Background and Recent
Progress on Simulation of

Giant Sawteeth in Tokamaks
with the NIMROD Code

D. D. Schnack

U. Wisconsin, Physics

C. C. Kim
U. Washington

S. E. Kruger
TechX Corp.

A. D. Turnbull

General Atomics



Long Term Goals

« Compute the onset and nonlinear evolution
of a Giant Sawtooth Crash in a tokamak,
including
— Properties of relaxed state
— Loss and destiny of stored energy
— Coupling to/generation of MHD activity
— Fate of energetic particles
— elc.



Short Term Goals

* Demonstrate and validate energetic
particle capability in NIMROD by
— Direct comparison with theory

— Direct comparison with experiment (DIII-D
96043)

— Direct comparison with previous numerical
results (Choi, et al, PF 14, 112517 (2007) )



Sawtooth Stabilization

Campbell, et al., PRL 60, 2148 (1988)
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Physics: MHD/Energetic
Particle Interaction

 How can high energy particles (E > 100 KeV)
interact with low frequency MHD?

e Particle orbits in a tokamak

Projections of Orbits in Poloidal plane Banana center precesses toroidally

W, > 0,>0,



Adiabatic Invariants

* “Almost” periodic motion with frequency ~ w
“almost” conserves “adiabatic invariants” on
slower frequencies
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W <K @, ~conserves U= magnetic moment

W K W, ~conserves J = q}vnds "longitudinal invariant"

W <K ®, ~conserves P = JB -dS flux linked by precessing orbit

= o "Third adiabatic invariant"

— ~—
- ~
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Particle Effect on Kink Mode

MHD (kink) frequency less than precession frequency
Wy < @, (sometimes <<)

— MHD activity perturbs flux

If w, << w, , kink perturbs flux on low frequency

— Third adiabatic well conserved

— Flux change resisted

— Stabilization of kink mode

Requires enough particles (threshold density, or hot
particle )

— Can you get enough energetic particles to stabilize kink
without destabilizing fishbone?



More Kink Stabilization

(Slowing-down Distribution)

White, Romanelli and Bussac, PFB 2, 745 (1990)
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Are diamagnetic effects required?
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* Neutral beam heated

* RF produces energetic particles

*Sawtooth period increases with RF



“Glant Sawtooth” Iin
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F(E)

Hot Particle Distribution

Function
« Effect of RF

computed with « Energetic particle
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NIMROD Calculations

NIMROD extended MHD
code has model for energetic
particles

Energetic particles do not
affect MHD equilibrium

Present goal. Examine linear
stability of DIII-D shot 96043
att=1900 ms.

Resistive MHD + Energetic
particles (Slowing-down dist.)

Look at linear stability as
function of B.. = Prot ! Piot

Nonlinear runs eventually

P s (MW): 80 keV,

" (@)

V): 60 MHz 4Qp

T (0) (keV) from ECE

ioh rate (10'%)

[ Density (1013 cm

Stored energy @ J)

.0

0.

O'b

04r

0.0-

12 14 16 18 20 22 24
Time (s)

2.6

0.2

I | | I | I 1 1 I |

L W, (x107)

fast

scrnlcal

1 1 1 1 1

1820 1860 1900 1940 1980 2020

Time (ms)



NIMROD Fluid Model

dp
—+V-(pV)=0
=t V-(pY)
oV
p — Tt V ) VV = _VP + J X B + V ) Hvisc + H/mr + 1_IFLR
ot = — ——
Braginskii viscoous stress Energetic particles Gyro-viscosity
oP 2
§=—V-VP—PV-V+77J —V-q+I1:VV
B
a—:—V><E , M, J=VXxB
ot
1
E=-VxB+ nJ +—(-VP+JxB)

ne

—
Ideal MHD  Registive MHD -~
2-fluid and diamagnetic effects

* Model is nonlinear; present study is linear

« Closures for viscous stress, FLR, energetic particle
stress, and heat flux



NIMROD Fluid Model

dp
P v (pV)=
o (oV)

P(aa—‘;+V VV)-—VP+J><B+V-[ E_J + E’,_C +/H§:}

Braginskii viscoous stress ~ Energetic particles ~ Gyro-viscosity

%—I;:—V-VP—PV-VW—V-qH'I/'VVV

aa—]::—VxE , M, J=VXxB

E=-VxB+ nJ +—£/V75V+M

Ideal MHD  Resistive MHD

2-fluid and dlamagneuc effects

* Model is nonlinear; present study is linear

« Closures for viscous stress, FLR, energetic particle
stress, and heat flux



NIMROD Particle Model

Kim, et al., PP 15, 072507 (2008)
I, = [dvf,,(V)(v=V)(v=V)
e f.., 1S solution of kinetic equation for hot particle species
« Drift kinetic approximation
« 0f PIC method (Parker and Lee, PF B 5,77 (1993))

« Present application is linear (integrate 0 f along unperturbed orbits)
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e Particles subcycled each fluid timestep
e NIMROD has demonstrated agreement with M3D and kink mode stabilization
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NIMROD Results

DIlI-D #96043
Kink Growth Rate vs. Hot Particle Pressure
Slowing-down distribution

3.510° [~ " " T P v " " T v " T v v T T v T ]
v =3.29 X 10% /sec ]
310° L ™ R ]
2510* | . = 42 KeV J
o ®=5X10%/sec ]
210 | S 0 k
1.510° [ _'
\\ E =281KeV
I~ m
110* | a I 5
r ~. o =3375X10
C Py —a
3 [ L P B I R RS I
0 0.1 0.2 0.3 04 0.5 0.6
p =P /P
frac hot total

Resistive MHD + energetic particles
— No diamagnetic or FLR effects
Slowing-down distribution
— No RF tail
Transition from kink to fishbone
2 X108 -4 X 107 particles

t=1900 ms.

S=1.7 X107

At 281 KeV, VR/wp ~ 0.1
— Sufficient separation?
S > Scrit?

Need RF tail?

Need 2-fluid?

At constant energy, [;..
measures hot particle
density



Kink Mode (...
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Pure exponential growth
e “To P hat” structure
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E_=41.75KeV, B...=0.2

Energetic particle effects on kink

Kink with particle effects
Real frequency
Distortion due to rotation

DIII-D #96043
Kink Growth Rate vs. Hot Particle Pressure
Slowing-down distribution
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E_=281KeV, f3..=0.2

Energetic particle effects on kink

Slow rotation
Noise due to particles

Distortion near rational
surface

“Looks like kink mode”

DIII-D #96043
Kink Growth Rate vs. Hot Particle Pressure
Slowing-down distribution
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E_=41.75KeV, B...=0.5

Energetic particle effects on kink

» Real frequency

* Distortion due to
rotation

 Transition to
fishbone

t

DIII-D #96043
Kink Growth Rate vs. Hot Particle Pressure
Slowing-down distribution
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E_=281KeV, f3..=0.4

Energetic particle effects on kink

« Real frequency

« Large modification of
radial eigenfunction

 Transition to fishbone?

DIII-D #96043
Kink Growth Rate vs. Hot Particle Pressure
Slowing-down distribution

3 1 —
10t B Y, = 329 X 107 /sec
T 25100 [ E =42 KeV
g L \- m
e 3 A 5X 10° /
s . ® = sec
% 210t [ “a, P
% 1510 [
E E =281KeV
110* [ “a . =
; .0 _=3.375X 10°
5109 Lo v v v 1 L 1 |<(—%_|
0 0.1 0.2 03 0.4 0.5 0.6




Discussion

Need high energy particles for conservation of third adiabatic invariant
— Precession frequency must be >> MHD frequency
— How high?
— NIMROD includes both passing and trapped particles I1, ,. Comparison with theory?
Role of RF tail
— Need tail for stabilization?
— Stabilize with SD distribution?
Role of diamagnetic effects
— Need 2-fluid for stabilization?
— Can we simulate “ion-kinetic” regime? Just need “some” reconnection mechanism?
Is S large enough?
What about thermal trapped particles (Kruskal-Oberman)?
— Need closure?
— Second “Maxwellian” particle species?
Effect of energetic particles on equilibrium?
— Anisotropic pressure?
Can NIMROD exhibit same stability properties as experiment?
— The ultimate validation?
What happens non-linearly?
— A real FSP problem!



Resistive MHD
— Extensive V&V

NIMROD Integrated Modeling
Status

« Comparison and agreement with known solutions, other codes, and

experiment
— Astrophysical problems
« Extragalactic jets, MRI, simulation of dynamo experiments

Two-fluid/FLR

— Scaling to 10,000 processors

— Verification

* g-mode in slab
— Non-linear calculations

Energetic (kinetic) ion species
— Comparison with M3D on kink-fishbone transition

— Sawtooth stabilizaton «—71
— V&V (DIlI-D) underway
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Required Development for
Kinetic lons

More efficient parallel implementation
— Use more than nlayers = 1

— 277

Anisotropic equilibrium pressure

— Energetic particles don’t contribute to equilibrium
force balance

Extended Ohm'’s law in particle advance

Modification to equilibrium distribution
function

— RF tail
— 77



The Porcelli Model

Porcelli, Boucher and Rosenbluth, Plasma Phys. Cont. Fusion 38, 2163 (1996)

A "predictive" model for the sawtooth "trigger"
Based on "zero-dimensional" formulas

Can be applied to evolving profiles in a transport code
Based on normalized energy oW < —48W /(s,E €' RB%), s, = rq"),-,
oW =oW, + oW, +oW,, + oW,

Fluid Shaping Thermal Energetic
trapped trapped
particles particles

Everything evaluated inside the g =1 surface
Sawtooth crash is triggered whenever any of the following is satisfied:
oW, —oW, >c,0,,T, Few precessional orbits in MHD growth time
oW >05mw..71, Loss of two-fluid stabilization: . <27,

—C,P; < —oW < 05w,7, and ., < Y, Unstable in “ion-kinetic” regime

“‘Even though feasible, it is impractical to interface” a linear stability code “with a transport code.”

"Incomplete relaxation" model for post-crash profiles

“‘Kadomtsev’s model is not always consistent with experimental data, even though observations with
different tokamak experiments are somewhat conflicting.”



Testing the Porcelli Model

Choi, Turnbull, Chan, et al., PP 14, 112517 (2007)

Experiments on DIII-D (shot 96043)

Induce sawtooth-free period
— NB
- RF

Reconstruct profiles at time intervals (EFIT)

Compute terms in Porcelli model
— oWy up computed with GATO

Compare predicted “trigger” with onset of
crash



oW Evolution before Crash
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