
G
o
o
g
l
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e
o
n
i
d

Z
a
k
h
a
r
o
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h
t
t
p
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w
3
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p
p
p
l
.
g
o
v
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~
z
a
k
h
a
r
o
v
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.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
13

2.2
P
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.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
18

2.5
C

onfinem
entofenergy

and
particles

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
20

2.6
S

tability
properties

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

24

2.7
C

ontam
ination

by
im

pirities
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
32

2.8
B

urn-up
oftritium

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
33

2.9
T

he
problem

ofthe
stationary

plasm
a

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

34

3
T

hree-step
R

D
F

program
36

3.1
S

T-0
as

a
m

otivationalstep
ofR

D
F

program
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

40

3.2
S

uper-criticalregim
e

for
S

T-1
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

45

3.3
S

T-2
as

a
D

D
prototype

ofR
D

F
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
47

3.4
S

T-3,the
R

D
F

itself
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
48

4
S

um
m

ary.
49

Leonid
E

.Z
akharov,P

P
P

L
C

olloquium
,

P
P

P
L,P

rinceton,
A

pril11,2007
PRINCETO

N PLASM
A

PHYSICS LABO
RATO

RY

PPPL
2



A
bstract

T
he

presently
adopted

plasm
a

physics
concept

of
m

agnetic
fu

sion
has

originated
from

the
idea

of
pro-

viding
low

plasm
a

edge
tem

perature
as

a
condition

for
plasm

a
-m

aterialinteraction.
D

uring
30-years

ofits
existence

this
concept

has
show

n
to

be
not

only
incapable

of
a

ddressing
practicalreactor

developm
ent

needs,butalso
to

be
in

conflictw
ith

fundam
entalaspects

ofs
tationary

and
stable

plasm
a.

M
eanw

hile,a
dem

onstration
ofexceptionalpum

ping
capabil

ities
oflithium

surfaces
on

T-11M
(1998),dis-

covery
ofthe

quiescentH
-m

ode
regim

e
on

D
-IIID

(2000),and
a

4
fold

enhancem
entofthe

energy
confine-

m
enttim

e
in

C
D

X
-U

tokam
ak

w
ith

lithium
(2005),contributed

to
a

new
vision

offusion
relying

on
high

edge
plasm

a
tem

perature.
T

he
new

concept,called
LiW

alls,provi
des

a
scientific

basis
for

developing
m

agnetic
fusion.
T

he
talk

outlines
3

basic
steps

tow
ard

the
R

eactorD
evelopm

e
ntFacility

(R
D

F
)w

ith
D

T
fusion

pow
erof0.3-

0.5
G

W
and

a
plasm

a
volum

e
≃

3
0

m
3.

S
uch

an
R

D
F

can
accom

plish
three

reactor
objectives

ofm
agn

etic
fusion,i.e.,

1.
high

pow
er

density
≃

1
0

M
W

/m
3

plasm
a

regim
e,

2.
self-sufficienttritium

cycle,

3.
neutron

fluence
≃

1
0

−
1
5

M
W

·year/m
2,

allnecessary
for

developm
entof

the
D

T
pow

er
reactor.

W
ithi

n
the

sam
e

m
ission

a
better

assessm
entof

D
D

fuelfor
fusion

reactors
w

illalso
be

possible.

T
he

suggested
program

includes
3

sphericaltokam
aks.

Tw
o

of
them

,
S

T
1,

S
T

2,
are

D
D

-m
achines,

w
hile

the
third

one,S
T

3,represents
the

R
D

F
itselfw

ith
a

D
T

plasm
a

and
neutron

production.

A
llthree

devices
rely

on
a

N
B

I
m

aintained
plasm

a
regim

e
w

ith
absorbing

w
allboundary

conditions
pro-

vided
by

the
Libased

plasm
a

facing
com

ponents.
T

he
goalis

to
utilize

the
possibility

of
high

edge
tem

-
perature

plasm
a

w
ith

the
super-criticalignition

(S
G

I)
reg

im
e,

w
hen

the
energy

confinem
ent

significantly
exceeds

the
levelnecessary

for
ignition

by
α

-particles.
In

this
regard

allthree
representIgnited

S
phe

rical
Tokam

aks,suggested
in

2002.
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A
bstract

S
pecifically,the

m
ission

ofS
T

1,w
ith

a
size

slightly
larger

than
N

S
T

X
in

P
P

P
L

butw
ith

a
four

tim
es

larger
toroidalfield,is

to
achieve

the
absorbing

w
allregim

e
w

ith
c

onfinem
entclose

to
neo-classical.In

particular,
the

m
ilestone

is
Q

D
T

−
e
q
u

iv
≃

5
corresponding

to
the

conventionalignition
criterion.

T
he

m
ission

of
S

T
2,

w
hich

is
a

full
scale

D
D

-prototype
of

the
R

D
F,

is
the

developm
ent

of
a

stationary
super-criticalregim

e
w

ith
Q

D
T

−
e
q
u

iv
≃

4
0

−
5
0.

S
T

3
is

a
D

T
device

w
ith

Q
D

T
≃

4
0
−

5
0

w
ith

sufficientneutron
production

to
design

the
nuclearcom

ponents
ofa

pow
erreactor.S

tillthe
m

ission
ofS

T
3

contains
a

signifi
cantplasm

a
physics

com
ponentofdeveloping

α
-particle

pow
er

and
H

e
ash

extraction.

A
s

a
m

otivationalstep
(S

T
0),

the
suggested

program
,assum

e
s

a
conversion

ofthe
existing

N
S

T
X

device

into
a

sphericaltokam
ak

w
ith

lithium
plasm

a
facing

com
pone

nts.T
he

dem
onstration

ofcom
plete

depletion

ofthe
plasm

a
discharge

by
lithium

surface
pum

ping,firstsho
w

n
on

T-11M
,is

considered
as

a
w

ell-defined

m
ilestone

for
readiness

of
the

m
achine

for
the

new
plasm

a
reg

im
e.

T
he

final
m

ission
of

S
T

0
w

ould
be

doubling
or

tripling
the

energy
confinem

enttim
e

w
ith

respec
tto

the
currentN

S
T

X
.
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W
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conceptw
e

have
now

.

A
fter

40
years

since
acceptance

of
tokam

aks
as

the
m

ainstream
approach

for
m

agnetic
fusion

itis
the

tim
e

to
introduce

significantcorrections
to

our
reactor

concept.

T
he

old
one

does
notlead

to
a

practicalreactor

Leonid
E
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1
Introduction.

W
hatreactor

conceptw
e

have
now

.
(cont.)

M
ainstream

M
agnetic

F
usion

(M
M

F
)

relies
on

plasm
a

heating
by

α
-particles

C
om

ponents
F

acing
P

F
C

: P
lasm

a

α
T

+
D

+

16 keV
16 keV

+
3.5 M

eV
(+

+
)

F
W

 (15 cm
)

F
irst W

all,

S
hield

W
all surface

T
ritium

breeding

n
14 M

eV
(80 %

 of energy)

electrons

F
usion plasm

a

Ignition
criterion:

f
p
k

·
〈p

〉
·τ

∗E
=

1

[M
P

a
·sec]

P
eaking

factor
f

p
k :

f
p
k

≡
〈1

6
p

D
p

T
〉

〈p
〉
2

P
lasm

a
pressure

p
:

p
=

p
e

+
p

D
+

p
T

+
p

α
+

p
I

F
low

pattern
offusion

energy
(since

the
50s)

C
lean

on
firstglance,the

concepthas
encounted

fundam
ental

problem
s

and
never

approached
the

nuclear
issues

ofa
reactor
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1
Introduction.

W
hatreactor

conceptw
e

have
now

.
(cont.)

Tw
o

fundam
entalplasm

a
physics

problem
s

are
hidden

in
the

α
-particle

heating
conceptofM

M
F

reactor

1.E
nergy

from
α

-particles
(

20
%

oftotalfusion)
is

consum
ed

inside
the

core.
T

hen
itis

transported
to

the
plasm

a
bound-

ary
and

released
to

m
aterialsurfaces

(P
F

C
)

in
a

localized
form

.
N

o
m

aterials
existto

w
ithstand

the
flux

≃
20

M
W

/m
2

(w
ithoutshutting

dow
n

the
plasm

a).

2. 90
%

of
α

-particle
heatgoes

to
electrons,w

hich
do

notpar-
ticipate

in
fusion

energy
production.

A
tthe

sam
e

tim
e

their
heattransportis

the
m

ajorchannelforenergy
loss

from
the

plasm
a.

In
reactor

projections,M
M

F
relies

on
the

“hot-electron”
regim

e,the
w

orstpossible
one.

A
llpresentday

m
achines

w
ork

in
the

“hot-ion”
m

ode
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E
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Introduction.

W
hatreactor

conceptw
e

have
now

.
(cont.)

IT
E

R
is

the
firstm

achine
targeting

the
α

-heating
regim

e

α
T

+
D

+

16 keV
16 keV

+
3.5 M

eV
(+

+
)

F
W

 (15 cm
)

F
irst W

all,

S
hield

W
all surface

T
ritium

breeding

n
14 M

eV
(80 %

 of energy)

electrons

F
usion plasm

a

IT
E

R
 subject

C
om

ponents
F

acing
P

F
C

: P
lasm

a
=

⇒

E
ven

in
expected

“burning
plasm

a”
regim

e
IT

E
R

is
stilldeal-

ing
m

ostly
w

ith
plasm

a
physics

issues.

B
eing

an
im

plem
entation

ofthe
old

concept,IT
E

R
only

barely
touches

the
reactor

aspects
offusion

Leonid
E

.Z
akharov,P

P
P

L
C

olloquium
,

P
P

P
L,P

rinceton,
A

pril11,2007
PRINCETO

N PLASM
A

PHYSICS LABO
RATO

RY

PPPL
8



1
Introduction.

W
hatreactor

conceptw
e

have
now

.
(cont.)

T
he

criterion
ofconceptualrelevance

to
reactor

R
&

D
is

very
sim

ple:
ability

ofdelivering
15

M
W

a/m
^2

ofneutron
fluence,

or
burn-up

of
1

kg(T
)/m

^2
(F

W
)

(IT
E

R
is

capable
ofonly

0.3-0.4
M

W
a/m

^2
(burn-up

of10-15
kg

ofT,instead
of650

kg)

T
he

M
M

F
conceptis

stillin
disconnectw

ith
R

&
D

for
a

reactor
Leonid

E
.Z

akharov,P
P

P
L

C
olloquium

,
P

P
P

L,P
rinceton,

A
pril11,2007
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N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
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Introduction.

W
hatreactor

conceptw
e

have
now

.
(cont.)

U
nlike

plasm
a

physicists,
society

recognizes
fusion

only
i

n
conjunction

w
ith

a
reactor

D
ana

R
ohrabacher’s

shocking
notes

on
funding

the
fundam

entalscience:

“
1
.

A
fo

c
u
s

o
n

lo
n
g
-te

r
m

,
n
o
n
-c

o
m

m
e
r
c
ia

l
R

&
D

w
ith

a
p
o
te

n
tia

l
fo

r
s
ig

n
ifi

c
a
n
t

s
c
ie

n
tifi

c
d
is

c
o
v
e
r
y
,
le

a
v
in

g
c
o
m

m
e
r
c
ia

liz
a
tio

n
to

th
e

m
a
r
k
e
tp

la
c
e
.

2
.

F
e
d
e
r
a
l
fu

n
d
in

g
s
h
o
u
ld

e
n
d

w
h
e
n

te
c
h
n
ic

a
l
fe

a
s
ib

ility
is

d
e
m

o
n
s
tr

a
te

d
.

P
r
o
d
u
c
tio

n
s
h
o
u
ld

b
e

le
ft

to
th

e
m

a
r
k
e
tp

la
c
e
.

3
.

W
e

s
h
o
u
ld

fu
n
d

p
r
o
je

c
ts

th
a
t
r
e
fl
e
c
t
r
e
v
o
lu

tio
n
a
r
y

id
e
a
s
th

a
t,

if
p
r
o
v
e
n
,
w

o
u
ld

m
a
k
e

p
o
s
s
ib

le
th

e
im

p
o
s
s
ib

le
w

ith
in

p
e
r
fo

r
m

a
n
c
e
-

b
a
s
e
d

g
u
id

e
lin

e
s
.

4
.

E
v
o
lu

tio
n
a
r
y

o
r

in
c
r
e
m

e
n
ta

l
a
d
v
a
n
c
e
s

in
te

c
h
n
o
lo

g
y

s
h
o
u
ld

b
e

h
a
n
d
le

d
b
y

th
e

p
r
iv

a
te

s
e
c
to

r
.

5
.

E
a
c
h

g
o
v
e
r
n
m

e
n
t-o

w
n
e
d

la
b
o
r
a
to

r
y

s
h
o
u
ld

c
o
n
fi
n
e

in
-h

o
u
s
e

r
e
s
e
a
r
c
h

to
c
e
r
ta

in
a
r
e
a
s

o
f

e
x
p
e
r
tis

e
.

O
th

e
r

r
e
s
e
a
r
c
h

s
h
o
u
ld

b
e

c
o
n
tr

a
c
te

d
o
u
t

to
in

d
u
s
tr

y
,
fo

u
n
d
a
tio

n
s

a
n
d

u
n
iv

e
r
s
itie

s
.

6
.

A
ll

R
&

D
p
r
o
g
r
a
m

s
s
h
o
u
ld

b
e

tig
h
tly

fo
c
u
s
e
d

o
n

th
e

a
g
e
n
c
y
’s

m
is

s
io

n
.

A
ll

o
th

e
r
s

s
h
o
u
ld

b
e

te
r
m

in
a
te

d
.

H
ow

ever,w
e

also
had

to
take

a
serious

look
atsom

e
program

s
thattechnically

m
eet

these
criteria

but
do

not
stand

up
to

a
cost/benefittest.

T
he

D
epartm

ent
ofE

nergy’s
fusion

research
program

is
one

exam
ple.

O
ver

the
past

40
years,

U
.S

.
taxpayers

have
paid

m
ore

than
$9

billion
for

re-
search

on
fusion

energy,
yet

none
of

the
research

has
achieved

"break-even,"
the

pointatw
hich

the
fusion

reaction
generates

the
sam

e
am

ountofenergy
as

is
put

in.
To

provide
com

m
ercialpow

er,
a

fusion
reactor

has
to

generate
m

ore
energy

than
is

putin, and
no

scientisthas
been

able
to

tellm
e

thatw
e

w
illreach

thatgoalin
less

than
40

m
ore

years.”
(A

P
S

N
ew

s
v.4.

no.7,July
1995)

(In
the

70s,the
C

ongressm
an

w
as

one
ofenthusiasts

offusion
)
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1
Introduction.

W
hatreactor

conceptw
e

have
now

.
(cont.)

It
is

certainly
possible

to
confront

a
C

ongressm
an

w
ith

our
scientific

achievem
ents,butthis

does
notresolve

the
issue

T
here

is
a

lotofpeople,w
ho

cannotbe
fooled

(by
our

developm
entplans),and

w
ho

asks
a

sim
ple

question

W
hen

you
w

illgive
us

your
energy

?
(M

y
friends

F
im

a
and

G
ustav,A

pril7,2007)

Ignoring
C

ongressm
en,w

e
allstillhave

to
feelthe

pressure
from

our
friends

to
deliver

highly
needed

energy
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2
B

asics
of"Lithium

W
all"

F
usion

T
he

LiW
allF

usion
(LiW

F
)

relies
on

N
B

Iand
Lipum

ping
w

alls

C
om

ponents
F

acing
P

F
C

: P
lasm

a

W
all surface

α
T

+
D

+

16 keV
16 keV

+
3.5 M

eV
(+

+
)

F
usion plasm

a

N
eutral B

eam
Injection, N

B
I

n
14 M

eV

F
W

 (15 cm
)

F
irst W

all,

(80 %
 of energy)

S
hield

T
ritium

breeding

α
-particles

are
free

to
go

outofplasm
a

N
B

I
controls

both
the

tem
-

perature
and

the
density

P
N

B
I

=
32

〈p
〉
V

p
l

τ
E

,

d
N

N
B

I

d
t

=
Γ

io
n

s
c
o
r
e
→

e
d
g
e

S
uper-C

riticalIgnition
(S

C
I)

confinem
ent

is
necessary

to

m
ake

N
B

Iw
ork

this
w

ay

τ
E

>
>

τ
∗E

LiW
allconcepthas

a
clean

pattern
offlow

offusion
energy

P
lasm

a
physics

issues,unhandleable
by

M
M

F,disappear
in

Li
W

F
LiW

F
is

suitable
for

reactor
design

issues
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.Z
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2.1
H

eating
and

fueling
the

plasm
a

N
eutralB

eam
Injection

(N
B

I)
is

a
ready-to-go

fueling
m

etho
d

for
pum

ping
w

allbased
m

agnetic
fusionT

he
energy

should
be

consistent
w

ith
the

plasm
a

tem
perature

E
N

B
I

=

 32
+

1


(T

i
+

T
e ),

e.g.,for
T

e
≃

T
i
≃

1
6

k
e
V

E
N

B
I

=
8
0

k
e
V

In
absence

of
cold

particles
from

the
w

alls,after
collisionalrelaxation

ν
i
=

6
8

n
2
0

T
3
/
2

i,1
0 ,

ν
e
=

5
8
0
0

n
2
0

T
3
/
2

e
,1

0

the
tem

perature
profile

becom
es

flatau-
tom

atically
T

i
=

c
o
n

s
t,

T
e
=

c
o
n

s
t,

T
e

<
T

i

LiW
F

m
akes

the
“hot-ion”

m
ode

to
be

perfectfor
fusion

A
super-criticalignition

regim
e

is
expected
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2.1
H

eating
and

fueling
the

plasm
a

(cont.)

Large
S

hafranov
shiftm

akes
core

fueling
possible

in
IS

T

α
-particles

orbits

I
p
l
=

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

lengthλ
c
x

≃
0
.6

n
e
,2

0

V
b

V
b
,8

0
k
e
V

[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

and
controloffusion

pow
er

E
ven

at8.4
M

A
60

%
ofalphas

intersectthe
plasm

a
boundary

and
can

be
intercepted

atfirstorbits
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2.2
P

lasm
a-w

allinteraction

T
he

rightplasm
a-w

allcontactis
the

key
to

m
agnetic

fusion

Z
i

D
D +

P
lasm

a

convective
energy losses

E
xternal heating

therm
o−

conduction
energy losses

H
igh recycling W

,C
 w

alls

P
lasm

a

convective
energy losses

E
xternal heating

P
um

ping w
all

C
ore fueling

D +

M
M

F
requires

a
low

tem
perature

plasm
a

edge

a
0

radius

Density

P
eakeda

0
radius

Temperature

F
lat

A
s

a
“gift”

from
plasm

a
physics

M
M

F
gets

IT
G

/E
T

G
turbulenttransport.

M
ost

of
the

plasm
a

volum
e

does
notproduce

fusion

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

teeth,
E

LM
s)

are
expected

or
accepted.

LiW
F

relies
only

on
external

control.
T

he
entire

plasm
a

volum
e

produces
fusion

T
he

pum
ping

w
alls

w
ould

dram
atically

sim
plify

plasm
a-w

all
interactions

and
m

ay
have

an
unprecedented

im
pacton

the
plasm

a
core
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2.3
P

um
ping.

C
ontroloftritium

inventory.

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
s

triggered
the

idea
ofLiW

alls

Ip, kA

Ip, kA

150

H
_alpha , a.u.

D
_alpha, a.u.

T
−11M

 #13131  A
pr.14 2000

   50
  100

    0
    0

   20

   40

   60

   80

  100

    0

Li lim
iter−w

alls

C
 lim

iter

(extrem
e gas puffing)

(norm
al gas puffing)

Li lim
iter−w

alls

Density, ne 1e+19

150
0

   50
   tim

e, m
s

  100
0 1 2 3 4

5

Lithium
com

pletely
depleted

the
discharge

in
T-11M

In
P

P
P

L,C
D

X
-U

dem
onstrated

sim
ilar

pum
ping

capabilities
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2.3
P

um
ping.

C
ontroloftritium

inventory.
(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

ent

1
0
L

/
h

o
u

r,
V

L
i
<

1
[cm

/sec]

is
sufficient.

E
xisting

technology
ofcapillary

system
s

(“R
ed

S
tar”,T-11M

,F
T

U
,U

C
S

D
),grav-

ity
and

M
arangonieffectprovide

a
solid

design
basis

for
pum

ping
surfaces.

E
v-

erybody
has

his
ow

n
experience

w
ith

solder
and

copper
w

ire.

T
he

issue
is

only
in

the
oxidation

(hydrolyzation)ofthe
Lisurface

during
the

idle
period

ofthe
m

achine.

In
LiW

F
m

olten
lithium

can
be

used
to

controlthe
inventory

ofunburned
tritium

In
M

M
F

approach,the
gas

puffing
(in

addition
to

100%
recyclin

g)
spreads

tritium
over

allchannels
inside

the
m

achine.
Leonid

E
.Z

akharov,P
P

P
L

C
olloquium

,
P

P
P

L,P
rinceton,

A
pril11,2007

PRINCETO
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2.4
B

oundary
conditions

and
the

plasm
a

edge

P
lasm

a
edge

tem
perature

is
determ

ined
by

the
particle

fluxes
rather

than
by

near
edge

transportproperties
S

.K
rasheninnikov’s

boundary
conditions

52
Γ

e T
e
d
g
e

e
=

∫V
P

e d
V

,
52
Γ

i T
e
d
g
e

i
=

∫V
P

i d
V

,
T

e
d
g
e

i,e
≃

T
i,e (0

)

lead
to

elim
ination

ofthe
therm

o-conduction
in

energy
transport

52

∮

Γ
i,e T

i,ed
S

︸
︷
︷

︸

c
o
n

v
e
c
tio

n

+
∮

q
i,e d

S
︸

︷
︷

︸

th
e
r
m

o
−

c
o
n

d
u

c
tio

n

=
∫

V0
P

i,e (V
)d

V
︸

︷
︷

︸

P
o
w

e
r

s
o
u

r
c
e

,
∮

q
i,e d

S
︸

︷
︷

︸

th
e
r
m

o
−

c
o
n

d
u

c
tio

n

≃
0

∮

Γ
i,e d

S
︸

︷
︷

︸

c
o
n

v
e
c
tio

n

=
∫v

S
i,e d

V
︸

︷
︷

︸

p
a
r
tic

le
s
o
u

r
c
e

T
he

energy
losses

from
the

plasm
a

are
exclusively

convective
and,thus,deter-

m
ined

by
the

bestconfined
com

ponent(ions).

T
he

LiW
F

introduces
in

fusion
the

bestpossible
confinem

entr
egim

e

In
M

M
F

the
energy

losses
are

due
to

turbulenttherm
o-conduct

ion
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2.4
B

oundary
conditions

and
the

plasm
a

edge
(cont.)

R
M

P
experim

ents
on

D
-IIID

have
confirm

ed
our,LiW

F,view
s

0
kA

,2
kA

,3
kA

I
R

M
P

−
c
o
il

T.E
vans

atal.,N
ature

physics
2,p.419,(2006)

T
hese

observations
have

dism
issed

one
ofthe

m
isconception

s
ofM

M
F

about“edge
transportbarrier”
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2.5
C

onfinem
entofenergy

and
particles

LiW
F

is
the

only
fusion

concept
not

sensitive
to

the
electron

therm
o-conduction

in
the

plasm
a

core.
E

nergy
losses

are
determ

ined
by

particle
diffusion

N
S

T
X

C
D

X
-U

IT
E

R

N
S

T
X

C
D

X
-U

IT
E

R

IS
T

R
elative

sizes
of

C
D

X
-U

(w
hich

quadrupled
τ

E
w

ith
lithium

in
2005),

N
S

T
X

(the
holder

of
the

record
β

=
40

%
,2004),IT

E
R

(w
ith

the
α

-heating
dom

inated
regim

e),and
IS

T
(0.2-0.5

G
W

)

W
ith

high
β

in
S

phericalTokam
aks

a
high

pow
er

density
can

be
achieved.

LiW
F

does
notrequire

the
non-existing

"high-tech".

LiW
F

is
com

patible
w

ith
existing

fusion
and

generaltechnol
ogy

and
requirem

ents
for

R
eactor

D
evelopm

entFacility
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E
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P
L

C
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,
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P
P
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2.5
C

onfinem
entofenergy

and
particles

(cont.)

A
valuable

reference
transportm

odelis
possible

for
LiW

F

H
eatflux:

q
i
=

χ
n

e
o

i
∇

T
i

neo-classicalions,plays
no

role,

q
e

=
χ

n
e
o

i
∇

T
e

”anom
alous”

electrons,plays
no

role,

P
article

flux
is

controlled
by

neo-classicalions:

Γ
i,e

=
χ

n
e
o

i
∇

n
(W

are
pinch

neglected
being

a
good

effect)

T
he

LiW
F

does
notassum

e
anything

regarding
confinem

entofel
ectrons.

Itutilizes
good

confinem
entofions,know

n
for

decades.

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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2.5
C

onfinem
entofenergy

and
particles

(cont.)
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�
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ifference in propagation speed
corresponds to differences in
perturbed electron heat transport

-
T

e  crash propagates from
 edge to

core, n
e  globally unperturbed
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N
S

T
X

experim
ents:

Ions
are

neo-classical,
E

lectron
are

anom
alous,

D
ensity

profile
is

not“stiff”
(K

.Tritz,A
P

S
-06)
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2.5
C

onfinem
entofenergy

and
particles

(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

.0
0

0
 4

.0
0

0
 8

.0
0

0
 1

2
.0

0
 1

6
.0

0
 2

0
.0

0

    =
=

=
 A

S
T

R
A

 6
.0

 =
=

=
 2

9
−

1
0

−
0

6
 1

3
:3

9
 =

=
=

 M
o

d
e

l: zm
o

d
 =

=
=

 D
a

ta
 file

: tftr =
=

=

50 M
W

P
_D

T

Q
_D

T
 ta

u
E

2
0

  

 P
N

B
I

5
0

  

 T
i0

 
2

0
  

 T
e

0
 

2
0

  

T
F

T
R

        R
=

2
.4

3
 a

=
1

    B
=

5
    I=

3
    q

=
4

.5
8

 n
=

3
.4

4
 3

T
im

e
=

2
0

.0
2

 d
t=

1
0

.0
0

 P
D

T
 

5
0

  

 Q
   

2
0

  

 P
N

B
I

5
0

  

 ta
u

E
2

0
  

 T
i0

 
2

0
  

 P
D

T
 

5
0

  

 Q
   

2
0

  
 ta

u
E

2
0

  

 P
N

B
I

5
0

  

 T
i0

 
2

0
  

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
α

-particle
heating:

P
N

B
I

<
5

[M
W

],

τ
E

=
4
.9

−
6
.5

[se
c
],

P
D

T
=

1
0

−
4
8

[M
W

],

Q
D

T
=

9
−

1
2

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

t
a
u
E
n
e
n
d
T
i
0

T
e
0

g
b

%
(
a
)
1
.
6
5
0
.
3

1
0
1
5
.
4
9
.
3
4

6
.
5
4
0
.
4
2
1
8
.
7
1
4
.
8
1
.
6
4

(
c
)
3
.
3
0
0
.
3

1
0
3
5
.
5
1
0
.
6

4
.
0
4
0
.
5
5
1
7
.
6
1
3
.
6
1
.
9
6

(
d
)
4
.
1
6
0
.
3

1
0
4
8
.
9
1
1
.
6

3
.
5
8
0
.
5
9
1
7
.
5
1
3
.
4
1
.
9
6

T
he

“brute
force”approach

(P
N

B
I

=
4
0

M
W

)
did

notw
ork
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T

F
T

R
for

getting
Q

D
T

=
1.

W
ith

P
D

T
=

1
0
.5

M
W

only
Q

D
T

=
0
.2

5
w

as
achieved.

In
the

LiW
allregim

e,using
less

pow
er,T

F
T

R
could

challenge
even

the
Q

=
1
0

goalofIT
E

R

(Ignition
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corresponds
to

Q
=

5)
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2.6
S

tability
properties

T
he

stability
data

base
for

R
D

F
is

already
in

a
good

shape

In
2004,beta

in
N

S
T

X
has

approached
the

record
levelof40

%
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2.6
S

tability
properties

(cont.)

D
iscovery

of
the

quiescent
H

-m
ode

in
1999

on
D

III-D
w

as
a

shock
(un-noticed

by
m

any
experts)

for
M

H
D

theory

P
lasm

a
profiles

near
the

edge
From

K
.B

urrellatal.,P
hys

ofP
lasm

as
8,p.2153,(2001)

Itgave
to

LiW
F

extra
optim

ism
thatfree-boundary

stability
is

possible
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2.6
S

tability
properties

(cont.)

A
w

idespread
belief

in
M

H
D

theory
is

that
the

high
edge

cur-
rentdensity

is
destabilizing

(“peeling
m

odes”)

W
∝

∫
j
′R

d
ρ

B
to

r

 1q
−

nm



≃
j
e
d
g
e

B
to
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1
q
e
d
g
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−
nm
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j − profile

q − profile
resonant surface

q
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−.6
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j − profile

q − profile

resonant surface

Z
0

P
lV

ac

R
0

4
5

6
7

8

   -2 0 2 4

case
1:

m
q

a
<

n
Ideally

unstable
case

2:
m

q
a

>
n

Tearing
stable

LiW
all+

S
eparatrix:

q
a

=
∞

Ideally
&

tearing
stable

In
presence

ofa
separatrix,the

finite
edge

currentdensity
i

s
stabilizing
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2.6
S

tability
properties

(cont.)

B
asic

understanding
of

stability
(rather

than
S

ciD
A

C
codes

)
resulted

in
stability

diagram
for

E
LM

s

In
a

w
ide

range,the
finite

currentdensity
atseparatrix

is
st

abilizing
for

E
LM

s.
P

ressure
is

destabilizing.

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

γ

(LiW
all regim

e)

B
allooning

U
nstable

E
LM

−
ing plasm

a is(T
/m

)
dPd

µ0
Ψ

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 (Jedge =

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
the

operationalpointrightinto
the

m
ess

ofE
L

M
s
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2.6
S

tability
properties

(cont.)

Q
uiescent

period
in

JE
T

IT
B

experim
ents

is
consistent

w
ith

this
theory

JE
T

has
a

quiescent
regim

e
as

transient
phase

from
E

LM
-III

to
E

LM
-I

“E
dge

issues
in

IT
B

plas-
m

as
in

JE
T

”
P

lasm
a

P
hys.

C
ontrol.

F
usion

44

(2002)
2445-2469

Y.
S

arazin,
M

.

B
ecoulet,

P.
B

eyer,
X

.
G

arbet,
P

h.

G
hendrih,

T.
C

.
H

ender,
E

.
Joffrin,

X
.

Litaudon,P.J.Lom
as,G

.F.M
atthew

s,

V.P
arail,G

.S
aibene

and
R

.S
artori.

T
he

authors
em

phasized
the

crucialrole
ofthe

edge
currentd

ensity
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2.6
S

tability
properties

(cont.)

T
here

are
no

“peeling”
m

odes
for

the
separatrix

lim
ited

plasm
a

and
j

e
d
g
e

6=
0

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
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P
eeling U
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S
hot 115099 at 3500 m

s
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0.5
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P
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Jedge/<J>
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γ

µ0
Ψ

M
arginal

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

γ

(LiW
all regim

e)

B
allooning

U
nstable

E
LM

−
ing plasm

a is(T
/m

)
dPd

µ0
Ψ

TBD

T
B

D

E
LM

−I
entrapped in m

ode
m

ixing zone

D
III-D

interpretation
"Z

akharov’s"
diagram

(T
B

D
)

G
A

essentially
is

sw
itching
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our
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w

ith
K

eldysh
In

st.)
predictions

ofE
LM

s
stabilization
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P
B
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y
d
e
r
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E
A
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F
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e
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e
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n
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p
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p
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p
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2.6
S

tability
properties

(cont.)

In
LiW

F
there

is
no

tendency
ofpeaking

ofcurrentdensity

W
hile,in

huntfor
discoveries,S

ciD
A

C
people

w
ere

calibrating
their

com
prehen-

sive
num

ericalcodes
againstobservations

ofsaw
teeth

on
C

D
X

-U
(P

P
P

L),

C
D

X
-U

discharges
becam

e
M

H
D

-quiescentafter
introduction

oflithium

Together
w

ith
the

q
=

1
surface,the

LiW
allregim

e
w

ipes
outthe

very
opportunity

for
saw

teeth,
internalreconnection

events,and
potentially,for

neo-classicaltearing
m

odes
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2.7
C

ontam
ination

by
im

pirities

LiW
F

regim
es

elim
inates

the
effects

driving
im

purities
to

t
he

plasm
a

core

Z

R

Li layer
Li layer

P
1

P
2

    0
   .5

    1
  1.5

   −
1

  −
.5

    0

    1

   .5

T
hree

forces
are

acting
on

im
purities

on
the

w
ay

from

P
F

C
to

the
plasm

a

1.
A

sm
allelectro-static

force
Z

e
E

S
O

L
,

directed
back

to
the

plate.

2.
Friction

R
V

∝
Z

2
w

ith
the

ion
flow

,
also

directed

back
to

the
plate.

3.
T

herm
o-force

R
T

∝
Z

2,
driving

im
purities

into
the

plasm
a.

In
addtion,

there
is

a
direct

plasm
a-w

all
interaction

through
the

radialbursts
ofblobs

In
collisionless

S
O

L
the

therm
o-force

is
absent,leading

to
Z

e
f

f
≃

1

B
lobs

are
also

notexpected.
T

here
is

no
indications

ofblobs
in

Q
H

M
regim

e
on

D
-IIID
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2.8
B

urn-up
oftritium

B
urn-up

of
tritium

is
proportionalto

the
energy

confinem
ent

tim
e,and

can
be

very
efficientin

LiW
F

n
〈σ

v
〉
D

T
,1

6
k
e
V

τ̄
E

=
0
.0

3
n

2
0 τ̄

E

In
LiW

F
the

burn-up
oftritium

could
be

a
significantfraction

ofunity

O
n

the
other

hand

B
y

ingition
criterion

M
M

F
is

locked
into

very
low

,2-3
%

,rate
oftritium

burn-up
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2.9
T

he
problem

ofthe
stationary

plasm
a

S
tationary

plasm
a

regim
e

integrates
the

non-inductive
cur

-
rent

drive,
m

acroscopic
stability,

density
and

tem
peratur

e
control,stationary

w
alls

and
plasm

a-w
allinteractions

B
eing

sim
ilar

to
M

M
F

in
term

s
ofnon-inductive

currentdrive,

LiW
F

elim
inates

the
rooteffects

affecting
the

steady
state

ofplasm
a

F
or

years,

M
M

F
is

busy
w

ith
patching

the
countless

loopholes
in

its
“con
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ofthe

stationary
plasm

a
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2.9
T

he
problem

ofthe
stationary

plasm
a

(cont.)

U
nlike

M
M

F,LiW
F

is
consistentw

ith
existing

plasm
a

physics
and

technology
and

has
a

clean
strategy

for
reactor

R
&

D
Issue

M
M

F
LiW

F
U

se
ofplasm

a
volum

e
25-30

%
100

%
F

usion
producing

β
D

T
β

D
T

<
0
.5

β
β

D
T

>
0
.5

β
A

nom
alous

electrons
Y

E
S

N
O

Transportdatabase
notscalable

scalable
S

aw
teeth

(IR
E

s)
unpredictable

absent
E

LM
s

unpredictable
absent

F
ueling

unresolvable
existing

N
B

Itechnology
F

usion
pow

er
control

unpredictable
existing

N
B

Itechnology
E

dge
pressure

control
reduced

perform
ance

R
M

F,N
B

Itechnology
P

ow
er

extraction
unresolvable

conventionaltechnology
Tritium

control
tritium

in
allchannels

pum
ping

by
Li

C
ost

≃
$20B

w
ith

no
R

D
F

strat-
egy

$2-2.5
B

for
R

D
F

program

A
s

a
reactor

concept,the
currentM

ainstream
fusion
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h

is
fullof

fundam
entalproblem

s,w
hich

are
stagnating

the
progress

in
fusion
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3
T

hree-step
R

D
F

program

T
he

m
ission

of
3-step

R
D

F
program

is
a

pow
erful

neutron
source

for
reactor

developm
ent

IT
E

R

IS
T

R
D

F
should

target
three

m
utually

linked
objec-

tives
ofm

agnetic
fusion

1.H
igh

pow
er

density
plasm

a
regim

e
regim

e,
≃

10
M

W
/m

3

2.F
luence

of
neutrons

15
M

W
a/m

2
for

design-
ing

the
F

irstW
all

3.S
elf-sufficientTritium

C
ycle

LiW
F

approach,together
w

ith
essentially

existing
technol

ogy,
seem

s
to

be
capable

ofaccom
plishing

this
m

ission

In
the

other
hand,

“D
E

M
O

”
w

ith
no

R
D

F
in

the
firstplace

is
another

m
yth

ofM
M

F

Leonid
E

.Z
akharov,P

P
P

L
C

olloquium
,

P
P

P
L,P

rinceton,
A

pril11,2007
PRINCETO

N PLASM
A

PHYSICS LABO
RATO

RY

PPPL
36



3
T

hree-step
R

D
F

program
(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.

T
he

possibility
ofan

unshielded
copper

centralstack
is

a
de

cisive
factor

in
favor

ofIS
T
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3
T

hree-step
R

D
F

program
(cont.)

T
hree

steps
of

R
D

F
program

(
$2-2.5

B
)

include
tw

o
D

D
S

T
s

and
a

finalD
T

m
achine

(notin
the

P
rinceton

area)
1.S

T-1,
targeting

achievem
ent

of
the

super-critical
regim

e
w

ith
neo-classical

confinem
entin

a
D

D
plasm

a
and

Q
e
q
u

iv
D

T
>

5
,

f
p
k

〈p
〉
τ
E

>
1

2.S
T-2,

a
fullscale

D
D

-prototype
of

IS
T

for
dem

onstration
of

allaspects
of

a
stationary

super-criticalregim
e

w
ith

Q
e
q
u

iv
D

T
≃

4
0

−
5
0

3.S
T-3,R

D
F

itselfw
ith

a
D

T
plasm

a
as

a
neutron

source
for

reactor
R

&
D

and
α

-particle
pow

er
extraction

studies
w

ith

Q
D

T
≃

4
0

−
5
0

15
years

is
a

reasonable
tim

e
for

launching
S

T-3
and

to
put

it
in

tandem
w

ith
IT

E
R

in
order

to
m

ake
the

approach
to

a
fusion

reactor
com

prehensive.

Together
w

ith
IT

E
R

R
D

F
can

prepare
a

sm
ooth

transtion
to

the
p

ow
er

production
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3
T

hree-steps
R

D
F

program
(cont.)

Increase
in

perform
ance

ofS
T-*

is
provided

by
the

increase
i

n
m

agnetic
field

Z
P

lV
ac

R
    0

   .5
    1

  1.5
    2

   −
2

   −
1

    0

    1

    2

Z
P

lV
ac

R
    0

   .5
    1

  1.5
    2

   −
2

   −
1

    0

    1

    2

B
t=

3
B

t=
1.5

B
t=

.4

I=
8.4

I=
4

I=
1

S
T

−
0, S

T
−

1, S
T

−
2, IS

T

S
uperconducting

coils
are

notexcluded
(atleast,for

D
D

S
T

s
)
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3.1
S

T-0
as

a
m

otivationalstep
ofR

D
F

program

T
he

R
D

F
program

assum
es

conversion
ofN

S
T

X
in

P
P

P
L

into
S

T-0
w

ith
Libased

P
F

C
•

T
he

currentN
S

T
X

program
is

essentially
exhausted.

•
It

is
focused

m
ainly

on
self-im

provem
ents

and
is

trailing
the

achievem
ents

of
other

team
s,

rather
than

advancing
fusion

energy.

•
T

he
program

already
has

been
tw

ice
explicitly

w
arned

aboutpossible
shutdow

n.

•
O

n
the

other
hand,the

experience
accum

ulated
on

N
S

T
X

,and
th

e
m

a-
chine

itself,
are

extrem
ely

valuable
for

developing
the

nex
t

steps
in

m
agnetic

fusion.

F
or

S
T-0,

the
criterion

for
readiness

of
the

m
achine

to
LiW

all
regim

e
can

be
w

ell-defined
as:

D
em

onstration
ofcom

plete
depletion

ofthe
plasm

a
discharg

e
by

w
allpum

ping,as
on

T-11M
in

1998

Leonid
E

.Z
akharov,P

P
P

L
C

olloquium
,

P
P

P
L,P

rinceton,
A

pril11,2007
PRINCETO

N PLASM
A

PHYSICS LABO
RATO

RY

PPPL
40



3.1
S

T-0
as

a
m

otivationalstep
ofR

D
F

program
(cont.)

M
olten

Liis
necessary

to
provide

10000
active

m
onolayers

or
≃

3
µ

k
ofLi.

Licoated
plate

in
low

innerdivertor
Li/S

S
/C

u
(0.5m

m
/1m

m
/10m

m
)

sandw
ich

w
ith

a
trenched

surface
G

aussian
(8

cm
w

ide)
heat

depo-
sition

profile

S
≃

0
.7

5
[m

2],
L

S
O

L
,m

=
2
.5

,
V

L
i
≃

0
.3

5
[L],

M
L

i
≃

1
7
5

[g],

ν
P

a
·s

e
c
=

4
.2

·
1
0

−
4,

I
io

n
,M

A
=

(0
.4

−
1
)

·
1
0

−
3

1
.6

,

V
L

i,c
m

/
s
e
c
=

(2
−

5
)

·
B

to
r h

2L
i,m

m

0
.0

1

0
.1

w
S

O
L

I
S

o
L

,M
A

I
io

n

(3
.1

)

Li/S
S

/C
u

plate
could

be
realfirststep

tow
ard

LiP
F

C
and

LiW
re

gim
e
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3.1
S

T-0
as

a
m

otivationalstep
ofR

D
F

program
(cont.)

P
late

can
have

differenttherm
alinertia

regim
es

T
^o C

 after 0.1 sec
E

bm
H

eatX
  -.1

    0
   .1

    0

  200

  400

  600

  800

C
opper

S
S

 surface

Li surface

T
^0 C

heating by S
O

L

t, sec 1.0
    0

   .2
   .4

   .6
   .8

   100

   300

   500

   700

14 M
W

/m
^2

7 M
W

/m
^2

2.8 M
W

/m
^2

8
 c

m
 G

a
u

s
s

ia
n

 S
O

L

0
.5

/1
/2

0
 m

m
 L

i/S
S

/C
u

0
.5

/1
/1

0
 m

m
 L

i/S
S

/C
u

0
.5

/1
0

 m
m

 L
i/M

o

0
.5

/1
/1

0
 m

m
 L

i/M
o

/C
u

S
urface

tem
perature

profile
after

0.1
sec

Tem
perature

profile
in-

side
the

plate
W

aveform
of

the
surface

tem
perature

T
hree

cases
w

ith
2.5,1.25,0.5

M
W

from
the

S
O

L
to

the
plate

P
ow

er
deposition

can
be

used
potentially

for
m

aintenance
ofthe

Lisurface.

S
S

layer
lim

its
the

heattransportinto
the

plate
body
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3.1
S

T-0
as

a
m

otivationalstep
ofR

D
F

program
(cont.)

A
S

T
R

A
-E

S
C

sim
ulations

of
S

T-0,
B

=0.4
T,

I=0.7
M

A
,

0.6
M

W
,

20
keV

N
B

I

H
ot-ion

m
ode:

T
i
=

5
.5

[keV
],

T
e
=

2
.5

[keV
],

n
e (0

)
=

0
.1

4
·
1
0

2
0,

τ
E

=
0
.3

3
[sec],

P
N

B
I

=
0
.6

1
[M

W
]

N
B

Ienergy
should

be
consistentw

ith
the

plasm
a

tem
perature:

E
N

B
I

=
2
.5

(T
i
+

T
e )

S
T-0

should
reach

atleast1/3
of

τ
E

predicted
by

the
R

eference
M

odel
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3.1
S

T-0
as

a
m

otivationalstep
ofR

D
F

program
(cont.)

LiW
F

is
com

patible
w

ith
both

inductive
and

C
H

Istart-up
Z

E
qC

H
IR

   .5
    1

  1.5
    2

   -2

   -1

    0

    1

    2

I=
591e-6

I=
.02066

I=
-.0453

I=
-.0453

I=
-9e-12

I=
-8e-12I=

-.0117
I=

-.0117

I=
-.0116

I=
-.0116

I=
-9e-12

I=
-8e-12

I=
-.0212

I=
-.0212

I=
.03235

I=
.03235

I=
-.0011

I=
.27016

 2

 5  6  7

 9

 10

 11

 12

 13

 14

 15

 18

 19
 20

 21

 23

 26

 28

 29

 31

 33 35

 37

 39

 41

 52

 54  56

 57

 58

 59
 60

 61
 62

 64
 65

 2 5 6 14

 16

 18

 22

 23
 24

 25  27
 28

In
2006

C
H

Istartup
generated

160
kA

currentin
N

S
T

X
From

R
.R

am
an

atal.,P
P

P
L-4207

(2007)

W
ith

Lielectrodes,even
in

the
w

orstcase
scenario,C

H
Iw

ill
create

a
perfect,transientLiplasm

a
w

ith
Z

e
f

f
=3

(typicalfor
C

-w
allm

achines)
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3.2
S

uper-criticalregim
e

for
S

T-1

A
S

T
R

A
-E

S
C

sim
ulations

of
S

T-1,
B

=1.5
T,

I=4
M

A
,

2
M

W
,

80
keV

N
B

I

H
ot-ion

m
ode:

β
=

0
.3

5
,

T
i
=

2
0

[keV
],

T
e
=

1
5

[keV
],

n
e (0

)
=

0
.7

5
·
1
0

2
0,

τ
E

=
0
.3

4
[sec],

P
N

B
I

=
2
.7

[M
W

],

P
e
q
u

iv
D

T
=

1
8
,

Q
e
q
u

iv
D

T
=

6
.6

S
T-1

could
be

the
firstm

achine
in

super-criticalregim
e,

Q
e
q
u

iv
D

T
>

5
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3.2
S

uper-criticalregim
e

for
S

T-1
(cont.)

S
T-1

should
explore

allpossible
divertor

options
for

LiP
F

C

Z

R

Li layer
Li layer

P
1

P
2

    0
   .5

    1
  1.5

   −
1

  −
.5

    0

    1

   .5

S
ketch

ofthe
divertor

space
w

ith
Liin-

ner
w

allsurface

In
option

V
the

divertor
space

is
enclosed

into

a
box

w
ith

the
inner

w
alls

w
etted

w
ith

liquid
Li

at
low

tem
perature

(<
400

o
C

).
T

he
idea

is
to

absorb
the

D
-atom

s
reflected

from
the

plates.

A
dvantages

w
ith

respectto
option

IV
:

1.
A

ny
m

aterialcan
be

used
as

the
targetsur-

face,w
hile

stillproviding
low

recycling
ofD

;

2.
It

is
not

sensitive
to

the
angle

betw
een

the

separatrix
and

the
plates.

H
ot

spot
are

al-

low
ed;

3.
In

case
of

Lisurface,
evaporation

regim
e

is

possible;

4.
It

opens
variety

of
options

for
suppressing

electron
em

ission
(ifitw

illbe
necessary).

Ifthe
design

ofS
T

w
ould

allow
option

V,allother
options

are
possible
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3.3
S

T-2
as

a
D

D
prototype

ofR
D

F

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

.0
0

0
 4

.0
0

0
 8

.0
0

0
 1

2
.0

0
 1

6
.0

0
 2

0
.0

0

    =
=

=
 A

S
T

R
A

 6
.0

 =
=

=
  1

−
1

1
−

0
6

 2
2

:2
7

 =
=

=
 M

o
d

e
l: zm

o
d

 =
=

=
 D

a
ta

 file
: ist =

=
=

     

 P
D

T
 

5
0

0
 

500 M
W

P
_D

T
,β=28%Q

_D
T

 ta
u

E
2

0
  

 P
N

B
I

5
0

0
 

 T
i0

 
2

0
  

 T
e

0
 

2
0

  

IS
T

                 R
=1.25 a=.726 B

=3    I=8.4  q=3.9  n=7.82
_

 3
T

im
e

=
2

0
.0

1
 d

t=
1

0
.0

0

tauE

50

P
e
q
u

iv
a
le

n
t

D
T

≃
2
5
0

M
W

,

β
=

2
8

%
,

Q
e
q
u

iv
a
le

n
t

D
T

≃
4
0
,

P
N

B
I

<
6

M
W

,
τ

E
=

5
−

1
6

sec

T
he

heat
load

of
divertor

plates
is

sm
all

P
N

B
I

≃
6

M
W

T
he

regim
e

ofS
T-2

(w
ith

no
fueling

by
tritium

)
is

identicalt
o

R
D

F

T
he

m
ission

of
S

T-2
is

com
plete

developm
ent

of
the

stationary
plasm

a
regim

e
for

its
D

T-clone
R

D
F

(exceptextraction
of α

-particles).

O
nly

LiW
F

approach
allow

s
the

developm
entofthe

fullregim
e

for
R

D
F

(in
P

rinceton
area)w

ith
no

fueling
by

tritium
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3.4
S

T-3,the
R

D
F

itself

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

.0
0

0
 4

.0
0

0
 8

.0
0

0
 1

2
.0

0
 1

6
.0

0
 2

0
.0

0

    =
=

=
 A

S
T

R
A

 6
.0

 =
=

=
  1

−
1

1
−

0
6

 2
2

:2
7

 =
=

=
 M

o
d

e
l: zm

o
d

 =
=

=
 D

a
ta

 file
: ist =

=
=

     

 P
D

T
 

5
0

0
 

500 M
W

P
_D

T
,β=28%Q

_D
T

 ta
u

E
2

0
  

 P
N

B
I

5
0

0
 

 T
i0

 
2

0
  

 T
e

0
 

2
0

  

IS
T

                 R
=1.25 a=.726 B

=3    I=8.4  q=3.9  n=7.82
_

 3
T

im
e

=
2

0
.0

1
 d

t=
1

0
.0

0

tauE

50

P
D

T
≃

2
5
0

M
W

,
β

=
2
8

%
,

Q
D

T
≃

4
0
,

P
N

B
I

<
6

M
W

,
τ

E
=

5
−

1
6

sec

T
he

heat
load

of
divertor

plates
is

sm
all

P
N

B
I

≃
6

M
W

H
aving

30
tim

es
sm

aller
volum

e,R
D

F
can

com
plem

entIT
E

R
w

ith
the

high
fusion

pow
er

density,neutron
flux,and

fluence

A
t
β

=
4
0%

(0.5
G

W
)

R
D

F
becom

es
self-sufficientin

bootstrap
current,free

of
T

E
M

and,theoretically,capable
ofD

D
fusion.

LiW
F

is
com

patible
w

ith
D

D
fusion

and
expulsion

ofenergetic
p
,

T
,

α
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4
S

um
m

ary.

T
his

talk
is

a
partofpublic

discussion
ofone

ofresponses
to

O
rbach/B

odm
an

(D
oE

)
challenge

to
dom

estic
fusion

In
m

y
view

,the
outlined

R
D

F
program

has
to

be
considered

w
ith

equalrights
as

a
com

petitor
to

F
D

F
(from

G
A

)
and

N
H

T
X

(from
P

P
P

L)
and

be
given

the
sam

e
opportunities

for
its

exposure
to

the
fusion

com
m

unity.

R
eturning

to
D

.R
.:

“W
e

should
fund

projects
that

reflect
revolutionary

ideas
that,

if
proven,

w
ould

m
ake

possible
the

im
possible

w
ithin

perform
ance-based

guidelines”.
-

S
o,

the
problem

w
ith

funding
is

notin
the

C
ongressm

en
w

ith
extrem

e
view

s.

D
espite

som
e

crucialdifferences
in

the
approaches,the

goalis
to

m
ove

fusion
forw

ard.

F
inally,allofthem

m
ay

m
erge

into
a

confidentnextstep
for

m
agnetic

fusion
in

the
U

S

W
ith

its
experience

in
S

T
and

stellarator
physics,

and
no

heavy
com

m
itm

ent
to

IT
E

R
,

P
P

P
L

is
in

unique
position

for
S

T-0,S
T-1,S

T-2
phases

ofR
D

F
program
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4
S

um
m

ary.
(cont.)

A
new

-born
fusion
thinker,
Jillian
M

aingi

M
ightbe

notw
ith

20
%

accuracy,butin
any

case
Ineed

a
good

fut
ure

and
reactor

relevantno-T-plasm
a

regim
es

for
m

y
dad

(n
o
t

L
Z

)
in

P
P

P
L
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