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A study of the generation of zonal flows and zonal magnetic fields by finite beta drift waves and
kinetic drift-Alfvén waves is presented. The analysis is a generalization of recent investigations of
the modulational instability for zonal flow generation by electrostatic drift waves to finite beta drift
waves and kinetic drift-Alfve waves. The drift wave driven unstable zonal flows/fields are
stabilized by finiteB below a critical value, due to the finite beta modification of the drift wave
pump and the drift sidebands. They are, however, destabilized by coupling to the zonal field for
larger 8. The drift-Alfven branch driven zonal flows/fields are found to be completely stable below
a critical B, and are destabilized for larg8r These new results can find applications in a variety of
laboratory and space plasma situations. 2@01 American Institute of Physics.

[DOI: 10.1063/1.1386640

I. INTRODUCTION tence of a large amplitude wave pump with a given mode
) _ ) ~ number and frequendyn the case of plasmasnd studying

~The existence of shear flows in fluids and plasmas is gne stability of this wave to the shear flow and the nearest

ubiquitious phenomenon. In tokamak plasmas shear flowijge hands, which couple the shear flow to the pump. For the

plays a fundamental role in the various improved confinegse of fluids, the large amplitude wave may be some driven

ment states observed over the years. The observation of tRgytices in incompressible fluids or Rossby waves in geo-

low to high confinementL—H) transition in tokamaks her- - gyophic fluids. In the case of plasmas these may be natural
alded significant optimism for achieving the goal of fusion in ;5 4es like, for instance, the drift wayand its various in-
a laboratory plasm&:® More recently, the enhanced confined carnations like the ion temperature gradiéiitG) mode and

modes observed in all the major devices has also has add%@’ectron temperaturéETG) gradient mode We have re-
. . ’5 .
to the optimisnf:® In space plasmas, shear ffofvis ob- cently reviewed the study of shear flow generation in fluids

served in the high latitude ionosphere and has been usegq pjasmas with a focus on the linear instability anaf§isis
successfully in driving a variety of instabilities to explain the 54 “therefore, will refer the reader to this article for details.

rich spectrum of electrostatic and electromagnetic instabilitegasica"y the various studies can be classified into two cat-
observed by satellites. By assuming the existence of she@ysries The first one uses the classical coherent parametric

. 8 . ra .
flow, Ganguliet al,” have identified & hierarchy of waves, jnstapility approach to study the mechanism associated with
from high frequency waves near the lower hybrid frequencyy,q generation of shear flol#2° In the second

and scale-lengths between the electron and ion gyro-radii, t8pproacth‘26 the drift waves are represented by a wave-
cyclotron wavesthe inhomogeneous energy density drivenyjhetic equation coupled to the zonal flow equation. In the
instability) with scale lengths of the order but larger than they e kinetic analysis there is an intrinsic separation in the

ion gyro-radius, to low frequency Kelvin—Helmholtz modes ¢je.lengths between the “short” scale drift wave and the

with frequency below the ion gyro-frequency and scaleong scale zonal flows. Both these studies obtain conditions
lengths much longer than the ion gyro-radius, which can bgy the growth for the “modulational” instability for the gen-

driven unstable by velocity shear perpendicular to the maggation of shear flow, though their scalings and regimes of
netic field. In laboratory table-top experimehts' the inter- validity are different. Once again we direct the interested
action of self-consistently generated shear flow and drivengaqer to our earlier work Our goal in the present work is
vortlces. have provided great insight into the generatlc_)r’to report on results of shear flow generation in finite beta
mechanisms. These are but a few examples of the pervasivgr,smas using the coherent modulational instability analysis.
ness of shear flows in nature and in laboratory experimentss,zinov et al2” have used the wave-kinetic approach to

Thus understanding the generation of shear flow has beefy,qy the dynamo problem. Our modulational instability
actively pursued. _ o _ analysis allows for additional natural modes like the shear
The linear instability for investigating the generation of Ai,én modes to generate flows and it also addresses the role
shear flow in fluids and plasmas involves assuming the eXisss finite peta effects on the generation of shear flows by
electrostatic drift wavesincluding ITG and ETG modes
dElectronic mail: guzdar@glue.umd.edu We believe that our findings will have implications in a va-
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riety of applications. Recently we have applied some of thes€henet al,?° and the complex representation of that used by
results to explaining low—high(L—H) transitions in  Guzdart*'°The four coupled equations for zonal, field flows

tokamaks’® and the sidebands are
(0 +A) ¢, =IT[Madops+Mpdoiss], 9
Il. BASIC EQUATIONS (0=A8)¢_=—iT[Mad} dst Madh§ s, (10
The basic equations that are used have been derived by wn |2
Zeiler et al?® They are (w+iv)¢s=il“[1—<ﬁ) [¢5d.—dop-1, (1D
A
dn ¢ 1 d¢
—+ = ——-V,J=0, (1) _ [ @ \?
dt = Qi L, dy (o+ivy)ge=iT| (=] (5.~ bo¢-]. (12)
2 YA
c d
AR (2) Here
Wo Wy
ap ¢ 1 gy Ma=|1-2:7 2(“’0 _)
T A A —n)= v 2
at + Qi Ln ay UAV||(¢ n) 0, (3) i |\2 A
. ki —k
with = y(l—f)—*—kipéﬂ / A, (13
c? - °
szAQ—f‘zvfw, (4) 2k w,
i Ms=*—'g¥(1—"—‘+k@f) A, (14)
R, - @o
Vi=Viot o—VI{XVyV, 5 3 —2w,/3
Qv A:1+kfp§— ‘*’O(wli)2 : Wy ) (15)
and 1va
d s R The parametet =k2p2w, /A is the frequency shift be-
a=E+ BoVé’XVqﬁ-V_ (6) tween the pump wave and the sidebands. This frequency
i

shift arises due to the dispersive nature of the drift and ki-
Heren=F/ng, ¢=ed/Te, y=(Qvalc2Bo) P are the Netic  drift-Alfven  waves. Here ki=k§+k§, w,
normalized perturbed density, electrostatic potential, and par= KypsCs/Ln is the electron diamagnetic frequency angd

allel vector potential, respectively. In these equati®qsis =F|¢o|:(kxky?§/9i)|_¢o| is the maximum growth rate for
the major radius{li is the ion gyro_radiug;s the ion acous- the shear ﬂOW |nStab|l|ty f'Or the, electrostatic Case.'
tic speed computed with only the electron temperatlds The drift wave and drift-Alfve wave pumps satisfy the

the density gradient scale length, is the Alfven velocity, ~ dispersion relation

and( is the toroidal angle. Here a few comments are in order.
¢ 9 Wy wo(wo—w*)_

We have neglected the curvature terms as well as any dissi- 1+ k§p§— —_—— kz—z—o. (16)
pation effects. Our goal is to provide as simple a derivation @o 1A
of the instability as possible. The general dispersion relation obtained from this sys-

tem of equations is

I1l. ZONAL FLOW-FIELD INSTABILITY . . Vs .
(w+|v)(w+lvM)=—m (w+IVM)MA
We first develop a low-dimensional model for the gen-

eration of shear/zonal flow and magnetic field by assuming wg |2
that all the three quantities, ¢, and ¢ for the pump wave X11= Kva
can be written as )
. . . w
&= &oexplikyy +ikjz—iwot), (7 +(w+iy)|v|5(kv°) ] (17
1Y A

where ¢ represents any one of the three quantities. . i o " .
Now for the perturbed quantites which couple the pump This dispersion relation is the finite-beta slab version of

wave with zonal and field flows, the two potentialsandy ~ Ed- (10) in the work of Chenet al.* and also includes the
can be represented as large mode-number limit because of the terms associated

. _ _ . _ _ with the nonlinear polarization drift in the drift-wave com-
§=EsexplikX—iot) + &, exp(+ikx+ikyy+ikjz—iw.t)  ponents. In the limit ofv ,—, the dispersion relation re-
+£_ explikex—ikyy—ikjz—iw_t), ®) duces to that for the electrostatic case derived in Guzdar

etal,’
wherew.=w=* wy. The density perturbations do not have

any purelyk, component, but have the two sidebandsand
n_. This representation is the local version of that used by

2098
(0+iv)+ —— 5 (1+kjp—kip2) =0. (18)
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If we examine the finite beta dispersion relatidfy. (17)],

we find that there are two distinct fini{@ effects. The first
such effect, which appears in the matrix elemkht is due

to the finite 8 associated with the pump wave, which in this
case can be either the drift branch or the two kinetic shear
Alfvén branches. The second finite beta effect arises becaus™ ©
of the zonal fieldis. The nature of the coupling shows that
the zonal flow and the zonal field are on the same footing,
both being driven by the pump wave and the two sidebands.
For the more general case we solve the equations numeri:
cally. We further simplify the problem by assuming that the
damping coefficients'=»,,=0. The damping for the zonal
flow in the slab geometry arises from the ion—ion collisions.
This is indeed very small compared to the growth rates for
even modest levels of the amplitude of the pump. The damp-
ing of the zonal field, on the other hand, is due to the electron
plasma resistivity. It becomes important for very short scale-
lengths compared to the collisional skin depth. Again here
we can assume that the scale-length of interest is in the range
of the ion gyro-radius with electron temperature, which is
larger than the collisional skin depth, so that we can neglect
the damping of the zonal fietd. 1 e k,p, =0.50

-4

IV. NUMERICAL RESULTS 0 04 5 60 80 100
To solve the dispersion relatigiq. (17)], it is first nec- (b)

essary to solve dispersion relation for the pump drift and A

drift Alfvé n waveg Eq. (16)]. Normalizing the frequency,  FIG. 1. (8 Eigenfrequency(, for driftwave branch vsg for ||

to the drift frequencyw, , and assuming<,,~(q R)fl, the =ps/Ln, kyps=0.25(solid ling), andk,ps=0.5 (dashed ling (b) Eigenfre-

. . : . quency Q, for drift-Alfvén wave branch vs3 for |¢g|=ps/Ly, Kyps
normalized dispersion relatidiEq. (16)] becomes = 0.25 solid line), andk,p,=0.5 (dashed ling

22 1 2 27
1+kyps_ Q_O_onyps:B(QO_l):Oa (19
subsequently the growth rate for the shear/zonal flow an§"oWth rate for the drift-wave pump and the drift-Alfve
field [Eq. (17)] becomes wave pump, respectively, as a function gffor different
R kyps andkyps=0.25 are shown.
¥=(Kps) (Kyps) [Ma(1— Q3K pZB) As seen in Fig. @), for k,p.=0.1 (solid ling), the inclu-
202 202 2% 2912 sion of finite beta has a stabilizing influence. This stabiliza-
+MeQokipskypsB— AT (20 tjon is from all the finite effects associated with the drift-

waves (both the pump and the sidebandsThe term
) ~o ’ 22 ) associated with the zonal fielfl; does not contribute to this
=87NTe/B* andA®=(1/2)(ps /L) *(kxps) “Qo/| ol *. AlsO gapiization. For the drift-Alfve wave pumgdFig. 2(b)], for
the growth rate has been normalized(g ¢|. These nor- k,ps=0.1, the growth rate is zer@n the absence of dissipa-
malizations show that there are four dimensionless paramﬁon) (solid line). As k,p, is increased to 0.25, the drift-wave

eters,(1) kyps, (2) ks, (3) B, and(4) | bolLn/ps- Inthese  yien zonal flow growth rate aB=0 increasesdashed
studies we will assume thpbo| = ps/L,,. We investigate the i) This is to be expected since the overall growth rate is

role of the three other dimensionless parameters. The Simpﬁ'oportional tok,ps. As beta is increased from zero, the
. . . . xMs -+ ]
dispersion relatiofiEq. (20)] for the growth rate yields very  ¢apiiizing influence of the finite beta effects on the drift

interesting results for the generation of shear/zonal flow angvaves(both pump and side bandeduces the growth. How-

field. ever beyond a certaip, the growth rate increases. This is
Shown in Figs. (a) and 1b) are the dispersion curves y ) B, 9 . N
for the drift wave and drift-Alfve branches respectively for due to the zonal field term. If we examine the matrix element
Mg which arises from the zonal field term, for instability to

kyps=0.25 (solid line) and k,ps=0.50 (dashed ling as a occur,Mg>0. For the drift wave pump wave, Fig. 1 shows

function of 8. As seen from the plots, the inclusion of finite d -
beta strongly reduces the frequency of the drift wave as welff@t @3 increases the mode frequency decreases making
Mg>0. For the drift-Alfven pump, fork,ps=0.25, the zonal

as the drift-Alfven branch(in these normalized unitsUsing _ _ _ N N
these eigenfrequencies, we now compute the growth rate fdield driven instability occurs fop=10. Fork,ps=0.5(long
the shear/zonal flow and field. In Figs(a and 2b), the dashed ling in Fig. 2a), the larger growth rate g8=0 is

Here Qy=wo/w,, PB=pR/L)Y2 with B
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FIG. 2. (a) Growth ratey for zonal flow/field instability vs3 for drift-wave (b)

pump with|go|=ps/L, andk,ps=0.25. The different curves are fégp

=0.1(solid line), k,ps=0.25 (dashed ling k,p,=0.50 (long dashed ling

andk,ps=0.75(dashed long-dashed lingb) Growth ratey for zonal flow/
field instability vs 8 for drift-Alfvén wave pump with|¢o|=ps/L, and

kyps=0.25. The different curves are fégp,=0.1 (solid line), k,ps=0.25

(dashed ling k,ps=0.50(long dashed ling andk,ps=0.75 (dashed long-
dashed ling

FIG. 3. (a) Growth ratey for zonal flow/field instability vsk,pg for drift-
wave pump with ¢po| = ps /L, andkyps=0.25. The different curves are for

B=1.0(solid line), B=10.0(dashed ling B=20.0(long dashed ling and

ZS‘=50.0 (dashed long-dashed lingb) Growth ratey for zonal flow/field
instability vsk,ps for drift-Alfvén wave pump with ¢po| = ps /L, andkyps

=0.25. The different curves are f@= 1.0 (solid line), 3=10.0 (dashed
line), 3=20.0(long dashed ling and 3=50.0 (dashed long-dashed line

again due to the increase kyps. However the stabilization
effect of finite beta together with leads to a stable window For [3:1.0, Fig. 3a (solid line) shows that the unstable
in B space. Finally for large enough the destabilizing ef- region extends to large,ps. The cutoff is due to thé term.
fect of the zonal field overcomes the threshold and instabilityas 3 is increased first to 1@dashed ling and then to 20
prevails. For the drift-Alfva branch, the onset thresholdn (long-dashed linethe instability region shrinks due to the
for kyps=0.5 is higher compared to thgps=0.25 case and  stabilizing influence of3. However, for3=50 (dashed-long
the growth rates are higher. This can be understood from thgashed lingthe destabilizing influence from the zonal field
dispersion relation Eq(17). The threshold in3 can be ob- kicks in and the region of instability then increases. For the
tained if we balance the zonal field related tevhg with A2, drift-Alfvé n pump[Fig. 3(b)], as we increasg from 1 to 50,
This shows that the value ¢ at the threshold should scale the basic instability domain ik,ps increases. Again the high
as kf . Also beyond the threshold the growth rate shouldk, cutoff is due to the dispersive terd.
scale ak,ps due to the overall linear dependence on this  For the drift-wave pump mode, Figs(@ and 4b) show
parameter. The curves fégp,=0.75 (dotted—dashed lings the dependence &, for the maximally growing mode and
in Fig. 2@ and 2b), support the scalings, with one signifi- the maximum growth rate, respectively, as a functionBof
cant difference. For the drift-Alfie wave case, the loy3  for kyps=0.1 (solid line), k,ps=0.25 (dashed ling and
instability has been completely stabilized. The overall conk,ps=0.5 (dashed long-dashed line~ork,ps=0.1, the sta-
clusion from these plots is that there is a stronger destabiliblizing influence of finite beta dominates and the mode num-
zation of the zonal flow and zonal magnetic field for larger ber for the maximally growing mode decreases. This is true
both for the drift and drift-Alfve pump waves. for realistic values of3. For unrealistically larger values of
The dependence of the growth ratelgps for different 3, the destabilization by coupling to the zonal field finally
values of 3 for the drift-wave pump and the drift-Alfre  dominates. However, for the largkeyps the destabilizing in-
wave pump are shown in Figs(é and 3b), respectively. fluence of the zonal field coupling dominates for reasonable
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FIG. 5. (a) Wave number with maximum growth rakg,o vs 3 for drift-
Alfvén wave pump with ¢q| = ps/L, andk,ps=0.25. The different curves
are for kyps=0.1 (solid ling), kyps=0.25 (dashed ling and kyps=0.5
(dashed long-dashed line(b) Maximum growth ratey,, vs B for drift-
Alfvén wave pump with ¢o| = ps/L, andk,ps=0.25. The different curves
are for kyps=0.1 (solid ling), k,ps=0.25 (dashed ling and k,ps=0.5
(dashed long-dashed line

FIG. 4. (3) Wave number with maximum growth rakg,o, vs B for drift-
wave pump with| ¢o| = ps /L, andk,ps=0.25. The different curves are for
kyps=0.1 (solid line), kyps=0.25 (dashed ling and k,ps=0.5 (dashed

long-dashed ling (b) Maximum growth ratey,, vs B for drift-wave pump
with |¢| =ps/L, andkyps=0.25. The different curves are fégp,=0.1
(solid line), kyps=0.25 (dashed ling andk,ps=0.5 (dashed long-dashed
line).

well as zonal fields. For drift-waves and zonal flows/fields

but larger. There is in fact a rapid increase in growth rate With low mode numbers,ps<0.1 andk,ps<0.1, the finite

as kyps increases and the maxima”y growing mode shifts tobeta effect leads to stabilization of the zonal flow/field insta-
higherk,ps. A completely similar trend is also seen for the bility in the parameter region of interest. The dominant finite
drift-Alfvén wave pump in Figs. ) and 5b) which dis- bPeta effect in this regime is the finite beta modification of
plays the dependence &fp< for the maximally growing PUmp and sideband drift waves. Qn .th.e other hand, for
mode and the maximum growth rate, respectively, as a fundéxPs> 0.1 andkyps>0.1 the increase in finite beta leads to a
; y, _ L _ ; dramatic increase in the growth rate for the zonal flow/field
tion of B for kyps=0.1(solid line), kyps=0.25(dashed lin ) " o N

andk pﬁzo 5y(?jsashed(long-das)heéplisheThus(by investigit— instability. This highk result also holds for the drift-Alfue

yMs . . -,

ing the simple dispersion relation E€.7), we find that for branch. For. the.lovsk case, for the drift-Alfve branch, th?
finite B plasmas, the generation of zonal flow and fields i zonal flow/field instability is absent. The strong destabiliza-

markedly different compared to the pure electrostatic casdion of the zonal flow/field which increases wighprovide a
The coupling to the zonal field allows for a strong destabili-

plausible explanation of the transition to H modes by in-
zation of such flows with the increase of plasyha creasingB as seen in the simulations of Rogeitsal>° This

issue has been addressed in a recent paper B/We.will
will apply the problem of the generation of the shear and
V. CONCLUSIONS zonal flows and fields to the Alfvewaves in the high lati-

We have derived a dispersion relation for the modulatude ionosphere and interplanetary space where sheamAlfve
tional instability of drift-wave and drift-Alfve waves in fi- ~ solitons occur in abundance. Also, the present study needs to
nite B8 plasmas. The instability analysis involves the Coup“ngbe extended because of the following limitations. The maxi-
of the drift wave(or drift-Alfvén waves to drift-wave side- mally growing mode shifts to highéap. asZ% increases both
bands(or drift-Alfvén wave side bandsand zonal flow as for the drift wave as well as the drift-Alfwewave. Thus we
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