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 On DIII-D, multiple core tearing instabilities are
often observed at elevated B,

 Coupling amongst multiple modes has a
nonlinear impact on rotation and stability

 Atleast 2 regimes of MHD-induced momenium
transport can be observed in non-disruptive,
Hybrid scenario discharges:

— Phase-locking (flattens core rotation)
— Hollowing (flow shear reversal)
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Phase-locking precedes mode locking

e Growing modes
trigger NBI feedback

e Rotation collapses

nirms locked-mode
_aof ) nms distuptan from the core
7 n3rms rowing 2/1
§ :2 sawteeth ’ . oulllwqrd
- 5
200 .
=  The discharge
150 .
o ultimately
= wof decelerates as a
7~ -2 ] 1 rigid body
1000 1500 i rr?g(()r?\ " 2500 3000
DIlI-D

NATIONAL FUSION FACILITY TObI&S—JUly, 20 15

nnnnnnnn



Differential rotation closely tied to disruptivity

* Low absolute rotation ITER-similar 147008 — 147106
can be sustained, 12— (Qos ~ 3.2, saturated 3/2 mode)
but loss of differential _ , S
rotation indicates < . GO
trouble ks
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Phase-locking and rigid deceleration
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Phase-locking and rigid deceleration
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Phase-locking explored in non-disruptive

discharges—ITER hybrid scenario on DIII-D

't e« Modes initially rotate
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3-wave mode coupling: the RFP ‘slinky mode’

* Single-helicity 2.
modes couple [ 42
through the | 30 |-
Shafranov shift s - j_fp'mﬁle

+ Single-fluid modelof = | wo_i -
3-wave coupling | |
describes salient plasma radius ]
features: DY = EY 4+ C{Y 5, Y50 Y o)
- E;;Lf(;%iheon of torque DY, =EY 3, +C{Y 10, Y .Y o)

—_ PhOSG-|OC|<Iﬂg DY4,2 :EY4,2 +C<Y 2,11Y2,1’Y4,2>+C<Y1,01Y3,21Y4,2>

R. Fitzpatrick, PoP (2015)
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3-wave mode coupling: the RFP ‘slinky mode’

e Single-helicity
modes couple

through the
Shafranov shift

e Single-fluid model of
3-wave coupling
describes salient

torque

features:
ed .U es | —_ szf2a4nlm[DY y ]
— Bifurcation of torque " " R, man U mn
balance ) n
. |- 2 p3
— Phase-locking DT, =4p Ro[”’g(DWf)}

= . R. Fitzpatrick, PoP (2015
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3-wave mode coupling: the RFP ‘slinky mode’

e Single-helicity
modes couple

through the
Shafranov shift

e Single-fluid model of
3-wave coupling

torque

describes salient slip frequency
features: - -
. ] low-slip high-slip regime
— Bifurcation of torgue
balance
— Phase-locking ,/’/bifurcation _ 0/ 2
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3-wave mode coupling: the RFP ‘slinky mode’

e Single-helicity
modes couple

through the
Shafranov shift

e Single-fluid model of
3-wave coupling

torque

describes salient slip frequency
features: - -
] ] low-slip high-slip regime
— Bifurcation of torgue
balance ) 3
— Phase-locking 0T = 2 (w2 (w™") * sin .
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Internal geometry of the ‘tokamak slinky:’
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* Mode-coupling theory developed in a cylinder,
mode structure in a tokamak very different

— How does this impact the physics?
— How does it modify the experimental observablese
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Ouvuter layer approximated by parameterization

of local poloidal perturbation wavenumber

Contours of constant Fitted ‘local mode
eigenmode phase number’
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Expands upon single-helicity mode spectrum by

encompassing additional features
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Coupling of Shafranov shift no longer explicit

Single-helicity modes in cylinder Generalized toroidal modes
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This parameterization also yields observable

phase velocities (cylindrical torus)

Any given mode:
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This parameterization also yields observable

phase velocities (cylindrical torus)

Any given mode:
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Experimental observation of phase-locking

80 T T T T T T T T T
b
) T P, Fs i coupled -
60 |— ' T~ 3/2+4/2 _ '
/‘-c\" //~ Ao nii, Bf2iAslANd (€) R * o (e) o
-~ '\A"w—-._._../ = - {0.935
N e -
T 40— - -
Y //‘/"’ﬂﬂ/"/-/f’~/’P-~‘“ ‘e oo bss
4/2 harmonic flucutation (d) L .
20— . i_.ﬁa'./\-.-—.——.-——a/—sf"\—--"——-ﬂ-—m———'\—-m\m‘-:-va.—iw 0.87
5 2/1 island onset phase-locked 2/1
2150 2250 2350 2450 2550 2650 0835
time (ms)
T
c) d) €) Phase-locked
z 3/2 island 4/2 harmonic 3/2+4/2
()]
%
<_> e ;
2 »** ‘o“

DIll-D

NAIION»‘H FUSION FACILITY
AN DIEGO

P S D -

toroidal angle, ® toroidal angle, @ toroidal angle, ¢

Tobias—July, 2015

Mirnov shape coherence (a.u.)



Experimental observation of phase-locking

Conditions here -
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Below q,:~4.5, modes’ pitch does not align

and modes do not remain phase-locked
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Differential pitch of the modes coincides with

differential toroidal and poloidal phase velocity
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Rotation of the composite siructure can be
evaluated in the plasma fluid frame
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Rotation of the composite siructure can be
evaluated in the plasma fluid frame

z ~ small poloidal angle

L
toroidal angle
~D~"’-D Tobias—July, 2015
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Rotation of the composite siructure can be
evaluated in the plasma fluid frame

z ~ small poloidal angle

Dv _-e
R an, .

L
toroidal angle
~D~"’-D Tobias—July, 2015
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Rotation of the composite siructure can be
evaluated in the plasma fluid frame

z ~ small poloidal angle

Dv _-e
R al’lo >

L
toroidal angle
~D~"’-D Tobias—July, 2015
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Rotation of the composite siructure can be
evaluated in the plasma fluid frame

z ~ small poloidal angle

Dv _-e
R an, W, # 0w, + €L,

L
toroidal angle
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Rotation of the composite structure can be

evaluated in the plasma fluid frame

/ Dvpf — e W Poloidal rotation can break \
R  an, 9 phase-locking
0= (2o ve) -am | DW, ...but these modes can still be
i ,gqo n, DW, ‘co-propagating’ with the fluid on

- - a given flux surface
\_ MTamrel Y
nDW=£k,G, - kG

In tokamak geometry using flux-

conserved rotation variables, the
. . . k 1-B . nle.
condition of co-propagation becomes: = 9 _ J
I R.
J J
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Poloidal rotation lags behind rotation of the

combined mode structures

Toroidal Rotation Poloidal Rotation (vertical CER)
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Negative differential rotation implies a regime of

further non-ambipolarity

e Points of consiructive perturbation phase in the
composite mode structure propagate ahead of
the measured Carbon (and estimated main ion)
fluid in the ion diamagnetic direction

— Past the point of EM force balance predicted by theory
and overcoming fluid viscosity

e Computed E, (quasi-neutral force balance) has
been reduced; are non-ambipolar terms
required?

— Next avenue of investigation:

+7

VP
E . =v,B,-v B+
Z.en.
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H. Phase-Locked State

Following the analysis of Sect. IV H, the phase-locked state is characterized by w = 0, and
o(t) = o, (197)
where (g is a constant. Thus, Eqs. (178) and (179) yield

0=—m Q™" + (m+1) 2" + n Q" —n Q20" (198)

0=wp+nAR)" —n AR, (199)

respectively. If the plasma rotates poloidally as a solid body [i.e., {25(7) = (2], as is likely
to be the case in the plasma core, then Eq. (198) implies that

L)

et (200)

m,n m-+1.n
!?¢ = J?q:__ —

R. Fitzpatrick, PoP (2015)
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