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NSTX microtearing instability exhibits thresholds in electron
temperature gradient and beta, collisionality important

(1) Apparent threshold in VT, (a/L+o)i:=1.3-1.5 (a/L
(2) Growth rates depend on v, non-monotonically
(3) Lowering beta stabilizes microtearing

=2.7)

Te,exp

All three VT, B¢, Ve
appear to be important

Linear growth rates (y-a/c,) from gyrokinetic simulations
for NSTX 120968 t=0.56 s r/a=0.6
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Experimental motivation

* Microtearing modes predicted to be linearly unstable in many devices:
— high beta spherical tokamaks (NSTX, MAST)
— conventional tokamaks (ASDEX-UG, DIII-D, JET, possibly ITER edge)
— reversed field pinches (RFX, MST)

« Important to determine:
(1) whether they cause significant transport
(2) whether they matter for next generation devices (NSTX-U, ST-FNSF, ITER)

= Want to better understand:
(1) Linear stability
(2) Nonlinear saturation
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Overview

« MHD & resistive tearing instability

« Schematic of magnetic drift wave & linear microtearing
Instability due to time-dependent thermal force

« Examples from linear gyrokinetic simulations

« Transport and stochasticity in nonlinear simulations
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Tokamak review: ldeal MHD equilibrium (JxB=VP) gives
nested flux surfaces with helical field lines

- External coils establish B, @) A
« Plasma current gives By Bo

« Helical pitch characterized by

safety factor, g
_ toroidal transits

~ poloidal transits

« Low beta, high aspect ratio (R/a)
limit: rB
q=—"
RB,

 We're interested in perturbations
with toroidal, poloidal mode
numbers (n,m)

A = A(r)cos(mO —ngp — wt)

_ _ _ Often interested in behavior near
A =A(r)exp(imB—ine —iwmt) rational surfaces (where g=m/n)
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With infinite conductivity plasma topology remains

unchanged
. Idefcjl Ohms law leads to “frozen E+vxB=0] p
flux @z—VxE —>E=Vx(V><B)
« Perturbations can occur but field ot
lines tied to plasma
E+vxB=nJ]
* Finite resistivity allows field to —=-VxE } >—=Vx(vxB)+—V°B
diffuse o A Ho
Hod =VxB

* Over equilibrium scales (V~1/L)

diffusion is very slow, R, = VX (xB) _VLio g5 _qp
characterized by magnetic Ny N
Reynolds numbers Ho

 Resistive effects can be much
faster if they occur over much
shorter scale, V << L
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Tearing/reconnection of field lines can occur with sheared
magnetic field and finite resistivity

« Islands can form which flatten T, profile (from fast parallel conduction), degrade confinement,
cause other bad things to happen (neoclassical tearing modes)

Finite dBgy/dr
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Let’s consider a resistive tearing instability for chosen (n,m)
[Wesson, 6.8; Goldston Ch. 20]

* Resistive instability can be driven by equilibrium current gradient (VJ,)

* Inner region near the rational surface q(r;)=m/n must be solved including
resistive Ohm’s law (n/u,V2?B)

« |deal equations are sufficient “far enough” outside the inner layer

= Two regions solved separately, then matched at boundaries to solve
perturbation structure and growth rate

—

il

Wesson 6.8

Fs r
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Perturbed outer region determined entirely by ideal force
balance JxB=VP

JXxB=-Vp, —> UxjxB=0. —> B-Vj—j.VB=0,

. . 1 dBy
Linearize and By ~ €By ~ By Bg ~ e ~ £By
assume low 3, o~ i o ri d
high R/a dr1 7= Jer ™ £l Jo ~ &jg

. . N . . Equation for ideal outer
(B Vjsh =0. B-Vjg+B1-Vig=0| o

\ Stability determined by

equilibrium current
gradient, VJ,
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Expand equilibrium gradient of perturbed toroidal current

B:Vj,u+B)-Vijy=0 Equation for ideal
¢ outer region

Disappears at

. / rational surface,
A q(ry)=m/n

gR %o ~ m-nq(r) |~

»—>B-V] ~ B(p( i,

¢ @
vol 0,4 +1ié6:__”é +mée gR
Rop * rob R ° r 7
: 1 ?
Hojy = (VxB), =(VxVxA), :—ViA” :[—s raa + m2 jAl Ampere’s law
For or r

—_ . 2
B-Vj(p ~B m—nq(r) —1 g r g + m2 A|| First term
U oR ror or r
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Expand perturbed gradient of equilibrium toroidal current

B'vf¢1+Bl'vj¢=0

Equation for ideal

outer region

o

m~
—A
r

o
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Equilibrium current in the ideal outer region determines
Instability, given by A’

B-Vjsy+B1:Vijs=0 Equation for ideal
¢ outer region

!

B(p(m—nCI(r)J( 10 0 m2 jA +(mAjVJO:O
gR ror ar r r

16 8~ m°~ Vi, ~ Competition between

_8_ gA” :r—2A|| + B nq(r) A|| destabilization from current
6(1_ q j gradient and stabilization
U m from field line bending

We care about the solution of B, (~dA,/dr) as we approach the rational surface
from either side, usually given in the form of the tearing parameter, A’

A|’| r,+0 A” r,—o0
A'= :

AII
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Solution to inner layer provides relation between growth rate
and A’

« Must include resistivity in Ohm’s law and inertia in momentum equation

« Also assuming radial scale length much smaller than poloidal
(d?/dr>>m?/r?)

N

B vx(vxB)+-LvB

n4/5 ' 215
x dv o r—>  [¥=0.55 (a?ﬁs )2/5 (n%aq j
Vx(pE:jXB—ij a

TR Ta

J

A’ >0 necessary for instability
« Also requires positive magnetic shear >0
« Grows on a hybrid time scale between resistive and Alfvenic

a2

/iy,
a  a
VA B(p /(Mop)llz

TR

Ta =
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Stabilization from field line bending dominates microscopic
perturbations (large n,m)

10 0~ m =~ Vi, =

r =— A
ror or ' 2 1 B, (1_ nq(r)j I
m

* For large m, solutions go like A~r"™ (r<rs) and A~r™ (r>r)

A =22 Gimit of high m)
I

— Resistive tearing modes always stable in high m,n limit

« Some other mechanism(s) required to drive microtearing instabilities...

« Parallel current is important, let’'s consider parallel electron momentum
equation in the Braginskii (fluid) limit, o<<(k;V¢)?/ve, Kjh<<1
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Fluid limit of parallel electron momentum

dv
e __ 2
n.m, E = —V”pe — neeE|| +(n.e)'n(v,—v,) - ocTneV”Te gfggynesllgi'ectron momentum

(1965)
Inertia pressure electric field resistivity thermal force
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Fluid limit of parallel electron momentum

dv
neme & _ —V”pe — neeE” + (nee)zn(vi — Ve) — aTnev T Parallel electron momentum

l"e  Braginski
(1965)

dt

Inertia pressure electric field resistivity thermal force

Assuming (n,m) perturbations around surfaces with rational q
Linearize parallel gradients allowing for magnetic perturbations, B =ik/A,

e.g. V||pe — V||,O'r5e +V||pe,0

B,-V [(m-nq(r)) . -~ B.vV ik.A
Vip=—02—= =ik, (r = |
Chr-y ( R ) ((r) \Y \V
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Fluid limit of parallel electron momentum

dv )
nm, & = =V)p, = NeE, +(Ne)N(V, ~V,) =0 VT, - Cactelckeson momenr

(1965)
Inertia pressure electric field resistivity thermal force

« Assuming (n,m) perturbations around surfaces with rational g
* Linearize parallel gradients allowing for magnetic perturbations, B,=ik A,

e.g. V||pe — V||,O'r5e +V||pe,0

’ Il r
B, R B, B,
. o . "
- Do same for T, and V¢ in E, E = _EA” -Vio=10A-K o

In simplest limit, ignore electron inertia and resistivity (m./m; smaller)
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Very near the rational surface the equilibrium parallel
gradient vanishes, k; (r)—0

L~ K /Z\” Ik 'Z\II
O:_|k||pe B VrpeO n e(I(D'A\II Ik”([)) AN Ik T + B VrTe’O

~ ~

IK yAII - A K yAII
k,(r)—0 as q(r)»>m/n 0=-— 5 Vrpe’o — neem)A” —aN, 5 VrTe,O
V. = _Vpe,o
— *n T B
0=(0—k Vi, —K Vir)A, Ne€
-VT,,
Vir = ’
eB

* Ignoring radial variations around the rational surface, parallel pressure
and thermal force simply balanced by inductive electric field (E=-dA,/dt),
establishing a finite frequency, drift wave like magnetic perturbation
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Schematic of magnetic drift wave propagation —imagine an
Infinitesimal magnetic perturbation at a resonant g=m/n

V.e.=bxVP./(-e)B
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A parallel pressure gradient occurs in the presence of an
equilibrium radial pressure gradient

- B, Vp,, ik ’Z‘n
V”peO: Bo Oz éo VrpeO

V.e.=bxVP./(-e)B
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A parallel electric field is rapidly established to balance the
pressure gradient force

neeE|| = —V”peo

V.e.=bxVP./(-e)B
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Only an

inductive electric field as we’re not allowing for
electrostatic perturbations

V.e.=bxVP./(-e)B

@ NSTX-U
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Inductive field causes dB/dt out of phase with B which
propagates perturbation in electron drift direction

dB, d dA,
Establishes a dt dy
y propagating wave,
but still no instability E dA /dt  dB/dt

V.e.=bxVP./(-e)B X
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Accounting for finite perturbation width introduces
corrections from k(r) and stabilization from A’

_~

- kA il ,‘5\
neme%:—ik”pe 5 YV ly Peo—Ne(I0A, —ik @) +n.enj, —on {“( T + - R v ]

!

q o2 <Ampere’s law
2
NeMe —— e —nN enJ” e iL —2_k32/ A, Wj,=-V2A =— a——k2 A
dt m, | X oJ I PWE I
A'—-2m/r=-2k,

Accounting for inertia and resistivity requires solving for radial structure

and matching to ideal outer region solution which gives stabilizing
Influence

« So what causes instability?
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Thermal force (Braginskii, 1965)

- Braginskii limit, collisional/fluid-like, very slow perturbations, o<<k2vys%/v,
*  Electrons experience drag from ions F=-nm,_(v,—V,)v,
« If T, gradient exists, drag varies spatially

| T2 k”kmfp <<1
V, =+HVq,| — Vi =—|vg,|
- T F"=n,m, |V |v;
F —neme‘VTe‘Ve ............................. =Nn,m, |V, Ve
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25



Thermal force (Braginskii, 1965)

- Braginskii limit, collisional/fluid-like, very slow perturbations, o<<k2vys%/v,
*  Electrons experience drag from ions F=-nm,_(v,—V,)v,

« If T, gradient exists, drag varies spatially

Te(2)

N

k”kmfp <<1

v

V; _ +‘VT9‘ ............................ Ve — _‘VTe‘

F = _neme‘vTe ‘V; S F* = neme‘VTe‘Ve

Ry=F +F =nmyv (v, —v;)

o

e (—EE]VHT ~1.5n,V,T,
=

e’ |

@ NSTX-U PPPL Graduate Student Seminar (Guttenfelder) March 25, 2013
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Thermal force (Braginskii, 1965)

Braginskii limit, collisional/fluid-like, very slow perturbations, o<<k2vye%/v,
Electrons experience drag from ions F=-nm,(v, —V,)v,
If T, gradient exists, drag varies spatially

Ry =F +F =nmyv, (v -v;)

(vi-v])~ jdz[

N

v

V, =+HVq,|

-

do,

J&

= _neme ‘VTe ‘V;

ol 25

,=-15n,V,T, =

Te(2)

k”kmfp <<1

*Ry independent of collision rate although

it depends explicitly on e-i collisions
«e-e collisions modify o

Ry =
o; =071->15 for

—oN VT,

Z =1—>w

PPPL Graduate Student Seminar (Guttenfelder)
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Time-dependent thermal force (as described by A. Hassam,
1980)

Slightly less restrictive constraint, ®<<v,, 2" order Chapman-Enskog expansion

While electrons equilibrate on a time scale (v, ') faster than T, varies (o), a small fraction will
lag behind, adding a small correction (~i®/v,)

NSTX-U PPPL Graduate Student Seminar (Guttenfelder) March 25, 2013
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Time-dependent thermal force (as described by A. Hassam,
1980)

« Slightly less restrictive constraint, o<<v,, 2"4 order Chapman-Enskog expansion

« While electrons equilibrate on a time scale (v,!) faster than T, varies (o), a small fraction will
lag behind, adding a small correction (~i®/v,)

Vo[ 3V
RT”znemeVTe T ( E?]V||T

e €

— RT|| = —ocTneVTe(H i UgocTD j

RAT . R VI . o
Tat e TavT at v

( ) At =

Finite frequency of mode
O~ W+, IS IMportant
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Similar effect occurs due to changing gradient

o r (nrrne,)

3 m \ B
=-nek, -V, Pe= {HE]EH i, [l + Ea#(nﬂEE) a' lnT.g]
(Hassam, 1980)
Ja’ 8 o' B
-anV, T, (1 - EIHTE-— o Eln(?“TE]) . (3)

Ve e

Te(z,)

« Time lag corrections also in inertia and resistive terms
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Time lag of thermal force now allows for instability

*  ky(N—>0asq(r)-»>m/n

~

K yAII
B

.~ K A, 10
0=- V. Peo —NIOA — o N, 5 V. T, | 1+—
L

Instability requires:

® efi
v finite o, (TDTF)
€ finite VT, (TF)

finite B, (couple to 5B,)
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A’ (field line bending) still provides stabilizing influence

n.m,

dv, . =
—t - _Ik||pe -

—Neenj ~

ik, A,

K /Z\” o)
VP —N(ioA —ik,p) +n.enj, —an, |kT +— 5 V. Tl 1+—

Ve

i

(lo—v,)

m,( o0
m (y"‘i]’*'

A’—>—2m/r=—2ky

Y r O —+ A (K 5 )

€

Finite threshold for instability
Depends on magnetic shear and stuff

@ NSTX-U
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VT part gives wave propagation like VP

y neeE” = RT,” —wave propagation

I

V.e.=bxVP./(-e)B
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Time dependent part gives a lag contribution

V.e.=bxVP./(-e)B

@ NSTX-U
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Time dependent part gives a lag contribution

dR i®
neg, =—""
y dt %

V.e.=bxVP./(-e)B
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Inductive field dB/dt from time lag thermal force adds in-
phase to initial perturbation — linear growth

dA,
at !
y dB, _ d(dA,
dt  dt| dy

dA”/dt dB /dt

V.e.=bxVP./(-e)B
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Collisionality dependence from TDTF predicted at high

collisionality

« Peaky occurs for v¥i/o ~ 1-6
« Experimental values often v&//m <=1,

NSTX growth rates

0_25 T T IIIIII| T T IIIIII| T T T T TTTT « . . . » .
i ] semi-collisional” regime
i NSTX 120968A02 r/a=0.6 1 of Drake & Lee (1997)’
0.2 7 VeI>>0 (& Aj<ps)
0.15] - y-olve!
g 0 ] /
O - pZ
= 01k N Hassam (1980) fluid approach
0.051 :
0 i 1 1 111111 | 1 1 111111 | 1 1 1111 I_
107 10" 10° 10’
(Vei'a/CS) -~ ne/-l-e2
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Experimental values often more weakly-collisional

« Peaky occurs for v¥i/o ~ 1-6

« Experimental values often v&//m <=1,

weakly-collisional regime,
veli<o 0.25

~yefi
Y ve |/(»0 \02

Requires improved (numerical)

kinetic treatment: 015
°

Slab examples: o’
Hazeltine et al. (1975) = 01
Gladd et al. (1980) '
D’lppolito et al. (1980)
Rosenberg et al. (1980)

0.05

Gyrokinetic torus examples:

Redi et al. (2003-2005)

Roach et al. (2005) 0
Applegate et al. (2006/2007)
Wong et al. (2007/2008)
Told et al. (2008)

Predebon et al. (2010)

-
o

NSTX growth rates

NSTX 120968A02 r/a=0.6

/

e

T R L N IR B

|
[\V)

10™ 10°
(Vei'a/CS) -~ ne/-l-e2

10

“semi-collisional” regime

of Drake & Lee (1997),
Vei>>0 (& A<py)

Y~o/ve!

Hassam (1980) fluid approach

@ NSTX-U
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Non-monotonic v, scaling consistent with time-dependent
thermal force (TDTF) when treated kinetically

RT - -OLT'neVTe

« Fully kKinetic (Hazeltine et al., 1975; Gladd et al., 1980; D’lppolito et al., 1980;
Rosenberg et al., 1980) .
1+]i-0.54(w/v,)

0<o/vg <o, Kid <<l o () = 0.8
e r(©) 1+ 0.29(c/v,)?

* Makes assumptions on inner layer width (A>r;) and mean free path (kA <<1) that
are typically violated in hot core of tokamaks

* In addition, other “flavors” of microtearing modes exist such as purely collisionless
often near the plasma edge, possibly driven by VB/k drifts [Canik, IAEA 2012;
Dickinson, arXiv; Predebon, arXiv; Carmody, arXiv], or stable microtearing modes
driven non-linearly [Hatch, 2012]

= Missing unified analytic (or semi-analytic) theory for understanding and modeling
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Linear mode structure in perpendicular plane illustrates key
microtearing mode features

« Narrow resonant current channel (=0.3p.~1.4 mm) centered on rational surface

X-y perpendicular plane (6=0)

Jj
w2
Jl_‘_-—

v (9
05  x(p) 05

174p—— 17—
170k m/n=42/25

1.7F

1.68F

1.66+
05 x() 05
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Linear mode structure in perpendicular plane illustrates key
microtearing mode features

* Narrow resonant current channel (=0.3p.~1.4 mm) centered on rational surface
*  Finite (A, (resonant tearing parity), strongly ballooning

X-y perpendicular plane (6=0)

“ballooning” space A

kr (9) = §k6 (9 _90)

6

y (ps)

12 pg

[rrrrrrrrr [T T
0.4r t - - - ImA] _
0.2 ll‘ 2 o
0 >
-02 '_- -------- [ TT\[ ....... Lt ._' 168E
-10 -5 0 5 10 . N
0/m .
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Linear mode structure in perpendicular plane illustrates key
microtearing mode features

* Narrow resonant current channel (=0.3p.~1.4 mm) centered on rational surface
 Finite (A), (resonant tearing parity), strongly ballooning

* Narrow n, & T, perturbations . &
* Nearly unmagnetized/adiabatic ion response = e ~ =Ly (—j

T.

1
X-y perpendicular plane (6=0)

“ballooning” space

6
6

kr (9) = §k6 (9 _90)

Re[¢] = &
___|m[4?] > -
it
g 1 © ©
L N x(p) 05
- 10
~ah © © 1,74 pr——p— e
e
[”] 1.72¢
ImIA ] _ l
o2 3 ”7
_ s S
_: . 1I68_
10 “-’ © 166+
X(p) 05 — 05 x(p) 05 — 05  x(p) 05
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Linear mode structure in NSTX toroidal (R,Z) plane

0.15

0.1

0.05

-0.05

Z (m)

-0.1

-0.15

-0.2

-0.25

-0.3

Nonuniform poloidal structure (comparing inboard and outboard perturbations)
Density perturbations radially narrow, extended vertically on outboard side

density
t =63 ¢ = 0 degrees

k6p5~1

/

al Al density

t=63 ¢ =0 degrees t=63 ¢ =0 degrees t=63 ¢ =0 degrees
N ‘ T T ' T T ' T \4_ [T T T ' T T ' T T ' T 1T 1] [T T T ‘ T T ' T T ' T \4_
C y 1E “...-k ] - -~y ]
2 y’ F 1 F ~/ E
=AY Eld ER Y. (4 E
N "’ 1r N - ~r ]
S ElS 1 E
-y 1t | - :
— v — ] C -. -
= N 1t 1 .
- N 1 4 F W E
- “' 1F N - “‘ .
SR =1s 1 b W\ E
=N l: 1 W\ :
- = 1F ER - E
C ‘ﬂ‘ 1r ] - "-sii ]
E not to scale ‘ E L not to scale 1 E not to scale ‘} E
L1111 ‘ I | i I | i L 11 \Af ;\ | i L1 11 i | i | \; I ‘ L1 11 i L1 11 i | 11 \AF

057 058 059 0628 129 13 131  1.32 057 058 059 06

R (m) R (M) R (m)

not to scale
R EEEEE EEEEE RN
28 1.29 1.3 1.31 1
R (m)
P N
< re
4cm

.3

N\
2

47cm
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A, much stronger on outboard side (ballooning),

J stronger and narrower on inboard side
A Ve
05 T T . A s=3.0 05T 1
i 7 1 [T RRRREREN T ——1.74 I o =
L /,,’ | 1 "’l’
: @ | 0995 /
L ’ ] ' B " \
I ﬁ 0.991 _ M’,'
0 0.9851 E ok ‘
_ 5 0.98, N -_"“.‘; ’
$
S | %
S
) 0.3( I
_ S 7 _
055, . 0 . - : 050, .. Sesmenme oy
24 26 28 3 3.2 02: 24 26 28 3.2
R (m) - R (m)
0.1f
0:
2
» Analytic theories know nothing of these poloidal

variations
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Field line integration used to identify island growth

« OB, in linear run (arbitrary) determines w,,q ~ 0.4 ps

- Estimate using rms 6B,

g
) 1/2 4
%5, =25.10°° .
B a,0 Z
SB R 1/2 1
W:4.H ) r_A} _0.39p, 2 0
B Jim NS >~ |
= ;
2
-3
Wisland/LTe ~ 8'10-3 bUt 4
max(dT,/T,) ~ 4.5-104 5
= Additional drift dynamics

Important
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Predicted electron thermal transport comparable to
experiment

« Simulated transport (1.2 p.2c/a, 6 m?/s) comparable to experimental transport (1.0-1.6 p ’c /a)
« Well defined peak in transport spectra (k,p,~0.2), downshifted from maximum v;, (kyps~0.6)

Fractional transport spectra

Transport time series 15F ]
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B nn=8 (An=5), nr=400 | - C nn=16 (An=3), nr=540 ]
3+ nn=16 (An=3), nr=540 —| S -
- i ﬁ‘f 10 - .
g [ § 2 ]
O 2 W — ~ C ]
S \/\ 'J‘/ i OLD .
S exp. ] = C ]
L W WN ;M | o’ 5 — -

1 N‘\] h% <
: M = :
0 L | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ] E
0 200 400 t / 600 800 1 000 m 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 a
« . (alcy) 0 02 04 06 08 1

1ms kepS
K — nq equivalent toroidal
g =—
r mode numbers
n=[0,3,6,9...45]

* Negligible particle, momentum, or ion thermal transport
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~98% of transport due to magnetic “flutter” contribution

* Flux surfaces become distorted in linear phase (t=25)
* Globally stochastic in saturated phase, complete island overlap wig,.4(n) > r,,(N)

t=25 (linear phase) t=500 (saturated phase) ]
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* Unclear what sets overall saturation and scaling of 6B,/B
» Also of interest, what determines minimum numerical resolution Ax requirements?
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How can we experimentally identify microtearing modes?
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BES for density fluctuations
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May average over narrow radial
scale — requires synthetic
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function (D. Smith, BO4.2)
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Polarimetry for magnetic field fluctuations

 New UCLA polarimetry system (Zhang, 2013) Lt FT T T 20
«  Simulations suggest (5B/B), ema <0.1% may 1_BT0:3-5 kG 5B, (Gauss) |
be detectable (1-2° or ~0.3° rms mixer phase) - i 15
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Summary

* Microtearing modes predicted in many devices NSTX, MAST, ASDEX-UG, DIII-D, JET,
RFX, MST

« Initial nonlinear simulations suggest they could cause significant electron thermal transport

« Still lack of understanding in thresholds (a/L+,, Be), scaling with other parameters of interest
(Ve S), distinction of different instability drives (time-depedent thermal force, curvature/grad-
B drifts), saturation and non-linear scaling, ...

Possible future work:

1. Analytic theory improvements including:

(i) arbitrary o/v, and magnetic shear

(ii) toroidal effects, curv/grad-B, strong ballooning, trapped particles

(ii) influence of potential

(iv) prediction of (a/Ly., B,) thresholds as a function of relevant parameters (R/a, nu, s, q)
2. Improve understanding in saturation model (—improve transport models, e.g. TGLF)

— What sets nonlinear 6B,/B and how does it scale?
3. Develop & improve diagnostic measurement and interpretation

— How can we distinguish microtearing turbulence from others?
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