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S
tellarators and tokam

aks share generic
burning plasm

a physics issues:
•

Ignition access and m
aintenance

–
M

ust go through the “C
ordey pass”

•
D

ensity/tem
perature path that m

inim
izes heating

pow
er - determ

ined by
–

confinem
ent scaling

–
alpha loss rates

–
P

rofile sustainm
ent

•
P

ressure profile/bootstrap current/rotational transform
coupling

•
P

lasm
a flow

/am
bipolar electric field - m

aintenance of
enhanced confinem

ent conditions

–
B

urn C
ontrol

•
S

tability depends on tem
perature scaling of

confinem
ent



G
eneric B

urning P
lasm

a P
hysics Issues (cont’d.)

•
A

lpha particle orbit confinem
ent

–
Losses driven by sym

m
etry breaking

•
T

okam
aks - toroidal field ripple

•
S

tellarators - deviations from
 B

 =
 B

(y
,h

) in B
oozer

coordinates w
here h

 =
 toroidal, helical or poloidal angles

–
Im

pact on pow
er balance

–
F

irst w
all protection - loss regions, pow

er loading
–

E
nergy recovery



G
eneric B

urning P
lasm

a P
hysics Issues (cont’d.)

•
A

lpha-driven instabilities and collective phenom
ena

–
A

lfvén instabilities (shear/com
pressional)

–
F

ishbones, saw
teeth

–
K

inetic ballooning instabilities

–
Interaction w

ith tearing/kink instabilities

–
Ion cyclotron/Loss cone em

ission

•
N

onlinear phenom
ena

–
C

ascades, avalanches, overlapping resonances

–
C

hirping, bursting

•
A

lpha channeling
–

D
irect transfers of alpha energy to core ions via w

aves

–
M

ore efficient use of alpha energy
•

N
ot vulnerable to orbit losses during long collisional slow

ing-
dow

n tim
e on electrons
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<
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n
D

T /n
e  = 0.82, Z

eff  = 1.48

•  Saddle Point
<n> = 0.9 x 10

2
0 m

–
3, <T> = 5.4 keV

<
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, and P
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W
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T(r/a), a losses = 0.1, t
He /t
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B

m
ax  = 12 T

• Ignition point (0) is determ
ined

  by balance betw
een

• alpha heating pow
er

    (1/5 of fusion pow
er)

• plasm
a energy losses



W
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h
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h
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w
er) co
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F
ast ion losses in toroidal devices are

dom
inated by trapping in local w

ells:

#89749

P4
P3

P4
P3

w
ithout FB

w
ith FB

JF
T

-2M
 (tokam

ak)
–

R
ipple reduced

50%
 w

ith F
erritic

boards (F
B

s)

–
D

ram
atic

reduction in
ripple losses -
boundary m

oves
out in radius as
expected

F
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H
istogram

s of escaping fast ions in com
pact

stellarators elucidate the loss m
echanism

s.
• T

here are prom
pt losses for counter-m

oving particles
• A

s fast ions slow
-dow

n, they pitch angle scatter
• T

rapped/transitional orbits lead to a large fraction of
   the interm

ediate energy losses

P
itch angle distribution

E
nergy distribution
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C
om

pact stellarator designs are already achieving tolerable level
of alpha loss.  F

urther configuration optim
ization research is

expected to lead to even low
er losses.

A
lpha loss rates im

prove in a second
stable Q

P
S

 device as b is increased.
T

he w
ell form

ed in |B
| aligns flux

surfaces and |B
|.

A
lpha loss rates im

prove in a series of
Q

A
S

 devices as the |B
| spectrum

 is
m

ade m
ore sym

m
etric.



E
nergetic passing particles in com

pact stellarators form
drift islands over lim

ited regions of phase space.  C
ontrol

of these islands could offer an attractive m
echanism

 for
alpha ash rem

oval and/or for burn control.
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A
lpha-destabilized A

lfvén m
odes are an im

portant
issue for both stellarator and tokam

ak reactors
•

M
otivations for studying A

lfvén instabilities in stellarators
–

R
eadily seen experim

entally (W
7-A

S
, C

H
S

, LH
D

)
•

A
. W

eller, D
. A

. S
pong, et al., P

hys. R
ev. Lett. 72, 1220 (1994); K

. T
oi, et al., N

ucl. F
usion

40
, 149 (2000); A

. W
eller, et al., P

hys. of P
lasm

as 8 931(2001)

–
C

an lead to enhanced loss of fast ions
–

P
otentially useful as a diagnostic (M

H
D

 spectroscopy)
–

P
ossible catalyst for direct channeling of fast ion energy to therm

al
ions

•
Low

 aspect ratio configurations provide a new
environm

ent for A
lfvén m

ode studies
–

S
tronger equilibrium

 m
ode couplings

–
Low

er num
ber of field periods lead to

•
M

ore closely coupled toroidal m
odes (n

0 , n
0 ±N

fp , etc.)
•

T
his results in M

A
E

 (M
irror A

lfvén), H
A

E
 (H

elical A
lfvén) couplings at

low
er frequencies



B
asic m

echanism
s of fast-ion destabilized

A
lfvén w

aves
•

F
ast ion (beam

s, IC
H

 tails, alphas) velocities are a significant fraction of the
A

lfvén velocity
•

S
lab or cylinder: the A

lfven w
ave dispersion relation is just w

 = k
|| v

A .  H
ow

ever,
these m

odes are singular (in r) and degenerate (different m
’s and n

’s) can give
the sam

e frequency.
•

S
trong absorption occurs at these resonances È

 such w
aves cannot be

destabilized by fast ions.
•

H
ow

ever, in toroidal devices, the dependence of v
A  on B

 results in coupling of
different k

|| ’s (or m
’s and n

’s) leading to the generation of gaps in the dispersion
relation w

here the singular eigenm
odes (w

ith their strong absorption) do not
exist.

•
In these gaps, discrete A

lfvén m
odes exist w

ith a global m
ode structure.

•
T

hese can be readily destabilized by fast ions through inverse Landau dam
ping.

•
S

ince the discrete A
lfvén m

odes generally involve coupling of a num
ber of

m
odes (a range of k

|| ’s), they can usually be destabilized even by fast ions
w

hose velocity is only a fraction of v
A  (e.g., v

fast, ion  =
 v

A /3 for the classic case of
a toroidal A

lfvén m
ode w

ith (m
±1) poloidal m

ode couplings.



B
eam

-driven A
lfvén instabilities dom

inated by a single
frequency are observed on the W

7-A
S

 stellarator:
 [taken from

 A
. W

eller, et al., P
hys. O

f P
lasm

as 8 (2001) 931]



In other regim
es, W

7-A
S

 sees com
plex

m
ultiple frequency A

lfvén instabilities:
[taken from

 A
. W

eller, et al., P
hys. O

f P
lasm

as 8 (2001) 931]



C
om

parisons of A
lfvén C

ontinuum
 structure

betw
een tokam

aks and stellarators

•
E

quilibrium
 only couples poloidal

m
ode num

bers
–

m
 and m

 ± 1, m
 ± 2, etc.

•
T

oroidal m
ode num

bers can be
exam

ined independently (n is a
good quantum

 num
ber)

–
n =

 n
0 , m

 =
 0, 1, 2, ...

•
H

igher frequency gaps generally
closed; low

er frequency gaps open

•
Low

 continuum
 density

•
E

quilibrium
 introduces poloidal,

toroidal (bum
py), and helical couplings

•
F

am
ilies of m

odes m
ust be exam

ined
–

n =
 ± n

0 , ± n
0  ± N

fp, ±
 n

0  ± 2N
fp , ...

(N
fp  =

 field periods in equilibrium
) and

m
 =

 0, 1, 2, …

•
O

pen gaps present in both high and
low

 frequency ranges

•
H

igh continuum
 density in the case of

com
pact stellarators

T
okam

ak
S

tellarator



G
aps are opened up in the shear A

lfvén continua
w

hen B
 depends on m

ore than one dim
ension.

•
C

ylindrical shear
A

lfvén continua
B

 =
 B

(r)
w

2 =
 k

|| 2v
A

2

     =
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i) 2v
A

2/R
2

•
T

okam
ak shear A

lfvén
continua
B

 =
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(y
,q)
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In stellarators, the three dim
ensional variation of B

introduces new
 couplings into the shear A

lfvén continua:

•
Large aspect ratio (R

0 /a =
 18)

stellarator W
7-A

S
–

5 field periods

–
A

djacent toroidal m
ode num

bers
(n =

 1 and n =
 6) only couple at

higher frequencies

•
Low

 aspect ratio (R
0 /a =

 2.7)
Q

P
S

 stellarator
–

2 field periods

–
S

trong crossover and coupling of
adjacent toroidal m

ode num
bers

(n =
 1, 3, 5, …

) even at low
frequencies.
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S
tellarators (W

7-A
S

 discharge #46535) also
see com

plex nonlinear bursting phenom
ena

correlated w
ith fast ion loss and T

e  drops:
[taken from

 A
. W

eller, et al., P
hys. O

f P
lasm

as 8 (2001) 931]



C
om

pact stellarator reactors face
m

any of the sam
e alpha physics issues

as tokam
aks:

•
A

ccess to the ignited state
–

D
epends both on a better understanding of alpha loss

m
echanism

s as w
ell as anom

alous transport in the core plasm
a

•
P

rofile m
aintenance in the ignited state

–
D

ynam
ics and alignm

ent of bootstrap current, plasm
a shear flow

and pressure profiles crucial to burn control

•
P

rediction of classical alpha loss (driven by sym
m

etry-breaking)
–

Im
portant for first w

all protection, pow
er balance, ash rem

oval

•
A

lpha collective phenom
ena

–
C

om
plex nonlinear physics

–
R

eactor regim
e (high toroidal m

ode num
ber) difficult to test in

existing devices
–

Im
portant for first w

all protection, pow
er balance, burn control



C
om

pact stellarator reactors also offer
new

 possibilities for im
proved control of

several burning plasm
a physics issues:

•
3D

 shaping introduces a higher degree of design flexibility
•

B
ootstrap current levels are naturally reduced (by the

m
agnetic geom

etry) from
 axisym

m
etric levels

•
R

esilience to disruptions, external kinks
•

C
an be designed w

ith no instability to neoclassical tearing
m

odes
•

M
ay be possible to design-in alpha ash rem

oval and burn
control m

echanism
s through drift islands

•
A

lfvén continuum
 dam

ping an m
ode structure m

ay be
influenced through m

agnetic design


