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Outline

Introduction:
— Why intrinsic rotation + weak shear?
— Intrinsic flow at zero shear: CSDX experiments; ion features

— Theory: Dynamical Symmetry Breaking in Collisional Drift Wave
turbulence

Symmetry Breaking in ITG turbulence at zero magnetic shear?

— PSF-ITG system

— Symmetry breaking in 3 instability regimes

— Summary: V'V, effects on ITG turbulence

Lesson for tokamaks: interaction with symmetry breaking based
on magnetic shear

— Rotation profiles



Intrinsic Rotation in Weak Shear

* JET: Weak shear AND Rotation = Enhanced confinement
* But external torque limited in ITER

* Need understand: Intrinsic rotation in weak shear regimes
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[P. Mantica, PRL, 2011; FIG. 4 (color online). ¢,%® vs R/Ly. at py, = 0.33 for similar
Rice, PRL, 2013] plasmas with different rotation and s values. 3



Intrinsic 7(v,) in Drift Wave Turbulence

e Axial flow in CSDX:
 Vngisfree energy source

P 1
* (vz> Nn_\7n0

0
- x 104 1.5mTorr
(9] T T T T
® O
0F O i
0®
5 f.. .
O
5 i
O
O : 1 1 : | : | :
0.2 0.3 0.4 0.5 0.6 0.7
L' (cm™)

(Zero magnetic shear)

* Compare:

* Intrinsic V{(v,) in C-Mod pedestal:

¢ A<U¢> ~ VT
[Rice, PRL, 2011]
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Theory of Intrinsic Rotation at Zero Shear

Intrinsic flow accelerated by residual stress (t;,¢ = —V - [1Res)
d{vy)
() = —xp—— + Vplwy) + T

Residual stress driven by turbulence, i.e. I3 ~ VP, VT, Vn,

l'[T" ~ (kgky) etc. requires symmetry breaking in kgk, space, at ZERO shear
- Dynamical symmetry breaking

Negative viscosity increment induced by [1%€S

— 8TIReS = |y 35|6(v,)" > Total viscosity: xg'* = xp — |X5°°]

— )((’;,Ot < 0 = Modulational growth of §(v,)’

Broader lesson for tokamaks

— Synergy of (vy)" self-amplification and [1Res

— (vg)' driven by typ), I1 Res(¥ny, VT), and enhanced by — |)(Res|
tngrFIRES (Vny,VT)
— ’U / ~

( ¢> Xp- |XRes




Compare Symmetry Breaking Mechanisms

Standard Symmetry Breaking

Dynamical Symmetry Breaking

Free energy

VT, VT,,Vng, .

Vny, VT,--electron drift waves

Symmetry
breaker

E}, I1(x), ..
All tied to magnetic field configuration

Test toroidal flow shear, §(vy)’;
No requirement for shear of B structure.

Effect on flow

Intrinsic torque, —d, I15¢

Res

Negative viscosity, —|x4 | driven by V'n,

Flow profile

Res

[1
(v">l — rll
Xo

Flow drive (e. g. Hfde,s, AP;)

W) = e V() — A%

Feedback loop

VT; + geometry

Heat flux

(magnetic shear)

Open loop l
(vy)' | dmm— 1508

Spectral
imbalance

Test flow
[shear 5(174,)’} = [
Self-amplification l
t Driven by Vn,

[Intrinsic flow, feed back}.[Residual stress}

on §(vg)’ I735° = x|
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lon Features in CSDX

e Mode Coexistence * T; profile steepening
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Questions

 What happens to ITG turbulence?
— How does V'V affect the ITG turbulence?

— Does ITG turbulence have dynamical symmetry
breaking?
* How does V'V induced symmetry breaking

interact with symmetry breaking by magnetic
shear?



PSF-ITG System

Fluid model with ion dissipation | -

d Va N
%(1 —V2))p+vg- 7 Y+ Vi =0,
/2'%

dg

o TVE VV) ==V = Vb
dt

VP T _
ot Vit Vi@ = 0.

F

1
T

2 free energy sources: VV, and V'T;

* Magnetic shear=0
- No correlation between parallel and
perpendicular directions
- Simplified geometry (cylindrical)

* Landau damping closure: Q= —x|noikTix.

(Hammett and Perkins, PRL, 1995) x| = 2v/2vrui/ (v/7 k)

* Dispersion relation:
AQP — (Co—V)Q—D =0

w

A=14kp2, 0= :
1 k:Q , |/€||Cs|
Co=1+ L+ KLps I, v/ = k(’kllpsCS%
T -~ kfez o’
= kel .
T|K|Cs T=—
I T
* Landau damping effect ignored
because
k UThi 1 .
Cs Cs VT

* Criterion for instability: , _ (D>2 - (CO—V')3 -0
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2A
Can be decoupled by limiting
E.g. consider two extreme cases:

relative scale length
Lr/Ly = 0,InTy/0,InV

VV,and V'T; are
coupled nonlinearly

« ITG Instability: 403 — D ~ 0, w ~ e2™/3(w kZc?/tA)">

* PSFI (parallel shear flow instability):

AR+ (V' = CA =0, w~e™2JV —(y/A
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Instability Regimes

Goal: decouple V'V, and V'T;

— Residual stress =2 )(éf,es
. thbot — ngTG + XgSFI + Xges

=Flow profile Vj ~ Hﬁfs/)(g’t

Regimes in V'V-VT; space:

(1) Marginally unstable regime: A = 0
(2) ITG dominant regime

(lkII|LT)2/3 3 ¢s  AY3
|k|||LV 22/37”(k9ps)1/3rl/3
(3) PSFI dominant regime
(altr)™ _ 3 ¢ a3
|ky|Ly 223V (kgps)1/371/3

(4) Stable regime: A < 0

20

——Flow Profile
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Flow profile in different instability regimes.

The regimes are identified according to the

2/3
: : ky|L
magnitude of relative scale length %

1Ly

and magnitude of A. .



Residual Stress Direction Determined by
Mode Phase

« Mode phase 0;: * Residual stress:
— Defined as a) = Wy + iyk = |w|etk R 1 Wr
> IT6 = HPSFI ™ IL ~ *SRZ k9kllpscs‘¢k‘
2

7

—_ cop b T _
e Residual stress due to 5[/”’: Deterimined by mode phase 6,,: ERwZ COS (2 29k)

611"’9 dw = |6a)|ei69k, 00,.: perturbed mode phase

|dw| wr

SIIS ~ _2Zcos ‘|‘5(9k_30k)| e —koky| on|”

9| ~ kokyoV SIIR = —x5e5V{, with
given by 8V} induced Res oo (W )

~ — + 00, — 30
spectral imbalance X¢ 5 k k .



V'V Effects on ITG Turbulence

PSFI Turbulence

Spectral imbalance
9(kgk||>v||, >0

Mode phase 606
—>Cross phase 60,

=

~

Flow Saturation

STIFPS ~ =XV,

Direction
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Guideline: Physics of the 3 Regimes

* Marginal regime:
— Dual perspective: PSFl enhanced by VTjg; ITG enhanced by V'V,
— Coexistence of PSFl and ITG turbulence

* |TG regime:

— Negative viscosity increment induced by 6V 2> )((’;es <0

— Total viscosity positive )(55“ = X¢ — |)(ges| >0

— Flow profile enhanced by )(f;es: Vi ~ 5 [ (xp — |X§>esl)

* PSFl regime:
— Flow saturated by PSFI, profile gradient stay at the threshold: V"’ ~ V"',m-t

Marginally Unstable ITG Dominant PSFI Dominant

Primary Turbulence Drive VT and VYV VT VYV
Mode Phase 6y ST 27/3 2> 7/2
VYV Effect on Mode Phase 6y /2 /3 NA

VV| Induced Symmetry Breaking kgk”V”’ > 0 kgk”VH’ > 0 kgk”V”’ > 0




Marginal Regime: Flow Profile and Symmetry Breaking

* Weakly unstable ITG turbulence: y, ~ sz — 0% it

. . 4 2 /
* W} nONlinearin V'V, <4mm (V1) = ’7']{7|62(70A v')?

> I and x4 are nonlinear in V'V, but V| ~ their ratio independent on V'V,

HRes ~ 2\/5 Z (2A)2/3 V (U% B w%’,crit k

2
= 1/3 4/3 2/3 ok psCs| Pk os
3 4= kel wa i |Hﬁ| (VV, V)| 24/3A1/3( Wy )2/3 kyles
oo Vg 040" Vb= ke I Xe(VV), Vi) rlkjcsl ) kops
I Bl TN LAl ofs|

Symmetry breaking by VV: V' = kgkyV| > 0 lowers w3 .., &

ITG more unstable for kgk,V,/ > 0

* Mode phase 6, = = — ¢, because yk K Wy l'
* IV, induced mode phase 56, ==
-> COS( + 86, — 33k) >0 Spectral imbalance, setting (kgk )V, > 0

4/3 2/3 Res _ __ . Res
» Xffes = ;15/2 Z 1461’(}3 7—2/3 9p8|k|(2:8| Ak >0 « 61—[7”" o ng VV"
Ewr \/wT—wT,crit(O) due to spectral imbalance
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PSFI and ITG Coexists in Marginal Regime

ITG turbulence with V'V in this regime is equivalent to weakly
unstable PSFI turbulence

1/3
27Aw72~> /
2.2

4T2k" Cg

Yk ~ \/a)%‘ — a)’%‘,crit S Ve ™ \/V’ o Vc’rit ’ Wlth Vc,rit = Cp — (
> VT;, lowers the PSFI threshold

\ g

Dual perspective:
ITG turbulence enhanced by V'V < PSFI turbulence enhanced by V'T;
Both PSFl and ITG turbulences exist in marginal regime

VTio and V'V effects are coupled nonlinearly




ITG Regime

* Dominated by VT;o, with V'V as perturbation

* Growth rate and frequency:

1/3 2/3
iom /3 YT Ly

(TA)L/3

T

wr

)

With 8, = 2, 56, ==

1/3 k9k||pscs5v|l’

3A2/3|k‘||cs|2/3

2T

) 4

—> Spectral imbalance in kgk space

w=e
V3wl k3 | [ Wrerit e W2 > w2,
T T (A 2wr | Sw = /3 (
~/ 1w;1/3|k“08|2/3 _1_|_ wT,crit 2/3_
kT T (TA)1/3 2w
Res T ?
X7 ~ cos (5 + 86y =36, ) < 0 | * Symmetry breaking by V'V,
XRes — _ig (TA)1/3 k2p2‘¢ |2 /
¢ 6 < w;/3\k||cs|2/3 0Fs 1Tk - (k@k”)V” >0

Negative viscosity induced by residual stress
due to perturbed mode phase set by 'l
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Symmetry Breaking by V'V, Compared to Drift Wave

* InITG turbulence, the 'V} induced spectral imbalance:

— Negative viscosity increment: )(ﬁ,ﬁes <0

— Total viscosity positive: x5t = yIT¢ — |xBes| = = 4I7¢

— Evolution of a test flow shear set by
0.8V = x5 078V D vq = —x5 a7 <0
- 6V|/ cannot reinforce itself!

_ ITG turbulence Drift Wave turbulence

Direction of correlator (kgk)V,| >0 (kgk )V} >0
Viscosity increment )(ges <0 )(ges <0
Total viscosity Xg >0 X can be negative

Modulational instability No Can exist
17



Flow Profile in ITG Regime

* V'V, decoupled from VT,

[ (V V), Vo) = I (VTo) + x4 (Vo) [ VV)

4l rll

L)

Need geometrical
symmetry breaking

‘ V| enhanced by — |)(Res|.

-

1L (Vo)

rll

Vil =

$

VV, induced symmetry breaking
not self-sustained

|V"’| below PSFI regime threshold

' 3 AL/3 wr 23 L
|V||,regime| ~ W —|

Xs(VTio) — |x5°°(VTip)|

Kops 18




PSFI Regime

* Dominated by V'V, with VT;, as a correction

* Regime threshold is different from PSFI threshold
— Regime threshold: V'V and V'T;, are well above threhold, and V'V is larger than V'T;
— PSFl threshold: IV} is large enough to trigger instability, in presence of V'T;,

— Consider |VII’,crit| < |V||’| S |VI|’,regime|
* yg nonlinearin V), w, < 0 due to VT;, correction:

wr

LA ~
W VT Gy, S ey

+ > I3 and x4 are nonlinear in V'V,

2 A3/2 VA
HRes ~ W Lok JCs 2
il §k , -2 |]€||CS| ( _C )5/2 9r|| PsC |¢k| , Xo = § : ‘k CS’\/W—C,O 0p

lonl”.

* - IV, saturated since |T15%°| drops as V'V increases



Flow Profile in PSFI Dominant Regime

|Vi/| driven by ITG turbulence always below |V} regimel
—> Additional flow drive can lead to PSFI regime |V”'| < |V””,.egl-me|
- Result: |V| saturated by strong PSFI turbulence > |V}/| < |V”',,,egime|

[137° and x4 nonlinear in V'V,

Vil = VT, VL A we \ [ TRles )’
)

Xo(VTio, VV))) (V)? \7lkjcs] ko ps

V| ~ A3 2 |y lcs :
-| || ™~ T‘knc‘ kops < |V||,regime|

|V”’| stays at PSFI threshold due to balance between flow drive and

PSFI saturation
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|V"'| profile saturated by PSFI

* //8 \
- -
7

S
Re
“

v
oo |
\ i - Hﬂl‘f‘s driven flow
\\ ‘-\‘ ——PSF1I saturated flow
0 NN . . . .
0 10 15 20 25

u)T/T|kHCS|

|

Additional flow drive
+ ITG turbulence

|Vi{| hit PSFI
threshold

|V||’| saturated
by PSFI
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Summary

VV, plays 3 roles in ITG turbulence
— Drive PSFI > saturate V} profile
— Symmetry breaking = spectral imbalance, (kgk;)V} > 0

— Modify mode phase - )((I;es ~ COS (g + 60, — 39k)

Interaction between symmetry breaking set by V'V, and by magnetic shear
depends on instability regimes

— In marginal regime:
> TIRES primarily set by geometrical symmetry breaking mechanisms
Tl

> Ratio I3 /x4 independent from V'V
e Coexistence of PSFI and ITG turbulence

— In ITG regime:

> T1;%¢° primarily set by geometrical symmetry breaking mechanisms
Res

> —|xé
— In PSFl regime:
- V| saturated by PSFI = V| stays at the PSFI threshold

| enhances V} profile



