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Introduction



Large Helical Device (LHD)

’

¢ ' -

Heliotron configuration

No net plasma current required
= Suitable for steady-state operation

Max. parameters

R=39m = 11x102 m?

a=0.6 M T=15keV _

V=30m TH = 5.2 keV 0 00 2000 3000

B — 3 ~4 T Time [s]
<p>=5.1% 1-hour discharge



Classification of passing
particle orbits :

RN

Tokamak B=B, (1 _Bgf cos 6) trapped

A

passing

Helical System

A

trapped

toroidally-trapped
particles l ‘ <Vdr >b

radial drift of

helically-trapped
particles B = BO [ 7 - ¢ cos 0 -¢,cos (L6 -MZ) ]



Helical geometry influences ITG mode and zonal flow.

Eigenfunction of linear ITG Zonal-flow response
mode electrostatic potential (GAM, residual ZF)
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Gyrokinetic Equations (for ITG Turbulence)
koo, =1, k.p,<<1
Ion gyrokinetic equation for 0 f(x, v, u,?)

J ~\ eV

E+v”f)-V+ v, 'V—M(IA)'VQ)O%%II 5f+Bi0{1/’a5f} =(V>:< ~Vy _Vub)' T Fy +C(Sf)
Diamagnetic drift Ve = To cho I+ ”i(n;;z - %) Y. - %
Gyrocenter drift v,V Effects of
Mirror force —u(b- V) /v, > magnetic geometry

Quasineutrality condition & Adiabatic electron assumption

e

l

T

JIo(kv, /2)0f v =[1-T,(k?)] (0-(9), Kk =(k, +32k) +k’

}

Ion polarization

€
1,



Linear I'TG Mode Analysis for
High-7; LHD plasmas



Fluctuation in High-T: discharge in LHD

K. Tanaka et al. tb be appeared in Plasma Fusion Res.

t=1.833s t =2.233s (HighT)
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*Fluctuation peak exists at *Fluctuation peak exists at
p=0.8-1.0 in space, p=0.5-0.8 in space,
k,p;~0.26 in wavenumber. k,p;~0.45 in wavenumber.



Results from Linear ITG
Growth rates of ITG modes
Mode Analyses by GKV-X 0.3 ——r——r——————

(See Poster by M. Nunami) ~ 0.2
S’:‘-
— 0.1
>—
Radial profiles of y S
max —— t=2.2335s|
T T T T T T T T T '_|°_ - (p:().()S) -
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S 02 1, =02
= ! - &
AT I ~ -0.3f
% 0.1F i S
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0 — ' kop;
8 0 02 04 06 038 10 *There exists ITG unstable region.
-Growth rates are peaked at *Maximum growth rates exists at
p~0.65 (t=2.233s), Kop;~0.35 (t=2.233s),
p~0.85 (t=1.833s). Kop; ~0.20 (t=1.833s),

in poloidal wavenumber space.



Z.onal Flows and I'TG Turbulence



Gyrokinetic Simulation of EXB Zonal Flow Damping in Tokamaks

Watanabe & Sugama,
/GAM Nucl.Fusion 46, 24(2006)
@ L7 kp=0.1715 —— Undamped residual flow
08 (1+1.6g€2) "~ I [Rosenbluth & Hinton, PRL(1998)]
S 06 . C , S
L o A / Or,0(00) = b1,0(0)/(1 + 1.647/€'/?)
_e‘« .
f\% - /\ /\ A A A . After GAM oscillations are damped in the collisionless
R B A WA VAV P
< oo | | process (Landau damping), the zonal-flow potential
04 R R T T T R T approaches the theoretical value predicted by the
05 10152025 30 35 40 45 50 Rosenbluth-Hinton theory.
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Results from

Real part of the ion gyrocenter
Gyrokinetic Vlasov (GKV) code P ion gy

distribution function f(v,,u)




Structures of the perturbed gyrocenter distribution
for zonal-flow components (tokamak case)

Simulation results
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The gyrocenter distribution for residual
zonal flow part can be described by the
analytical solution.

V20l

(r.0(0))
T;
+ (0P — 507 — 197)/(1 + 1.6¢7 /€'/2)]

: )

Useful information to derive
a kinetic-fluid closure model

fr0(t) = Fy [k2 p? + {ik, (Bp — o)



Closure Model for Zonal Flow Dynamics in Tokamaks (I)

Parallel 3 2 1, Sugama, Watanabe &
aralle _ " 1,
heat fluxes [q”’ qL] - ,/d vof [(m I 3T> VI <2mvL T) v] Horton, PoP(2007)

Fourth-order ; ) ] B 3 a1 01,
moments [SIHH, o1 1L 5’LL] = ./d vof [mv, imvHvL, 4va]
(s)

(7)

q=q) +q) [ |+ [0

‘ using the analytical solution o f
) [
61|(||ZL — —26](ﬁu =2poUk, [B— (B2/B1)B?]

U, = Bi(Bi—(B2)" [(up,/B)—(B2)(Buy, (t =0))
— (Bing) ' (B7?) <'/d3VFORkL (f)(V||/B)>] :

Br="3Jy"dA/(B/(1=AB)'?) Ry (1) = [ydi'Si, (1)
B =3 [y AdA/(B/(1—AB)'/?)
different model from Beer & Hammett (1998)



Closure Model for Zonal Flow Dynamics in Tokamaks (II)

(7)

- (5) (J) long-time behavior ($) short-time behavior
q T C[ H + q + (GAM damping)

|| (residual zonal flow)

-

g\ = —21/ in,v, E 5T e
Hammett-Perkins ‘
type model
g} = 1/ in,v, E—éT e
|

Fourth-order variables

(51'””,51'””51"“) =(3,,2)xTv;dn"

n,0T,

| _8pH—T5n

n,6T =0o6p, —Ton

where the Maxwellian part of the perturbed distribution is taken into account.



ITG-Mode-Driven Zonal Flow in Tokamaks

Gyrofluid equations for ions combined with
the quasineutrality condition

Smig) b ST, e e
% ('ﬂ B ) e nm)] = 2 (6 ()

no 2 T; 1;

(a) krai=0.131
1 <¢k(f)>/l<¢k(<l))> |

Gyrofluid simulation shows a GAM _ _
damping process toward the same "% e men
residual zonal-flow level as given l a

by gyrokinetic simulation and the

Rosenbluth-Hinton theory. 0':? ~ A ﬁ ’W

—Gyrofluid
0.4 E

0.2 1 . ﬂ
Rosenbluth-Hinton formula 0.4 :& i
2, 1/2 [
K, ,=1/0+1.6g" /¢, ') o

t (Ro /vtl_)



ETG-Mode-Driven Zonal Flow

Gyrofluid equations for electrons combined with
the Poisson equation
Sng b 8Tk, | | e,

obe/2 - 1—To(be) +k 23] =
) w 2 1 | g LTl R

e,
T

(b) krae =0.172

<¢k(t)>/<¢k(0)>

1

Gyrofluid simulation shows the same
residual zonal-flow level as given 0.8}
by gyrokinetic simulation and the
analytical theory.

0.6 -

0.4
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q) (T) _ 7;’/7—; + ki (Clg —I_ 7\"[2)(’) q) (O) """ T?llre%rsl ]
. T.)Ti+ k% a2[1+ 1.6(1+T./T;)q* /e /2] + K3 A3, ko ozl * Gyrokinetic
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Collisionless Time Evolution of Zonal Flows in Helical Systems
[Sugama & Watanabe, PRL (2005), Phys.Plasmas (2006)]

Response of the zonal-flow potential to a given initial potential |k p, <1

(6:()) =K (1) (¢,(0))

Response function = GAM component + Residual component
K(1) = Kuy (D1 K, (0] +(K, (1)
K(t=0)=1 K() =K, (1), Kz, (1) >0ast—+o B =B, [1-&cos 0-g,cos (LO-M)]
GAM response function K, (1) = cos(wg)exp(— Ly 17)
Long-time response function - =01 (L=2, M=10)
: <9, (t)>/<¢ (0)> ’
1-(2/m)"*((2e,)"*{1 - gll(t 6}) —
KL(Z‘) = 0.8 * Simulation
1+ G+(E(t / k —K (D)
@ n, Lpn 0.6 — K (t) (no FOW)

E(?) represents effects of shielding of potential
due to helical-ripple-trapped particles.

((2e,)"{1- g, (1.6)}) - —<klpt N(2e,) {1 - g,(1.0)})

E(t) = zno
T

+;:<<2sﬂ>“2{1—gel<r,e>}>]



e g=1.5, &=0.1, L=2, M=10
Perturbed gyrocener distribution Helical plasma  t=12.5 (Ry/v)
of(v,v,)
Simulation Theory (rapid oscillations dropped)
(@) 8=0 (@) 8=0

v_parallel v_parallel

V” -0.001 0.000 0.001



Results from LHD experiments

For low collisionality, better confinement is observed in the
inward-shifted magnetic configurations, where lower neoclassical
ripple transport but more unfavorable magnetic curvature driving
pressure-gradient instabilities are anticipated.

Anomalous transport is also
T improved in the inward

shifted configuration.
Inward-shifted

Standard
Outward-shifted

Teexp / TIIESS%

Scenario:

Neoclassical optimization contributes
L T to reduction of anomalous transport
v* by enhancing the zonal-flow level.

b
H. Yamada et al. (PPCF2001)



Standard and Inward-shifted configurations

For the inward-shifted case, more unfavorable curvature but lower ¢ and higher magnetic shear s.

Larger residual zonal flow is found for
the inward-shifted case.

<9,(t)>/<(0)>

o8l |7 Standard (k p = 0.25)

— Inward (krp = 0.28)
0.6 [{ i

t (Ln /vtl_)

Response of zonal-flow potential
to a given initial potential

The maximum ITG growth rate is slightly
larger for the inward-shifted case.

[v,/L]) M=L/L;=3
' ' ' ' L/R,=03
0.7+ )’ ______ T/T;=1
0.05¢ i
%o
0
--0--Standard
-0.05L —e—|nward i
r/4
-0.1¢ _
_015 | | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

kB pti



Results from GKYV simulation ( flux tube, E.=0) | Turbulent thermal diffusivity
and squared zonal-flow no%gntial

Smaller ) and larger zonal flows are found | , [ Standard
in the saturated turbulent state for the 25 —_Inward A |
inward-shifted configuration than for the e N
- 2 L
standard one ! N —
Es
o o L o > ﬂ
Linear time evolution of zonal-flow potential N T o
3,
<¢k(t)>/<¢k(0)> 5 ; \N
1 T T T T T T T I~
] ﬁ " N
osh |7 Standard (krp = 0.25) | | r~
—Inward (krp = 0.28) ] ITG 05 - \/N
0.6 _
. _ turbulence o
04 . 0 50 100 150 200 250
0.2 \ . & t (Ln/ th)
0 H inward-shifted configuration standard configuration
:I '| DO ?." .“ T == =7 uow
02 ‘;‘_:' - glg’ -t =

0 10 20 30 40 50 60 70 80
t (L /v)
n ti
Larger residual zonal flow is found
for the inward-shifted case.

Watanabe, Sugama & Ferrando, PRL(2008)
Sugama, Watanabe & Ferrando, PFR(2009)

The GKY turbulence simulations were carried 40 5 0 i3+ 40 = 0
EARTH , out by the Earth Simulator (JAMSTEC). Potential contours obtained from six copies of flux tube




Effects of Equilibrium Electric Field E,
on Zonal Flows in Helical Systems

In helical systems

E . is given from ambipolar condition of radial particle fluxes.

E, reduces neoclassical ripple transport.

How does E . influence zonal flows and anomalous transport?



Effects of I, on gyrokinetic equation and zonal flows

gyrophase average of

Gyrokinetic equation for k, =k Vr ZO“al'ﬂ"I potential
J ¢ | . J . e{Pp(x + p))
—+vb-V+ik v, —ulb-VQ|—+ of =-ik .- v F
PP rVd M( ) v, @ f rVa T M
angular velocity ., _ _ cE, field line label
due to ExB drift ~ 1, B, a=0-Clq

In helical systems, Ol -dependence appears in K, vV, and M(b’VQ)

Therefore, even if the zonal-flow potential ¢ is independent of  ,
) f comes to depend on .

Thus, Wy influences o f and accordingly ¢ through quasineutrality condition.



Effects of Equilibrium E_ on Zonal-Flow Response

Equilibrium E, field generates a ExB component to the velocity.

Orblt of helically- trapped
partlcles modified by E, |

Flux
surface

Radial drift of
- helically-trapped
Vdr particles

0..
L}
------

Poloidal ExB rotation of helically-
trapped particles with reduced

radial displacements AE will
decrease the shielding of zonal-
flow potential and increase its
response.

Mynick & Boozer, PoP(2007)
Action-Angle Formulation



Classification of particle orbits in the presence of E,

Cary et al., PF (1988)
ExB Wakatani (1998)
drift ExB
T T driftT T

transition
points 1

helically ftrapped

helically assing  helically ,
trapped trapped toroidally
(closed) trapped
(unclosed)
Vv 4 K2 trappi
dr ppin
A ~ I ) — parameter
E 0 passing
ExB
radial displacement of P rtoroidally trapped
helically-trapped particle /-»
K°=1
—
helically trapped
trapping parameter \' (unclosed)

)

2 = 1-AB,[1-¢&,(60) —¢,(0)] (closed)
2AB.e,,(0) > 0
A= 1mvz/,u K 0 T
2




Solution of gyrokinetic equation to describe long-time
evolution of zonal flows [Sugama & Watanabe, PoP(2009)]

Perturbed particle distribution function
e —ik, p, —ik, A, | ik, A
8D ==2 0 (DE, [l—e rgnib A (e s
+ e ke Pr ik

Average along the orbit

(Do =P

(dl/dt) /gs (dl/dt)

For particles which show transitions

tralsition ¢ dl / dt
P, T points 1& f 1-P, ( )

toroidally
trapped

Jo(k.p,)

<e’k’A’[5 FE0)+F, fOtSk(t)dt-> —

P, - gyro motion
A, -+ drift motion

Polarization

orbit (classical & neoclassical)

Initial condition &
4/ orbit Turbulence source

P~ 4\/7 cE \[Ryg 12 dg, /A0
" oon ey —&)/90|,
1 P, transition probablllty

P) f +P f do

K>l Vll‘ KZ>1 vll‘ K<l
vy >0 v <0
toroidally helically
trapped trapped




Long-time zonal-flow response to the
initial condition and turbulence source

For radial wavenumbers k,p,<1 (ITG turbulence) and kA, <1, the zonal-flow
potential is derived from the quasineutrality condition as [Sugama & Watanabe, PoP(2009)]

<n51 [ |i+ik(a, - <Air>orbit)][5 £+ Fy [18,0 dt]>
(kp,)[1+G, + G, +(MX(G,, +G,)A+T,/T)]

%<¢k(t)> =

Geometrical factors G’s represents shielding effects of neoclassical polarization due to
particles motions in different orbits.

G « (population) Gp : passing G,, : helicallly-trapped (unclosed orbit)
2 .
x(A,/p) G, : toroidally-trapped G, : toroidally-trapped (closed orbit)

Zonal-flow generation can be enhanced when

G,, and G, decreases with neoclassical optimization (which reduces radial drift velocity V ;. )

and when poloidal Mach number |M, = ‘(CEF/ B)/(rv, /R q)‘ increases

with increasing E,. and using heavier ions.




Response to the initial condition

Assume the initial distribution to have Maxwellian dependence § £'2(0) = [61*’(0)/n,]F,,

Then, we obtain 5n¥(0)/n, = (k.p,)’ep©)/T

(9.0)
1+ Gp +G, + M;2 (G, +G,)1+T.IT) (no turbulence source)

(9 (1)) =

For the single-helicity configuration

B =B,[1-¢cos0—-¢,cos(LO—-Mg)] (g, :independentof 0)

No transitions occur. G, =0, G,=(15n/4)q’(2¢,)"*

(.0)
1+G,+G, +(15n/4)Mq*(2¢,) *(1+ T, /T)

(9 (1)) =

This corresponds to the case considered by previous works.

Mynick & Boozer, PoP(2007)
Sugama, Watanabe & Ferrando, PFR(2008)



Extention of GKYV code to poloidally global model

GKY code is extended from the flux tube to the poloidally global model for
studying effects of E, on zonal flows in helical systems [Watanabe, IAEA FEC 2008].

o =0-C/q : field-line label G :toroidal angle

* Linear simulations for time evolution of zonal flows are done using
129 Fourier modes in the « direction ,
1,536 grid points in the £ direction, and
(512, 48 ) grid points in the (v, W) space
for a fixed radial wavenumber k..

*Standard configuration model (single helicity) :
B=Bj[1-¢cosO0—-¢,cos(LO-Mg)], ¢ =01 ¢ =01, g=15, L=2, M=10

* Inward-shifted configuration model :
Sideband helicity components ( g ., =-002, ¢_,=-008 )

are included.



Re <o(t)>/<dp(t=0)>

Collisionless time evolution of zonal flows

in helical configurations with E,

It is clearly shown for the inward-shifted model configuration that the

residual zonal-flow potential amplitude (observed after Landau damping of

GAM) is enhaced by increasing E . .

Inward-Shifted Model

I |

P/ p(0)
0.3 |

0.25

I

p - 0 .
M_=0.]
0.2 Mo=02 ——
0.15 H | M, =0.3 .
0.1 H | ,,.;"\..' ~—e—— -
0.05 || | / \//\\/\/\/,:’_/
O | '.'I t‘-/

'005 _lll‘\ .":‘ i
0.1 || i
-0.15 (k. p;=0.131) -

‘0.2 . ! ] | |

0O 5 10 15 20 25

Time (Ry/vy;)

30

0.3

0.25

0.2
0.15
0.1
0.05
0
-0.05
-0.1
-0.15
-0.2

¢(t)/ ¢(0) Single Helicity
"‘ I I | _ (l) | ]
| M, £ 0.1
i MP =02 —— ]
1 [\ Mp =0.3 il
N ]
A <
[V |
_<|:’ :/' i
8 (k. p;=0.131) -
0 S 10 15 20 25 30
Time (Ry/v;)



The residual zonal-flow potential as a function of k&, p,;

for Mp=0 and Mp=0.3

Different k. p, dependences
for M,=0and M,=0. 3 are
theoretically predicted and

confirmed by simulation.

Theoretical results are derived

by assuming k. p.<<1 .

[To be published in CPP]

0.12

0.1

0.08

0.06

0.04

0.02

0

Inward-shited configuration

| <¢(If = °°)I>/ <¢((.))>

- Theory * -
N Simulation _
I M = _
p
1 1 1 1 1
0 0.05 0.1 015 0.2 025 0.3




Dependence of the residual zonal-flow potential on the
poloidal Mach Number (M) for k, p; = 0.065

Inward-shited model configuration

Residual zonal-flow potential
O/ (0
| o 01 P00
increases with increasing M, . Theory
k = 0.065
O, 08 B ( ptl ) \ § |
Qualitative agreement Simulation }
0.06 - .
between theory and (k; £ =0 065K }
simulation is verified. 0.04 i \ 7
002 - % Theory i
More details are found 0 ; i o (&, Pui = 0[) 1

in poster by T.-H. Watanabe 0 00501 015 02 025 03

[submitted to PPCF] Poloidal Mach Number (MP)



Momentum Balance and Radial Electric Field in
Quasisymmetric Systems with Stellarator Symmetry



Basic Boltzmann Kinetic Equation for description of
Collisional and Turbulent Transport

Equilibrium

. B =¢'Vs x VO + \'V( x Vs = B;Vs + ByV8 + B:V(
magnetic field

Boltzmann kinetic equation

LiﬂLv V+—{(E+E)+lvx (B+]§)}5_V] (fa+fa):Ca(fa+fa)

My c

Ensemble-averaged Kinetic equation

d 1 J
—fa = —E B) —| fo=(C, D,
(h‘fa [01‘+V V+ ( v ) OV]f (Ca)ens T

A

D, - _i<(1::+iv <B). ‘?fa>
My C ov [




Classical, Neoclassical, and Anomalous Transport
of Particles and Heat [Sugama et al. PoP1996]

The gyrophase (&) -average part and the oscillating part of an aribtrary
function F is defined by F=Q@r)"'§d{F aqnq F=F-F respectively.

Particle flux I, =(I',-Vs) = </ v f,v - Vs >

a (Ao - Vs) _ 3 Mg v? B E o
Heat flux T T < / Pv f, ( T Vs

The ensemble-averaged Kinetic equation is divided as

L(F,+fa) = (C.) _+D.. Q‘zj; ~ Zf.—(C.)__—D,

L=d/dt+ Q,0/0¢

Second order part of fa in 0~ p/L

For =)+ 7 A+ o [ a6+ £ @) D)
AT+ =@ @)



Momentum Balance

%(namaua) = -V - P, +ngme, (E + % X B) +F 1 + K,
density 1, = [ f, particle flux 7.1, = [ v fov
pressure tensor P, = [dPv famgevv
friction force Fo = [dPv Cy(fa)mav
turbulent electromagnetic force K, = [dPv D,v
S K =V <4é (EE +BB) - (£ + B N - ;% (ExB)

d (Sem
=V  -Tgy — .
V- -Tem o ( 2 ) .



Momentum Balance in the direction tangential to the flux surface

J < { ( (S, >9) ( (S ) )}>
. nama Cl ua@ + 2 +C2 ua@ + 2
ot - C C

V‘<VS | 2P, _TEM) '(Cljz+CzZf_)>]+i(‘01W'+C2X')Eea<”auZ>

The surface-averaged radial current

S _ l 0 S
za: eql y = za: €q (Nauy) = _EE<E )

(cq, ¢, : constants)

1 o

V'ds

(s, 6, C) : Hamada coordinates



Quasisymmetry
[Boozer(1983), Nuhrenberg(1988), Helander &Simakov (2008)]

o0 T Pac
quasi-axi-symmetry (cy, ¢5)=(0,1)

quasi-poloidal-symmetry (c,, ¢,) =(1,0)

The O(0) viscosity component in the quasisymmetry
direction vanishes :

<(qg—’g + (-Qg—?) |V {Pjabb + P, (1- bb)}]>

ox ox
— _ S i [ =0
<<P||a PL,) (‘109 +(20<> v1nB>

The ambipolarity » e, (n,ul) =0
is satisfied automatically up to O(9).



Stellarator Symmetry

Magnetic field strength
B(s,—60,—() = B(s,0,()

Magnetic field components
BG(S _9 _C) — B9<S 0 C)
B@(.S', —9, —g) — B(;(S, (9 q)
BS(S _9 _C) — _BS(S 9 C)

Metric tensor components

Gss (5, —() = gss(5,0,¢), gea(s. —0,—C) = gee(s,0.().
goc(s, —0,—C) = goc(s5,0,C),  gec(s, —0,—C) = gee(s, 0, C),
gso(s, =0, —C) = —gaa(s,0,C),  gsc(s, —0,—C) = —gsc(s,0,C),
g(s,—0,—¢) = g(s,0, (),



Parity Transformation associated with Stellarator Symmetry

Expansion in n~ O~ p/L (Put €, — Tl_lea in Boltzmann and Maxwell egs.)

fa(5,0,C, 0%, 07,05, 8, n) = farr (s, 0,0°t) + nfar(s, 0, 05,07 08, )
T 772f02(83 9 < ,US’ ‘l’,et ’UCg 772t) T y
D(s,0,¢,t.n) =nP1(s,n’t) +n°Do(s, 6, ¢ n’t)

Parity operator /7 is defined by
(PQ)(S 6) g l‘s 'l”’et l’c f 77) — Q(S _(9 _g l'S _"Ues _l‘c lL _77)

In the presence of stellarator symmetry, Boltzmann and
Maxwell equations are invariant under parity transformation

fa + fa —> P(fa"‘fa)
E,+ B, Eg+ Ey, Ec+ B, —> —P(E«+Es), P(Eg+ Ep), P(E¢+ E)
B.+ B, By + By, Be+B. —> —P(B.+B.). P(By+ By), P(B¢ + B)



Momentum Transport Fluxes in Stellarator Symmetric Systems

Parity of solutions
Pta= fa —Pd =3
Fi(s. =8, —C, 0, =%~ 1Pt) = (=1) f;(s,6,C, v, 00, 06, )
D, (s, —0, —C.n?t) = (~ 177" ®;(s,60.(,t)

When j is even, the O(6/) part of radial transport fluxes
of poloidal and toroidal momentum vanish.

(P9);) = (P9)2) = ((TH)5) = (TRe) =0 (for even j)



Momentum Balance in Quasisymmetric Systems
with Stellarator Symmetry

In quasisymmetric systems with stellarator symmetry, the
momentum transport fluxes vanish up to O(6°), and the
ambipolarity is automatically satisfied up to O(672).

The momentum balance equation determing E_ is of O(67) :
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Momentum Balance in Toroidally Rotating Tokamaks
with Toroidal Velocity V ~ v;; [Sugama& Horton, PoP1998]

Toroidal flow is proportional to the radial electric field

. dDy(V)
VO:RVSZ —Rc —
A

The momentum balance equation determining E is of O(67?) :

o\ ;
e )l VI -3 ([ 20 mar s

a

Toroidal momentum flux is of O(5?).

M, =5+ T+ T + e



Neoclassical and Anomalous Toroidal Momentum Fluxes
in Toroidally Rotating Tokamaks

Neoclassical toroidal momentum flux of O(52).
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Anomalous toroidal momentum ﬂux of O(6?).
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Quasi-axisymmetric System with Toroidal Velocity V ~ v,

. 0 , o(s
Toroidal flow V=V X V¢ = —C(I)O(S) = O(vry)

¢’ X' (s)

Equilibrium force balance _
(Z nama) V. .-VV = £J xB—- VP
a C

Toroidal component

./ 0
o) s X g (0500
dC c c \ 00 JC

Generally, 0944/ 0 G 75 0 Therefore, JS 7§ 0

Then, neither Boozer nor Hamada coordinates can be constructed.
Thus, high toroidal velocity on the order of ion thermal velocity
does not seem to be allowed by simple quasiaxisymmetry condition
only.




Summary

® Fluctuations observed in a high 7, LHD plasma are considered as ITG
modes predicted from linear calculation by GKV-X.

® Zonal-flow response theory and simulation show that zonal flow generation
and turbulence regulation are enhanced when the radial displacements of
helical-ripple-trapped particles are reduced either by neoclassical
optimization of the helical geometry lowering the radial drift velocity or by
strengthening the radial electric field E, to boost the poloidal rotation.

® The E, effects appear through the poloidal Mach number M,,.
For the same magnitude of E,, higher zonal-flow response is obtained by
using ions with heavier mass (favorable deviation from gyro-Bohm scaling).

® The momentum balance equation determining E_. in quasisymmetric
helical system with stellarator symmetry is shown to be of O(6°)
by using a novel parity operator.



