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Q
P

S
 C

onfinem
ent and T

ransport T
opics

•
Is neoclassical stellarator transport sufficiently subdom

inant to
anom

alous transport (t
neo  >

>
 t

IS
S

95 )?
–

to allow
 w

ell defined enhanced confinem
ent regim

es
–

w
e consider both low

 (E
C

H
) and high collisionality (IC

H
) regim

es

•
S

tatus of transport tools and Q
P

S
 predictions

–
sim

ple transport targets used in optim
ization

–
local diffusive transport m

odels
•

D
K

E
S

, N
E

O
, 0-D

, 1-D
 calculations

–
global M

onte C
arlo m

odel

•
B

ootstrap current levels
–

T
o w

hat extent do collisional/electric field effects m
odify bootstrap

current?
–

R
equired increm

ental O
hm

ic currents

•
C

an significant b’s be attained?
–

to test bootstrap current/equilibrium
 robustness

–
to test stability
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V
iew

 of recent Q
P

S
configuration w

ith m
odular,

vertical and toroidal field coils:
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Q
P

S
 080301

(sim
ilar to 926, 929)

Q
P

S
 1016

G
B

5
G

B
4 - P

V
R

 R
ef.

C
u

rren
t

1108a4

T
he Q

P
S

 design has been evolving : several
earlier Q

P
S

 configurations are analyzed here
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Q
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S
 T

r
a

n
s

p
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r
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O
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a
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T
ransport T

ools used to E
valuate Q

P
S

configurations:

T
ran

sp
o

rt
to

o
l

P
h

ysical
M

o
d

el
F

ixed
P

aram
eters

P
red

icted
P

aram
eters

0-D
 m

o
d

el
IS

S
95

P
heat , n

b, t
E , T

1-D
 m

o
d
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S
95 +

S
im

plified
neoclassical

P
heat (r), n(r)

T
(r), t

E , P
loss (r)

N
E

O
1/n, E

r  =
 0

neoclassical
n’, T

’
e

eff 3/2

D
K

E
S

Local
neoclassical

n’, T
’, E

r , n
T

ransport
coefficient m

atrix

M
o

n
te

C
arlo

Large orbit
global

neoclassical

N
(r), T

(r), f(r)
t
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p , f

0
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T
ransport optim

izations using the N
E

O
/D

K
E

S
 transport

targets have resulted in confinem
ent im

provem
ent.
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T
he variation of |B

| on flux surfaces at “r/a” =
 0.3, 0.5, 0.7, 0.9 show

s the
quasi–

poloidal sym
m

etry about w
hich Q

P
S

 devices have been optim
ized:
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T
he ratio of m

agnetic energy in non-poloidally sym
m

etric m
odes

to the m
agnetic energy in poloidally sym

m
etric m

odes (excluding
m

 =
 n =

 0) is used as a m
easure of quasi-poloidal sym

m
etry.
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T
he B

m
n  spectrum

 for the Q
P

S
 1108a4 device show

s
that the dom

inant sym
m

etry is in the poloidal direction
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A
t high b’s (=

 15%
 here) the Q

P
S

 B
m

n  spectrum
becom

es increasingly quasi-poloidal.
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V
ariation of |B

| along a field line for Q
P

S
_1016

configuration (near axis and edge): M
inim

a are w
ell

aligned leading to good trapped particle confinem
ent
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G
lobal stellarator confinem

ent scalings

•
D

ata only for R
/a

p  >
 5

•
W

7-A
S

 and LH
D

 find
H

IS
S

95  up to 2.5
–

low
 shear, large a

p

•
F

or fixed a
p , R

, n, B
, i,

can calculate:
<

T
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S
95
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b >
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95

t
E /H

IS
S

95

1
0

-
3

1
0

-
2

1
0

-
1

1
0

01
0

-
3

1
0

-
2

1
0

-
1

1
0

0

t
E
exp (s)

tE ISS95 (s)

CH
S

W
7

-A
S

W
7

-A

Heliotron E
A

TF

LHD 

tE ISS95 = 0.079H
ISS95  a

p 2.21R
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0.51B
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tot /P     W

tot  = 1.5<b>(B
0 2/2m

0 )V
p

n
Sudo  = 0.25[PB/Rap 2] 1/2

 0-D
 m

odel
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G
lobal stellarator confinem

ent scalings indicate
the Q

P
S

 C
E

 device can achieve adequate
plasm

a perform
ance for its m

ission
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1-D
 M

odel (D
ave M

ikkelsen) includes profile
effects and self-consistent am

bipolar electric field

•
C

oupled electrons/ion pow
er

balance equations

•
A

m
bipolar particle balance for

helical ripple com
ponent

•
T

herm
al diffusivities

–
N

eoclassical ripple coefficient
using e

eff 3/2 from
 N

E
O

 code

–
E

r  dependence from
 S

haing
-

H
oulberg single helicity m

odel

•
D

ensity and pow
er deposition

profiles assum
ed as show

n
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0
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0
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0
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.8
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r/a

n
e

p

T
his m

odel has been m
otivated by m

ore com
prehensive

calculations (D
K

E
S

, M
onte C

arlo)

 1-D
 m

odel
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IC
R

F
 H

eated plasm
as
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E
C

R
F

 H
eated plasm

as - gb4 configuration
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E
C

R
F

 H
eated gb5 configuration has helical ripple

com
ponent that is subdom

inant to anom
alous
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T
he D

K
E

S
 (D

rift K
inetic E

quation S
olver) provides the

full neoclassical transport coefficient m
atrix (m

ulti-helicity)

(i.e., to carry out the above integrals, one w
ill need to

generate a 2-D
 m

atrix of G
’s vs. these param

eters for
each flux surface)

• W
. I. V

an
 R

ij, S
. P

. H
irshm

an
,

P
hys. F

luids B
 1, 563 (1989)

• V
ariational: provides upper

and low
er bounds on dS

/dt

• E
xpands f in F

ourier-Legendre
series

 D
K

E
S

 T
ransport analysis
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T
his m

odel is m
otivated by the m

ore com
plete

D
K

E
S

 calculations that indicate electrons are
generally in the 1/n regim

e:
 D

K
E

S
 m

odel
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T
ypical D

K
E

S
 am

bipolar calculations also show
that overall transport level is generally set by

low
ering ion flux dow

n to that of the electrons.
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N
E

O
 code provides e

eff 3/2 ~
 D

1/n, c 1/n.  D
em

onstrates
effectiveness of N

E
O

/D
K

E
S

 optim
izations over a

series of configurations
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E
O
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D
K

E
S

 L
11  transport coefficient at E

r /v =
 0.0001 show

 sim
ilar trends at low

collisionality am
ong gb4/gb5 devices as N

E
O

 e
eff 3/2 coefficient

 D
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E
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 m
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r
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n
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 M
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n
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Im
provem

ent of trapped 500 eV
 ion orbits w

ith electric fields and
alignm

ent w
ith J* contours
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A
lignm

ent of v
||0 /v =

 0.1, 0.3, 0.5, 0.7, 0.9  500 eV
 ion orbits w

ith J* contours
(black contours =

 locally trapped, purple contours =
 passing, m

agenta =
 orbit)

v
||0 /v =
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0  = 0.1y

edge
v
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Q
P

S
 orbit topologies
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T
he recent Q

P
S

-1016 configuration im
proves the

closure and centering of B
m

in  contours:

Q
P

S
-G

B
5

Q
P

S
-1016
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Q
P

S
-1016 also im

proves closure of the deeply
traped J* contours (e/m

 <
 0.7)

Q
P

S
-G

B
5

Q
P

S
-1016
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M
onte C

arlo procedure for estim
ating global

energy lifetim
es (D

E
LT

A
5D

 code)

T
ypical initial M

axw
ellian particle

loading for T
 =

 500eV
 (1 - y

/y
m

ax ) 2

•
start w

ith particles distributed over
cross section using

 P
D

F
’s

consistent w
ith assum

ed profiles
and local M

axw
ellians

•
follow

 ensem
ble in tim

e, replacing
particles (consistent w

ith initial
P

D
F

’s) as they leave outer surface

•
R

ecord energies of escaping
particles - use to calculate t

E

•
F

ollow
 until approxim

ate
steady–state is achieved

•
V

ary potential (w
ith fixed profile

shape) to achieve global am
bipolar

balance of electron/ion particle loss
rates

D
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onte C
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P
ow

er flow
s for global single species test particle sim

ulations:

  dW
test,ion

dt
=

Q
ii +

Q
ei

(
)

Ú
d

3v

+
r 
J •

r 
E d

3v
Ú+

dW
surface-loss

dt
Ú

dS

+
N

replacem
ent T(y

)
+

ef
[

] d
3v

Ú

(+
/-)

(1)

(+
/-)

(2)

(-)(3)

(+
/-)

(4)

dW
test,electron

dt
=

Sim
ilar

equations

•
T

o achieve steady state, in a
reasonable sim

ulation tim
e,

term
s (1) and (2) need to be

balanced:

•
F

or E
r  =

 0

–
can include pitch angle and
energy scattering if Q

ii  +
 Q

ei
is w

eak during  particle
confinem

ent tim
e

–
or can include only pitch
angle scattering

•
F

or E
r  ≠ 0

–
rely on Q

ii  +
 Q

ei  term
 (1) to

redistribute energy loss/gain
from

 term
 (2)

–
or can rem

ove kinetic
energy loss/gain (due to
eD

f) each tim
e step

D
E

LT
A

5D
 M

onte C
arlo
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C
om

parison of Ion M
onte C

arlo lifetim
es

am
ong different configurations (all scaled

to constant R
m

ax  and <
B

>
)

E
C

H
 reg

im
e

: n(0) =
 1.8 x 10

19 m
-3, T

e (0) =
 1400eV

, T
i (0) =

 150 eV
IC

H
 reg

im
e

: n(0) =
 8.3 x 10

19 m
-3, T

e (0) =
 500eV

, T
i (0) =

 500 eV

 M
onte C

arlo (D
E

LT
A

5D
)
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M
onte C

arlo lifetim
es for IC

H
 heated gb4 configuration

[n(0) =
 8.3 x 10

19 m
-3, T

e (0) =
 500eV

, T
i (0) =

 500 eV
, flat density profile, parabolic**2 tem

perature profile]
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M
onte C

arlo lifetim
es for E

C
H

 heated gb4 configuration
[n(0) =

 1.8 x 10
19 m

-3, T
e (0) =

 1400eV
, T

i (0) =
 150 eV

, flat density profile, parabolic**2 tem
perature profile]
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C
om

parison of E
C

H
/IC

H
 global lifetim

es w
ith IS

S
95 scaling law

 for G
B

4 configuration

IC
H

 heated gb4 case

t
gl M

C
=

(T
e

+
T

i )t
e t

i

T
e t

i +
T

i t
e

t
gl M

C =
 global lifetim

e, taking into account electron and ion loss channels:

 M
onte C

arlo (D
E

LT
A

5D
)
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C
om

parison of gb4 and gb5 global lifetim
es for E

C
H

 param
eters
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C
om

parison of gb4 and gb5 global lifetim
es for IC

H
 param

eters
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C
om

parison of E
C

H
/IC

H
 global lifetim

es w
ith IS

S
95 scaling law

 for
G

B
5_12A

 configuration
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Q
P

S
 F

le
x

ib
ility

 S
tu

d
ie

s
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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
)
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T
ransport properties can be influenced either

by varying the vertical or toroidal fields.
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C
onclusions

•
Q

P
S

 should be able to reach the plasm
a

perform
ance needed for its m

ission
•

IS
S

95 scaling +
 ripple transport (0-D

 and 1-D
)

predict good perform
ance

•
M

onte C
arlo calculations of neoclassical

com
ponent show

 that it is not a lim
iting

feature
•

T
he current 1108a4 configuration offers

flexibility through the vertical, toroidal and
m

odular coil currents
•

A
 spectrum

 of transport analysis tools has
been developed w

hich - form
 a good basis for

supporting a future experim
ent


