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ABSTRACT

The stability of the collisional drift wave in a sheared slab geometry is found to be

severely restricted at the H-mode edge plasma due to the very steep density gradient.

However, a radially varying transverse velocity field is found to play the key role in

stability. Velocity profiles usually found in the H-mode plasma stabilize drift waves.

On the other hand, velocity profiles corresponding to the L-mode render collisional drift

waves unstable even though the magnetic shear continues to play its stabilizing role.
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I. Introduction

The existing theory predicts that both collisionless [1, 2] and collisional [3] drift

waves are always stable in a sheared slab geometry with magnetic shear. The shear

damping of the drift waves is associated with the antiwell potential in which energy

convects away from the mode surface and eventually gets absorbed by the ion Lan-

dau damping far from the mode rational surface. But even though the sheared-slab

stabilization criteria is well satisfied in ohmic and/or L-mode discharges of tokamaks,

the possibility of unstable drift eigenmodes was not ruled out either in the collision-

less [4] or the collisionai [3] case, for strongly peaked radial density profiles. After

the discovery of the H-mode in 1982 [5], present-day tokamaks routinely obtain very

steep density gradients (the so-called transport barrier) in the edge region of II-

mode discharges. So an investigation into whether magnetic shear still is sufficient

to stabilize drift waves in the H-mode edge plasma is extremely important. If the

answer is negative (we will see that it is indeed the case), an obvious next ques tion

is - how to account for the reduced transport in the H- mode edges?

The interest in the possible role of a sheared poloidal flow in suppressing micro-

turbulence has recently drawn much attention. This is due to the experimental

observations [6, and references therein] that the L-H transition in tokamaks is asso-

ciated wit h a clear signature: edge density fluctuations are abruptly suppressed (in

approximately 100 micro sees) while the edge poloidal rotation velocity increases.

Indeed it has been shown by Shaing and Crume [7] (also see Itoh and Itoh [8]) that

a bifurcation in the poloidal rotation causes change in the radial electric field. A

more negative radial electric field {Er) or a more positive dBT/dr then suppresses

the turbulent fluctua tions and hence could cause the L-H transition. Biglari et al.

[9] have shown that the establishment of rotational shear has a quenching influence

on the ambient turbulence, although the underlying source of instability remains
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unidentified.

Instabilities stabilized by poimdal velocity shear have recently been discussed. The

ion temperature gradient (ITG) mode [10, 11] and the oollisionless drift wave [12,

13] have been shown to be stabilized by a H-mode type velocity profile. Hassam

[14] found that the Rayleigh-Taylor instability of a magnetised plasma is nonlinearly

stabilized by the external imposition of transverse velocity shear with a zero second

spatial derivative. Also we will see that the magnetic shear stabilization criteria

for drift waves are severely restricted in the H-mode edge plasma due to the very

steep density gradient. In this situation it is necessary to investigate the effect of a

radially varying velocity field on drift waves.

In an companion paper [12] we revisited the magnetic shear stabilization criteria of

collisionless drift waves for the steep density gradients as observed in H-mode edges

and investigated the effect of a radially sheared transverse equilibrium velocity field

on these modes. Since plasma edge is highly collisional we discuss here results

of a similar investigation carried out for the collisional (dissipative) drift waves.

The magnetic shear stabilization criterion for this mode is found to be severely

restricted in H-mode edges. However, a velocity profile corresponding to that found

in the region a few centimetres inside the separatrix of a H-mode plasma is found

to linearly stabilize the mode. On the other hand, a velocity profile corresponding

to the L-mode is shown to have a destabilizing effect in the experimental range of

parameters, even though the magnetic shear continues to play its stabilizing role.

II. Shear Stabilization Revisited

In the early work on oollisional drift waves Chen et al. [3] considered equilibrium

variations in the density profile and generated a 1-D radial equation by expanding

around the maximum of wj, where wj is the diamagnetic drift frequen cy. They found

that in a slab model calculation dissipative drift waves are actually always stable.

They noted, however, that shear damping can be nullified, either by localising the

mode energy with a strong spatial variation of the density gradient or by using strong

toroidal coupling effects [15]. Using a matched asymptotic treatment and taking u*

to be a localised function of x, they found that if the condition L, > p,(/W£n)

[henceforth, condition (1)] is satisfied unstable eigenmodes do not appear. Here, L,

is the density gradient variation scale length and is typically of the order of Ln, the

density scale length, L, is the magnetic shear scale length and p, is the ion Larmour

radius. Using experimental values for the normal edge discharges (ohmic and/or

L-mode disch arges) of DIII-D tokamak, viz., L, ~ Ln ~ 3.5cm, p, ~ lmm and

L, ~ 70cm (for referring to the DIII-D parameters, unless otherwise mentioned,

we will follow the table given in reference [10]) condition {1) now implies Ln >

2cm, a condition likely to be satisfied in normal operating phases of tokamaks. So,

collisional drift waves are stabilized by magnetic shear in the absence of toroidal

coupling.

However as we will see that due to the very steep density gradients, the inequality

[condition (1)] is not likely to be satisfied in the edge of an H-mode plasma. Again,

foltowing Dill-D, we take Ln ~ 6mm for the edge of a H-mode plasma [16] and

keep all other parameters unchanged. Condition (1) now reduces to Ln 111.6cm, a

condition which is not satisfied in the edge regions of H-mode shots (note, for the

H-mode edge, £„ ~ 6mm). So, contrary to the common perception, collisional drift

waves are not likely to be linearly damped in the H-mode discharges even in sheared

slab configurations.



III. Drift Waves with a Velocity Field

A. The Model

We consider here a plasma of plane slab geometry with both equilibrium density and

velocity variation and magnetic shear in x, i.e., N ~ N(x), Bo (x) = Bo (e, + f-ly),

K,(x) = Vo(x)iv. Here, '£ , ' is the magnetic shear scale length and 'x' is the distance

from the mode rational surface defined by k.Bo = 0

For simplicity, we take the ions to be cold and omit the electron temperature gra-

dient. Since the background plasma is inhomogeneous in the x -direction only,

perturbations have the form <f>(x, t) = <j>(x) exp [i(kyy + kzz - wt)}. We then write

down the linearised equations of continuity and parallel motion as

V.[(N + nJVJfx)^ = 0

and

(1)

(2)

Here, j,f = e, i; j ^ f; , = Ex, and

VE = -c(Vx<t> x Bo)/Bl

x VN)

iFrom the ion continuity equation we can write the ion response as

(3)

where

and, A, =

Now from the parallel equation of motion and continuity equation for electrons, we

obtain the electron response

N (1 - ttf (4)

wh jre, 6 = g|]ffl". In deriving equation (4) the effect of electron inertia is kept only

in the collisional term.

T ~ T
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Use of quasineutrality then gives the radial eigenvalue equation as

(5)

Note with 5 = 0, the above equation reduces to that for the collisionless case without

the "iS" contribution [12].

is typically of the order of Ln. Also it is important to mention here that the poloidal

flow is made up of both E x B motion (u_J and in the next order flow parallel to

the magnetic field. The shear in the parallel flow is not included in the investigation

and has been reported elsewhere [18, 19]. For simplicity of algebra we will neglect

the linear contribution in the velocity profile as we have already shown [12, 13] that

it has rather an insignificant role in determining stability. The linear term shifts the

potenti al and the centre of the mode away from the rational surface, but it does

not alter the quadratic well. This observation seems to be supported by the recent

experiment as we will discuss later.

B. Effects of H-mode Type Velocity Profiles
Substituting the explicit forms of w*(i) and Vo(:r) in equation (5) then reduces it to

Following the JFT-2M (see Fig. 3(a) in ref. 17) and the DIII-D (see Fig. 2(a) in

ref. 6) H-mode profiles for u( (poloidal velocity) inside the separatrix, we model the

radial profile of our equilibrium velocity for the H-mode as
(6)

i.e.,

V0(x) =

dx

o> where

2dx2

where x*R = k%% . In deriving equation (6) we have assumed that w = kyV0 =

u)l = kvV£ where Vo* = e ^ , which are usually true [20]. We emphasize that these

assumptions are made only to facilitate comparison with the experimental data and

no generality whatsoever is lost thereby. We now notice that in the limit Lv —• oo

our eigenvalue equation (6) reduces to that derived by Chen et al. [3] where no

equilibrium velocity field was considered.

and Vao is a characteristic velocity.
We will solve the eigenvalue equation by a perturbation treatment. We first change

variables and rewrite equation (6) as

In considering the problem with a spatial variation of w*, we treat the simple case in

which w* is peaked at the mode rational surface at x=0 and has a parabolic profile

viz: w*(x) = u>l{\ — p ) , where L, is the density gradient variation scale length and

(7)



where the independent variable is T = i/A, and

Aa = p.Xo/2

L\ 1

In the perturbation theory T2
R = x%/\2 = 2 ( ^ ) ( ^ f ) ( ^ ) < 1 is treated as a small

parameter. We note that for TR = 0, the equation is a parabolic cylinder equation

with the usual Hermite function solution

2-" /2//n(T/%/2)exp(-r2/4)

and the eigenvalue given by

The rjj term gives a perturbation to the eigenvalue which may be obtained by

standard first order perturbation techniques as

(8)

For the lowest even 4> mode (n = 0), we obtain

(9)

The corresponding dispersion relation for n = 0 is then given by

o-«7o = 1/2 (10)

i.e.,

Similarly for the odd-^ mode (n = 1) the dispersion relation is given by

(12)

So when Re SQ2 > 0, shear damping does not exist - resistivity contributes to

the instability growth and unstable eigenmodes exist. Without the velocity shear

contribution this oondition, however, is usually not satisfied in normal operating con-

ditions (ohmic and/or L-mode discharges, in present-day terminology) of tokamakg

and we obtain the usual result that collisiona! drift waves are stable in a sheared

slab geometry [3]. In H-mode edges, however, this condition is likely to be satisfied

due to the very steep density gradients. We have discussed it in detail in the earlier

section.

10
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What then stabilizes drift waves in a H-mode plasma? With the velocity profile

present, we notice that the condition for destabilization becomes

Re (-1 - J - _ -£L) > 0 (13)

so the velocity profile now acts to stabilize the drift wave. Taking representative

values for the plasma parameters for the edge DIII-D plasma [10, 21], L, as Ln *s

p,o (poloidal ion gyroradius) as lcm, L, «s 67cm, p, as lmra, we find the inequality

(13) is reversed for Lvi ~ Lv\ < lcm . Currently available experimental data shows

that DIII-D [22] finds LvY ss pi6 « lcm, whereas TEXT [20] observes £,„, = 0.5

to lcm. Data from the other tokamaks are not availa ble yet. Both the available

sets of data, therefore, indicate that the inequality (13) is likely to reverse when one

introduces the velocity profile contribution. The influence of the velocity curvature

can then outweigh that of the density gradient and the wave is intrinsically damped.

The main stabilizing effect comes from the quadratic term which forms an additional

antiwell which pushes the wave function away from 2=0, thus increasing the shear

stabilizing effect and weakening the driving term simultaneously.

C. Effects of L-mode Type Velocity Profiles

Next, we will investigate the role of a I^mode type velocity profile on drift waves.

We choose a velocity profile following the JFT-2M [17, 23] (also see the DIII-D result

[6]) ohmic phase and I^mode profile for vg inside the separatrix -

11

With the same assumptions and normalizations as before, it is straightforward to

see that in this case the condition of destabilization becomes

" * f 75 + T5 175 I (14)

So now the velocity curvature deepens the potential well and if

(15)

is satisified, the velocity curvature can nullify the stabilizing action of the magnetic

shear and render drift waves unstable. Taking representative values for the plasma

parameters for the DIII-D L-mode [10, 22] L, « Ln = 3.4cm, L, as 67cm,p, = lmm

and Lvj ~ Lci « lcm, we find that the inequality (15) is usually satisfied. Thus

there is no magnetic shear stabilization!

IV. Conclusion

In summary, we have found that although the shear stabilization criteria for colli-

sions! ( "dissipative") drift waves are well satisfied in ohmic and/or L- mode shots

of tokamaks; they are not likely to be satisfied in the edge regions of H-mode discha

rges. This is due to the extremely steep density gradients observed in the H-mode

edges. So, magnetic shear, contrary to the common belief, is not a candidate to

stabilize drift waves in the H-mode edge plasma. We have found that the velocity

profile curvature Vo(x)" rather than the magnetic shear may be the key element in

stabilizing collisionless drift waves in the H-mode edge plasma. We have endeav-

oured to focus on the representative values for the plasma parameters at the edge.

Our full analytic stability analysis quite unambiguously shows that stabilization is
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mainly due to the enhancement of the antiwel! in the potential structure. Another

important part of our result is that we have shown that L-mode type velocity profiles

have a destabilizing action on drift waves. Using realistic L-mode plasma param-

eters it has been shown that, contrary to the common belief that the influence of

magnetic shear is considerably more significant than Vo(x)", the curvature of veloc-

ity can outweigh magnetic shear-stabilization and render drift waves unstable in the

Lrmode.

Before closing this chapter it is interesting to compare our results with the re-

cent flow-shear-stabilization experiment performed in the Columbia Linear Machine,

CLM [24]. The experimental results show while a radially varying equilibrium veloc-

ity field in deed is capable of suppressing the ITG mode the strength of the required

shear is significantly much larger than that predicted by most theories. However,

we notice that the rotational frequency profile measured in this experiment is highly

parabolic and the curvature contribution seems no less important than the shear.

It is therefore more appropriate to compare the experimental results with theories

having the curvature effect included. Our results unambiguously show that it is the

velocity curv ature which is mainly responsible for stabilizing the collisional drift

wave and may therefore hold the important clue in explaining results found in the

CLM.
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Appendix

Derivation of Equation (11)

i,Prom equation (8), we have

TTZT^}

Now

A

2T«
for TR

Similarly it can be shown that
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