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Increased Destabilization of the Parallel Velocity Shear Instability
due to Reversed Magnetic Shear

D.R. McCarthy and S. S. Maurer

Southeastern Louisiana University, Hammond, Louisiana 70402
(Received 15 May 1998

The nonlinear behavior of the parallel velocity shear instability in a shear magnetic field is studied.
It is found that the nonlinear fluctuation levels and turbulent momentum transport depend strongly upon
the direction of the magnetic shear. When the shear has the same sign as the second derivative of the
parallel velocity with respect to the radial coordinate, the fluctuations grow to larger levels than if there
were no magnetic shear. The physical mechanism controlling this effect is vortex merging between
modes on either side of the velocity peak. It is likely that this behavior may be a general feature of all
modes with structure parallel to the magnetic field. [S0031-9007(98)07377-3]

PACS numbers: 52.35.Py, 52.35.Ra, 52.65.K]

One of the more remarkable experimental results ovelongest radial wavelength. Although these studies did
the past few years in fusion research was the discovery gfrovide great insight into the behavior of a plasma with
improved confinement in Tokamak Fusion Test Reactor aa strongly varying parallel velocity gradient, they were all
well as DIlI-D with the reversal of the magnetic shear [1,2].based upon linear theory. Generally, linear theory, which
This result has led to the idea that magnetic shear doesssumes small fluctuation levels, is quite effective for
not necessarily always provide a stabilizing influence, butinderstanding plasma behavior; however, this is simply
can actually enhance growth of an instability. Previouslynot appropriate for the|’| instability which is known both
the conventional wisdom had been that magnetic sheaexperimentally [8] and theoretically [9,10] to drive very
regardless of direction, always reduced the growth of amarge(~50%) fluctuation levels.
instability, a belief that was reinforced by the results of An interesting characteristic of thd| instability is that
linear theory. This apparent contradiction between theorghe mode is inherently three dimensional (3D) in nature;
and experiment only further emphasizes what has beere., both parallel and perpendicular wave vectors are
known for many years: linear theory is simply insufficient required for instability. Thus, the mode is “tilted” with
to describe most plasma behavior, and it is particularlyespect to the magnetic field. The orientation of the tilting

inadequate when it comes to describing tokamaks. can be obtained from the local linear dispersion relation [9]
An instability that has received renewed attention over oT ov

the past five years is the electrostatic parallel velocity y? = —koky— — — k?cf, @

shear(v)) instability. A primary reason for this interest eB dx

is the evidence of large, nearly sonic parallel flows thatvherek, andk, are the perpendicular and parallel wave
have been measured in the tokamak edge [3], and recentlyectors, respectively, anglv, /dx is the radial derivative
a study has shown that this instability is the likely of the parallel velocity (standard notation is used for all
source of edge turbulence in the CT-6B tokamak [4].other quantities). One can see from Eq. (1) that the un-
Neutral beam injection can also drive strong flows parallestable modes must obey the conditioit, (v, /dx) < 0;
to the magnetic field, thus also providing the drivingi.e., for a positive (negative) parallel velocity gradient, the
mechanism for this instability. Such strong parallel flows,mode will be tilted downward (upward) with respect to the
however, are not limited only to tokamak plasmas, butmagnetic field. Thus, for a peaked parallel velocity profile,
are ubiquitous in nature, occurring in the flanks of thethe tilting will have opposite orientations on either side of
earth’'s magnetosphere and along the auroral magnettbe peak. In other words, for a uniform magnetic field, the
field lines [5]. mode structure is effectively “sheared”. Since a condition
The v|’| instability was first identified over 30 years ago for instability is thatk, < k,v!(mc/eB), for a strongly
by D’Angelo [6] and was studied shortly thereafter by magnetized plasma the mode is nearly aligned alBng
Catto in a sheared magnetic slab [7]. The latter work, irtherefore, one would expect that this shearing could be re-
which a kinetic nonlocal analysis was performed, gavemoved with just a small rotation ds.
the important result that the growth rate had the form In this Letter, we examine the physical impact of mag-
v « yolLs|/(2n + 1), wherey, is the growth rate from netic shear on the turbulent structure of this mode. We find
local theory, |Ly| is the scale length of the magnetic thatthe orientation of the magnetic shear has a strong effect
shear, andn is the radial mode number. Therefore, onthe saturated mode structure, fluctuation levels, and mo-
linearly the mode should be weakened by strong magnetimentum transport. When the mode saturates nonlinearly,
shear (independent of direction) and should grow tahe vortices on either side of the velocity peak merge with
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vortices on the other side with the same vorticity, thus pro- An essential point that must be understood about the
ducing increased fluctuations. When the magnetic shedrehavior of these vortices is that on either side of
further enhances the sheared structure of the mode the ithe velocity peak, there is an effective drift (which is
stability is reduced; however, when the magnetic shear isssentially the phase velocity if the mode). This drift
directed so as to align the modes on either side of the veesults from the tilting of the mode in thez plane and
locity profile peak, vortex merging between the two sidests flow in the +z direction. For example, if a mode is
occurs over longer periods of time, thus increasing fluctuaeriented so thak,k, < 0, it will appear to be directed
tion levels and transport. Based upon numerical resultdown as one looks into the-y plane; however, because
and physical arguments, we provide quantitative estimatesf the flow in thez direction, the mode will appear to
of the impact of magnetic shear. rise. Thus, for a slab with no magnetic shear, there
The dimensionless nonlinear fluid equations used tavill be an upward drift of vortices whemdv,/dx > 0
describe this instability in a sheared slab are the iorand a downward drift whedv,/dx < 0. An estimate
continuity and parallel momentum equations: of this drift velocity can be obtained by dividing the
frequency between mod€s,v,) by the wave vector in

0Qu, ) AN
o + 0Qv, + Yoy 1 onve | o Omve 0, they directionvy; ~ k.v./k.. The reason that this drift is
ot dx dy a 0z dy significant with regards to transport and fluctuation levels
(2) s that vortices of the same vorticity will tend to merge
s s across the velocity peak. When such a merging occurs,
dnv, n onv vy n Inv vy i 1 dnv; + dx Inv; the transport can rise (the radial scale length goes from
at ax ay a 0z dy Ly to 2Ly) along with the fluctuation levels.
1 an _ an Figgre 1 shows a _drawing descri.bing qualitatively the
=———_— —38%x—, (3) evolution of the vortices at a cut in they plane for
a 0z dy : - .
zero magnetic shear. Initially, there are two vortices
where v, = —d¢/dy, v, = d¢/ox, and we have de- on either side of the velocity peak each with opposing

fined the new variableQ) = n — p2Vin (a detailed vorticity [10]. As the plasma flows, the vortices tend

7

55

derivation of these equations for a shearless slab is giveto drift upward on the right side and downward on the
in Ref. [10]). In these equations, all convective terms ardeft side. When vortices of the same sign are aligned,
retained up to ordep?ki, T; is assumed to be much they merge across the peak [Fig. 1(b)], forming a larger
smaller thanT,, and all averaged® X B flows are ne- vortex with twice the radial scale length. This enlarged
glected. Thex andy scales are normalized tb,, z is  vortex [Fig. 1(c)], however, eventually breaks apart again
normalized t®27¢gR, v, t0 ¢y, andv, t0 p,cs/L,. The
initial velocity profile is taken to bey, = sin7x, where
x varies from 0 to 1, and is maintained by a source term
that forces an average valuefr. In this paper, we do @ @
not speculate as to what is the source of these flows, al-
though there is evidence that such flows can be driven by Ve} Val vyl
asymmetric anomalous particle transport and are localized @
at the last closed flux surface [9]. There are three dimen-
sionless parameters, = 2w gRp,/L%, p = p,/Ly, and
5. Physically,« is the ratio of the sound transit time to (a) (b)
the growth time, ang is a simple ratio of the Larmor
radius to the radial scale length. The strength of the mag-
netic shear is determined Bywhich is typically of order @
unity for the tokamak edge.

Before showing the results with finite magnetic shear, Vay Vat vay
it is worthwhile to discuss the results with zero magnetic @
shear [10]. In the regiomx > 1 (which is appropriate
for a tokamak, which has a typical value af ~ 10,
more examples of which can be found in Ref. [9]) and
finite Larmor radius, the model evolved to a state that (© @
was isotropic in thec — y plane withm = 1, wherem is  FIG. 1. A diagram of the vortex merging. (a) shows a typical
the mode number in the direction. In thez direction, saturated nonlinear state of th¢ mode in thex-y plane, where
the mode evolves so that= «/2 wheren is the mode the vor_tices on the Ief_t _dl’ift own, wh_ile the VOI’t_iCGS on the
number in thez direction. The fluctuation levels from 'ght drift up. While drifting, a vortex will merge with another

. . - o vortex with the same rotation as shown in (b), which will

all of these S|mulat|0ns.were tYP'Ca”Y about 20_30/0,0neventually form a large scale vortex [(c)]. The drift, however,
the average, although in certain regions, the fluctuationgontinues, causing the large vortex to be torn apart [(d)] and
extended to~ 50% locally. return to the state depicted in (a).
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into two smaller vortices as the upward/downward drift
continues on the right/left side [Fig. 1(d)]. Thus, the
transport for this mode should be characterized by a
periodic sequence of higher and lower levels, depending
upon whether or not the merging has occurred. When the
magnetic shear is arranged so that it reduces the sheared
structure of the mode, the vortices can remain merged for
longer periods of time, and in the case b —«/2,

the vortices will always be merged and will remain in
a state similar to that shown in Fig. 1(c). This is the
state of maximum transport and fluctuation levels, a fact
supported by our simulations.

Equations (2) and (3) were solved numerically using a
fully nonlinear 3D finite differencing code that evolved
the equations using a second-order accurate explicit time
stepping scheme [10]. As the purpose of this Letter is
to understand the impact of magnetic shear on this mode,
Fig. 2(a) shows the = 0.1 isosurface of the electrostatic
potential in thes = 0 limit for « = 4. One can see from
this figure the tilting of the mode, the = 2 structure,
and more importantly, the apparent sheared structure
of the vortices that occurs due to the peaked velocity
profile. Figures 2(b) and 2(c) show the same isosurface
for values of§ = 1 and§ = —1, respectively. For the
case of positive shear [Fig. 2(a)], the field is oriented
so as to increase the shearing between the opposite
vortices, the end result being a reduction of the amount
of vortex merging, therefore a reduction of the transport
and the fluctuation levels. In the case of negative shear
[Fig. 2(c)], the orientation of the magnetic field is such
that it lessens the sheared structure of the mode, thus
allowing the vortices on either side of the velocity peak
to align with one another. The effect of this is that vortex
merging will occur over the entire box, thus increasing the
transport and fluctuation levels.

In order to show this effect on a quantitative level,
Fig. 3 shows contours of the potential in thez plane (C) z
for§ =0, § = +1, and§ = —1. Shown in the upper

corners of each plot are the minimum and maximumFt']G- 2. (Is)osm;}rfacesthgsw fgrl Varyi"% valufes tﬁf mﬁ‘gnel’“c
, ear. (a) shows = 0.1 isosurface for the shearless
values of the potential. From these plots, one Ca@lab Then, = 2 structure is apparent from this diagram,

clearly See'the changing mode structure with varying Si_g%s is the tilting of the mode, which changes its orientation
of magnetic shear, as well as the reduced fluctuatiomlongx. The merging between the vortices can also be seen

levels for positive shear and enhanced levels for negaat certain points on this plot. (b) shows the same isosurface
tive shear. for the § = +1 case. The increased tilting and structure in

The rle of shear can be reasonea quantavel i G i RS, S8k ot
recognizing that the shear effectively alters the paralleirhere is no well defined structure here, and more pronounced
wave vector agj = k| + §/Ly, or in our dimensionless vortex merging has occurred. The large scale structures in
units, it affects the mode number@s= «/2 + 5. Thus this plot, characteristic of vortex merging, occur throughout the
when the shear is positive, the mode number increaseghtire box.

while when it is negative, the mode number decreases un-

til § = —a/2. This is the situation that allows for the

largest transport and fluctuation levels. An effective waytion levels (defined akp| = ($2),.), and radial flux of

to interpret this effect is to recognize that the velocity ofthe parallel momentum (defined a.v,) with varying

the relative drift will now be given by, = kjv./k,;thus  magnetic shear fax = 4. These results show an increase
Whenk|’| — 0, the vortices will no longer drift, and can re- in both the fluctuations levels and the flux as the shear
main merged for long times. Shown in Table | are valuedbecomes more negative. Such a behavior was consistent
of the mode number in the direction, averaged fluctua- for other values ofx. An odd feature of this table is the
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-0.389 O(y,2) +0.314 TABLE |. Results fora = 4.
e 4 ; B Flux
' _ +2 5 0.10-0.11 0.072
+1 5 0.14-0.15 0.082
0 2 0.17-0.22 0.102
-1 1 0.24-0.31 0.106
-2 0.1 0.32-0.40 0.095
-3 1 0.33-0.38 0.085
—4 2 0.31-0.34 0.080

they become sheared again, and the relative drift resumes,
just this time in the opposite direction.

In summary, we have identified a mechanism that
explains why the saturated fluctuation levels of the
v|’| instability will depend upon the orientation of the
magnetic shear. A few final points must be emphasized.
As this work is performed in a slab, not a torus,s
not defined ash Ing/d Inr; therefore, when we refer to
“positive” and “negative” shear, it is with respect to our
slab coordinate system with the parallel velocity flow in
the +z direction. The more accurate statement regarding
the effect of the sign of magnetic shear is that whdras
the same sign ag’v./dx?, there will be an increase in
the turbulent fluctuation levels. Another intriguing aspect
-0.663 O(y.z) +0.571 . . . .

— — of this work is that this .mech_a_nlsm d(_)es not depend

V upon the details of the:|’| instability, but just upon the
X fact that the saturated nonlinear state has a fihjtéhat
varies perpendicular to the field. Thus, for other modes
that require a parallel wave vector, such as thenode,
this mechanism could indeed play a role in affecting the
turbulence associated with these modes, which in turn
could provide some insight into the previously mentioned
experimental results [1,2].
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