A fluid model of non-zonal transitions in
electromagnetic, ITG-driven turbulence

Yujia Zhang?
T. Adkins2, M. R. Hardman3, P. G. lvanoVv?,
M. Barnes! and A. A. Schekochihin?

TRudolf Peierls Centre for Theoretical Physics, U. Oxford
2Dept. of Physics, U. Otago
STokamak Energy Ltd




Fluid model for electromagnetic ITG

Consider strongly-driven plasma in a z-pinch with cold
lons and modest electron pressure:
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Include ITG and Alfvénic (fluid) dynamics + critical
balance + keep motion along perturbed field line
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Fields are then of size
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Fluid model for electromagnetic ITG

* Induction equation: Vi) = 0:(..) =14, ()}

A=V (n—p) L) =)+ {e ()]
* lon energy equation:

W, = Vigp

d, "+ /ﬁJTayQO — XV%_T
* Vorticity equation:

diw, + 2V \VIA+T:{V. T, Vio}+{T,w,} +9y(n+T)
= krOyw, + XV (ap — bT)

« Continuity equation: dyn + 2V||ViA + 0y(n— ) =0



The electrostatic limit

KPS g
« Corresponds to k| = | > 00

2v/Be

OtA=V|(n—¢) = n = (Boltzmann electrons)

« Recovers curvature-ITG and Alfvén waves in
appropriate limits:
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Collisionality, x

The electrostatic limit
P. lvanov et al., JPP 86, 855860502 (2022)

Heat flux
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Temperature gradient, kp

Transition to high transport state beyond critical
temperature gradient




The electrostatic limit
P. lvanov et al., JPP 86, 855860502 (2022)
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Reynolds stress reinforces zonal flow




The electrostatic limit
P. lvanov et al., JPP 86, 855860502 (2022)
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Linear physics at finite plasma beta
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‘High’ beta corresponds to k) o< 5. 7/° — 0

A=V (n—9)= Ao AB 1% =0
Recovers the interchange mode
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Complete stabilization of ITG when
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Collisional instability introduced at small k&,



Linear physics at finite plasma beta
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* Low collisionality + below interchange threshold
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Linear physics at finite plasma beta

« Considering small beta corrections to electrostatic ITG:

Fluid model
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Non-zonal transition in fluid model

101':

10°+ \ 7‘ et R = 0.9 RT = 1.4

-
< N
.«\\\\.\
ARG AN
‘\ ~ =~y
o \‘_ -8
~ i\\\ ’\\ \' __..
SNe- -7
- -~ ~__~- y
\‘ .\ L 2 g \\.
\ -~ So . ./
~® ~ - -7
~ ~ -
_1 \ \‘ ~ - //
] S _-%< ~< &
] - TS o
]
-
- o
\.—
__________ @
\\ r—
- P
~——— .
~e- = 2




Low transport High transport

140 | ’ Y B2 200
120 A" - 150
( 100
100 0.8 50
= 80 0.0 T 0
60 —0.8 —50
40 ~-1.6 —100
20 —-24 —150
‘ ' / 3 —-3.2 —200
020 40 60 80 100
9.6
140 S i 54.0
190 6.4 o
100 4.8 13'5
3.2 '
Sy 80 - uy 0.0
60 0.0 —13.5
40 T _igo
- XD )
_48 —54.0

0 20 40 60 80 100

i




Addition of Maxwell stress

I, =1L, + 7 4 114 11,4 = 2(0,A)(9,A)
Average over region with constant zonal shear:

1 2
L—xfdx Ty = 221{:/%/@ Ay |

Assume zonal shear sets x-wavelength:

kx ~ —kySTnl

Result is sign-definite stress that opposes zonal shear:
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. /d:z: T4 ~ —S(k2)*| A



Correlation between turbulent
stress and zonal shear

 Fix zonal flow and determine if turbulent stresses tend
to support or oppose it:

Low flux state High flux state
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Maxwell-to-Reynolds stress ratio
increases with plasma beta

Log-log plot of stress ratios
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Comparison with gyrokinetic data
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« Effective plasma beta from fluid model is
—2
Beﬂ" = Be (kﬁ)hYSLB) X q256



Some open questions

* The electrostatic transition to the high-transport state

IS eliminated by including parallel dynamics — why
doesn’t this help in the EM picture?

« Can we do anything useful with this information? E.g.,
can we predict the critical beta without running a lot of
nonlinear gyrokinetic simulations?

« Should we worry about possible ‘gaps’ in the heat flux
obtainable in local simulations?



