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The linear and quasilinear behavior of the drift-like perturbation with a parallel velocity shear is
studied in a sheared slab geometry. Full analytic studies show that when the magnetic shear has the
same sign as the second derivative of the parallel velocity with respect to the radial coordinate, the
linear mode may become unstable and turbulent momentum transport increases. On the other hand,
when the magnetic shear has opposite sign to the second derivative of the parallel velocity, the linear
mode is completely stabilized and turbulent momentum transport reduce200@ American
Institute of Physics[S1070-664X00)01203-9

I. INTRODUCTION field in the core is produced in a number of ways, for ex-

Arguably the most remarkable story of fusion researchagzlieéntbé tgrc;gﬁl ﬂs;) V;n%"’%éfee:é(lri?dfr bglo?(;ZTsﬂlgv?/
over the past decade is the discovery of the enhanced rever?e 8 P! " . y By PO
shear mode¢ERS modesin Tokamak Fusion Test Reactor vi)-° However, while thisEXB shear stabilization mecha-

(TETR® and the negative central magnetic shear modedism alone can satisfactorily explain the confinement im-

(NCS modesin DIII-D.2 It is not often that a system self- provement in the edge, it may not be an obvious explanation

organizes to a higher energy state with such a large reductiofr(ir the gcore confinement |mprover_nent in the ERS and NCS
asma. For example, the formation of the ERS mode in

of turbulence and transport when an additional source of fre8 has b 5t val ‘ heari
energy is applied to ft is usually believed that the ERS or | | R has been reportedt values ofygxg (EXB shearing

NCS configurations can provide the characteristics desirablEt®: @ much as a factor of 3 beloy, (the maximum
for a fusion reactof. linear growth ratg while for the suppression of turbulence-
The understanding of the formation of transport barriersnduced transport the conditioxg= Ymax N€€ds to be sat-
in the ERS or NCS plasma configurations is therefore fundaisfied (a}lthough, 'FhIS criterion of shear stabilization is only an
mental to the development of techniques to control such ba@PProximate estimajelt is therefore natural that an expla-
riers for tailoring profiles and for improving operating re- nation of these experimental results should be sought in the
gimes further. This is especially significant because it is nowgffects such optimized magnetic configurations have on mi-
widely accepted that the negative magnetic shear is not th@roinstabilities and on the consequent transport.
only factor needed for the transport reduction in the ERS or  In a recent important worR the nonlinear behavior of
NCS modes. Some of the clearest evidence comes from tiBe parallel velocity shedPVS) instability has been consid-
comparison of the R$reverse shearand ERS(enhanced e€red in a sheared slab geometry. By employing numerical
reverse sheatransition data in TFTR.It shows that the RS procedures and by physical insight, the conclusion was
phase is not necessarily an ERS phase and some other facéiawn that when the magnetic shear has the same sign as the
is needed to explain the transition. Theoretical study als¢econd derivative of the parallel velocity with respect to the
indicates that the reversal of magnetic shear alone mighiadial coordinate the fluctuations grow, and the reason for
have a little effect on the ion temperature gradient-typethis enhancement in the fluctuation level is attributed to the
(ITG-type) microinstabilities vortex merging that occurred in the nonlinear state. In this
Most recently, theEXB shear stabilization mechanism work, we show that the sign of the magnetic shear also
has been proposed to explain the core transport barrietrongly effects the linear growth of the mode and quasilin-
formed in plasmas with negative or reverse magnetic shearar transport level. When the magnetic shear has the same
regimes’ It is believed that the change in the radial electricsign as the second derivative of the parallel flow with respect

1070-664X/2000/7(4)/1192/4/$17.00 1192 © 2000 American Institute of Physics
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to the radial coordinate, the linear mode may become unin tokamaks in the region where the plasma confinement is
stable and turbulent momentum transport increases. Addimproved®”*? Parallel flow,V,,, has therefore two effects.
tionally, we show when the magnetic shear has opposite sighirst, it introduces a Doppler shifk,V,q(x), in all time de-

to the second derivative of the parallel velocity, the linearrivatives and second, an extra tendy- VVo(x), represent-
mode is completely stabilized and turbulent momentuming radial convection of ion momentum. It is the second term
transport reduces. This result therefore shows that it is thevhich makes the effect of parallel flow shear completely
relative sign of the second radial derivative of the equilib-different from that of the perpendicular flow shéarwe
rium parallel flow with respect to the magnetic shear whicheliminate the Doppler shift by performing Galilean transfor-
may be the key factor for the enhanced reverse shear transiations in theg, direction. Now, using quasineutrality and

tion. the usual low-frequency and long wavelength assumptions,
we obtain the radial eigenvalue equation,
1. LINEAR STABILITY 2 2

2 —

We will study the short-wavelength drift-like perturba- Ps| gx2 ® dX o X x_ﬁ $=0,
tion with a parallel velocity shear. By considering the flute- (1)
like perturbations §;<k, ) with a parallel velocity shear, we h
intend to address an additional key issue of whether the ggvhere
stabilization mechanism found in Ref. 10 is a general feature ) C§ , Te
of all modes with structure parallel to the magnetic field. ~ ps=—=z. Cs= - wg (X)=—kypsCs/Ly(X),
This will then allow us to investigate if the new mechanism “ '
could indeed play a role in affecting the turbulence driven by w?

. . . :w* 5 X2:—
these modes and consequently will provide us with some Y= ®e? Xs=|12~2:
definitive insight into its possible role in the reverse shear s
discharges. We adopt a two-fluid theory in a sheared slab kj=k,/Ls, k=k/x, Ln(x)"*=[dInN(x)/dx|.
geometry,Bz Bolz+ (X/L4)yl, Wher.eLS'ls th? scale length Here, 6 takes account of the dissipative effects of the elec-
of magnetic shear. The y, andz directions in the sheared

t‘on Landau resonance and the trapped electrons, etc.

slab geometry are defined as the radial, poloidal, and toroida o .
= ) . . To model the equilibrium parallel velocity we assume a
directions in the tokamak configuration. We assume a back-. - . .
X ) " . .~ simple general case of the variation\gf(x) with the radial
ground plasma with all inhomogeneities only in the rad'aldistancex
direction, where perturbations have the form(x,t) '
= ¢(x)ex;{|(kyy+k2;—wt)]. For simplicity, we take thg ions Vjo(X) =V, 00t V/oX+ %Vﬂ'ole
to be cold and omit the electron temperature gradient. We
ignore finite gyroradius effects by limiting consideration to Where
the wavelength domaik, p;<<1, wherep; is the ion gyrora- Vv 1 Y/
. . . . . . , 100 " 100
dius. We then write down the linearized equations of conti- V”0=L—, EVHO:LT'
nuity and parallel motion for the ions ‘&s vl v2

* o :
2 We +1 Y dVHO kyps X X
—ky) ¢—(1— + -

an: whereV,q is the velocity characterizing flow. In considering
(9—t'+Vl-[N(X)Vu]+Vu[(N+n)(V”0+VHi)]:O' the problem with a spatial variation @f* (x), we treat the
simple case in whicho}(x) is to be peaked at the mode

Vi rational surface defined by=0 and has a parabolic profile:
min| — =+ (Ve+ V) - VVo|=—enV,¢. o (X)=wi (1—x%L2), wherelL, is the density gradient
scale length and will be taken typicalkL,. This is to
Here, ensure that the mode we are investigating is located at the
minimum of (1L ,(x)) or at the maximum ofin/dx, which
VL=ikyéy+ éxﬁ’ is the driving term of drift-type modes, and hence we are

considering the most unstable situation. With the velocity

V, i=Ve+Vy, profiles just described, Eq1) reduces to
_ 2 d?
Ve=—c(V. $xBo)/B}, P+ (A PR QX)$=0, @
Vpi=ile(o—kVo(X))/Bowei]V, ¢,
where

Ti=0'

. . . . wptiy
Herex is the distance from the mode rational surface defined\ = —kyps—1],
by k-By=0, andV,q is the equilibrium parallel velocity. All @

other symbols are ass.u.med to k_lave the usual meaning uqless L2 Vio L2 1 1 Vigo L2 1
otherwise stated explicitly. It is important to mention at thisP= 2% 12 Loe L2 =l .
stage that in this work we make no attempt to speculate ' Fs-s s bv2 =sPs b s vl =sPs
about source of these flows, although a strongly peaked iom deriving Eq.(2), we have assumed the usual drift approxi-
velocity parallel to the magnetic field is observed to coexismation, i.e..w~ wg =k Vg , whereVg =|pCs/L,|. We em-
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phasize that these assumptions are made only to facilitateetic shear has the opposite sign to the second derivative of
comparison with the experimental data and no generalitghe parallel flow with respect to the radial coordinaiehe

whatsoever is lost thereby. parallel flow curvature acts to stabilize the mode. Flow cur-
Equation(2) is a simple Weber equation. Depending onvature now forms an additional antiwell which pushes the
the sign ofP, we have two types of solution. P<O0, i.e., wave function away from the mode rational surface, thereby

L2 L2 enhancing stabilization. The possible role of such a magnetic
s Vio — L + iz 3y  configuration on the fluctuations and radial transport and its
psLs Cs LyzLsps Ly subsequent relevance to the ERS and NCS plasma will be

solution which satisfies the physical boundary condition, i_e_,addressed in the coming sections.

¢—0 atx= * is given by

VIPI

Ill. QUASILINEAR TRANSPORT
— L 2
$(x) %exr{ 2, (X X0)

g (4) To see what these studies on the linear mode stability
mean to the plasma transport we will now, as an example,
wherex,=|Q|/2|P|. The wave therefore does not propagategerive analytic formulas for the quasilinear radial flux of

and is intrinsically undamped. _ momentum. For this we note that the general expression for
On the other hand, iP>0, Eq.(2) has the solution the perturbed electrostatic potential is given by

P
¢(X)=¢oexr{—ig(><+><o)2} ®) ¢:Re[k2 Bop(X)explikyy —iwt)|.

Thus we have now a nonlocalized mode carrying energy outin the representation of we use ¢, to characterize the
ward. Because of the convective wave energy leakage, th@ot-mean-squaréms) fluctuation level andp(x) the nor-
perturbation will decay in time in the absence of any energymalized wave function. Th& xXB drift velocity is

source feeding the wave. The wave is therefore damped.

The overall stability of the mode will be determined by 5 —_ £ 9% T=s 9 @)
the strength of the driving term modeled by th&term and B dy B dx
is obtained from the dispersion relation, whereB is the toroidal magnetic field andis the speed of
2 2 112 light. Now we introduce the two components of the micro
I-n VHOO Ln 1 1 * ;
psl 772+ > —— | 0§ Reynolds stress that measure the radial flux of the perpen-
psks — Cs LipLeps Ly dicular momentum,
1+k§p§+ﬁ Tyy=Ux Uyt V07 (8)

where* stands for complex conjugate. In writing E8), we
' ) i leave implicit the summation over all poloidal mode num-
sign of the flow shear has no effect on stability as it 0cCUrg,erg and all rational surfaces determined by the toroidal

through th?QZ term in (6). It can also be concluded by mqqe number spectra. It is straightforward to obtain the ana-
noting the invariance of Eq2) under the combined opera- lytical expression of Eq(8), using Eqs.(5) and (8) as fol-

tion of reflectionx— —x and change in sign oQ— —Q.
Second, it is the parallel flow curvature which actually plays
the key role in the stability of the mode. Velocity shear, on
the other hand, shifts the potential but does not affect the
q_uadrat|c s:tructure. However, _the most important Obs.erva\ivhich at the reference mode rational surface can be simpli-
tion emerging from these studi¢for example, see relation

(3)] is that when the magnetic shear has the same sign as trqu o

A few interesting points emerge from relatié®). First, the

2
C
7Txy:|d)0|2p BZZkyV|P|(X+XO)! (9)
S

parallel flow curvature, i.e., for positive magnetic shelag ( ) c? |Q|
>0), parallel flow curvature acts to destabilize the mode.  Txy=|%ol Eﬁkyﬁ- (10

This therefore shows that the increase in the level of fluctua-
tions observed by McCarthy and Maur@nwhen the sign of ~ With this simplified formula we are now in a position to see
the second radial derivative of the parallel flow is the samevhat effects the parallel flow curvature has on the radial flux
as the magnetic shear, can possibly be explained in terms w@fith the change of its relative sign with the magnetic shear.
stabilization/destabilization of the linear modes. Another im-We notice that the quantity which changes with the relative
portant outcome of our analysis is that it shows that, asign of the parallel flow curvature and the magnetic shear is
speculated by McCarthy and Maurérthis mechanism of P. Now for the normal operating phases of the tokamak op-
destabilization by the parallel flow curvature is a generaleration, the relative magnitudes of the three terms in the
feature of modes having a finitg . However, we will later ~ expression ofP usually areL?/p2L2>2(V,q/Cg)(LZ/L2,)
describe the fluctuations and radial transport in detail. X(1/Lgps)~1/L2. Hence, it is clear that for the positive
Now, relation(3) also allows us to make another addi- magnetic shear configuratio {>0), i.e., when the mag-
tional important observation. We notice that for negativenetic shear has the same sign as the parallel flow curvature,
magnetic shear configuratio{<0), i.e., when the mag- the radial flux will grow to a larger leveédue to decrease of
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TABLE |. Effect of relative sign of flow curvature and magnetic shear on TABLE Il. Reduction of radial flux by varying flow curvature.
radial flux.

L L,» Flux
L L, Flux
—140 cm 11 cm 0.196
+140 cm 5cm 0.212 —140 cm 9.cm 0.194
+140 cm o0 0.197 —140 cm 7 cm 0.192
—140 cm 5cm 0.186 —140 cm 5cm 0.186
—140 cm 3cm 0.172
—140 cm 2cm 0.150
—140 cm 1lcm 0.101

JP) than if there were no parallel flow curvature. This there-
fore explains the observation of McCarthy and Madfer.

However, our analysis also allows us to make another addihe Kelvin—HelmholtZKH) instability. However, it has been
tional important observation. We notice from HQ0) that  noted by Biglariet al that in order for KH to be excited,
for the negative magnetic shear configuratian<0), i.e..  the conditionL,(~L,,)<L, needs to be satisfied, whelrg
when the magnetic shear has the opposite sign to the secopgthe width of the resistive layer and is typically a few mil-
derivative of the parallel flow, the parallel flow curvature jimeters for the DIII-D type machine. So, Table Il shows that
acts to reduce the radial fiuxiue to increase of/P). This  a large reduction in the radial flux is indeed possible by
possibly has a crucial role in explaining the ERS and NCSsyjtably tailoring the flow profile. Another intriguing aspect
discharges. of Table Il is that it also shows that as the scale length of the
This effect is shown on a quantitative level in Table | parallel flow curvature increases, the radial flux gradually
which shows the normalized radial flux as calculated fromincreases before it finally reaches a state when the flux is no
Eqg. (10) with various directions of the magnetic shear. Forjonger sensitive to the variation of the flow profile.
calculating the radial flux we have assumgg-10, L,~5,
ps~0.1cm, andVHOO/CS~1/10. From this table, one can IV. CONCLUSION
clearly see that when the shear is positive i.e., when the sign
of the parallel flow curvature is the same as the magnetic N conclusion, we have identified the relative sign of the
Shear’ the radial flux is greater than if there were no para”éecond radial deriVatiVe Of the equi|ibl‘ium pal‘allel ﬂOW W|th
flow curvature (,,=c). On the other hand, when the shear fespect to the magnetic shear as the key factor for the en-
is negative, i.e., when the sign of the parallel flow curvaturdanced reverse shear transition. Our full analytic studies
is in the opposite direction of the magnetic shear, the radiaghow that when the magnetic shear has the same sign as the
flux is less than if there were no parallel flow curvature. It isSecond derivative of the parallel velocity with respect to the
important to notice that while the effect of the parallel flow radial coordinate, the linear mode may become unstable and
curvature is robust in the case of the linear mode stability, it§urbulent momentum transport increases. On the other hand,
role in the case of radial flux is rather modest. This observawhen the magnetic shear has an opposite sign to the second
tion is similar to what was made in Ref. 10. This apparentderivative of the parallel velocity, the linear mode is com-
disparity can be attributed to the fact that in the case of th®letely stabilized and turbulent momentum transport reduces.
linear mode stability, the contribution of the parallel flow It is shown that a large reduction in the momentum transport
curvature comes througR, whereas that in the radial flux IS possible by suitably tailoring the parallel flow profile.
comes through/P. Before leaving this section it is impor-
tant to mention that one can similarly calculate the radial fluxYACKNOWLEDGMENTS
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