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Stochastic magnetic field

e The phenomenon of chaos of magnetic field lines is
known as magnetic stochasticity (or magnetic chaos)

® In early studies, magnetic @ . stochasiciayer
stochasticity is thought to be bad for
confinement due to the enhanced
radial transport of particles and
energy along the chaotic field lines.

® However, at end of 1970s, magnetic
stochasticity can be used to control \/D‘p”

the transport of energy and particles. R

— stochasticity as a positive: ergodic Typical Poincaré section

divertor concept of field lines in DIII-D like

plasmas




Stochastic magnetic field induced by RMP

e Most of today’'s tokamaks need to use RMP
(resonant magnetic perturbation) before L—H

transition, in order to mitigate/suppress large ELMs,
including first

e RMPs are thought to produce stochastic layer
near separatrix

e The stochastic B field observed to influence
— threshold and power
— Ve g and flows
— fluctuations



Motivation (why?)

e RMPs increase P;, of L—H transition (experiments on
DIlI-D, MAST, AUG and KSTAR).
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Here, stochastic B-field is
thought to be caused by
resonant 6B.
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Need model to elucidate the physical mechanism.

So, how stochastic B-field affects (vg)?




(E,) structure: reversal by RMPs

Radial Profile of ExB Velocity
Radial Electric Field DIII-D 4.5 w/wo RMP LCFS
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v E. reversal or ‘bifurcation’ : E, well reduced or inverted to
E.. hill with increasing RMP. Edge E,. shear layer sits In
stochastic field region.

v Clear Change in E;. due to increase of RMP field



Reduced toroidal/poloidal flow by RMPs

L. Schmitz et al NF 2019 Kriete, PoP 2020
Toroidal Rotation
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mm) Clear effect on flows, and would further affect
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Fluctuations point: RMPs degrade energy transfer
to mean flows prior to L-H transition

/ Energy balance between \
turbulence and mean flow'?2

Mean flow energy: E; = %nom,-(ﬁg)z

Turbulent flow energy: E; = %nomi(('ﬁf) + (ﬁg))

T\hermal free energy: E; = %nOTeo(ﬁe /np)? j

v’ E5 increases prior to L-H in
axisymmetric case

v E; decreases due to RMPs,
but total turbulent energy only
changes slightly

v Power transfer to zonal flow
decreases

Kriete, PoP 2020
Mean flow energy E;

1-5 L | | |
— no MPs
1.2F — non-res. MPs
— P
0.9l resonant MPs

Ey (J/m?)

. Total turbulent energy E; + E5;

# Need more power to supply sufficient energy to the mean flow



Reduced Reynold stress/force by RMP

Kriete, PoP 2020
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v' Increase Ipgp reduces v" RMP reduces Reynold force in L-
Reynold force. mode, thus increasing power

required for H-mode.

mm) Effects of RMP on transition? <« Model !



Model — (E.) as critical

® Goal: ascertain change due to RMP
mean field model for (E,) and (v)

— Radial force balance equation: (E,.) is determined by

(VP;)
- (Vo)Bg + (V) Bo

! 1

Diamagnetic drift Poloi\dal rotation Toroidalll rotation

Ie, Q; Jr) <—>Y(5r59>

—Direct effect of |b,-|> on turbulence discussed later. Take
turbulence as electrostatic in L-mode.

(Er> —

—Prescribe stochastic B-field
10



(J,) is key to L—H trigger mechanism

Ve shearing feedback (mainly VP)

. ——
L—H transition: 4 “trigger” due to {J..)

® Several candidates for (J,.)

—Radial flux of polarization charge — turbulence
Intensity gradient scale

ORI 0 |~ =
p2(D,.Vip) - E(VQVT) . Reynolds force
Critical Reynolds work criterion [Rich literatures: Diamond, Tynan et al ]

- I ' I ) [S-I. Itoh, et al PRL, 60
neoclassical polarization — pg; scale (1988) 2761

—orbit loss - POiserrnn- [K.C.Shaing, PoF B: Plasma Physics 4 (1992) 171]

— New player here: (J,.) = _U'fr)

stochastic field intensity profile scale, how enters?



Common element: (J..) induced by stochastic B-field

® Ambipolarity breaking due to stochastic field = (/)

<jll Er)

B

(Jr) = <ﬁ| ' 5r> = () = (Ill,e> + (i)

® From Ampere law: Ji = =7~ 24,

Stochastic field produces currents in plasmas
{JiBr) c [0 . (0% 0% .
_Vi=r/ _
Ur) =—p— = 4n3<ay‘4" (ax2+ay2>A">
c 9 [[f0 % d = c 0 j~ ~
= oG (5 A")> s 5 (BB
cB 0 |+ 7

Maxwell

Force
Note: (/) tracks momentum, not heat transport.
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Phase In Maxwell stress

® Maxwell stress (E,,Eg)zzmkﬁ(kxky)
k

> A, tilted by developing E x B flow

A
+V-VA=n]

ot

ke = kY =k, Vit,

B { shear }
=nJ te: fluctuations

> Thus, (B,By) = — Xy | A |? (k2Vitl)

Hence, Reynolds and Maxwell cross-phase closely
Inked.

F-19
30min

Chang-Chun Chen
University of California,
San Diego

On How Decoherence of Vorticity Flux by Stochastic Magnetic
Fields Quenches Zonal Flow Generation
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Stochastic B-field affects (V)

Maxwell stress
® ForVy: Turbulence  of stochastic field

Poloidal momentum balance Reynold stress perturbation

3 ~I~ , T By
— ~Ve) = Voneo) = 52 (T = (B o)

d(Vy)
ot

® ForSS: (Vg) = Vyneo — i%((v ‘7r> 4;0 <§r§9>)

., 1o I B?
— Oneo ,uar( TCE1+aV 4mtp

ith
! - aT; kQVE'ZDT
U= .uOO(1 + V. )vllq R VH neo ~ —1. 175 — (

i

O Vg phasing via tilt tends to align turbulence and stochastic B-field,
which counteracts the spin-up of (I/p).

O % b,|% not only |b,.|?, plays arole. 14

TcVE|b | )
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Stochastic B-field affects (V)

~

N4 ~ 1
® For V¢: <6t¢) +V- (Vr ¢> — ;UT)BH_FSM

2
7 17 d p5Cs r
VV —_ —_— V ) — — ) u— _—
( r ¢> Ao 67‘< ¢> Xp = XT Ly Sm Sanp( ZL%/[,dep)
Only consider diffusive term. G.B. Momentum source tracks
heat (from core).
o(Vy) 0 9 1 Bg 0 |5 =
= = — —
ot or (Xd) or <V¢>) t 4mp B Or <BTBQ> +5u
0 ( 0 ( ) vz By 0 <~ N ) Stochasticity edge
® ForSS: 72\ Xo A qu ) = —— b,.bg) — Sy toroidal velocity,
or or f B or <hear
: 1 [Toer VZ By -
—(V, =—— Sydr ————(b,-b B
# 6r< gb)lrsep Xo Jo Mar ,B)(qb B < r 9>|Tsep 9<]r>

v’ Force through radial current
across separatrix.
v’ Shear affected by stochasticity. 15

Integrated external torque
With (b,.bg) = k2Vitl|b,|?



Stochastic B-field affects electron density flux

on, 120
5t T 7o e =Sy

® For electron density :

* Dpeo = (me/mi)l/z)(i,neo

. on
with T, = —(D,., + D7) e, stoch - |
r b DTNbDGB Wlth b<1

a—71+d a+d, —1)?
Sp=1Iq 2 aexp(_( g ) )
Ldep 2Ldep

® The stochastic field can induce particle flux (n, = n;):

C ~ ~ - o~
Fe, stoch — E(bTVEAIO + n(‘/ll,ib‘r>

y <~! )
- b,J, bry,i .
with ( "> (brbg> phasing
c ~ c 9 7 7 Dp 8 ;~ ~ \ Via Vg tilt.
v E(bTVLA”) = —Eg(brbg) = —n?BE(b,,bg)

v’ n(V, ;b,): parallel ion flow along tilted field lines 16



Stochastic B-field affects electron density flux

® The stochastic field can induce particle flux :

C ~ ~ - o~
Lstocn = 4_7'[6 (br VJ%AII> + n<VII,ibr>

N N _ (Vi) /.
® Andfrom V”V” = O, U”’i"“ — br a7 (lk")

=7 (V)i (V)
- (b’rVII,i> — _DM, eff <a£ ) — _Zk<51%>k lac,effa_llﬂ

Modify [,. due to E X B shear

laclV’ C C
l — E ’ l —aR 1., = S __S
IS tacrtyy” 4e T Ve T e AVE] 1V

v Vyincen 1S NOt diffusive, induced by stochastic B field

v Flow gradient drives particle flux. .



lon heat flux with stochastic field

. M 10 0
For ion temperature :  n——+—— rQ;i) = Su

2 .2
. L4 . = & Vi
with Electrostatic Xineo 4 PsVii
. v noZ%*e* In A
Qi = _n()(i,neo + Xi,T)VTi + Qi stoch i 1/2.3/2

= 2
V3émegm, T,

CSZTC
) - = ()
ZL% dep ~XeB * 1

~3/2

7”2

Sy = Qanp(—

® The stochastic field affects ion heat flux :

- do(T;) -
Qi,stoch — jVII<Br5f>(V||2 + Vf) - = 67‘l \/Xll,iXJ_,i<b7%>lackJ_

o(T;) =2 0(T;)
= —V¢n,i Dy, effa_rl = —DB,iDM,/kia_rl

v’ Potentially important as threshold power is directly related to heat flux.
v' Power uptake determines turbulence and Reynolds force

18



Turbulence intensity

® For turbulence intensity :

9y _ 2 _ YL 1
atI (1+aV )01 BI” = 1= (1+aVg?)o B

(v, — growth rate, § — nonlinear decay rate, Vz — E X B shear rate)

1

VL . _
AraV?) B a=_—— 5 @ andoareadjustable.

C, R R C,
YL = YLo %) VLT (LT)CrLt VLo R Yo = 0.01

threshold

19



So, mean field "Predator-Prey” model

® RFB tion: (V) = 16(\7P ) a<v>+96(v)
equation: (Vg B 7 /n ) 7 3 \Vo
® Five field model:
G|
1 1= (1+;/;E2)0 — BI* Turbulence intensity
T.
aTl + ;E(TQ ) =Sy lontemperature |~ 24 nle
O~ (Vp)
on .
ey ~ 9 Electron densit
+r6r(rr)_ R \<V¢>

E 12
wor B2 ¢ E14qv] ATTP _
Poloidal flow

—

0 1 (Tse Vi Bg |7
5<V¢>|rsep — —Efo pSMdT' - B;(pf(ber)

2 n
3
@ <v9>=ve,neo+1i<ir Vg — s — 2LV |B,]?)
5

Toroidal flow

(/) directly related to I, and Maxwell stress in flows
20



The sources

r
Sy = Quexp(— 572 ) Lpgep = 0.15a Heat source
h,dep
2
a—-r+d, (Cl-l—da—T) Lgep = 0.1a ,
Sy, = exp(— ) Particle source
p a 12 212 d, =0
dep dep a
r? 1
S =S exp(— Momentum N T T
M a p( ZL%/I,dep) LM,dep = 0.15a [ Heat/momentum

0.8k source
* Now momentum source tracks heat, but :
with different coefficients 0.6

* Try to change the direction of rotation _
04
- - Perturbed [
|br| = |bo] I 3 magnetic field ool
(Laep =7)° 1, = 1054 Bl

 Adjust |by|, now use 10~4~10~3, may broaden oo =2

the width of stochastic layer by changing profile




| essons learned

B Novel (J..) enters due to Stochastic field

v' Generates Maxwell stress/force, which competes
with Reynolds stress/force

v’ Effects on
—flow (poloidal and toroidal velocity)
— phase
— transport (particle and thermal)
v" Reynolds and Maxwell phases linked by shearing

(b,bg) = kZViTl|by|?



Ongoing: toward to 1D solution

Q.(O) ), L
L > Reduced model as before, the
o Sy model with:
— ql qJ {J‘ ~
_,iqﬁ”q’:\,a v — |br|?
3 Y, W Y Amplitude; scale
IR ;e — Reduced RS in (Vp)
I
) v 0 Quenching the spin-up of Vg
I Stochastic N '
Ll o — Intrinsic torque in (V)
Sep;rcatrix — Effect of |b,|* on Q;, T,
Goals:

> Output the time evolution of |, Vi, Vg, n, T; for
L—H physics modified by stochastic B-field.

~ a ~
> Qi,crit(lbrlziglbrlz ------ ) 723



Conclusions

® Ambipolarity breaking = (b,.bg), contribute to (J,.)
® Both amplitude and profile of |b, | matter.
® V/ phasing = stochastic (b,.by) opposes turbulence (17.V;)
phase linked
® [ntrinsic toroidal torque, such that reversal or spin-up of
edge (V,,) occur with RMP, (b,.by) enters edge (V)

® |b,.|? can modify T; and n, profiles

24



Open Issues

Direct effect of stochasticity on turbulence (Ix v.s. [ V.S. l;;5p)

\ / Mode length

Cost of P;;, to obtain H-mode with E,. > 0 (E,- hill) =Trade-off

Collisionality scaling

for particle control?

RMP—island + stochastic region

25



Thank you very much !

G.T Katt
(UCSD, USA)
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