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Toroidal rotation impacts a variety of important

plasmas physics topics

e Determining the magnitude, profile and evolution of toroidal flow is
important in a number of topical areas

— E X B flow shear of anomalous transport
— Prevention of locked modes --- penetration of resonant field errors

— Control of edge localized modes via resonant magnetic
perturbations

— Resistive wall mode

physics

Garofalo et al, PRL ‘99
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Mechanisms have been developed to

control/affect plasma rotation

« Toroidal rotation is influenced by:

— External sources --- neutral beams

— Intrinsic rotation --- topic of considerable research

e A number of mechanisms have been proposed for intrinsic

rotation --- turbulence, etc.
— 3-D Magnetic fields
e Field errors
e Due to MHD instabilities
e Applied 3-D fields

-- both resonant and non-resonant
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FIG. 2 (coloronfine). Toroddal plasma rotation profile vs majoc
radius, and the difference between initial profile and subsequent
profiles for rotation damping (a) during application of nonaxis-
ymmetric fiel, and (b) during excitation of rotating tearing
instability.
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Describing toroidal rotation in tokamaks

is a transport problem

e To date, most treatments describing toroidal rotation evolution rely on:

— Braginskii formulation (collisional plasma v > v, /qR) --- in
practice, never rigorously applicable to modern tokamaks

— Additional physics added in ad hoc manner
* Sources
* Collisional transport
e Radial plasma transport due to neoclassical effects

e Turbulent transport --- often modeled as anomalous
diffusion/pinch coefficients

e 3-D fields
* Magnetic field transients
* etc.
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Thesis

e A new approach to construct transport equations for tokamak plasmas
is derived. [Callen et al, NF 49, 085021 (2009), Callen et al PoP 16,
082504 (2009)].

— Starting point is kinetic equation, not Braginskii
— Multiple timescale equilibration processes

— Toroidal momentum balance (or E) derived

— Ambipolar particle transport

e Momentum balance equation is derived that accounts for classical,
neoclassical collisional transport, anomalous transport, sources and
sinks, magnetic field transients, and the effects of 3-D fields
(neoclassical toroidal viscosity --- NTV).
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Outline

* Fluid moment equations
e Expansion procedure
e Multiple timescale approach
— Radial momentum balance
— Parallel momentum balance
— Toroidal momentum balance
e Physics of neoclassical toroidal viscosity (NTV)
— Theory
— Experimental validation
e Toroidal rotation equation
e Radial electric field and ambipolarity
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Starting point for the calculation is

the plasma kinetic equation

e Plasma kinetic equation for f (x,v,t).

vV + A By Lo o)+ S(F)
m, v
— C(f,) = Fokker-Planck collision operator
— S(f,) = Kinetic source --- applied RF fields, neutral beams, etc.

e Fluid moment equations are obtained from velocity-space moments of
the plasma kinetic equation
2
[avamy, ey 5. vf + 9 (B +7 x By
2 ot m

N

I,
v

=C(f)+S(f)]

— Evolution equations for low order velocity space moments
(nslvslps)
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Fluid equations require kinetically

determined closure moments

e Exact fluid equations

— Density
on —
*+V-(nV)=S5,
- Momentum&
—(msnsvs) +V: (msns‘?s\?s) = nsqs(E + \7s X é) -Vp, -V: ﬁs + Iés + gm
— Energy o

3dp 5 - . ~ - ~
———+V: (zpV. +q)=0+V:Vp -7 :VV +§
2 &t (zps s qs) Qs s ps s s E

* (Closure moments are required for a closed set of equations
— Heat flux q, viscous stress tensor x, determined kinetically

— Collision operator physics determines Q,, F,
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A number of assumptions are made

to make analytic progress

e Small gyroradius expansion P <1

— Consequences for how we describe flows
e Lowest order --- MHD force balance
e First order flows are within flux surfaces
e Second order “transport” fluxes across surfaces
e Lowest order axisymmetric magnetic fields --- nested toroidal flux surfaces
* Small 3-D non-axisymmetric magnetic fields --- no magnetic islands

— In practice, many 3-D fields of interest

B
—~107°-10""
B

o

~

e Small plasma fluctuations 7, L __

n

o o

e Slow magnetic field transients

4th ITER International Summer School
Austin, TX
May 31, 2010



Multi-stage strategy is used to

determine transport equations

e Average the density, momentum and energy equations over fluctuations
(average over toroidal angle) and then average over the flux surfaces

I ot
* Sequentially consider specﬁffce components of the equilibrium force balance
equation and their consequences

— Radial --- zeroth order radial force balance enforced by compressional
Alfven waves to obtain relation between flows, electric field and pressure
gradients

— Parallel --- first order poloidal flows, heat fluxes within magneitc surface

— Toroidal --- require net radial current from all particle fluxes to vanish -->
establishes flux surface averaged toroidal momentum balance equation

e Use results of the net second order ambipolar fluxes back into flux
surface averaged transport equations to obtain comprehensive “radial”
transport equations for n,, T, and toroidal rotation

4th ITER International Summer School
Austin, TX
May 31, 2010



Small gyroradius expansion is used

e Gyroradius expansion: order terms and physical processes such as
equilibrium, Pfirsch-Schluter flows, non-axisymmetries and
fluctuations

p=p@) +3[p,.0) + p,0,.0)1+0(6%)  d~p,/a<<]
o N
Equilibrium T 3-D fluctuations
Pfirsch-Schluter variations
— Magnetic field is the sum of an axisymmetric magnetic field and
small 3-D fluctuations
B= +<5B q(¢)V¢xV0+V§xV1p+6B
|Bl=B,.0) +0B,(y,0,0)
— Fluctuation derivatives are large perpendicular to B --- ballooning-
like ordermg
Vm~56 V,p~6°~6
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Transport equations for density and pressure are

obtained by flux surface averaging

e Flux surface averaging density and energy equations with V' =dV/dy

on 1 ¢ .=
DCIlSity (;zfs 75_(‘/ [)=<S§,> [ =<V, +n,Vy) Vy >

39p 10 ¥ Particle flux
Energy 2 0')t V al/) ( < [qZS += (p\‘OVZS + pls‘/ls)] Vl/) >

—

=<Qs>_<R1S.‘/1s+Rls"/ls>+<V2S.Vp0s+‘/ls'vﬁls>_<]%S:V‘_/;s>+<SE >

— Cross-field particle/heat fluxes due to collisional and fluctuation
processes
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Flux surface average of the momentum balance

equation has three components

e Convenient to consider the “radial” <ew-(momentum balance)>, parallel
<By(momentum balance)>, and toroidal <ec-(momentum balance)>

projections

- 0 J I
Radial O(3") msnOSa—; =n,q,(E+V, xB)-Vp,

— —

<B,V, >

Py =n,q,<By E>-<B, V-t >+<B; R >-mn, <B,”V,-VV >+..

Parallel O(8) m n,,

0
Toroidal 0(62) <e.-mgqn SOV >=ql—-<e. V- T, >-<V- (m,n (e VlS)V > +..

Radial particle flux enters toroidal momentum balance equation
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The different orders of the momentum balance

equation refer to different timescales

e To leading order in 6, MHD force balance
— Summing radial momentum balance jo X [}0 = Vp,

— Radial force balance produces relationship between toroidal,
poloidal flows, E_ and pressure gradient
0= e “[n Oq(E+V ><B) Vp.]

B} 1 d
Q =V-VE=V- V= —(—+—i—qv Vo)
ng, dy

E 1 dp, B
Ve = P By
B, ng, dr B

p

I

p

e First order flows are on magnetic surfaces V; ~ 0

B . BxVy dd 1 dp,
V=G V-VO+eV-VE=V, o4y, Y =TV, P
BO B dw nsqs dw

e Radial flows perpendicular to flux surfaces are second order
‘Zs'VUJ:O’ VZs.Vw;éO
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Poloidal flow is obtained from parallel force balance

e Summing the parallel force balance over species

d < B, \Z > ~ - -~ 3 = - R
minm* = —2< B, V-7 ,>-mn,<B,sV-VV.>+<B,J xB> +2< B, S, >
— The poloidal flow is determined mainly by the parallel viscous

force

— Parallel viscosity is calculated from kinetic theory --- collisional
process, accounts for the speed dependence of the Fokker-Planck
collision operator

. . -2
<By V- >=mn | wgU,e + AuiOngiG +od<B > gty ~ \/;Vi

i

— On times longer than the ion collision time
V-VO oy, 2 c,l dT, 1.17 dT,

?9=—’ =_tu101 Q,'QE P2 i :VPE— i
B-Vo oo S P; q; <B” >dy qB dr

Uig=Usp + 5, Se= Sum of sources and turbulent Maxwell/Reynolds stress

4th ITER International Summer School
Austin, TX
May 31, 2010



Viscous damping occurs

in the direction of asymmetry

e Viscsous stress tensor can be written in CGL form
- 1 AN -
I, = E(Pu - p)(bb 1)

e Pressure anisotropies are driven by flows/heat fluxes in the direction
of Grad |B|

py-p.~uvV-VB, uQ VB
— To leading order, axisymmetric magnetic fields
— Lowest order flows are within magnetic flux surfaces
---> Damping in the poloidal direction
B =B(y.0)
oB

V. -Vy=0—-V - -VB~V, - -VO—
sl w sl sl 0’)0
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After determining the poloidal flow, there is a unique

relationship between E, and the toroidal rotation

Recalling the radial force balance relationship

, id 1 dp. -
Q =V-Vi=-(—s—Li_4v.ve)
dy  ng, dy

— Using parallel momentum balance result = By V- 7, >=

0

— Relationship between radial electric field and toroidal flow

E 1 dp, . 1.17 dT,

" B, ngB, dr gqB, dr

v\ X
Pressure/temperature profiles

determined by transport processes

— Poloidal flow damping produces parallel plasma flow

V,=¢,V-VO+6E.V-Vi=V,

- - B o 1
+‘/L ‘/J_ = 0 X2V'l/} (d + dpsO
0 BO dw n’st dl/)
do 1 dp, +1.17RO2 dr,
dy ng, dy gR dy

CU|O¢
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Electron parallel momentum balance produces

parallel Ohm’s law

e Following the same logic for the parallel electron momentum balance
equation

O=-ne<E-B>-<B,V'w,>+<B"R,>+<B, S, >

—

-mun,, <B, V,-VV, >-n,e<B,V,xB>

e “el

— Using collision friction and neoclassical closure from kinetic theory

—

B, Ii = n,,neef BO
<B, V-7, >=mn,, <B>> (U, +1y,0.,)
— Parallel Ohm’s law
<E- BO >=n <J BO >-n[<J: BBS >+<J ECD >+<J den >]

Boostrap current, curent drive from external sources, dynamo due to fluctuations

Lo d
n =m0+ TlLMeOO) <J Byg >=- oo (I_p -neU, < B’ >)
mv. nv., U4
S ];’ S - = 1 - = 5 - = s
<J By B> g LBV xBs+Te BV VY 5)
n.emn, ’ Th €
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Toroidal torque from force balance gives radial flows

Toroidal force balance produces an equation for radial particle flux
é.-V.xB=-V:é.xB=V-Vy
— Particle flux is induced by toroidal torques on the plasma

e, (ngqV. x §+Eﬁj) =0 ¢l = ‘Eéj' Fj = _ETJC
j j J

— Flux surface averaged toroidal momentum balance equation
produces equation for particle flux
qsr = - <€§ R >+ < e; V- .7'5 >-n, < €C E >—-< e; Sm > COHiSiOHS, sources,

—

. L = . - = = Inertia, fluctuations
+07—(msnv <e.rV >)-<e.- nUV X B >+<V-mn(e. V)V >
, : : s,
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Parallel Ohm’s law is used to describe collisional

ambipolar particle flux

e Consider the particle fluxes from collisional friction

1

If=—q—<EC°RS>—nO<EC'E> R =n.e(nJ, +nJ) = -R,
— Vector identity used to facilitate analysis

- I - B, x Vy

€, = B_gBo - Bg

— Collisional-friction can be decomposed into parallel and
perpendicular contributions

VY P dpy a Classical transport
B; dl/)

q_ < Eg- IQ{Y >=-nIn, <

J- B,
—s >tnn <
0

J-B, <J B, > 7B Pfirsch-Schluter
- B
SR T ps B ) e

\ Calculated from parallel Ohm’s law
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Particle flux has many contributions --- six ambipolar

components

e The intrinsically ambipolar contributions to particle fluxes can be
identified
=T, ++T,, +I, +T

dyn
2
MV p v

By  dy \Collisional transport
1 B} )2 > dp,

+1,

1_‘cl = _”eorh <

Ly =—n,00'n, < — (== Dys ~q°D, from classical,
By  <By> dy ¥—_ Pfirsch-Schluter,
1 - - q2 _
Ly=—po<ByVii> D,=n o ~L p, «— banana plfclteau.
€<By> € current drive

> / dynamo and
0 electric field pinch
T, =-n,l<é - E>(- I<R”> I<B,"E>, «— contributions

4th ITER International Summer School
Austin, TX
May 31, 2010



Plasma fluctuations influence particle flux/toroidal

momentum balance

e At O(d?), plasma fluctuation effects enter into the toroidal momentum
balance

— Microturbulence effects --- turbulent Reynolds/Maxwell stresses
— 3-D magnetic fields --- error fields, applied 3-D coils

e Resonant magnetic perturbations ---> localized electromagnetic
torques

e Non-resonant magnetic perturbations ---> Neoclassical toroidal
viscosity

e In general, these effects are not intrinsically ambipolar and hence will
affect toroidal momentum balance.
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Resonant magnetic fields produce localized

electromagnetic torques at rational surfaces

e Inherent magnetic field errors or applied 3-D magnetic coils may have
components that are resonant in the plasma

D imb —in m
B~ e == qy)
— Two asymptotic limits
e Fully penetrated - radial magnetic field produces a magnetic island at
the rational surface

e Fully shielded - eddy currents flow in a resistive layer at q =m/n,
magnetic perturbation does not penetrate, current sheet

— Sufficient plasma rotation relative to the 3-D field source provides effective
shielding --- rotation sustains current sheet

e Produces localized electromagnetic perturbation (Fitzpatrick and
Hender ‘91)

%z B’ A,
<JxB>~0(r-r,,)—5"— @ ~bxn
By A"+ (wt))
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3-D magnetic fields produce neoclassical toroidal

viscous forces (NTV) throughout the plasma

e In an axisymmetric magnetic field, the toroidal component of the
parallel viscous stress tensor is zero (udB/dC = 0)

<é. V- mp>=0
— However, in the presence of 3-D magnetic fields, toroidal torques
on toroidally flowing plasmas are generated.
BZ
- eff 2 2
<e V-m >=mnu, 3 [<R°Q >-<RQ, >]

2
0

e Physics --- transit-time magnetic pumping, banana-drift, ripple-
trapping effects

e Generally, the ion component dominates (the ion root of
stellarator physics)

* Jon viscous damping coefficient u,, depends on collisionality, E,
e B, is a weighted average sum over all m and n.
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The NTV force is felt throughout the plasma

e Unlike torques due to resonant 3-D magnetic fields, the NTV force is

global

— Applied 3-D fields on NSTX demonstrated the damping effect of
toroidal flow (Zhu et al, PRL “06)

4
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Another unusual aspect of NTV is the appearance of

an off-set rotation frequency

e NTV force ~ u, B2 - Q.)
— Offset velocity Q. is a diamagnetic-type toroidal rotation frequency
proportional to ion temperature gradient
_Cc,tcC dT,
Coq dy
e Physics of the offset is due to ions of different energy having

different radial drift speeds --- produces c,. Poloidal flow
damping coefficient ¢, due to parallel viscosity.
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Experiments on DIII-D have demonstrated the

presence of the NTV offset velocity

e Off-set rotation velocity observed on DIII-D (Garofalo et al ‘08)

-
'
[ n=3 |-col (ka) <

1 ‘S‘ :.‘-I

LV, (kms)
124961

18 1.9 2.0 24 22 0050 0.05
Time (s) dL/dt (Nm/m?)
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Recent experiments on DIII-D have demonstrated a

peak in the NTV force at zero radial electric field

e The toroidal damping rate (u,) is sensitive to the value of the radial
electric field

— Damping rate corresponds to different collisionality regimes of
stellarator neoclassical transport

— Smoothed formula constructed to model different collisionality
regimes (Cole et al, “10) Recent experiment on DIII-D

2 [ Demonstrates peak NTV at wg ~ 0
nv,Vev

Ml ~ A A

T <R >[031wg, v +0.049 1w, PP L.

3.4

Peaks at wg ~ 0 7

1.4
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I 0-‘:
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Particle flux has 8 non-ambipolar contributions

e Not intrinsically ambipolar

[ =Ta' +T, +T,, + T, +rMax+r,xB+r%+rS

ll

c,+c, dT,

FNA=i<€C V- J_i'NA ~mlnuuzt(B;Jg)(<R29t>_<R29* >) Q=

ll sll

fs q; 0 1\%‘1”’ Additional particle
L=<l Vom, > A V'Q, x, ~U+g)Wvp; — fluxes from neoclassical
' toroidal viscosity (NTV),

Lo = _( g e V.>) -— s field viscosity,
1 ~ ~ . polarization flow,
— I, I,.=mn <V -VyV-e.>+<Vy-m, e > . .
Ry = 0 V' o ( we) Mg =mn, <V VyV-eg Wi microturbulence induced

' ~ =~ \
G - Reynolds and Maxwell

| i stresses, field-error induced

= . 7 = ~ CAGmlnmR w rmn .
| B <e; JyxB>~06(r-r,) B 2 (an_L)z Bg < localized EM torques’
B, « = poloidal field transients
w % - I -
[, =—f—(mpny,<e."V > [(=-——<e. S, >
g g q. —— _ and momentum sources.
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Zero radial current produces torque balance relation

* Summing radial species currents to obtain net radial plasma current

<J- Vy >= Eqsrs =E gI'™

— Charge continuity requires no net radial current

— Setting radial current equal to zero produces a comprehensive
toroidal torque balance relation

_ 2
L=mn,<RQ >

1o, , - - I o ., .~ 3 = . JL . S
FE(VL1)=—<6;'V'”|I|VA>—<e;'v'”u>—F@(VHW;)+<€;'JXB>—1PP@+<%'ESW>
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Toroidal rotation equation includes many different

effects

e Equation for toroidal angular momentum density L, = m.n, <R?*Q >

1 o - - 1 d,, . = = . JL =
Fg(V'Lt)=—<e§'V'JT|]|VA >—<e. "V, >—?@(Vniw;)+<eg'JXB>—UJP@+<€;'ESW >
— NTV damping by 3-D magnetic fields
2

e B ¢, +c, dT.
- <€ "V m >=-mnu, —-[< R’Q >-<R’Q, >] Q, =2 ar;

B, g, dy

— Collision damping

<€ Vom, >~ V'R x ~ (g )V
— Microturbulence-induced ion Reynolds stresses causes radial

transport of L, (diffusion, pinch, residual stress)
IT, =msns<\7s'le‘7'§C >+<Vy-m,-e >

~-x VL +LV __ +I1"

t " pinch

Y&
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Toroidal rotation determines radial electric field

required for net ambipolar particle flux

* From toroidal rotation equation, radial electric field is determined
¢, dT
Er=—de£=—Vw(<Qt>+ L dp, ¢, dT,
dy nog; dy  q; dy

e The resultant electric field causes the electron and ion non-ambipolar
radial particle fluxes to be equal (ambipolar)

— Hence, the net ambipolar particle flux is the sum of I'* + TNA(E ),
which is easiest to evaluate in ion root [[' NA(E,) ~ 0]

[ =T)+TA(E,)=T)"

— Procedure is familiar to stellarator researchers

* Nonlinear dependences of I', on E, can lead to different ‘roots’,
transition barriers, etc.
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This is approach is different than Braginskii-like

approach and has some consequences

e Key differences in this new approach for plasma transport equations

First solve for flows of electrons, ions in flux surfaces --- Ohm’s
law, poloidal ion flow

Derivation of particle flux and toroidal flow are naturally joined
Simultaneously solve transport equations for n, T, €2,
Effects of micro-turbulence are all included self-consistently

Fluctuation induced particle flux is determined from
Reynolds/Maxwell stresses

Source effects, poloidal field transients are included

Net transport equations follow naturally from extended two-fluid

moment equations --- consistent with formulations of extended
MHD code frameworks (NIMROD, M3D)
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Summary

e Comprehensive transport equations for n, T, Q, have been derived

e Radial, parallel and toroidal components of force balance are
considered

— Radial force balance --- relationship between V,, V_, E, and dp;/dy

— Parallel viscous damping determines neoclassical Ohm’s law and
poloidal ion flow

— Radial particle fluxes arise from average toroidal torques on the
plasma

e Radial particle flux has many contributions --- ambipolar and non-
ambipolar

e Requiring ambipolar particle flux yields evolution equation for toroidal
angular momentum density
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Summary

e 3-D magnetic fields have an important effect of flow evolution
— Localized EM torques from resonant magnetic fields
— Neoclassical toroidal viscosity (NTV) from variations in |B |
e Many aspects of NTV theory are being tested against experiments
— Global damping of toroidal flow profile
— Appearance of an offset rotation ~ dT,/dy
— Peak of NTV torque near E_ ~ 0
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