e, s

 0.000
 4.000

 8.000
 12.00

 16.00
 20.00

    =
=

=
 A

S
T

R
A

 6.0 =
=

=
  1-11-06 22:27 =

=
=

 M
odel: zm

od =
=

=
 D

ata file: ist =
=

=
     

 P
D

T
 

500 
500 M

W

P
_D

T
,b=

28%Q
_D

T

 tauE
20  

 P
N

B
I

500 

 T
i0 
20  

 T
e0 
20  

IS
T

                 R
=

1.25 a=
.726 B

=
3    I=

8.4  q=
3.9  n=

7.82
_

 3
T

im
e=

20.01 dt=
10.00

tauE

50

P
D

T
'

250
M

W
;

�
=

28
%

;
Q

D
T

'
40;

P
N

B
I

<
6

M
W

;
�

E
=

5
�

16
sec

T
he

heat
load

of
divertor

plates
is

m
iniscule

P
N

B
I

'
6

M
W

H
aving

30
tim

es
sm

aller
volum

e,IS
T

can
com

plem
entIT

E
R

w
ith

the
high

fusion
pow

er
density,neutron

�ux,and
�uence

A
t

�
=

40
%

(0.5
G

W
)

IS
T

becom
es

self-suf�cientin
bootstrap

current,
free

of
T

E
M

and,theoretically,capable
ofD

D
fusion.
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2.4
S

tability
properties.

T
he

stability
data

base
for

IS
T

is
already

in
good

shape

In
2004

beta
in

N
S

T
X

approached
thatnecessary

for
IS

T
40

%
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2.4
S

tability
properties.

(cont.)

In
LiW

F
there

is
no

tendency
ofthe

currentpeaking

Together
w

ith
the

q
=

1
surface,the

LiW
allregim

e
w

ipes
outthe

very
opportunity

for
saw

teeth
and

IR
E

In
its

turnM
M

F
is

highly
dependenton

saw
teeth,for

w
hich

ithas
no

triggering
condition

since
1974
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2.4
S

tability
properties.

(cont.)

D
III-D

discovery
ofthe

quiescentH
-m

ode
in

1999
w

as
a

shock
for

M
H

D
theory

In
a

w
ide

range,the
�nite

currentdensity
atseparatrix

is
st

abilizing
for

E
LM

s.
P

ressure
is

destabilizing.
(M

M
F

's
stability

“experts”
are

stilltal
king

about“peeling”m
odes)

0.00.0

Jedge/<J>

U
nstable

H
-m

ode

S
table

T
B

D

peeling
(E

LM
-III,...)

T
earing-like

perform
ance

W
ay to high

   <
 0.0

g

(LiW
all regim

e)

B
allooning

U
nstable

E
LM

-ing plasm
a is(T

/m
)

dPd
m

0
Y

TBD

T
B

D

E
LM

-I
entrapped in m

ode
m

ixing zone

0
0.5

1
1.5

2
2.5

3
0

0.5 1

1.5
0 =

1.0, w
=

1e-2, 2e-2, 4e-2 (J
edge =

J)

n=
3

n=
5

n=
10

n=
20

peeling

bootstrap

ballooning

4e-2n=
3

4e-2n=
5

4e-2n=
10

4e-2n=
20

1e-2n=
5

1e-2n=
10

1e-2n=
20

Ideally

p'

Jedge

S
table

Z
one

“H
euristic

diagram
”

(Z
akharov,2005)

K
eldysh

Institute
calculation,(M

edvedev,2003)

H
igh

tem
perature

ofLiW
F

is
consistentw

ith
the

high
perform

ance
spot

on
stability

diagram
M

M
F

is
pushing

operationalpointdirectly
into

the
m

ess
ofE

L
M

s
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2.4
S

tability
properties.

(cont.)

P
hyl

S
nyder

(G
A

)
has

discovered
a

crucial
coupling

betw
een

b
ootstrap

currentand
stability

N
om

inal operating point

S
trongly unstable

U
nstable

W
eakly unstable

S
table

(0.05 <
   )

(0.02 <
   <

 0.05)

(0.005 <
  <

 0.02)

(0.0005 <
   <

 0,005)

(  <
 0.0005)

S
table

B
allooning

U
nstable

P
eeling U

nstable

S
hot 115099 at 3500 m

s
2.0

1.5

1.0

0.5

0.00.0
0.5

1.0
1.5

2.0

P
hys. P

lasm
as 12, 056121 (2005)

Jedge/<J>

(T
/m

)
dPd

g

g

g

g

g

m
0

Y

M
arginal

T
he

problem
ofthe

pressure
p

0edg
e

buildup
ex-

ists
in

both
concepts.

E
xternally

induced
reduc-

tion
ofthe

edge
pressure

(e.g.,by
R

M
F

)

�p
edg

e
=

T
�n

edg
e

|
{z

}

LiW
F

+
�T

edg
e n

|
{z

}

M
M

F
leads

to
the

follow
ing

perturbations
in

the
core

�n
(0)

|
{z

}

LiW
F

'
�n

edg
e

�T
e (0)

|
{z

}

M
M

F
'

�T
e;edg

e

T
e;edg

e
T

e (0)
�

�T
e;edg

e

LiW
F

can
controlE

LM
stability

w
ith

a
m

inim
um

decay
in

perfor
m

ance

In
M

M
F,avoidance

ofE
LM

s
is

hardw
ired

into
signi�cantdegra

dation
offusion

perform
ance
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2.5
B

urn-up
oftritium

B
urn-up

of
tritium

is
proportional

to
the

energy
con�nem

ent
tim

e

n
h�v

iD
T

;16keV
��E

=
0

:03n
20

��E
LiW

F
is

consistentw
ith

the
high

rate
oftritium

burn-up

B
ecause

ofthe
ignition

criterion
in

M
M

F

n
20 �

E
'

1

M
M

F
is

locked
into

very
low

,2-3
%

,rate
oftritium

burn-up
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2.6
H

elium
exhaust

LiW
F

relies
on

pum
ping

low
energy

H
e

as
an

ionized
gas

To pump

B
uffer

volum
e

p
p

in
out

C
ollisional flow

 of neutral gas

vessel
V

acuum

To pump

B
uffer

volum
e

in
p

V
acuum

C
ollisionless free flow

 of ionized gas

vessel

H
e +

,+
+

H
eout

p

M
M

F
's

gas-dynam
ic

schem
e:

a)
collisionalneutralgas

in
a

"pipe",

b)
and

substantialpressure
drop

p
in

>
p

out

'
1

atm
in

a
vacuum

cham
ber

is
O

K
only

for
M

M
F

's
fusion

“experts”.

A
schem

e
for

ionized
gas

in
tokam

aks:

a)
Free

stream
ofH

e +
;+

+
along

~B
,

�
'

1
n�

cx
0+

'
1

10
12�3�10

�
15

'
30

[m
]

b)
B

ack
�ow

is
lim

ited
by

�
H

e
=

D
n

0x ;
D

=
hV

therm
al

c)
H

elium
density

in
the

cham
ber

plays
no

role,w
hileD

is
in

the
hands

ofengineers.

LiW
allconceptis

consistentw
ith

pum
ping

H
e

using
the

secon
d

schem
e
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3
T

he
num

ber1
kg

=
m

2
oftritium

in
fusion

strategy

T
he

strategy
of

“inexhaustible”
energy

source,
w

hich
has

no
fuel

even
for

designing
the

F
W

,
is

determ
ined

by
a

sim
ple

num
ber

1
kg

=
m

2
oftritium

�
1

kg/m
2

oftritium
corresponds

to
neutron

�uence
15

M
W

�year/m
2

,w
hich

is
necessary

for
designing

and
testing

the
F

irstW
all(F

W
).

�
S

am
e

1
kg/m

2
of

tritium
lim

its
the

potentialcostC
repl
F

W
of

the
F

W
replace-

m
entby

C
repl
F

W

266664

$m
2

377775
<

6:29

3
�

10
6

�
C

costof
kW

h
of

electricity

0:04
�

C
D

T
!

electricity

0:33

F
usion

reactor
should

be
designed

for
severalreplacem

ents
ofthe

F
irstW

all

C
irculating

stellarator
“idea”

of
a

single
tim

e
dum

ping
the

F
W

together
w

ith
the

entire
reactor

(“low
w

allloading”
concepts)

is
econom

ically
m

eaningless.
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3
T

he
num

ber1
kg

=
m

2
oftritium

in
fusion

strategy
(cont.)

O
nly

com
pact,

but
stationary,

devices
are

suitable
for

deve
l-

opm
entofthe

F
irstW

all

E
ven

com
pact

facility
like

IS
T

(w
ith

the
F

W
surface

area
of

50-60
m

2
)

should
m

ake
tritium

cycle
self-suf�cient.

Itis
im

perative
for

developing
the

fusion
pow

er
that

A
R

eactor
D

evelopm
entF

acility
(R

D
F

)
should

targetsim
ulta

neously
three

m
utually

linked
objectives:

1.D
evelopm

entofthe
high

pow
erdensity

plasm
a

regim
e

R
egim

e,'
10

M
W

/m
3

2.D
evelopm

entofthe
F

irstW
all

3.S
elf-suf�cientTritium

C
ycle

LiW
F

is
suitable

for
allthree

objectives

M
M

F
is

incapable
to

follow
this

strategy
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3
T

he
num

ber1
kg

=
m

2
oftritium

in
fusion

strategy
(cont.)

Ignited
S

pherical
Tokam

aks
(IS

T
)

are
the

only
candidate

for
R

D
F

1.V
olum

e
'

30
m

3
.

2.D
T

pow
er'

0.2-0.5
G

W
.

3.N
eutron

coverage
fraction

of
the

centralpole
is

only
10

%
.

4.F
W

surface
area

50-60
m

2

IT
E

R
-like

device
(

'
700

m
2

surface)
w

ould
have

to
process

700
kg

oftritium
for

developing
the

F
irstW

all.

(“E
ducated”F

E
S

A
C

's
“strategists”oftri-

tium
“burning”

35
year

plans
pretend

to
have

this
quantity

in
their

pockets).

T
he

possibility
ofan

unshielded
copper

centralpole
is

a
dec

isive
factor

in
favor

ofIS
T
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4
N

ecessity
ofa

separate
program

for
reactor

developm
ent

A
s

a
reactor

concept,
M

M
F

has
little

in
com

m
on

w
ith

plasm
a

physics

In
every

single
criticalissue

of
the

reactor
developm

ent,
M

M
F,

this
M

an-
dated

M
agnetic

F
usion,

is
in

evidentcon�ictw
ith

the
science

reco
m

m
en-

dations.

Inability
of

the
IT

E
R

project
of

10
M

W
�year/m

2
�uence

of
neutrons

in
the

late
1980s

indicated
a

phase-transition
in

fusion
from

progress
to

fragm
entation

and
stagnation.T

here
is

no
w

ay
back

from
fragm

entation
and

disarray.
T

his
is

a
physics

law
rather

than
opinion.

A
separate

program
,being

run
by

both
plasm

a
physics

and
technology

as
equal

partners
,is

necessary.

LiW
F

gives
ita

scienti�c
basis

relying
on

existing
technolo

gy
and

“presentunderstanding
offusion”
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4
N

ecessity
ofa

separate
program

for
reactor

developm
ent(cont.)

T
hree

steps
in

a
separate

program
(2

�
D

D
,1�

D
T,$2-2.5

B
)are

reasonable
to

develop
an

IS
T

1.S
T,

targeting
achievem

ent
of

absorbing,
LiW

all
regim

e
w

ith
neo-classical

con�nem
entin

a
D

D
plasm

a
and

Q
D

T
�

eq
uiv

'
1

�
5

2.A
fullscale

D
D

-prototype
ofIS

T
for

dem
onstration

ofallaspects
ofa

station-
ary

super-criticalregim
e

w
ith

Q
D

T
�

eq
uiv

'
40

�
50

3.IS
T

itself
w

ith
a

D
T

plasm
a

as
a

neutron
source

for
reactor

R
&

D
and

�
-

particle
pow

er
extraction

studies
and

Q
D

T
'

40
�

50

15
years

is
a

reasonable
tim

e
for

launching
IS

T
and

putitin
tandem

w
ith

IT
E

R
in

order
to

m
ake

the
approach

to
a

fusion
reactor

com
prehensive
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4
S

um
m

ary.
R

ole
ofP

P
P

L
(cont.)

W
ithoutIS

T
as

a
parallelprogram

,IT
E

R
is

m
eaningless

Leonid
E

.Z
akharov,A

P
S

-D
P

P
2006

M
eeting,P

hiladelphia
PA

,U
S

N
ovem

ber
2,2006

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
37

4
S

um
m

ary.
R

ole
ofP

P
P

L
(cont.)

T
his

3
steps

strategy
has

a
vision

beyond
the

IS
T

based
R

&
D

-0.8

-0.4 0.0

0.4

0.80.8
1. 2

1.6
2.0

R

Z
N

C
S

X
 plasm

a cross-sections

R
egarding

LiW
all

regim
e,

S
pherical

Tokam
aks

are
m

ore
sim

ilar
to

stellara-
tors

rather
than

to
tokam

aks:

1.B
oth

are
suitable

for
low

energy
N

B
I

fueling

2.B
oth

are
“bad”

for
�

-particle
con-

�nem
entand

good
for

S
C

Iregim
e

W
hile

S
T

s
cannot

serve
as

a
reason-

able
pow

er
reactor

concept,
the

stel-
larators

have
no

obvious
obstacles

to
be

a
pow

er
reactor.

T
he

LiW
F

strategy
is

consistentw
ith

both
R

&
D

and
pow

er
production

phases
offusion

energetics
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5
S

um
m

ary.
R

ole
ofP

P
P

L

P
P

P
L

is
uniquely

positioned
for

D
D

steps.
Ithas

both
S

T
and

stellarator
experience.

T
he

Lab
is

eager
to

go
forw

ard
w

ith
fusion,as

soon
as

itw
ill

be
given

the
opportunity

to
recover

from
a

disaster
caused

by
tw

o
adm

inistrations

T
his

w
ould

be
a

good
starting

pointfor
fusion

in
this

country
.
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