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Edge rotation

e Flow shear suppresses turbulence

¢ Rotation stabilizes MHD modes (e.g. resistive wall mode,
neoclassical tearing mode)

e Edge sets the boundary condition for core rotation profile

Need to understand momentum transport in edge

e Neutrals present inside separatrix, large cross-field mobility

Role of neutrals?
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Role of neutrals?

JET results:

o Pedestal toroidal rotation is higher in “corner” divertor
configuration, and it is affected by fueling
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Fig 1la (above): Divertor geometry used in JET >,9 40 S| =5
(horizontal=blue; corner=green; vertical=red). Theryogenic 20 | ' ' _
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Fig 5: Clockwise from top to bottom: pedestal density, electron
and ion pedestal pressure and toroidal velocity at the top of the
pedestal for the three divertor configurations at different power
and gas injection rate.

E. Joffrin et al., 25th IAEA Fusion Energy Conference (2014).
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Effect of geometry? TCV data

TCV results:
e Rotation profile shifts by changing X-point location
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FIG. 6. LFS and HFS carbon velocity measurement points (dots) and fitted
profiles (lines) for an HES (Ry = —0.74) and LES (R = +0.88) X-point.
The approximate core-edge boundary location p = 0.85 is marked with red
circles. CXRS measurement error bars are comparable to point scatter.

T. Stoltzfus-Dueck et al., Physics of Plasmas 22, 056118 (2015).
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Momentum transport and E,

e Standard neoclassical theory, for low flow (i.e. subsonic)

e Viscosity is small, higher order quantity

e Particle fluxes automatically ambipolar to lowest order,
independent of E,

e Need f; very accurately to set E,

o At the edge other effects can give sizable momentum transport

ion orbit losses

toroidal field ripple or resonant magnetic perturbations
sharp profile variations, p, /L, ~ O(1)

transport by neutral particles
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Neutral momentum transport

Low concentration, but high mobility

e Can affect momentum transport strongly

Result: E, is determined by major radius of neutrals

e Control possible
e e.g. fueling location!

Neutrals may be concentrated near X-point

e Move X-point to change location of neutrals

Consider intrinsic rotation (i.e. no torque) and steady state

e ITER-relevant case
e Momentum flux (o n,) vanishes, independent of n,

'H-mode access in MAST easier with inboard gas-puff: A.R. Field et al.,
PPCF 46, 981 (2004).
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Analytical results

e Analytical results: P. Helander, T. Fiilop, and P. J. Catto,
Physics of Plasmas 10, 4396 (2003).

Pfirsch-Schliiter banana

dT;

Ve x a0 Fv, neutral density is localized to 6,
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Neutral momentum flux

e Charged particle momentum equation, no torque, steady state

(ala- Vi) = (R$p-V ms) = > (R$p-Rap)
~0 g

e For neutrals, viscosity balanced by friction on ions
0=(R}-V-m)~ (Rd-Ru;)
e Require ambipolar flux

0:Z<eara-w>z<R<}>-v-nn>

a&n

= <R(?§ STy V?/)> =0 with no external torque

e Gives constraint for E,
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Short mean-free-path neutral kinetic equation

Neutral dynamics is dominated by charge exchange with ions

V. VE = Cox(f) ~ % (”“fi - fn)

n

where 771

= ni(av)cx
Solve perturbatively in short CX mean-free-path

e Ay~ 0.8cm for nj = 10°m~3, ocx =6 x 107 cm?

f, is calculated in terms of f;

e Momentum flux moment of f, written as moment of f;

[P.J. Catto, P. Helander, J.W. Connor, and R.D. Hazeltine, Phys.
Plasmas 5, 3961 (1998)]
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Solution for ion distribution

e Use PERFECT code? to compute f;
o neglect finite orbit-width effects here (radially local)
e Inputs to each PERFECT call:

e magnetic geometry
e ion temperature gradient dy T;
e radial electric field dy®g
e Outer loop iterates to find dy®o, calling PERFECT to
compute f;

2M. Landreman, F.I. Parra, P.J. Catto, D.R. Ernst, and |. Pusztai, PPCF
56, 045005 (2014).
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Neutral momentum transport

Neoclassical Short Momentum
f; from + | mean-free-path | — | flux carried by
PERFECT neutral solution neutrals

e |terate to find E, so that momentum flux vanishes
e Limitations

o Neutrals dominate momentum transport

2 2
Ln ni[lO“’/'m 3] q

M >3.1077

L ~10% 107"
n L B[2'1']7—i[l<v\']

e lon distribution is not directly affected by neutrals

ny Ln ni[101€’111*3] Ti[ko\'] -3
M <0082 v ~ 10
n; R B[T]

e Short neutral CX mean-free-path, A\cx < L
e Local neoclassical solutions L > pp;i (no pedestal)
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Simulations

o Investigate effect of poloidally localized
neutral density

e ITER-like parameters, near separatrix

¢ Model equilibria [Cerfon & Freidberg] -1}
e Simulate 1)y = 0.95 surface —2r

o Baseline parameters n; = 102 m~3, :i
T, = 3006V = v, — 6.95 _
3456789
e Scanning magnetic geometry and/or R/m
neutral location Baseline geometry
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e O: baseline

geometry, neutrals
located at different
poloidal angles

0, Rx and Zx:
neutrals located at
bottom of the flux
surface (close to
X-point),
triangularity, and
the horizontal and
vertical position of
the X point is
varied, respectively.
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Results: major radius of neutrals determines E,, rotation

e All 4 types of scan collapse, R, determines the behavior3
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Baseline parameters:

Others: blue v, = 0.695; ; red v, = 695

1/Lr =10m~!, 1/L, =0

(arbitrary choices, but V oc 1/Ly and E; is simply offset by a/L,)

3J. Omotani, I. Pusztai, T. Fiilop (2016) “Plasma rotation from momentum

transport by neutrals in tokamaks” arXiv:1604.08028
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Impurity rotation

e We can also add an impurity species, here trace Carbon
(Z =6, nc/n. = 0.0004)

e Show scan in poloidal position of neutrals:

4.0 45 50 55 60 65 7.0 7.5 80 85
R, /m

Lines Deuterium; Crosses Carbon
Baseline parameters:
Others: blue v, = 0.695Z.q; i red v, = 069574
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Summary

e Calculate E, and rotation when neutral viscosity dominates
e Major radius of neutrals controls solution
e Ways to influence edge rotation:

* move X-point
e change fueling location

J. Omotani, I. Pusztai, T. Fiilép (2016) “Plasma rotation from
momentum transport by neutrals in tokamaks” arXiv:1604.08028
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Future work

e Experimental modeling

e Rotation measurements
e Inboard vs. outboard fueling?
e Move X-point (but same target configuration)?

e Theory/code developments

e Allow for torque from neutral beam injection
e Higher neutral density

o Affects ion distribution function
o Density pedestal

o Requires radially-global solution
e Non-linear solve to obtain ®q(1))
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