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Outline/Main resulis

* Resonant braking leading to a loss of torque balance determines the
“ultimate” n=1 error field threshold in NBl heated H-modes

* Decrease of n=1 error field tolerance with increasing g is caused by an
increasing plasma amplification

* Plasma is sensitive to kink-resonant rather than pitch-resonant external
fields

* Plasma response leads to a resonant and non-resonant magnetic torque
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External non-axisymmetric “error” fields limit NBl heated

H-modes by inducing locked modes or by “triggering” NTMs
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« NTM is born in the plasma frame, i.e. it rotates with the plasma
— NTM onset predominantly observed at higher B, and lower NBI torque
-> R. Buttery “Effect of 3D fields near the tearing beta limit” on Tuesday

* Locked mode is always born locked to the vessel = This talk
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At low B, NBI heating generally increases the error field

folerance

» Beneficial effect has been attributed to the toroidal torque associated
with NBl heating leading to higher rotation [R.J. La Haye, et al., Nucl. Fusion (1992)]

— Error field threshold (JET L-modes) i — T T
consistent with %

6B€Xf o 985

crit

scaling (€, is the unperturbed
rotation before the external field

is applied) [E. Lazzaro, et al., Phys.
Plasmas (2002)]
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FIG. 7. Scaling of the penetration threshold vs power law ~n" B~ 4w l?
where wy, the local angular rotadon fequency at te g=2 surface.

Figure from Lazzaro, et al., Phys. Plasmas (2002)
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At intermediate values of g, the increase of the error field

tolerance with NBI heating (and hence ) roles over

* Early high g experiments in DIlI-D have already revealed a sirong

reduction of the error field tolerance with
[R.J. La Haye, et al., Nucl. Fusion (1992)]
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FIG. 10. Critical 2,1 relative error field for instability in H-mode
plasmas as a function of beta (left or left/right beams).

Figure from La Haye, et al., Nucl. Fusion (1992)
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Error field tolerance in NBl heated H-modes is determined

by resonant braking leading to a loss of torque balance

* Increase the amplitude of a slowly 5 _m
rotating (10Hz) externally applied | oot (N=1) (KA) 1
n=1 “error” field 6B« | o

oL Preol (n=1) (deg)
¢ -180 NN
2000 00 3000

 Rotation evolution is described by 30
resonant braking [Garofalo, et al., Nucl. 13_ Q (q~2) (krad/s) P |
Fusion 47 (2007) 1121] 20 SBP% (0o1) @) TS

— At high rotation the resonant field 10+ ° -
is shielded, but exerts a torque ?” TR et

— Rotation decrease is followed by ﬁw,;m%’ A _

a loss of torque balance B e ’

§21 W m//\ ]
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» Magnetic island observed only after W”% %MN
rotation collapses 20 " '\  Magnetc isiand forms i

2600 2800 3000 3200 3400
Time (ms)

Magnetic topology
is (largely) preserved
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Resonant magnetic braking torque leads to a bifurcation

of the plasma rotation

* 0D-model for plasma rotation

o

| dQ/dt

with 1 , being the momentum
confinement time without braking
¢ Assume aresonant magnetic 016

braking torque with T; « Q!
[R. Fitzpatrick, Nucl. Fusion (1993)]

Increase dBR

|
<t

Ttot = IEQITL!O = TR

TMB — TR = KR (SBF% Q-1

T Tr,Y K
« Torque balance dQ/dt=0when Q = ZTILO \/( ZTILO) ~ RITL’O 6B;

— Bifurcation at Q = _? (with  Q T'”TL’O being the unperturbed rotation),

TLo
41K,

when resonant perturbation exceeds | 6By =
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Decrease of n=1 error field tolerance with increasing g

is attributed to plasma amplification

[Reimerdes, et al., Nucl. Fusion (2009)]

ext

- Decrease of critical external field 65;; ;
(SURFMN) at T, = const. is particularly
strong above the no-wall limit

— External field is also increasingly
amplified

* Rotation collapse occurs at a fixed

plas

plasma response 68, ;

- Critical plasma response 3803
increases (as expected) with NBI
torque T

Dili-D

NATIONAL FUSION FACILITY

OBttt (G)

o - N w = o

—

—y
o

5BpES (G)

p—y
o

SBJ et M-coil(G/KA)

- N = [=2] (=]
LI e e e

Magnetic perturbation at rotatlon collapse

Q &
¢
QSQ
- [ Typr1.8Nm 4
E (@ Tyg~4.0Nm

External resonant field

~ho-wall limit

 Plasma response

L 5BPE9.7G
S f ¢ e

o
—————

o

OB esi~6.9G

Ampllflcatlon at rotatlon collapse

§%¢+ T-‘

&

4 1 :6 1 .8 2.0 2.2 24

B

H. Reimerdes, Mode Control Workshop, Nov. 2009



Dependence on the poloidal spectrum of the external

field is also attributed to plasma amplification

- Critical external field 58,7, at const. NBI ] aking experiments A fr22

torque and const. B changes with I-coil ~ Z& Nocollapse  Rotation collapse
. o o C JRplas. ]
phasing (by more than a factor of 3) 4 PO aanat
9 & 1
— Amplification changes, too sS88| g sgext _
o ; '--'3 . & 21,crit |
* Rotation collapse occurs at a fixed N l
plas L n
plasma response 68, ; i I
j’ Amplification
Resonant braking and hence error field 8 ST
tolerance is determined by the external S =
L] ° ° g
field that is kink-mode resonant - not &
pitch-resonant at the q=2 surface R o
— Pointed out by Park, et al. for low g,
density locked modes 2 *
[Park, et al, Phys. Rev. Lett. (2007)]

O L 1 1 L L
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- Details in talk by M. Lanctot, “Measurement col p—>han difference (d_eg)
and modeling of 3D tokamak equilibria” on We Decrease pitch of external field
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At the LFS, plasma is most sensitive to an external field with

a lower pitch angle than the equilibrium field

DIIl-D 134234, I-coil various top-bottom phasing (1kA n=1 amplitude) SURFMN code
10— 120 Deg phasing 180 Deg phasing 240 Deg phasing 14
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Largest response when
Dil-D m>n*q components large
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Kink mode (and the most sensitive external field) does not

always follow the equilibrium field

MARS-F ideal MHD n=1 RWM - 8B, at plasma surface
Midplane (HFS) 180 !

Top §
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Toroidal angle ¢ (deg)
* Fourier harmonics of the external field that the plasma is most sensitive to

depend on the geometry of the external coil (e.g. LFS vs. HFS coils)
— Exact characterization requires several harmonics + their phases

->Fourier harmonics of 6B¢* in straight field line coordinates are NOT an
efficient description of the error field tolerance
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Observed amplification yields an estimate of the most

sensitive external field component (LFS coils)

» Correlate various Fourier harmonics of the external field (SURFMN) with the
measured plasma response Fit amplification factor aBg'as= A 5B

— Fit amplification factor A ] A
8BH* = A 6B (q)

] 5B A RMSD (G)
> 00 21 (9=2) 356 1.30
+ 31(g=3) 311 1.24
A 411 (q=4) 2.97 1.20
o Br(a) 288 1.08

(=]
T T T T
1

 Resonant components
match poorly

Plasma response 6Bf,"a5 (G)
=

N
T T T T T T T T
1

&
OA
0- L L L 1 L " L 1 L " L | L " "
0 2 4 6 8

External field components 5B (G)
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Observed amplification yields an estimate of the most

sensitive external field component (LFS coils)

» Correlate various Fourier harmonics of the external field (SURFMN) with the
measured plasma response Fit amplification factor aBg'as= A 5B

— Fit amplification factor A ] A
8BH* = A 6B (q)

] 5B A RMSD (G)
F % 00 21 (9=2) 356 1.30
+ 31(g=3) 311 1.24
A 41 (g=4) 297 1.20
o Br(a) 288 1.08
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Plasma response 6Bf,"a5 (G)
=
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Observed amplification yields an estimate of the most

sensitive external field component (LFS coils)

» Correlate various Fourier harmonics of the external field (SURFMN) with the
meqsured p!asma response Fit amplification factor BBS'as= A SBoY
— Fit amplification factor A g T

I I
0Bp* = A 6B (q) _ _ 8 A RNSD(G)
& 6L > A | | O21(e=2) 356 1.30
o | + 31(q=3) 3.11 1.4
* Resonant components e | it ey A
) 88 1.
i A 71 (g=4) 467 0.38
match poorly % al | | A 81(q=4) 682 0.16
* Most sensitive field 0B 2 =
g |
m=2nq s ot _
: : , ' Ml
(consistent with M. Schaffer’s _
rule of thumb) N S
0 2 4 6 8

External field components 5B (G)
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Observed amplification yields an estimate of the most

sensitive external field component (LFS coils)

» Correlate various Fourier harmonics of the external field (SURFMN) with the
measured plasma response

— Fit amplification factor A

0B = A 6B1(q) RMS deviation of fitted amplification

14 - - - - :

12} A -:

 Resonant components 10k ]
match poorly 0.8F :

« Most sensitive field 5B, 08¢
0.4+ A ]

m = 2nq g:g 3 . . | A
0 2 4 6 g8 10

(consistent with M. Schaffer’s m (0Bmi =4)

rule of thumb)
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Observed amplification yields an estimate of the most

sensitive external field component (LFS coils)

» Correlate various Fourier harmonics of the external field (SURFMN) with the
measured plasma response

— Fit amplification factor A

0B = A 6B1(q) RMS deviation of fitted amplification

14 - - - - :

12} A -:

 Resonant components 10k ]
match poorly 0.8F :

« Most sensitive field 5B, 08¢
0.4+ A ]

m = 2nq g:g 3 . . | A
0 2 4 6 g8 10

(consistent with M. Schaffer’s m (0Bmi =4)

rule of thumb)

- Use measured plasma response (« total perturbed field) for further studies
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Observed dependence of error field tolerance on torque

input weaker than prediction for resonant braking

n=1 braking experiments

* Assuming a linear T, ; dependence as
predicted by the resonant braking

model .
5BR crit — Tin L0
’ 41Ky

leads to an offset that is too large to be
explained by the anomalous torque

| Fit offset:
[ C (TNB| + 8.8 Nm)

1 plasma response 653 '::, (G)
=

[3))
\
“~
N
_
=
]
€
O
o
=
(1]
-
o

’ o (Tygy + Tan) ™

f— 11
(Ton_Tin_TNBI) ® /!
o !
S '
ool
A fit based on an estimate of T, from the 240 2 4 6 8
angular momentum before n=1 braking 0.4—ngular momentum before =1 braking
yields e
5Bplas o T0.45 m E "
p,crit in = . .’
Z 0.2 [, s &
T 5] e
. -* v Fitoffset:
0.0 .* . m(TNB|+1.4Nm)
2 0 2 4 6 8
Tngi (Nm)
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Observed dependence of error field tolerance on torque

input weaker than prediction for resonant braking

n=1 braking experiments

* Assuming a linear T, ; dependence as
predicted by the resonant braking

model .
5BR crit — Tin L0
’ 41Ky

leads to an offset that is too large to be
explained by the anomalous torque

(TonzTin_TN BI)

| Fit offset:
[ C (TNB| + 8.8 Nm)

1 plasma response 653 '::, (G)
=

[3))

[ 4
// W Fit exponent:

’ o (Tygy + Tan) ™

[ 4 ¢ Mode born locked

F <& Locked mode preceded |

1l by rotating 2/1 mode
F |

Tolerable n

ol .
 Afit based on an estimate of T from the 2y 0 2 4 6 8

angular momentum before n=1 braking 0.4—ngular momentum before =1 braking

yields _ f’
5Bpla§t o 7—_0.45 .
p.cri n 0.2_ z"‘
L e
-* v Fitoffset:
0.0 ," . & (TNB| + 14Nm)

-2 0 2 4 6 8
Tnpi (Nm)

Lo (Nms)
T =1.4Nm
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Input torque dependence of error field tolerance

translates into a similar rotation dependence

A fit of the dependence of the
critical plasma response on the Error field tolerance rotation scaling
unperturbed rotation Q, yields ST

—
(&) ]

(SB plas o 98.44

p,crit

—
o
—
1

— Similar exponent for T, and
Q, expected since

Critical plasma response BBE,'gﬁt (G)

O =TinTL,o :
0 I 5_ i
— Consistent with previous low -
scalings [e.g. E. Lazzaro, et al., o/ L
Phys. Plasmas (2002)] 0 5 10 15

1.21 Qq(q=2)044
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Rotation damping prior to the rotation collapse shows

no evidence of a localized braking torque

Toroidal rotation evolution during n=1 magnetic braking

134234 134234
150 AR I T T AR AR REARAAAS N 50— 17— T 1
L i ] [~ == t=1750ms ~ t;
; J S £22130ms ~ tygy
1003 100 —— 1=2145ms > byt
P |
=] 0 =]
8 8 |
= L x i
o 50::*# o 50_- i
i [
-I L
O.I 0. A
1800 1900 2000 2100 2200 2300 00 02 04 06 08 10
Time (ms) P

* Rotation decreases across the entire profile - indicating a non-resonant
braking mechanism

— Resolution of a localized braking torque limited by uncertainty of Q'
and Q"

* Rotation collapse starts at the outer half of the profile
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Measured rotation dependence of the braking torque

reveals further evidence of a non-resonant component

* Measured angular momentum

0.06 n=1 magnetic braking experiments
evolution yields magnetic . I Tyg increases ; ]
° o~ L . . . k
braking torque T, S 0.06[ withincreasing @ . . 7 ]
£ - !
= ! :‘.' 131982
L dL S [ . Ry :
TMB - TNBI T ig?. o 0.04-_ - Oﬁ: A 4 i::? B
Tio dt o i MG S P
< : L7 131979
las\2 2 0.02+ ’ -
— Assume Tyg x (8BP'#s)2 1o - | .
reveal rotation dependence 0 001 _
0 20 40 60

Plasma rotation Q2 (q~2) (krad/s)

« At low rotation T,,; increases with decreasing Q consistent with a
resonant torque [R. Fitzpatrick, Nucl. Fusion (1993)]

« At high rotation T, increases with Q — typical for a non-resonant torque
[K.C. Shaing, Phys. Plasmas (2003)]
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Additional non-resonant component reduces the

resonant threshold and weakens the torque dependence

» Adding a non-resonant component f,.0B of the perturbed field 8B (<dBr'cs)
to the magnetic braking torque in the 0D torque balance®
dQ IQ 2 1 2
|— =T, -—-Kg(fz0B) Q - K\g(fyg0B) 2
dt in T, L R(R ) g LNR(NR ) ]

Resonant Non-resonant
braking torque braking torque

yields
fOI' fNR=O: 6Bcrit = bR Tin
5105 0.5
for fNR;éO: 6Bcrit = \/z—bRTe((-H' (Tin/Te) ) _1)
0.5 0.5
1 (7 I & (K
i b, = — | Lo T, = R R
w“h " 2fR (IKR) qnd rL,O fNR (KNR)
L J
~

Viscous torque at Q where resonant and non-resonant
torque are equally important

*Negleci offset rotation in counter-Ip direction [A. Cole, ef al., Phys.
IDIN=D) Rev. Lett. (2007), AM. Garofalo, et al., Phys. Rev. Lett. (2009)]
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A non-resonant braking component of the perturbed field

lowers the tolerance for resonant magnetic field errors

0.5
* Increasing the non-resonant component f; decreases T, - I (KR )
7 o hr \Kyr

Critical perturbed field - 0D torque balance model
4 N v v M ] v v v I v v v I v

F | —— Resonant only

F |~ - - Resonant and non-resonant

-> Decreases 6B

crit
- Weakens the T,;, dependence of 6B_; (possible explanation for the
negligible T;, dependence in NSTX [Park, et al., APS (2009)]?)
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Observed 8BPs o« Ty 5,45 in DIII-D consistent with a strong

crit
non-resonant component of the plasma response

« Adding a non-resonant component f, .08 of the perturbed field 5B to the
magnetic braking torque in the 0D torque balance

12 Tin - £ ~ K (f0B) Q7" - Kya(fyadB) @
at T o
yields
for fz=0: 6B, = by T.
5 05 0.5
for fx#0: OBy = V2. b,:,7'e((1+(7'in /T.) ) _1)
0.5 0.5
with b, = 1 (IL_O and T - I £ (KR)
2k \IKg T o hr \Knr

« Assuming a strong non-resonant component/large torque input T_<<T._
yields

0Boy = V2 br(T,T,) "
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A non-resonant component in addition to the n=1 plasma

response reduces the error field tolerance further

 Adding a non-resonant torque independent of the n=1 plasma response
in the 0D torque balance (e.g. n=3, TBM, TF ripple)

T o

can be expressed by an Critical perturbed field - 0D torque balance model
effecfhve morr.ientum 45 e — .
confinement time

Resonant and non-resonant (Te/Tay=1)
-1
14 K 2
NR o
(tio) + I (6BNR) )

§ = = = Reduce momentum confinement time "yt p=0.5
« For zero and small f;

* —
Tio=

chritl (bH*Tan)

(SBcrit x (TIT,O )0'5

« For large Ty, the error field
tolerance becomes
independent of 7, *
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A non-resonant component in addition to the n=1 plasma

response reduces the error field tolerance further

* Adding a non-resonant torque independent of the n=1 plasma response
in the 0D torque balance (e.g. n=3, TBM, TF ripple)

1 B K (£0BF QT - K (hroB) Q- Kie (0Bse ) ©
dt T g
can be expressed by an Critical perturbed field - 0D torque balance model
effective momentum 4t — T '

- | —— Resonant only
- Resonant and non-resonant (Te/Tay=1)
F| = = = Reduce momentum confinement time o/t p=0.5

confinement time
-1
1 K . \2
(TL,o) 4 ’}‘R (6BNR) )

« For zero and small f;

* —
Tio=

chritl (bH*Tan)

5Bcrit x (TIT,O )0'5

« For large Ty, the error field
tolerance becomes
independent of 7, *
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A non-resonant component in addition to the n=1 plasma

response reduces the error field tolerance further

* Adding a non-resonant torque independent of the n=1 plasma response
in the 0D torque balance (e.g. n=3, TBM, TF ripple)

1 B K (£0BF QT - K (hroB) Q- Kie (0Bse ) ©
dt T g
can be expressed by an Critical perturbed field - 0D torque balance model
effective momentum 4 — T '

—— Resonant only
Resonant and non-resonant (Te/Tay=1)
= = = Reduce momentum confinement time "yt p=0.5

confinement time
-1
1 K . \2
(TL,o) 4 ’}‘R (6BNR) )

« For zero and small f;

* —
Tio=

chritl (bH*Tan)

. \05
5Bcrit x (TL,O) 1
« For large Ty, the error field ]
tolerance becomes 0_4 P 0 > 1

independent of 7, * TneiTan
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Summary/Main results

* Resonant braking leading to a loss of torque balance determines the
“ultimate” n=1 error field threshold in NBl heated H-modes

* Decrease of n=1 error field tolerance with increasing g is caused by an
increasing plasma amplification

* Plasma is sensitive to kink-resonant rather than pitch-resonant external
fields (more in M. Lanctot’s talk on We)

— Fourier harmonics of the external field in straight field line coordinates
are not an efficient description of the error field tolerance

— For n=1 errors from the LFS, the plasma is most sensitive 1o the resulfing
m=2ng components
* Plasma response leads to a resonant and non-resonant magnetic torque
— Non-resonant braking component reduces the benefit of additional
torque input
— Non-resonant braking component weakens the torque dependence
consistent with experimental observations
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Additional slides
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Plasma response to an external n=1 field is linear as long

as the plasma is rotating sufficiently fast

- Linear amplification at g =const. despite a rotation reduction by factor 2

* Plasma response saturates prior to the rotation collapse

« Amplification large once the rotation has collapsed, the error field
penetrated and a locked mode formed (despite reduction in §)

127737 127737
5F = 20 P TrrTTTrTT U " T
" licoil (n=1) (kA) ] " Plasma amplification -
B i | (Fourier analyzed) ‘ '
L ] 15l i
28 5BP'2 (n=1) (G) S S 2
10 W S 2
N H B
i ' Z - Linear amplification -
20F B T Rty - o 3
L Q (q~2) (krad/s) - o | .
0 © bt
2 . :
1r- T '
o[ Py ] 0L e, '
2000 2500 3000 0 1 2 3 4 5
Time (ms) I-coil current | (n=1) (kA)
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Effect of simultaneous resonant and non-resonant

braking

* Perturbed field has a resonant and a non-resonant component

Ts = Kn(f0B)" Q"+ Kyr(fuadB) @

n=1 magnetic braking experiments

0.08 '
_ [ Tus increases o
& i . . . C l"
% 0.06L with increasing _2\ PLORRSUAS
i L
= [ J4 131082
oY) - il 5
; 0.04f e y
T o - LR o8 F
% I IR
= - £7 131979
[is] : : 7]
E 0.02|-
127737
0.00( L -
0 20 40 60

Plasma rotation Q (q~2) (krad/s)

~fyr

Magnetic braking torque - 0D torque balance model

10[

—— Resonant only
- - - Resonant and non-resonant

. R | K
T,z has a minimum for Q= H K R, where resonant and non-resonant
NR

braking torques are equal
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Plasma response and beneficial effect of NBl torque

connect L- and H-mode error field threshold

* ldeal MHD plasma response (IPEC)
has been successfully used to
restore density dependence of

locked mode threshold in L-modes

[J.-K. Park, et al., Phys. Rev. Lett. 99 (2007)
195003]

— Calculate total resonant field
at g=2 surface 8B,,, if shielding

currents were absent

Total resonant field 5B,4 (IPEC) (G)

Error field tolerance in low and high g, plasmas

I NBI heated ]
12 | H-mode @ -
[ (Tygi=1.8Nm) ]
8 - ]
| Low f locked mode ]
experiments _ -7
4| [Parketal, PRL07] P ]
i .00~
_ Q- Q-0
0LesO
0 1 2 3 4

Density n, (10 ¥m-3)

* In H-mode, the error field threshold exceeds the exirapolation of L-mode

experiments by a factor of 2

»~40% increase expected based on extrapolation of measured Ty,

dependence towards zero
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