N < o [t )
< i PRINCETON

PLASMA PHYSICS
LABORATORY CONSORZ0 REX

Australian
<) National

University

Advanced MHD models of anisotropy,

flow and chaotic fields

M. J. Hole!, M. Fitzgerald®, G. Dennis?, Zhisong Qu1,
S. Hudson?, R. L. Dewar?, D. Terranova3, L. C. Appel?,
P. Franz3, G. von Nessi' , B. Layden?

[1] Australian National University, ACT 0200, Australia

[2] Princeton Plasma Physics Laboratory, New Jersey 08543, U.S.A.

[3] Consorzio RFX, Padua, Italy

[4] EURATOM/CCFE Fusion Assoc., Culham Science Centre,Abingdon, Oxon OX14 3DB, UK

International Congress on PlasmaPhysics
9-12 February, 2014

Funding Acknowledgement: Australian Research Council, DIISRTE
Support Acknowledgement: Luca Guazzotto (University of Rochester), David
Pretty (ANU), Rob Akers, Ken McClements, David Muir (CCFE)


http://intranet.culham.ukaea.org.uk/
http://www.igi.cnr.it/

Outline

 Anisotropy: equilibrium and stability

» Expected impact of anisotropy
Development of anisotropy into EFIT++ , HELENA
Demonstrate impacts of anisotropy on J,, plasma parameters
Development of MHD single adiabatic stability model
Compute impact on MAST equilibrium, stability
» Future directions

« Multiple Relaxed Region MHD model

» resolves chaotic field regions, islands, flux surfaces in fully 3D
plasmas

» Stepped Pressure Equilibrium Code.

» Demonstrate two interface model to describe helical plasmas in
reverse field pinches
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» Highlight some recent progress
» Future directions

e Conclusions



“MHD with anisotropy in velocity, pressure”

* Pressure different parallel and perpendicular to field due
mainly to directed neutral beam injection
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“MHD with anisotropy in velocity, pressure”

* Pressure different parallel and perpendicular to field due
mainly to directed neutral beam injection
Generator beam A '[Op VieW
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Expected impact of anisotropy 4
« Small angle 0, between beam, field = p,;>p, .
* Beam orthogonal to field, 8,=m/2 = p, >p ~~___
. If p, sig. enhanced by beam, p, T s __:
surfaces distorted and displaced Peaked  Broad
inward relative to flux surfaces pressure  pressure

profile profile
[Cooper et al, Nuc. Fus. 20(8), 1980] —

* If p, > py, an increase will occur in
centrifugal shift : "

[R. lacono, A. Bondeson, F. Troyon, and R.
Gruber, Phys. Fluids B 2 (8). August 1990]

« Compute p, and p, from moments of Parallel Flux
y . pressure surfaces

distribution function, computed by TRANSP contours(solid) (dashed)

[M J Hole, G von Nessi, M Fitzgerald, K G McClements, J Svensson, PPCF 53 (2011) 074021]

e Infer p, from diamagnetic current J,
[see V. Pustovitov, PPCF 52 065001, 2010 and references therein]



MHD with rotation & anisotropy

e Inclusion of anisotropy and flow in equilibrium MHD equations
[R. lacono, et al Phys. Fluids B 2 (8). 1990]

V-(pv)=0, oV-VV=IxB-V-P, V-B=0
U,d =V xB, Vx(VxB)zO,
ﬂo(p”_pL)

P=p, 1+ABB/y,, =



MHD with rotation & anisotropy

e Inclusion of anisotropy and flow in equilibrium MHD equations
[R. lacono, et al Phys. Fluids B 2 (8). 1990]

V-(pv)=0, oV-VV=IxB-V-P, V-B=0
U,d =V xB, Vx(VxB)zO,
P=p, 1 +ABB/y,, A= to(Py —P.)

BZ
* Frozen flux gives velocity plus axis-symmetry

V= WM/EW)B—R%(W)%- Equilibrium egn becomes:

VW ap ' oW ' I " "
V'|:T( R? j}:_a—J_pHM(‘//)‘pr_ IM(‘//)?_V/M (W)V°B+R/)V¢¢E(‘//)

| =RB, {|M<w),wM W) o), HW),Z—E’;,";—V;}

_ . 2.1 '

I'V'(l//)_fl H Ry (W)¢E (W) ) , Set of 6 profile constraints
B 1 , » 1 l//|:/| y )B '

Hu () =Wy (0, B.y) -~ [Re: ()] +§{T} ’ r=1-A— (v, ) 1 p,



Neglect poloidal flow

* Suppose VvV =-R¢ (W)eq) - RQ(W)E(I) = F(W): Ly (W)/T

and equilibrium egn becomes:

a 1 1
v-{a—A)(VRZ’H -l H ) ZVZ . FR("’(iff)”) R0 ) ()

Set of 5 profile constraints {F(W), Qy), H(V,)%%}
oy oy

« OW/ 0 y: different for MHD/ double-adiabatic/ guiding centre

e If two temperature Bi-Maxwellian model chosen

k k Kg

Plo.BY)= ﬁ ATy(w) p. (0, By)= — ot (w)= i AT () B

B-0(y)T,

F).QW) Hw)T,W) o)



EFIT TENSOR: reconstruction code

Adds kinetic constraints to magnetic-only constraints of EFIT

Reveals J, sensitive to heat transport constraints

Soloviev benchmarks computed for isotropic, anisotropic and flow cases.
Used for MAST #13050, #18696

Installed for both MAST and JET

[Fitzgerald, Appel, Hole, Nucl. Fusion 53 (2013) 113040]

I r _
flux pressure
O isotropic
s B flowing
s 1072 A A anisotropic
- |
8 A
E 0
8 107° A
S a
L2 A
-4
-1‘,5 10 a
5
10
10" 10° 10°

radial grid count
Solution Convergence

Soloviev: Extended Soloviev:
B,=0.07 B~=0.07, M,=0.8, A=0.004,



HELENA+ATF: parametric scans, stability

« Companion code written to enable stability studies.
e Can be used to study how equilibrium changes with anisotropy

By (dp B? — BZ /ap 1 — A [8(RB,)? AV
J,=HR— —” I8 T — — — RV - :

i 33(5‘1’)134_ B (d'@)ﬂ-l_ 2R ( v )H h R?
| P torcidal field nonlinear

MAST-like equilibrium J, components

Jon COre
localised 1
il I Monlirear j
"I | T Torwics field 08r
- .
0.5} o | g O°[
— &} . 0.4
£ n =
—_— V)
(N -. D&t 0.2r
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-1 | X u o Rim) 1// b
surfaces of _ S o \r

[Qu, Fitzgerald, Hole, Plasma Phys. Control. Fusion 56 (2014) 075007]



HELENA+ATF: parametric scans, stability
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Anisotropy on MAST: #18696

« MAST #18696 Magnetics
* 1.9MW NB heating

*l,=0.7MA, B,=2.5 I 6
« TRANSP simulation available 3 1% =
. I 4-¢ o
e Magnetics shows CAEs S 1000 =
<> I g

MAST discharge 18696 e -10

osf /'_/_/\_/ 500 it gk |
m t._D.E_ i 4 i |
~07t et 20 el

240 260 280 300 320
t[ms], dt=0.4096[ms]

[M.P. Gryaznevich et al, Nuc. Fus.
48, 084003, 2008.; Lilley et al 35th

nE
{a.u) (x10'8m-3)
]
D\R

DII X

50
-5.0F - EPS Conf. Plas.Phys. 9 - 13 June
- _ 006
T < 0.04F
0

* What is the impact on ¢
profile due to presence of
anisotropy and flow?
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Beam population p /p, = 1.7

(@ .- 1100 30 ' (b) p_[/p” ~ 1.7
<~ 11000
' 7 T 20 -
{900 § ¥ O =D / (DO
5= 210}
1800
700 0 & = toroidal flux
- 1 0 O‘.)S 1
Impact on plasma computed using FLOW, EFIT TENSOR
FLOW scans A<O0: p/p; =1.7 EFIT++ (TENSOR)
12 : :O:. /ey = SN/ Tl Caleulation of
(b) o o~ MAST #18696
10r —A4=0.M,=0 I at 290ms.
i __A=0,M,>0 | osH /-
| . A<O,M, =0 pl/p”~1.7
o BF =
__A<O,M >0 E 0 (slowing down
ar beam particles)
2t L, 01
0 N — poloidal flux
e

0 0.5 1 1.5 H i
Low grid resolution of FLOW at core ’ 0'5R (m)1 "o constant py.



Anisotropy on MAST

2500
-4 .
 How do predicted mode
| 6= frequencies change due to
30 ,E changes in g produced by
© 1000 = anisotropy and flow?
:I-é- —102
500
12

t  Appetiser: What
IS the change In
5 ideal MHD
e T stability of n=1
TAE?

n=1 mode
n=-10 mode



Increased shear gives multiple TAES:

changes radial structure

1t 8t
of © ]« Reshape plasma to have larger
03y i reverse shear
E o o= ' . . (s—s,) (s—s,)
N (d) 1"(s) > 17(s)+ I exp{——o}ﬂ exp{——1
0.5 02y \& ] KO 20—5 \;/_ij
. Y
At 0?_ ' @) |
08— j COré  reverse shear
20.05 = oAb J i
= = 02 |1y, 1, varied to match q,=1.7, q,;,=1.24
o .
0 0 DF',S:W 1 [ M J Hole, G von Nessi, M Fitzgerald and the

MAST team, PPCF, 55014007, 2013]

o0 (b) 0.02r rn=l1 | R
| — S0 —
= -1 0 — — [C.:' -
T > 005 et quﬂ
ol m=z M=3
. . T . , , =2 L ! P 01002 02 05 08 1
% o0z 02 S06 08 i 25,02 o4 ;06 o3 0 02 04 ,06 08 1 P
Single global TAE at (m,n) = (1,1) Reverse shear produces second (m,n))

= (1,1) odd TAE resonance in the core



Anisotropy on MAST: #29221

Magnetlcs

« MAST #29221
* 1.6MW NB heating
* I,=0.9MA, ,~3

. Ma netics shows TAEs, tearing

modes fishbones, long- lived mode:
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Beam + thermal population:

HELENA+ATF / EFIT TENSOR: no flow + p*
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Beam + thermal population:

HELENA+ATF / EFIT TENSOR: no flow + p*
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 What is the
Impact on
stability due
to this g
profile?



Stability: incompressional

 Normal mode treatment: Linearise around time dependent
oscillations of form exp[i (o t- m 6- n ¢)]

« Without compressibility, Mikhailovski (*) show perturbed
Lagrangian distribution function is zero, meaning that the
Euler perturbed distribution function is

f=-€&-VF
The fluid closure equations are*

dp| Jdln B
le _Eﬂ, W — (FH — FJ_) on
op, Jln B
Pl1 — _gﬂ [ a'ﬂ- (ZIJJ_ ) ar“. j| _ZU ,uB dd—dedf.
v 5

*A B Mikhailovskii, Instabilities in a confined plasma, IOP publishing (1998)



Stability: compressional
e Using existing model
— Double-adiabatic (CGL)

a(PL) _
» Collisionless, p, andp, do independentwork ai B) =0
* No streaming particle heat flow a(mB _,
')

e Does not reduce to MHD in the isotropic limit
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e Using existing model
— Double-adiabatic (CGL)
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e No streaming particle heat flow

e Does not reduce to MHD in the isotropic limit
— Double-polytropic law

e Generalisation of CGL but unclear rationale for
choices of adiabatic index y,, y,




Stability: compressional

e Using existing model
— Double-adiabatic (CGL)

* Collisionless, p, andp, do independent work

e No streaming particle heat flow
e Does not reduce to MHD in the isotropic limit

— Double-polytropic law

e Generalisation of CGL but unclear rationale for
choices of adiabatic index y,, y,

New extension to MHD

Single adiabatic (SA) model
e py and p, doingjoint work
« Accounting for the isotropic part of the perturbation
e Canreduce to MHD in isotropic limit
[Fitzgerald, Hole, Qu, submitted PPCF 08/09/2014 ]

a(p.\ _
di _B) =0
i(ﬁ’n B2) = 0.
dt\ p?

i Pl 0
dt\ p?:7!

d [p"Byn_l ]
el =0
dt pY.

ﬁ%j}l



Stability: compressional

e Using existing model
— Double-adiabatic (CGL)

* Collisionless, p, andp, do independentwork % %) =0
« No streaming particle heat flow g(p.._m) _o
« Does not reduce to MHD in the isotropic limit a\ p?
— Double-polytropic law i o
e Generalisation of CGL but unclear rationale for E[pBy*_lJ=0
choices of adiabatic index v, y %[mﬂz“]ﬂ
« New extension to MHD ’
e Single adiabatic (SA) model
e py and p, doingjoint work
« Accounting for the isotropic part of the perturbation P pl
e Canreduce to MHD in isotropic limit

[Fitzgerald, Hole, Qu, submitted PPCF 08/09/2014 ]

Implemented both SA and CGL in CSCAS (CSMIS-A) and MISHKA
(MISHKA-A)



Incompressible continuum for MAST

Isotropic

n=1, y=0

Rmag =
f, at magnetic axis = 280kHz



Incompressible continuum for MAST

Isotropic

n=1, y=0

Rmag =

f, at magnetic axis = 280kHz

f/f

isotropic Afe < anisotropic Afiae
—anisotropic modes likely to have less continuum damping

anisotropic n=1, y=0

UUUUUUUUUUUUUUUUUU

Rmag —
f, at magnetic axis = 260kHz



Anisotropic mode profile broader

isotropic anisotropic n=1, y=0

UUUUUUUUUUUUUUUUUU
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Ongoing work in Anisotropy and Flow

« Demonstrated significant anisotropy in MAST, 0.6<p,/p,<1.4

» Can produce significant change in equilibrium

— change central safety factor (helicity) by up to 15%
[M J Hole et al PPCF 53, 074021, 2011]

— Can produce significant poloidal current.
[Qu, Fitzgerald, Hole, Plasma Phys. Control. Fusion 56 (2014) 075007]
» Can change stability:

— Through changein g in ideal MHD — introduce multiple gap modes
[ M J Hole et al, PPCF, 55014007, 2013]

— Inincompressible plasmas, lead to: wider gaps, reduced continuum
damping, broader radial structure.

— Developed new Single Adiabatic model. Implemented in MISHKA,

CSCAS. [Fitzgerald, Hole, Qu, submitted PPCF 08/09/2014 ]
To do...

 Couple EFIT TENSOR, MISHKA to wave-particle interaction
code HAGIS for self-consistent evolution
 Explore wave-particle interaction new physics



Outline

« Multiple Relaxed Region MHD model

» resolves chaotic field regions, islands, flux surfaces in fully 3D
plasmas

» Stepped Pressure Equilibrium Code.

» Demonstrate two interface model to describe helical plasmas in
reverse field pinches

» Highlight some recent progress
» Future directions



3D equilibria in toroidal plasmas

e Simplest model to approximate global, macroscopic force-
balance is magnetohydrodynamics (MHD).

Vp=JxB, VvxB=J V.B=0



3D equilibria in toroidal plasmas

e Simplest model to approximate global, macroscopic force-
balance is magnetohydrodynamics (MHD).

Vp=JxB, VvxB=J V.B=0

» Toroidal symmetry = field lies in nested flux surfaces

\ poloidal flux

S~
’ i surfaces of
0 05 1 15 constantp,.




3D equilibria in toroidal plasmas

e Simplest model to approximate global, macroscopic force-
balance is magnetohydrodynamics (MHD).

Vp=JxB, VvxB=J V.B=0

e Non-axisymmetric = field does not lie in nested flux surfaces
unless surface currents allowed.
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3D equilibria in toroidal plasmas

e Simplest model to approximate global, macroscopic force-
balance is magnetohydrodynamics (MHD).

Vp=JxB, VvxB=J V.B=0

e Non-axisymmetric = field does not lie in nested flux surfaces
unless surface currents allowed.
 Existing 3D solvers (e.g. VMEC) assume nested flux surfaces.

island
chains

nested
flux
surfaces

MRXMHD
interfaces

[CTH stellarator, Hanson et al, IAEA 2012] chaotic field regions



3D equilibria in toroidal plasmas

e Simplest model to approximate global, macroscopic force-
balance is magnetohydrodynamics (MHD).

Vp=JxB, VvxB=J V.B=0

e Non-axisymmetric = field does not lie in nested flux surfaces
unless surface currents allowed.
 Existing 3D solvers (e.g. VMEC) assume nested flux surfaces.

island

e Generalised Taylor relaxation model: chains
Multiple Relaxed Region MHD
(MRXMHD) supports full complexity of N\
field: nested flux surfaces, magnetic |
islands, chaotic regions.

2 T
— -
- —
/ 2y O ————— N
N NN
N, N&

/./"/
2/ /;
r 4

{ A

nested
flux
surfaces

MRXMHD
interfaces

Volume: VxB=gB B =constant
Interfaces: [[P +B?/(2u4,)]]=0 B-n =0

,,,,,,
7

chaotic field regions



MRXMHD approaches ideal MHD as N—w

1.0

0.8

[!I] G.Dennis et al., Phys. Plasmas 20, 032509 (2013).



Stepped Pressure Equilibrium Code, SPEC
[Hudson et al Phys. Plasmas 19, 112502 (2012)] Hudson

Vector potential is discretised using mixed Fourier & finite elements

» Coordinates (s,9, )
m$-n¢), Z,= > 7., sin(mg-n¢)

I,m,n

- Exploit gauge freedom A- A, 8¢V I+A(5,8,¢V¢
« Fourier A, Z COS(mS— ng)
* Finite- element a,(s Zag,i (s)o(s)

+ Interface geometry N = Zlen cos(

. . . . N
& inserted into constrained-energy functional F = Z(WI —uH,12)
» Derivatives wrt A give Beltramifield VxB= B =
» Field in each annulus computed independently, distributed across multiple cpu’s
 Field in each annulus depends on enclosed toroidal flux, poloidal flux, interfaces &

Force balance solved using multi-dimensional Newton method

* Interface geometry adjusted to satisfy force balance F[&] — {[[p + B? /2]]m ) }: 0
« Angle freedom constrained by spectral condensation,
» Dertivative matrix VF[¢] computed in parallel using finite difference



Example: DIID with n=3 applied error field

[Hudson et al Phys. Plasmas 19, 112502 (2012)]

« 3D boundary, p, g-profile from STELLOPT reconstruction [Sam Lazerson]

* |rrational interfaces chosen to coincide
with pressure gradients.

STELLOPT
OPT |

081

0.6

>

E_/ 0.4
SPEC — .

0.0 ! !
0.0 0.2 0.4 0.6 0.8 1.0

 [sland formation is permitted
* No rational “shielding currents” included
In calculation.

—0.5

—-1.0

formation of
magnetic
islands
~atrational
% surfaces

1.0 1.2 1.4 1.6 1.8

|
SY Hadson



Spontaneously formed helical states

Dennis, Hudson, Terranova, Dewar, Hole
 The quasi-single helicity state is a stable helical state in
RFP: becomes purer as current is increase

“Experimental” Poincaré plot
[Fig. 6 of P. Martin et

al., Nuclear Fusion 49,
104019 (2009)]

Double-Helical _ Single Helical
Axis state Axis state

Increasing current



Elevation (Z)

Spontaneously formed helical states

Dennis, Hudson, Terranova, Dewar, Hole

* The quasi-single helicity state is a stable helical state in
RFP: becomes purer as current is increase

Double-Helical

“Experimental” Poincaré plot

[Fig. 6 of P. Martin et
al., Nuclear Fusion 49,
104019 (2009)]

, Single Helical

Axis state

Radius (R)

Increasing current

AXis state

» |[deal MHD with assumed nested flux surfaces can
not model the DAX state

e Might MRXMHD with 2 barriers offer a minimal
descriptionto describe DAX and SHAX states in the
RFP?

 Model RFX-mod QSH state by a 2-interface
minimum energy MRXMHD state.

[G. R. Dennis et al , Phys. Rev. Lett. 111, 055003, 2013]



Plasmais a minimum energy state

 RFP bifurcated state has lower energy (preferred) than
comparable axis-symmetric state

x 10°
Pyt A -

Energy difference

R between axisymmetric
40427 1 S and helical ideal MHD
solutions (same g profile]

el N g
g
20 4.0387 .
o
= 4.036 :
;3 4034 = MRXMHD (Full 3D)
A = MRXMHD (Axisymmetric)

4.032r = = =Ideal MHD (Full 3D)

403k - Ic?em MHD {Axisymfnetric}l « Taylor (single-volume)
"""" Single—volume solution solution
4.028 ' ' =
0 0.2 0.4 0.6 0.8

ldeal MHD flux surface chosen as ideal barrier



Spontaneously formed helical states

“Experimental” Poincaré plot

[Fig. 6 of P. Martin et
al., Nuclear Fusion 49,
104019 (2009)]

Double-Helical _ Single Helical
Axis state ~ Axis state
MRXMHD
Poincaré plot
G. R. Dennis
PRL

Soft X-ray data

DAx state SHAx state Axisymmetric
multinle-helicitv state



VMEC / SPEC comparison reveals chaos

Different toroidal cross-sections at A

I in'.l



Recent progress in MRXMHD

e Extended MRxMHD to include non-zero plasma flow
[G.R. Dennis, S.R. Hudson, R.L. Dewar, M.J. Hole, sub. Phys Plas. 15/01/2014]

» Generalized straight field line coordinates concept to fully 3D

plasmas
[R. L. Dewar, S. R. Hudson, A. Gibson, Plasma Phys. Control. Fusion, 55, 014004, 2013]

 Related helical bifurcation of a Taylor relaxed state to a tearing

mode
[Z. Yoshida and R. L. Dewar , J. Phys. A: Math. Theor. 45, 365502, 2012]

» Related ghost surfaces and isotherms in chaotic fields
[S. R. Hudson and J. Breslau, Phys. Rev. Let., 100, 095001, 2008]

* Developed techniques to establish pressure jump a surface can

support.
[M. McGann, ANU PhD thesis, 2013]



Recent progress in MRXMHD

« Computed the high-n stability of a pressure discontinuity in a 3D

plasma.
[D. Barmaz, ANU Masters Thesis 2011]

* Developed “plasmoids”, representing partial magnetic island

chains
[R. L. Dewar et al, Phys. Plas. 20, 0832901, 2013.]



Conclusions

Anisotropy

Extended EFIT++ to include anisotropy and flow
Code benchmarked to Extended Soloviev
Demonstrated strong dependence of J, with anisotropy

Extended HELENA to include anisotropy: examined
components of J, and variation of p with flux surfaces

Developed new single adiabatic stability model,
Incompressible stability treatment and stability code.

MRxMHD

Introduced/ motivated multi-region relaxed MHD, and SPEC
3D MHD code

Described helical axis RFP with 2-interface MRXMHD model
Summarised recent developments and directions






Constraining the flux functions to
transport codes or experiment
F ). Q) H).T,),60);

« TRANSP computes f(E,A): Moments give p,, p;, Uy,
e Dependency of flux functions on (R,Z) mesh

(R;,Z;)

T(R,Z — Pj\fi,4i
o2 = 180) im0
F(R;, Z;) = RiBy(R;, Z))|1 — AR, Z;)]

ve(Ri,Z;)
QR Z;) = =

o PiRuZ) (P RuZDPIRZ)Y Ve (RiZ)

HR;, Z;) = p(Ry,Z;) ln( popL(RiZ;) ) 2

p(Ry,Z)B(R,Z;) (%)P(Ri,zi)B(Ri,Zi)

()
B(Riyzi) — p||(Ri:Zi) pi(RiZ;)




Analytic extension to Soloviev

A. G-S Soloviev solution

1 2
= [:r. — € (1- Igjl] +
(1 — 7€ ) 1+ er2(2 + ex)] (E)
(REB{}> -
u!‘ — '!.n_'!
o
R=ar+ RD

F5(¥) = F*[1 - ¢] + RyB;



Analytic extension to Soloviev

A. G-S Soloviev solution B. G-S with flow, anisotropy

pL =pi(R, B, vY)

1 2
= [:r. — —€ {1 — IE)] + A 72
: V. K“’)] __F Vylog(l— A) =

R?

1 7 ) 1 2 (1 —_.-3}2
(1 — 15‘) 1+ etz (24 ex)] (E) 1 (3pj_) _ F)F'(y)
HEB (]- — -l) b BR RZ{I _ .3)2
N 0\ 7 ..
VY= ( a ) Y (%) - _ pRO(1h)?
=+l oL\ o #)

ps(¥) =p'[1 — Y]

F2(§) = F2[1 — 3] + R2B2 To maintain same g geometry as A

keep p,’ () and F'(y) same, while
satisfying (#). Choose

. 1 2 A
PL(R,B.Y) = 3po0 R — =

1 . Ao -
p'(R* B.,?_.'J}I — Eﬂﬂﬂﬁﬁ'“ + ?I:]Bh + H(]pg{'i{i-‘)

F2 () = o3 F3(¥)

B? + oops(v¥)



Analytic extension to Soloviev

A. G-S Soloviev solution B. G-S with flow, anisotropy

p1L =piL(R, B, ¢Y)

Vi F2? N
v KF‘ ﬂ (1 _ﬂ}szlﬂg{l —A) =

b — [3_15[1—1 )r+

1, A |
I_EE 1+ etz (2 + ex)] (ﬂ_) 1 (;jpl) _ F)F'(¥)
2 1-A)\ 9 /pr R}(1-A)
'E.‘ o Ifl"B.[]. L'_‘ 3}.) _
b=\ )Y (%) =erow)
R =axr — R 0 ap_- AR (#)
4 =ay (E)LR:_Q‘
ps(¥) =p'1 =] o
F2(§) = F2[1 — 3] + R2B2 To maintain same Y geometry as A
o ' keep p,’(y) and F’(y) same, while
 Solution exhibits de-coupling of satisfying (#). Choose
magnetic and pressure surfaces, but . A
functional dependence of pressurein  p,(R,B,v) = E‘G”n R* — —”B + oops (V)
analytical solution unrealistic A v , |
because of lack of transport physics 71U B¢ =57 o2 R + _B +oo0ps(¥)

i.e. pL(p,B, W) p=TL(B,p), as in F?(¢) = o3 F3(¥)
EFIT TENSOR.



J, a strong function of anisotropy

|sntru::p|c

x 10°

x 10° anisotropic
15— : : :
— 10
=
=
| 5 ]
EFIT TENSOR
+ analytical
D L L L L L
4 ) 6 7 8
R (m)

¥ 10° |5c-tmp|c

% 10° anisofropic

e.g. ITER-like plasma

€ 0.4
o 1
T 1
Ro 6 m
BD JT
o' -3
0 1x 1077

Qo | 0Dor 7x 10°rad g1
Ag Dor4dx 1073

I, 16 MA
q* 1.6
,3?3, 1.0
Br 0.07

P, a good match
between EFIT
TENSOR and analytic
working,

however

J, very different —
iInferred magnetic
topology can be
radically different



P, Py, flow from f(E,A) moments

r/a=0.25

r 1of | NUBEf\M get_fbm 18696 solams | | E = 0.5my> V” — veos i
=251 00 L
3 n :f f f(E, A)dALdE
o 2 0 —1
E oo 1 .
é 157 nu| = f f v f(E,A)dLdE
3 4| 0o J-i
o 20 1 R
“ o5/ P sz / (vy —u)*F(E, 1) drLdE

A 2 '
105 pJ__—/ / tj_f(E A)dAdE.
[35th EPS 2008; M.K.Lilley etal] =~ Thermal population

parallel velocity

v, >V, In disitribution function, however...
P, computed with subtracted u, = p;<p,

In single fluid limit, need to add thermal species and
recompute moments to get complete anisotropy.
[M J Hole, G von Nessi, M Fitzgerald, K G McClements, J Svensson, PPCF 53 (2011) 074021]



Generalised Taylor Relaxation:
Multiple Relaxed Region MHD (MRXMHD) R.L. Dewar

e Assume each Invariant tori |, act as ideal MHD barriers to
relaxation, so that Taylor constraints are localized to subregions.

New system comprises: \ d
» N plasma regions P; in relaxed states.
» Regions separated by ideal MHD barrier |. y )e
» Enclosed by a vacuum V, V
W
» Encased in a perfectly conducting wall W
, P : VxB=yuB
B P 3
w, = [ + dr P, = constant
"2y, v -1
[, : B-n =0
H, = [ (A -B)dr® [P + B2 /(244,)]] = 0
Seek minimum energy state: Ve VxB=0
N V-B=0
F=> W —uH, /2
;(I A ) W B.n =0



Ongoing work/ plans for MRxMHD (1)

* Free-boundary extension: including vacuum
region and external conductors

Enables calculation of stabllity to external modes and
response due to Resonant Magnetic Perturbation (RMP)
colils — designed to kill Edge Localised Modes (ELMS)

Filamentary structures during
an ELM in MAST with the
magnetic field lines overlaid.




Ongoing work/ plans for MRxMHD (1)

* Free-boundary extension: including vacuum
region and external conductors

Enables calculation of stabllity to external modes and
response due to Resonant Magnetic Perturbation (RMP)
colils — designed to kill Edge Localised Modes (ELMS)

Filamentary structures during
an ELM in MAST with the
magnetic field lines overlaid.

(a) prototype calculation by S. Hudson performed for an
illustrative cross-section with a large perturbation

(b) lobe structure observed in MAST in divertor target
region during RMP.

[A. Kirk et al, Plasma Phys. Control. Fusion 55, 124003, 2013]



Ongoing work/ plans for MRxMHD (2)

« Each region is relaxed, but boundary interfaces can be
unstable to island formation, and support pressure jumps,
currents:

» Determine interface disruption-limit by island formation

» Global stability of MRXMHD equilibria — determine stability to formation
of islands and chaotic fields.

» Impact of flow-shear on ELMs stability in RMP modified plasmas.

« Explanation of helical states exist in tokamaks form an
energy principle: islands, “long-lived” modes, sawteeth

Fishbone oscillations (bursty, up to 0.28s)
that initiate a long-living n = 1 kink mode
(at frequency 30 kHz) in MAST discharge
#16038.

Frequency (kHz)
LogdB (a.u.)

024 026 028 030 032 034 036

Time (s) [B N Breizman, S E Sharapov, PPCF, 53, 054001, 2011]



Single-adiabatic model

 Extending the MHD model to anisotropy

— Isotropic perturbed pressure ~p and assuming
zero net heat flow. The perturbation p~ Is
ISotropic

Po+ P, =p, I+ (py—pL)bb +pl =

p, +P 0 0
0 p, +p 0 = L~
0 0 Dy + P — ij— T
Irv-Q—90

Assumes zero net heat flow Tl‘ ;:r — [:}



Generalizing to Anisotropic plasma

(non-compressional)

 The Lagrangian perturbed distribution function is

fpounce K fmode = CGL

Zero
The fluid ¢
P, = —&n
Pl = _an

Osure equatlons ar@bte for Matthew: this equation has
1.magnetic drift effect (only EXB dr

[Op| Oln B 2. non-local resonance and Laudat
o () —pL) 5 } 3. FOW and FLR effects
L O " otherwise you need more complica
[ Op1 i .O0lnB LOF,
(E}n_ — (ZP'J_ + {!} an. c= Z M, {” ;JB d—dyde

*A B Mikhailovskii, Instabilities in a confined plasma, IOP publishing (1998)



Impact of anisotropy & flow on stability

« MHD cannot deal with anisotropy d E ) _ 0
— MHD pressure s isotropic:, p, and p, are Comblned‘“ 0%/
indisitnighuisbal. P =
x Parallel heat flow Is extreme due to streaming

particles
x Kinetic effects are significant (Landau damping)

e Use a fluid model as a first approximation:
— New Single adiabatic (SA) model extension to MHD
d p.l.) 0

— Double-adiabatic (CGL) 7\oB
» Collisionless, p, and p, doing independent work d(p Bz)
0 = 0.

« No streaming particle heat flow i\ p?

e Does not reduce to MHD in the isotropic limit i[ pL J=0
— Double-polytropic law j pB;;__ll
« Extension of CGL but not physically solid E[mpn ]=°

— Going to higher order moments and truncate at arbitrary order
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