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Questions

» Why do we have to be careful evaluating core
momentum transport and evolving profiles?

> Can we evaluate core intrinsic rotation?

» What changes in the pedestal?



Perspective

» Decidedly neoclassical: "legendary figures" of

olasma theory did not try to directly evaluate

collisional momentum transport

> To evolve ion flow V need to find E = -V® by
evaluatmg momentum transport since

V=cB™"
Flux function

bx[V®+(Zen) Vp]+V“b
nortion of @ harder to evaluate

thann & T. V| is evaluated kinetically

» Tricks of "legends" work with turbulence!



Motivation: Intrinsic rotation
» Rotation beneficial for MHD and turbulence
» Intrinsic rotation = momentum redistribution
with little or no momentum input
» Mostly intrinsic rotation in ITER & reactors

> Intrinsic rotation results in diverse behavior
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To explain the different behaviors we need to
understand momentum transport and profile
evolution

J

Difficult: a small error in ambipolarity leads to an
unphysical torque!
J
Errors:
* Analytic: gyrokinetic equation is not exact
*Numerical: due to noise and/or algorithms



Axisymmetric geometry

> B = I()VC+VCxVy , VC co-current direction
» Unperturbed ion flow V= QZRZVC+ U(\[))E
UxdT,/0yp & if sonic 2. = -caP/dy



Angular momentum cons. determines E,.qia)

ey - L MR V)= (V- (R%-VE) = 1L (R )
C ot I or

Q. (r,)= — (Er— 1 api)
RB en or

differential rotation

Q: (1)

. = 7, off diagonal stress tensor
(...) = flux surface average

» Ambipolarity error (RB,J,) = 0 = a torque!



Scale separation

» Turbulence = eddy size = A << a = global size

f =F + of with 0f ~ Feo®/T
VF ~ F/a ~ of/A ~ Vof
Evolution: 0F/ot ~ D, F/a’
oF ~Fp/a in F=fy, +o0F }/

p, = pB/B, e

potential

“—>

7 eddy~A<<a




Scale separation

» Turbulence = eddy size = A << a = global size

f = F + of with of ~ Feo®/T
VF ~ F/a ~ of/A ~ Vof
Evolution: dF/ot ~ D, F/a’

oF ~Fp/a in F=f,, +0F

potential

“—>

7 eddy ~A<<a

p, = PB/B, -
» Anisotropic fluctuations along & across B
V,of ~of/qR

gR = connection length with B /B ~ a/qR <<'1
» Many eddy turn over times to cross core
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Diffusivity estimate from GK critical balance
(critical balance = Barnes, Parra & Schekochikin PRL 2011)

> Nonlinear OExB ~ gradient drive
SV, V 8f ~OV_-VF = Of/F~edD/T~A/a

> Eddy size = A ~k'": note 8V~ pv./a
v,V,3f ~8V,V 8f = A~pqR/a~p,

> Eddy turnover time =t with v, = 2QT/M)"*
vVof ~of/t = t~qR/NV ~1l/w,

> Tu rbulent diffusivity = D, ~ A*/t
turb ~ ppVI/qR ~ (qR/a)DgB>>Dplateau

(consistent with Table 4 of Parra & Barnes PPCF 2015)

>D

banana



Ambipolarity error due to (V-J) =0

> To avoid ambipolarity error from (RB,J,) = O
7T /0T >> c‘prJ .= 1" /env; <<m.p /nTa



Ambipolarity error due to (V-J) =0

> To avoid ambipolarity error from (RB,J,) = O
7T /0T >> c'prJ .= 1" /env; <<m.p /nTa

» Assume momentum diffuses: w.~D . V(MnV)

D .~ pf)vi/qR & diamagnetic flow V ~ p,V;/a



Ambipolarity error due to (V-J) =0

> To avoid ambipolarity error from (RB,J,) = O
7T /0T >> c'prJ .= 1" /env; <<m.p /nTa

» Assume momentum diffuses: nr§~DturbV(l\4n%
D .~ pf)vi/qR & diamagnetic flow V ~ p,V;/a
» Size of off diagonal stress: 7 ./nT ~ (pp/a)2 (p/a)



Ambipolarity error due to (V-J) =0

> To avoid ambipolarity error from (RB,J,) = O
7T /0T >> C_lB J7 = 1" /lenv, << p /nTa

» Assume momentum diffuses: 7. ~D, . V(MnV)
D .~ ple/qR & diamagnetic flow V ~ p,V;/a
» Size of off diagonal stress: 7 ./nT ~ (pp/a) (p/a)

> Error allowed: J 1fm’“/envi<<(pp/a)3(p/a)

» Unphysical torque if J." /env. ~ (pp/a)3(p/a)
>



Ambipolarity error due to (V-J) =0

> To avoid ambipolarity error from (RB,J,) = O
7T /0T >> c'prJ .= 1" /env; <<m.p /nTa

» Assume momentum diffuses: w.~D . V(MnV)
D

turb

~ pf)vi/qR & diamagnetic flow V ~ p,V;/a
» Size of off diagonal stress: 7 ./nT ~ (pp/a)2 (p/a)
> Error allowed: J 1fm’“/envi<<(pp/a)3(p/a)

» Unphysical torque if J. /env. ~ (pp/a)3(p/a)

» Direct evaluation: 31:]_,§/nT~(pp/a)z(p/a)fv6f/fMalX



Standard gyrokinetic equation: R=7+Q 'Vxb

> In E=v*/2+Ze®/M, u = v{/2B velocity variables,
lowest order gyrokinetic eq. for f =F + of

of dR Le
Vof ==V (@), —]=(C{f
P dt[ M r{ >R ] (CL )
dR - v
a = V”b - E VR<(I)>RX b + VMagnetiC

(..).= gyrophase average at fixed R, & b = B/B
> Of/F ~ p/a & retains k, p ~ 1: (p,/a)* missing!

» OK for heat and particle fluxes using moments



Intrinsic ambipolarity

» Intrinsic ambipo
(T-V)=0 inde

arity means (V-J)=0 or

sendent of radial E = -V®
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Intrinsic ambipolarity

%> Intrinsic ambipolarity means (V-J)=0 or
(J- V) =0 independent of radial E = -V®

» Stellarators are not intrinsically ambipolar
unless they are quasi-symmetric (omnigeneity
is not enough) so (J - V) =0 gives 9D/

» Tokamaks intrinsically ambipolar to order
Of/F ~ (p/a)* = next order GKE not enough for

a direct evaluation of .
(see Parra & Catto PPCF 2009 and Sugama et al. PPCF 2011)

» Seems hopeless!



But there is an implementable method to
evaluate core intrinsic rotation and it works!

J

Moment approach: origin

QVxb-V f>> g—f,vuﬁ-Vf,C{f}

(2 >> wm,, v/qR, V)



Moment approach to the rescue!
» Only requires ot/fy,,~ (p, /a)(p/a)

» Moment approach: use velocity moments of
FP for p, << a to evaluate tor. ang. mom. flux

IT=M(R*[dvEVL- ¥V V), =R’B 7t in

—(MnR V-VC), + : (zp(V’H) applied torque

v

()r = @Ay [ dtf () with
(.y=(V)"'PdddL(../ BV & V'=¢ dOIL/B-VY



Direct moment approach: particle flux example
» Complex so illustrate using particle transport

on 1 0
V'(nV-V 0
» Vaw( (V- V), )=

> Direct (nV - Vap),. evaluation requires:
(dndV) "V ~ (np, /a)(v,p/a)RB
(dn),. V-V and n{dV) -V
> (5n), & (8V). only vanish to lowest order




Direct moment approach: particle flux example
» Complex so illustrate using particle transport

on 1 0
V'(nV-V 0
» Vaw( (V- V), )=

> Direct (nV - Vap),. evaluation requires:
(dndV) "V ~ (np, /a)(v,p/a)RB
(dn),. V-V and n{dV) -V
> (5n); & (8V).. only vanish to lowest order
> V-Vp=0&V~ v,p,/a = do not need (dn),

> Standard GKs doesn't give 8V to order vipp,/a’
>




Direct moment approach: particle flux example
» Complex so illustrate using particle transport

on 1 0
V'(nV-V 0
» Vaw( (V- V), )=

> Direct (nV - Vap),. evaluation requires:
(dndV) "V ~ (np, /a)(v,p/a)RB
(dn),. V-V and n{dV) -V
> (5n), & (8V). only vanish to lowest order
> V-Vp=0&V~ v,p,/a = do not need (dn),
> Standard GKs doesn't give 8V to order vipp,/a’
» Gain an order in p /a using a moment of FP eq.
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Indirect moment approach: particle flux

» Momentum conservation gives (nV - V), =
<V1pxb 0 /Zen

[ (nV) +V-(fd’vIVV)+ =——V® —[d*vVC]),
Q2 M
» Using Vmpxl; = R*BVC - 1Ib then parallel mom.
(turbulent) + (class. + neo. cl. collisional)
(V-VY).=cndP/oT), - (Mc/Ze)(R* [d*vv-VC C)),
Remaining terms small by p /a or less, and

R™'B;(cnd®/0C),=> (dndV;),~D, ., n/a

turb

» Gain an order in p /a as in neoclassical theory
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Moment approach: heat & momentum fluxes

» To evaluate ion heat transport need
(A’ vEv’V- V). and (nV-V®),
Evaluate (nV - V®). as for particle flux
Use Vv’ FP moment
Starts getting complicated!

> For momentum transport need vvv moments
(Parra & Catto PPCF 2010, Parra et al. NF 2012, Parra & Barnes PPCF 2015)

> 1= M(R*[d°vE VT Vv Vap).. = many terms!
turbulent, neoclassical, & finite orbit width +
combinations; radial derivative + slow poloidal
fluctuation variations; up-down asymmetry;...

» Momentum transport needs nonlocal features



Next order gyrokinetic equation not enough!

» Cannot solve p /a corrected GKE to evolve
profiles directly: need 6f/fMaX~(pp/a)2(p/a)

and it only gives of/fy,, ~(p /a)(p/a)

» Coupling p,/a corrected GKE to a fluic
evolving n, T and @ picks up another
p,/a with moment approach for I1

code

sower of



Hybrid gyrokinetic + fluid & multi-scale (A<< a)

» GS2 with higher order GKE plus Trinity with
conservation egs. treats momentum transport
and evolves profiles

» Turbulent GS2 fluctuations on fine space-time
grid embedded in coarse TRINITY "fluid" grid

*Barnes et al., Phys. Plasmas (2010)



Toroidal angular momentum conservation

1 0
——(@Rm.)=0
r ar( 2
» Steady state with no applied torque: w.(r = 0)
m(r)=0
> Find Q. or (®(r)) by solving mt,.(r) =0

» Limits: high flow-sonic & low flow-diamagnetic

» ITER diamagnetic, but sonic limit of some
interest: no intrinsic or residual stress



Strong rotation or sonic limit

» Expand m.(€2.,092:/0r) for small Q. & 9€2./0r:
mt-/MnR = -PQ. - DIS2./or

» "Intrinsic" rotation means no source = pinch

P + diffusion D depend onn, T, dn/dr & 0T/or

PQ; + DIQ/dr =0 = Q.=Q.(a)exp(f drP/D)

0

» No sign change! Red curve? |

0 ____________ -

V¢ [km/s]

» Sign depends on edge

20k

» Important symmetries = o
40573234 36 3.8

symmetry breaking in I1. R [m]
Y Y & M parra et al., PRL (2012)



High flow symmetry properties

» Up-down symmetric

» Changing signs of €,
092/, U, v, k, changes
signs of of and 0P

(see Parra, Barnes & Peeters 2011)

R . no ang. mom. change
> \/NVi easier by pp/a due to ions of opposite v,

» T1(Q.=0,0Q./6=0)= 0
» Expanding gives IT « -PQ. - D9€2./or
» Sign change of Q. & 0€2./dp changes sign of I1



Up-down high flow symmetry

Radial angular momentum
flux: integrand odd when

Integrand contribution to flux = 0

poloidal
angle 0

~
~—

No flow & shear flow
-9 -1 0 1 2
parallel velocity = v,

V.~ v, & Of/F ~ p pla’

t

2
1
0
1
2
3

P A
0o O = N

Net integrand contribution to flux

flow shear <0

6



Diamagnetic flow: up-down symmetric tokamak
> Symmetry: II=M(R*8V, -V [d°vf v- VL), = 0
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Diamagnetic flow: up-down symmetric tokamak
> Symmetry: [I=M(R*8V,_-Vy[d vof v-VT),. =~ 0

» Next order, phenomenological form popular
/MnR = -PQ;. - D9€2./dr + m;,/MnR,

nt

with Pa ~ D & intrinsic or residual stress = 7t
7T, /MnR ~ (vip,)’p/a’R

int
int

» Use 09Q./0r ~ Q./a & recall D

For 1ntrinsic rotation expect i, = 0 to give

turb

~ pf)Vi/qR

» .. matters - essential when rotation changes
sign = hollow profiles



Diamagnetic ion flow ordering: hollow profiles
[1=0 = V,=V.=RQ. ~v;p/a

40 -10° '
2 TCABR Ohmic
_ ¢ TCV Ohmic
r—!20 I < ; f)lalﬁ—i))h]gnécl{H H-mode
% > JET ICRH L-Mode
E 0 n JET ICRH H-Mode _|
>9 'E_d, -101 B .
-20r e
1 1 L <
A3 32 343638 0~ |
R [m] o .
_1010'l IIH IIIIIOO - iOl
Parra et al., PRL (2012)

AT, [keV]
2nBa = 4nc'I, = V. =RQ; ~ c’Tlel,



Diamagnetic flow ordering

» Recalling .= Qg + Q, find IT;,, = 2 pinches
and 2 diffusivitiies when V ~ p_vi/a

Q. 8
[1=-Mn(R")[ 8
"o ar
[T, =remaining intrinsic or residual stress



Diamagnetic flow ordering

» Recall Q.= Qg + Q: IT;,, = 2 pinches and 2
diffusivitiies when V ~ p vi/a

[1=-Mn(R")[ GQ 8
or ar
IT. =remaining intrinsic or re5|dual stress
If Q2 >OatQC—O&Dd—D. ol

Blue = P, > P; mom. fluxin = .
Mn(R*)(Pg - P,)Q, < 0=> peaked =

403333736 3.8

R [m]
Parra et al., PRL (2012)
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Diamagnetic flow ordering

» Recall Q.= Qg + Q: IT;,, = 2 pinches and 2
diffusivitiies when V ~ p vi/a

[1=-Mn(R")[ GQ 8

or ar
If IT_=remaining intrinsic or residual stress — ()
& Q2;>0at Q. =0 & D, =Dg: ol

Blue = P, > P; mom. flux in = 0

Mn(R*)(Pg - P,)Q2, < 0= peaked =

Red = P, < Py mom. fluxout = oo
R [m]

Mn<R2>(PE - P24 >0 = hollow , al, PRL (2012)

(based on Lee, Parra & Barnes 2014)

V(p [km/s]




What changes in the pedestal?

J

Standard gyrokinetics requires care
U
(Vb ==V (D). xb) V. F = (C{F}),




Pedestal changes

» Pedestal adjacent to SOL

» B /B ~ a/qR with q >> 1

» Pedestal width ~ p, = 0f/dr ~ f/p, = can be
non-Maxwellian

» ExB and diamagnetic flow terms each sonic,

but in opposite directions
cRID/0Y ~ (cRT/Zen)on/op ~ v,

» Unperturbed ExB and streaming compete
v, ~cI B o®/g ~ v,
» Strong poloidal variation of n, T & ® possible



Pedestal width ~p
» Core: transit average V”B ‘VE=C{F} = 1,

» In pedestal can derive the GKE using 1,
P.=P+Q Vxb-Vp-1Iv,/Q
gyro = p + drift = p,

Gyroaverages at fixed 1), (Kagan & catto 2008) but
t(y.,E)-t(p,E)~p ot/or ~ t

» Pedestal: finite orbit transit ave. @ fixed 1),
(v, + cIB"9®/0y)b-VF = C{F} = F = F(y,9.E )



Strong poloidal variation

Total pressure-alignment

| —] FS
HFS
» ==HFS Expected

092 094 0.96 098 1
P

| im;

CX recombination spectroscopy
‘on
' variation of @ & impurity n & T

| (Theiler et al. NF 2014 & Churchill ez al. PoP
| 2015)

C-Mod observes poloidal

\ Stronger poloidal variation than
'B:

1my
im

must allow p, ~a & sonic
ourity flow, cannot neglect
ourity diamagnetic drift, &

ourity T not a flux function



Need impurity diamagnetic term

> Use E= P/ g v _B v

Jtor to measure
| Z,en,

pol pol

(Theiler et al. NF 2014)
Poloidal variation of E, & diamagnetic term!



Strong poloidal variation with sonic flows

» Keep diamagnetic terms for ions & impurities
T on, 'L an 0P I
n dy n, axp Toyp oy
» ExB & dia. can't balance poloidally for both

» Flows vary poloidally from sonic to sub-sonic
» Alter pedestal model of Helander 1998 PoP:

inertial =M n V VVZ” R . = friction
T3/2
compress. heat. = T“z V -V = equilib.

» Need \7Z for poloidally varyingn,, T, and ®

(Espinosa & Catto EPS 2015)



Summary

» Practical way to handle core momentum
transport & profile evolution

» Pedestal presents new challenges

» Related talk on up-down asymmetry today at
11am by J. Ball

» Related experimental results in a Tuesday

ooster by F. Parra




