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Abstract. Ripple induced thermal loss effect on plasma rotafis investigated in a set of Ohmic L-mode
plasmas performed in Tore Supra, and comparisotisngoclassical predictions including ripple arefqgrened.
Adjusting the size of the plasma, the ripple ampgit has been varied from 0.5% to 5.5% at the plasma
boundary, keeping the edge safety factor consfim. toroidal flow dynamics is understood as beikgly
dominated by turbulence transport driven processdsw ripple amplitude, while the ripple induceatdidal
friction becomes dominant at high ripple. In thdtda case, the velocity tends remarkably towards th
neoclassical prediction (counter-current rotatidrtje radial electric field is not affected by thepte variation

and remains well described by its neoclassical iptied. Finally, the poloidal velocity is fairly oke to the
neoclassical prediction at high ripple amplitudet, §ignificantly departs from it at low ripple.

I.INTRODUCTION

In tokamak fusion plasmas, the rotation velogiays a crucial role for the plasma
performance. In particular, it is widely believdtht a strong shear in the component of the
rotation associated with the radial electric fietd a key factor for turbulent transport
reduction, both in advanced operation scenarios exdge transport barrier regimes [1-3].
Also, strong plasma rotation has a beneficial ¢ftec MHD stability, by preventing mode
locking and the onset of resistive wall mode [4dl aeoclassical tearing modes [5]. In present
day devices, strong plasma rotation is mainly drilbg Neutral Beam Injection (NBI) heating
which provides a significant external momentum seuiNevertheless in a fusion reactor or
ITER, NBI is not expected to provide much extenma@imentum. The plasma heating will be
mainly provided by alpha particles, which impartsnaall net torque on the plasma only [6],
so that plasma rotation is expected to be lowerpawed to present devices. Consequently,
understanding plasma rotation in low external mamm@annput condition is of major interest.
Plasma rotation is thought to result from a contipetibetween turbulent transport processes
[7-9] MHD effects [10-12], fast particle effectsJL7] and the ripple-induced toroidal
friction [18-20] The Toroidal magnetic Field (TF) ripple issue atwl effect on plasma
rotation are risen again nowadays after intendivdias regarding neoclassical aspects in the
early nineties [21-25], recently reviewed in [2Bcause the TF ripple can not be entirely
eliminated in any tokamakd(< 0.5-1.2 % in ITER at the plasma boundary dependin
insert configuration, withs = (B, ., - B, )/(B,. + Bn) D€ING defined as the relative amplitude

of the toroidal magnetic field variation, wheBg.xis the TF under a TF coil arigl,, is the
TF between two coils), there always exists ripplduced non ambipolar particle fluxes.
Whether or not the ripple induced toroidal fricticould have a non negligible effect on
plasma rotation, and how this effect competes withulence driven rotation for example,
are important issues in view of ITER low torquersngs. So far, the questions of the TF
ripple effect on plasma rotation and comparisorhwsigindard neoclassical predictions, i.e.
non-accounting for the neoclassical ripple-indudedoidal friction, have been mostly
addressed in JET [27-30] and JT-60U [31-33], bt imited range of ripple amplitudes.
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Tore Supra is a large size tokamak with no extemm@nentum input and a relatively strong
TF ripple (up to 7% at the plasma boundary in saathghlasma conditions, in contrast to the ~
0.08% standard value in JET for example), which esathe device particularly well suited
for studying ripple effect on plasma rotation siassociated neoclassical effects are expected
not to be negligible. In this paper, we focus @ple-induced thermal particle loss effect and
report experimental observations of plasma rotatiori.-mode ohmic plasmas, with no
external momentum input and TF ripple amplitudegmag from 0.5% to 5.5% at the plasma
boundary. Neoclassical predictions including rip[2é] are summarized in Section Il and
compared with radial electric field, toroidal anolgidal velocity profiles in Section Ill. We
find that the toroidal velocity increments in theuater-current direction when the ripple
amplitude increases, and converges towards thdassozal prediction at high ripple value.
The toroidal flow dynamics is therefore understcasl being dominated by turbulence
transport processes at low ripple value, then ttiagstowards a transport regime dominated
by the neoclassical ripple-induced toroidal friatiat high ripple. The radial electric field is
not affected when the ripple amplitude increases ramains well described by neoclassical
predictions. The dynamics of the poloidal flow ag@esomehow more complex and is not
understood yet. The poloidal velocity is found tmte far from neoclassical predictions at
high ripple amplitude, but departs significantlgrr it at low ripple. Those observations are
discussed in Section IV.

[I.NEOCLASSICAL PREDICTIONSINCLUDING THERMAL RIPPLE EFFECT
Neoclassical predictions accounting for the ripplduced thermal toroidal friction (i.e.
related to thermal ripple losses only, and not fasticles) have been recently revisited and
clarified in [26], in the limit of large aspect i@atIt appears that several transport regimes and
sub-regimes can coexist on a same magnetic flllacidepending on the ripple amplitude
and the plasma collisionality as summarized ingsbland Il wheree is the inverse aspect
ratio, Jis the ripple amplitude at plasm=

boundaryg is the safety factol\ in the regime local trapping
number of toroidal coils (18 in Tore coll. v*<(éjm v >>1
Supra) and v is the plasma £
collisionality. In the general case, it i ke 3.37 15
gxpectgd that in ordgr to compensate | ko 117 05
ripple induced radial fluxes of ion: ” 35

) . . T . 0
trapped in local ripple wells, the radie

electric field E; evolves and adjusts . _ _ _
itself to ensure ambipolarity. In a singl ggpzhg nlg' Or']\'fﬁglsss'cal C(')ﬂ?gor]t;?fp'(rs‘ge [rgg]'”];‘gr‘
. : l : i asma colli ity

light species plasma;(= 1, deuterium), more detail; values of interest are reported in bold

this implies thak, can be approximatec h
ere).
by E =T,(0n/n +kT,/T)/ez, wheren,
is the ion densityT; is the ion temperature ang = [1.5 — 3.37] depending on the ripple
amplitude and the plasma collisionality (provide&B drift effects, which are expected to
lower non ambipolar fluxes [21], are ignored). Tpeloidal velocity appears not to be
strongly affected by ripple effect and reads as tleoclassical standard expression,
V, =k,OT, /ez,B wherekp = [-0.5 — 1.17]. Hence the toroidal velocity (infed from the

radial force balance equation) readsvgs k. 0T, /eZ,B, Wherekr = [1.67 — 3.54], i.e. it is

predicted counter-current always. However in thatliof local trapping regime with* >1
(table 1), the toroidal velocity is predicted to Zero which is unrealistic.



regime no local trapping
and o 1
— >>
£ (Nq)3/2
banana-drift ripple-plateau ripple-plateau
weakly collisional weakly collisional collisional
coll. . 1 2 2
Vv << Nig? Nziqz <<y’ << Nq[gj Nq(gj <y
ke 3.37 1.5 15
ke 1.17 1.17 1.17
kr 3.54 1.67 1.67

EX/3-4

TABLE I1: Neoclassical regimes and sub-regimes without local trapping, and various collisionality
limits (see[26] for more details; values of interest are reported in bold here).

In previous works [34,35], it has been checked tadial electric field measurements in Tore
Supra agrees well with the ripple-indudedprediction in the outer part of the plasma and in
various heating regimes, suggesting that the mamribution in the ambipolarity condition
determiningE; comes from ripple induced thermal particle fluessalso mentioned in [36].
This raises the issue of the toroidal and poloiddbcity behaviours, and to which extend
they are described by neoclassical predictions.

[11. MEASUREMENT TECHNIQUES

Rotation profiles are measured in Tore Supra with €Charge eXchange Recombination
Spectroscopy (CXRS) system, which has been sigmifi¢ enhanced in order to improve its
spatial coverage, time resolution and measuremectracy [37,38]. The system uses a
diagnostic NBI and provides measurement3;adndVy profiles, as well ag; profiles from
CVI line analysis, assuming that the carbon imgurds the same velocity and temperature as
the main ions. Fifteen tangential viewing lines ased, with 2 cm spatial resolution at the
plasma edge and 6 cm in the core. For the plasmbs tliscussed here, the spatial coverage
extends from the plasma centre @ ~ 0.95 in the equatorial plane (wher& is the
normalized minor radius), and the time resolut®ad0ms. Short and low power beam pulses
are used for the measurements (hydrogen beam, 300ises, injected energy,j = 55keV,
power P = 350kW, perpendicular injection), so that the neatam carried out by injected
particles can be neglected. Radial electric fiekehsurements are performed using Doppler
reflectometry (DR) technique [39]. The system pded local measurements of the density
fluctuation perpendicular  velocity in  the laborator frame, that is

U, =Ve,g V. O-E, /Bwherev,,, = ExB/B? andVjy, is the mean fluctuation phase velocity.

The latter contribution tag is small indeed, of the order of the diamagnetiét aelocity
(provided there is no major change in the turbwenegime nor in its phase velocity).
Consequentlyus is most often dominated by thexE term contribution as observed on
several tokamaks and stellerators in various plasomalitions [40-44], and supported by
linear gyrokinetic calculations as performed ind&upra [39] with KINEZERO [45]. Hence
the poloidal velocity profiles can be evaluatednifrahe radial force balance equation,
combining CXRS and DR measurement&poneoclassical prediction (most often, CXRS and
DR measurement locations do not entirely overlsipge the latter can be used confidently as
mentioned in Section II.

IV.EXPERIMENTAL RESULTS
The plasmas to be discussed here were perform@tinmc L-mode atBr = 2.1T. In order to
vary the ripple amplitude, the size of the plasnae waried with a minor radius ranging from
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55cm to 72cm, while the plasma current was adjubetdveen 0.5MA and 0.85MA with
central densityney = 4 — 4.5%10°m™ in order to keep the edge safety faaigr3.3 constant
and similar plasma edge properties. In consequéehe€elF ripple magnitude could be varied
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Figure 1: Iso-ripple curves in Tore Supra, with CXRS (diamonds) and DR (circles and crosses)

measurement locations for the set of analyzed discharges. Right: associated ripple amplitudes.

from ~ 0.5% to 5.5% at the plasma boundary (Figyrerhe electron temperature was kept
rather low Teo = 0.75 — 1.2keV), and no significant changes vedrgerved ofT; profiles (Tio

~ 750eV). Provided the plasma collisionality an@ple amplitudes, the ripple-plateau
collisional sub-regime condition described in talblgvith 5/ >>1/N?g?) is found to apply in

most plasma cases, over the plasma region 6&>0.1 (wherev < 1). Forr/a< 0.1 and/a
> 0.6 (v > 1), as in the lower ripple plasma cases (for Wwhic > 1 over the full plasma
radius), local trapping regime condition appliesegsorted in table I.

Toroidal Velocity The toroidal rotation velocity evolution with thepple amplitude is
illustrated in Figure 2. The whole plasma appearstate in the co-current direction (positive
velocity) at low ripple amplituded = 0.56%). When the ripple amplitude increases, the
toroidal rotation velocity

becomes counter-current in the _|co-current
edge (forr/a > 0.6) while it )
remains  co-current  though
flattening in the core (seéd = .
1.62% for instance), then shifts £
to pure hollow counter-current >
rotation at the highest ripple
amplitude ¢ = 5.52%). This g |
behaviour is consistent with JET ct-current | 3=056% 095% 1,62% 2.61% 552%
[30] and JT-60U [32] o 01 Dz 03 04 05 06 07 08 08 1

rfa

observations, and similar 1o Figure 2: V,, profile evolution with the ripple amplitude.

static nonresonant error field Positive resp. negative velocities refer to co-current resp.
perturbation effect on toroidal ct-current direction.

rotation reported in DIII-D [46].

Comparisons with neoclassical ripple-plateau regprezlictions kr = 1.67) are detailed in
Figure 3 for ripple amplitude® = 0.56%, 1.62%, 5.52%. When the ripple amplitude
increases, the toroidal velocity clearly evolvesadads the neoclassical prediction with a good
agreement in term of magnitude and direction inhighest ripple case. As mentioned above,

local trapping regime predictionkr(= 0) apply forr/a > 0.6,r/a < 0.1, as for th&d = 0.56%




plasma case. Therefore, the full radius comparigibm
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Figure 4: E, profile measurements from DR for the 0=
0.56%, 1.62%, 2.61% and 5.52% plasma cases. chooment_ . .
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edge region mainly probed by the diagnostic in ¢hc Figure 3: Comparison between

dischargesr(a ~ 0.55 — 0.9).Also, it is

well with ripple-plateau collisional regime predarts —Sauares)

(v > 1, ke = 1.5) as already reported in

Poloidal velocity The above observations raise tl

question of the poloidal velocity

found to agre measurements  (solid  curves,
and  ripple-plateau
neoclassical predictions (dashed
curves). Local trapping regime
predictions (V¢ > 1, ky = 0) should
apply for r/a > 0.6, r/a < 0.1, as
for the 0= 0.56% plasma case.

[34,35].

behaviour wil

increasing ripple amplitude, since o nor E; but Vg
modifications are significant. The plasma rotati@hocity and the radial electric fiel, are

8= 0.56% 0.95% 2.61% 5.52%
0 0.5 1
ria

Figure 5: Vgp profile evolution with the
ripple amplitude, as inferred from the
radial force balance equation.

linked through the radial ion force balance
equation, E, =0p, /Z en, -V,;B, +V, B, (valid

for any plasma specieg where p; is the ion
pressureZ; the charge of the iorg the electronic
charge, n the ion density,Bgand B, are the
poloidal and toroidal magnetic field¥y profile
evolution (main ions, deuterium D) with ripple is
reported in Figure 5 in the same plasma cases as
above, as inferred from the radial force balance
equation, with Vo and T; from CXRS
measurements,E, considered as neoclassical.
Velocity profiles are found to be rather flat and
positive (i.e. in the electron diamagnetic drift
direction) at low ripple value. When the ripple
increases, the velocity amplitude reduces and
reverses sign at the edge. In the highest ripple

case, the velocity is negative (ion diamagnetitt diirection). Since neoclassical predictions
with ripple indicate that collisional viscous damgiterms keep being dominant in the
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equilibrium poloidal flow dynamics\g expressions are
similar to those as standard neoclassical predisti Al

depending on the plasma collisionality), measurdme 2_%_
are compared with NCLASS [47] predictions in Figu

6. It clearly shows that the velocity tends to agwath |

the neoclassical prediction at high ripple, while
significantly departs from it at low ripple value 17 85 o8 97 o8 09

WoCkmis )
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V. DISCUSSION

A coherent picture can be clearly illustrated by t
evolution of Ve with doc (Figure 7),d0c being the local -,
TF ripple at the CXRS measurement locations. i
suggested in Section lll, it shows thé&t is continuously i
decreasing with doc, evolving from co-rotation to
counter-rotation and approaching, for the largikst the
neoclassical prediction accounting for the rippldticed %
thermal toroidal friction. Such behaviour strongly
indicates a competition between two main driv
rotation mechanisms. At low ripple valué € 0.56% A .
case)Vy is co-current hence not neoclassical, and car O g
understood as dominated by turbulence driv Figure 6: Comparisons between
contributions. When the ripple amplitude increashs, V,, inferred fromtheradial force
latter compete with ripple-induced thermal toroid balance equation (solid curves)
friction, which in term becomes strong enough and NCLASS predictions (dash
counter-balance turbulence driven terms and thecitgl ~curves).

converges towards the counter-current neoclassataé

(0 = 5.52% case). The scatter My observed ford,. < 0.5% could then be explained by
different local level of turbulence related to #gerimental procedure.

The competition between turbulent momentum drive @eoclassical friction can be assessed
by using the toroidal projection of
the force balance equation, which

Va (ks

0z 04 0E 0s 1

Va (ks )

40

pezourent __iﬁiﬁ'ji: is schematically of the form
7 20} =-E S dV, /dt = Fyy + Frey. Here Fum
[ ! is minus the divergence of the
= turbulent Reynolds stress tensor
s i M, and Fneo is the collisional
i lctourent, , , : , : friction force due to ripple. The
0 0.5 1 1'? E%JZ 2.5 3 35 latter is of the form

o

Figure 7: Vyat local ripple amplitude values g, for the set
of analyzed discharges.

Freo = _Vneo@(o_kTVTD(O) whereks is
a number, V;, =0T /eB,is the
toroidal diamagnetic velocity, and
Uheo IS the friction rate. In the ripple-plateau regjnam estimate of the friction rate (large
aspect ratio) iv,,, =7iG,(@)Nv, ° /2Rwherevy is the ion thermal velocityR the major
radius. The functios; is the ripple flux average, which is approximabgdL. In steady state,
Fub *Fo =0 and the toroidal rotation reads a¥,=k;Vy,-0OMN/v., with

turb

Vieo U c/\/fJ2 wherec in a constant. Consequently, the slope observékeivelocity trend
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in Figure 7 (varying as ~ &), could be interpreted as an indication on thbulent Reynolds
stress tensor magnitude, while the asymptotic vatuggh ripple is the neoclassical velocity.
The Reynolds stress tensids the cross-correlation between the radial andidat

components of the velocity fluctuations, ilé.= <\7r\7¢> whereV is the turbulent velocity and

the bracket is a statistical average over fluctunati A quasi-linear calculation [48] yields the
following expressionl = -y, 0V, +vV, +1 cwhere x, is the turbulent viscosity, the

velocity pinch velocity, and1 s is the residual stress. The latter is due to sfiear[8,49-

51], up-down asymmetry [9], and gradient of turlogke intensity [52,53]. In these Ohmic
discharges, shear flow is small, while the equilibr is up-down symmetrical. Turbulence
measurements usually show that the intensity gnadselarge in the edge, but small in the
core [54]. We therefore neglect the residual strasthe following. This approximation is
certainly debatable, and would deserve further udision on the basis of numerical
simulations. This leaves the viscosity and the Ipinelocity, likely due to curvature effects
[55-57]. Unfortunately, the data available do nkkbva for a clear separation between those
two quantities. We therefore introduce an effectivéscosity x,, such that,

M=-x,40dV,/dr. The balanceFum+Fno=0 in steady-state yields an estimate of the

effective  velocity (regardless of  sign considenaljxj@eﬁ/L\z, =V AV, 1V,

(4

whereAv,, = M - kTVTD‘ andLy is a velocity gradient length (strictly speakihg is related to

the profile curvature). Putting numbers, one figglg :2\/f(1035)2|_3av¢/v¢ (with Tj in

keV). Applying this expression to Tore Supra datldyeffective viscosity in the range of a
few n?s’. This estimate is therefore in the right ballpatthough somewhat higher than
expected for Ohmic plasmas.

The observed poloidal flow dynamics is not undergtget. In fact, the mismatch between the
inferred poloidal velocity and neoclassical valan de attributed to two possible causes at
least. One obvious cause is the turbulent generatiopoloidal flow, in spite of a strong
collisional viscous damping. Another possible seuof discrepancy may come from the
match between the fluctuation velocity measured by Doppler reflectometry and Eveé3
velocity Ve=-E,/B. As mentioned before, the relationship betweerdhwo velocities isi~-
E//B+Vauw, Where Vi is the mean fluctuation phase poloidal velocitytlme co-moving
plasma frame. Therefore, callingg the poloidal velocity deduced from the radial forc
balance equation ignoringy, contribution toE;, one finds that the true poloidal velocity
readsV, =V, 4 —V.. Since it is expected thay matches the neoclassical value, i.e. close

to zero since the collisionality regime is in beémebanana and plateau, one would need a
fluctuation phase velocity that is positive, whislould correspond to TEM. Although not
impossible, the rather high values neededigs seem unlikely. Also this would contradict
the good agreement between the radial electriad femhd the value predicted by the
neoclassical theory. This is confirmed by linearogynetic simulations with QuaLiKiz [58]:

in those plasma discharges, the most unstable nevdeld G type modes and the fluctuation
phase velocity (negative, ion magnetic drift dir@a} is found to be at/a = 0.8 in the range

of a few tens ofns™.
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