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• C
loser B

 and —
B

 alignm
ent than w

ith other form
s of sym

m
etry

– F
or exact Q

P
 sym

m
etry, P

q is constant of the m
otion rather than P

f

– reduces radial drift; banana thickness ~
 r

toroidal  rather than r
poloidal

• M
inim

um
 flow

 dam
ping in the direction of E

r  x B
– F

low
 shear potentially self-sustained

– V
ia internally generated E

r  driven by plasm
a am

bipolar diffusion

• S
econd stability access and im

proved om
nigeneity at high b

(N
ext talk by A

ndrew
 W

are)

• T
rapped particle localization in low

 curvature regions

– potential im
provem

ents to D
T

E
M

 (dissipative trapped electron m
ode)

stability [e.g. see A
. K

endl, H
. W

obig
, P

lasm
a P

hysics 6, 4714 (1999)]

G
oals of quasi-poloidally (Q

P
) sym

m
etric

stellarators



P
roperties of quasi-poloidally sym

m
etric configurations

–
Low

 aspect ratio: A
 ≈ 2.7

•
 H

ave obtained configurations
w

ith aspect ratios in the range: A
=

2.1-3.0
–

R
otational transform

 below
 0.5:  i ~ 0.2 - 0.3

•
 M

ajority of the transform
 is from

 the coils,
bootstrap current causes iota to increase

•
M

ax. T
oroidal C

urrrent =
 40 - 50 kA

 for <b>
in the 1.5 to 2%

 range

•
 S

table to neoclassical tearing m
odes

N
fp z = 0°

N
fp z = 90°

N
fp z = 180°



O
ur current low

 aspect ratio stellarator
optim

ization capabilities have been built on a
series of past accom

plishm
ents:

•
Identification of appropriate coordinate system

 w
here sym

m
etries in |B

|
im

prove confinem
ent

–
A

. H
. B

oozer, P
hys. F

luids 24, 1999 (1981).

•
R

apidly calculated 3D
 equilibria

–
S

. P
. H

irshm
an

, J. C
. W

hitson, P
hys. F

luids 26, 3553 (1983).

•
D

em
onstration that num

erical optim
ization of 3D

 system
s can im

prove
equilibrium

/transport/stability
–

J. N
ührenberg, A

. Z
ille

, P
hys. Lett. A

 114, 129 (1986)

•
M

ethods of num
erical coil design to produce such 3D

 equilibria
–

P
. M

erkel, N
uclear F

usion 27, 867 (1987)

•
Increasing availability of m

assively parallel (>
 1 teraflop) com

puters and
efficient algorithm

s to utilize them
.
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 d
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TARG
ET

IM
PRO

VES:
EXAM

PLE
Bounce-averaged

om
nigeneity

Collisionless
trapped/transitional
particle confinem

ent

J = J(y)
B

m
in  = B

m
in (y)

B
m

ax  = B
m

ax (y)
Nearby quasi-
sym

m
etries

Collisionless
confinem

ent of all
orbit topologies

M
inim

ize B
m

n  if m
 ≠ 0

(Q
P)

O
r if n ≠ 0 (Q

A)
Collisional transport

coefficients
Neoclassical

transport
L

11  coefficient from
DKES at n* ~ 1

Effective ripple e
eff

1/n neoclassical
transport regim

e
eeff 3/2 from

 NEO
1 code

Large orbit effects
Energetic particle

confinem
ent

Reduced M
onte Carlo

m
odel for alphas

Currently
existing

Future

R
educed (rapidly evaluated) m

easures of transport
have been used to optim

ize com
pact stellarator

configurations:

1N
em

ov, V
. V

., K
ernbichler, W

., et al., P
hys. P

lasm
as 6, 4622 (1999) +

 talk in next session



T
hese transport m

easures are in addition to a set of
stabiltity, configuration and engineering targets:

T
arg

ets

(P
h

ysics/E
n

g
in

eerin
g

)
E

xam
p

le

T
ransport M

easures
S

ee previous slide

C
urrent profile

self-consistent IB
S , I(y

) goes to 0 at edge

Lim
it m

axim
um

 plasm
a current

e.g., Im
ax  <

 60 kA
m

ps at <
b>

 ~
 2%

Iota profile
i(y

) =
 0.2 (y

=0) 0.3 (y
=1)

M
agnetic W

ell, M
ercier

V
” <

 0, D
M  >

 0 over cross section

B
allooning stability

<
b>

 ~
 2-3%

A
spect ratio

R
0 /a ≈ 2.5 to 3.5

N
E

S
C

O
IL targets/feasible coil design

C
om

plexity, B
err , M

ax. current density

A
dequate shielding of neutrals

M
inim

um
 "w

aist" thickness

F
it w

ithin vacuum
 bell jar

R
m

ax  <
 1.5 m

eter

Lim
it outer surface curvature

avoid strong elongation/cusps



W
e have developed an M

P
I-based parallel

version of the Levenberg-M
arquardt optim

izer

•
U

ses a global, coarse-grained parallelization over the
30 - 60 independent variables (i.e., shape and profile
coefficients)
–

done over the periodic Jacobian evaluations and in the
estim

ation of the Levenberg param
eter

–
this sim

plifies the developm
ent of m

odules used to calculate
the target functions (they are left as serial tasks)

•
A

 bank-queuing algorithim
 is used to parcel out the

com
putational tasks to the processors

–
this accom

m
odates for the fact that they are generally of

unequal com
putational length (e.g., V

M
E

C
 m

ay converge
m

ore rapidly for som
e shapes than others)



C
alculate initial c

2(a)

E
valuate c

2(a +
 da)

for Jacobian

P
E

 #1
P

E
 #2

P
E

 #3
P

E
 #N

. . . .
C

alculate new
Levenberg param

eter

P
E

 #1
P

E
 #2

P
E

 #3
P

E
 #N

. . . .
S

elect best LM
 param

eter and
update trial solution a

new  =
 a

old  +
 da

P
ick initial LM

 param
eter

solve linear equations for da 

queue M
independent
variables out

to N
 processors

U
se as m

any
processors
as available

C
heck for

convergence

P
arallel
step

P
arallel
step



P
arallelization has m

ade our stellarator
optim

ization significantly faster.

10

100

10
100

Time per Levenberg iteration (seconds)

# of processors

35 variables
62 variables

•
A

llow
s m

ore physics
targets to be included.

•
P

arallel speedup saturates
–

as processors ≥ (0.5 to 1)
x(# of independent variables)

•
# of parallel tasks =

 # of
independent variables +

 1
•

C
om

m
unication overhead



R
eduction in target functions w

ith iterations

Individual targets
O

verall c
2



O
ur optim

izations have resulted in increased poloidal
sym

m
etry from

 the initial Q
P

S
-IA

E
A

-2000 device
(show

n here as the ratio of the m
agnetic energy in the non-poloidally sym

m
etric

m
odes to that in the poloidally sym

m
etric m

odes)
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D
K

E
S

 L
11  transport coefficients for E

r  =
 0.0 show

 sim
ilar

trends at low
 collisionality as the N

E
O

1 e
eff 3/2 coefficient

1N
em

ov, V
. V

., K
ernbichler, W

., et al., P
hys. P

lasm
as 6

, 4622 (1999).

 D
K

E
S

 m
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Q
P

S
 configurations have second stability regim

es
- S

tellarator iota profiles: som
e bootstrap suppression required

- T
okam

ak iota profiles: bootstrap current can be self-consistent
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C
o

ils to
 p

ro
d

u
ce th

e p
h

ysics o
p

tim
ized

 sh
ap

e
are “reverse–

en
g

in
eered

”:



C
oil design uses N

E
S

C
O

IL targets in physics
optim

ization !
 C

O
ILO

P
T

 to synthesize discrete coils

C
O

IL
O

P
T

 varies coils on w
inding

surface to m
inim

ize B
^

–
incorporates m

odular, saddle,
helical, toroidal, and vertical coil
options

–
variable w

inding surface shape
–

engineering penalty targets: coil-
coil and coil-plasm

a separation,
coil current density and coil
curvature

M
erg

ed
 S

T
E

L
L

O
P

T
/C

O
IL

O
P

T
–

D
irect variation of coil geom

etry
to m

inim
ize physics targets

–
C

an find neighboring equilibria
•

W
ith sim

ilar physics, but coils
that are easier to build

•
S

m
oother flux surfaces than

those reconstructed from
 original

coils

S
T

E
L

L
O

P
T

 P
hysics optim

ization
!

 uses N
E

S
C

O
IL current sheet

–m
inim

ize coil com
plexity, current

density, current density curvature
and B

 ^



•
F

or Q
P

S
 w

e have found the follow
ing choices to w

ork w
ell:

–
8 coils per field period (center tw

o are split coils)
–

no coils on the sym
m

etry planes
–

uniform
 m

odular coil currents
–

a pair of vertical field coils w
ith fixed position and variable

current
–

inclusion of a sm
all background toroidal field (T

F
) µ

 1/R
•

w
orks best w

hen T
F

 field is in opposite direction to that produced
by the m

odular coils
•

this increases m
odular coil currents, but reduces their toroidal

variation ->
 im

proves coil-coil separation

•
T

his has resulted in coil sets w
ith <

dB
norm

al >
  ~

 0.8%
 that

–
provide good flux surface reconstruction

–
preserve physics properties of the original fixed boundary
optim

ization

Q
P

S
 C

oil D
esign C

hoices



V
iew

s of the latest Q
P

S
 configuration w

ith
m

odular filam
entary coils

|B
| in T

esla



T
hese coils preserve the flux surface shape betw

een
fixed and free boundary equilibrium

 solutions:

Q
P

S
1108a4  fixed boundary

Q
P

S
1108a4  free boundary



F
lexibility is provided in Q

P
S

 by 3 m
ain coilsets.

B
y changing these coil currents, different

configurations are possible.
V

ertical field coils (IV
F )

T
oroidal

field coils (IT
F )

M
odular

field coils

|B
| for inw

ard shift
(IV

F  =
 -30kA

)

|B
| for outw

ard shift
(IV

F  =
 +

50kA
)



T
ransport properties can be influenced either

by varying the vertical or toroidal fields.
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B
allooning stability can also be influenced

through vertical or toroidal field variation.

In
w

ard
 sh

ift

O
u

tw
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 sh
ift

V
ertical field variation

T
oroidal field variation
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C
onclusions

•
A

 system
atic plasm

a optim
ization and m

odular coil synthesis
procedure have been developed and used to design com

pact
stellarators w

ith Q
uasi-P

oloidal sym
m

etry (Q
P

S
)

–
both plasm

a and coil optim
ization codes take good advantage of

parallel com
puting platform

s and allow
 new

 targets to be easily
incorporated

•
T

his has led to the Q
P

S
 device

–
A

 =
 2.7, iota =

 0.2 to 0.3
–

neoclassical transport subdom
inant to IS

S
95 (by a factor of 2 - 8)

–
first stability lim

its around <
b>

 =
 2%

, second stability up to <
b>

 =
 15%

–
M

odular coils have been developed that have good engineering
feasibility, flux surface reconstruction, and preserve physics properties

•
V

F
 and T

F
 coils provide flexibility to test transport/stability



F
uture O

ptim
ization P

rojects

•
A

lthough the Q
P

S
 design is gradually becom

ing fixed, there w
ill be further

needs for optim
ization:

–
A

djustm
ent of coil currents: m

odular(4), vertical(6), toroidal (12)
–

Location of m
agnetic loops and interpretation

–
F

uture devices

•
F

uture target developm
ent

–
M

onte C
arlo fast ion confinem

ent - differential evolution algorithm
1

–
P

oloidal viscosity m
inim

ization
–

A
lfven m

ode suppression (see P
oster P

I:25) -->
 w

ould like A
E

 continua to be
vertical rather than horizontal -->

 m
axim

ize |dw
A

E /dy
|

•
C

om
putational im

provem
ents

–
W

ant to prepare for “fatter node
” S

M
P

 (S
ym

m
etric M

ulti P
rocessor) com

puters
–

B
e able to use O

(100) ->
 O

(1000) processors
–

R
equires tw

o-level parallelism
•

O
penM

P
 w

ithin individual functions (e.g. parallelize over flux surface loops)
•

M
P

I inter-node com
m

unication, one function evaluation per node

1see poster P
II:B

.5  by H
. M

ynick, et al. on differential evolution


