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PHYSICS OF PLASMAS VOLUME 9, NUMBER 9 SEPTEMBER 2002
Secondary instabilities of large scale flow and magnetic field
in the electromagnetic short wavelength drift-Alfve ´n wave turbulence
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and Japan Atomic Energy Research Institute, Department of Fusion Research, Naka, Naka-gun,
Japan

P. Diamond
Department of Physics, University of California at San Diego, La Jolla, California 92093

Y. Kishimoto
Japan Atomic Energy Research Institute, Department of Fusion Research, Naka, Naka-gun, Japan

~Received 1 March 2002; accepted 20 June 2002!

It is shown that the short wavelength~k'
2 r i

2.1, k' is the characteristic wave vector, andr i is the
ion Larmor radius! electromagnetic drift wave turbulence in typical conditions is unstable with
respect to the excitation of large scale perturbations of the plasma flow and magnetic field. It is
found that the generation of zonal flow is reduced~compared to the long wavelength ion temperature
gradient turbulence! due to the Boltzmann nature of the ion response. Magnetic fluctuations further
reduce zonal flow drive due to competition of the Reynolds and Maxwell stresses. It is shown that
secondary magnetic field structures may be generated in the electromagnetic drift wave turbulence
thus leading to the increased levels of the electron energy transport. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1500394#
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I. INTRODUCTION

In this paper we investigate secondary instabilities t
may occur in the short wavelength,k'

2 r i
2>1 electromagnetic

turbulence. We are interested primarily in the regimev
<kive where the electromagnetic effects become import
for moderate values of plasma pressureb>me /mi and the
mode becomes essentially a short-wavelength version o
Alfvén wave. Note that in this regime the electron respo
is non-Boltzmann due to the contribution of the perturb
vector potential to the parallel electron momentum balan
A short wavelength Alfve´n wave can be destabilized by th
electron temperature gradient1 and thus is similar to the elec
tron temperature gradient~ETG! mode. Though somewha
similar to the ETG generalized for a finite beta, electrom
netic effects considered in this paper are significantly diff
ent, in particular due to the low frequency~adiabatic! limit.
Our interest in this particular regime (v<kive) is motivated
by earlier studies of these modes2–6 which suggest a possi
bility of the spontaneous generation of small scale magn
structures. In this work we show that secondary instabilit
in the short wavelength electromagnetic turbulence may l
to the secondary generation of the magnetic field leadin
structures somewhat similar to those in Refs. 2–6. Such
herent magnetic structures generated on a larger length
~compared to the scale length of the background turbulen!
may significantly increase electron energy transport. It
worth noting that due to high electron parallel conductivi
for the modes considered here, the electron temperature
turbations are essentially governed by fluctuations of
magnetic vector potential, due to the conditionB"“T50.

a!Also at Institute of Nuclear Fusion, Russian Research Centre ‘‘Kurcha
Institute, Moscow, Russia.’’
3821070-664X/2002/9(9)/3826/9/$19.00
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Recently, it has been realized that generation of the la
scale shear flow~zonal flow! may play an important role in
self-regulation of the drift wave turbulence.7–9 Such sponta-
neously excited large scale flow occurs as a result of
intrinsic nonambipolarity of the radial plasma current~in
other words due to the radial momentum flux10–12!. In the
electromagnetic case, the effect of magnetic fluctuati
leads to a reduction of the zonal flow generation due a pa
cancellation of the Reynolds stress by the Maxw
stress.12–15 Besides a reduction of the zonal flow drive, th
electromagnetic turbulence may generate secondary m
netic field via a sort of fast dynamo mechanism.15 In this
paper we investigate competing effects of the Reynolds
Maxwell stresses for the short wavelength turbulence
show that besides the reduction of the zonal flow drive, m
netic fluctuations may even be more important as a sourc
the secondary magnetic field structures. It should be m
tioned here that for short wavelength turbulence the natur
the Reynolds stress changes: it is due to the electron ra
than ion dynamics as for the long wavelength fluctuation

Coupling of slow large scale perturbations and modu
tions of fast small scale background turbulence natura
suggest the wave kinetic equation as a tool for these stud7

Generally the wave kinetic equation is written as a cons
vation law for the wave quanta density usually taken as
wave action. It was noted however16–19 that for the drift
wave-zonal flow systems the form of the conserved quan
may be different from the standard definition of the wa
action ~defined as a ratio of the wave energy to the wa
eigen-frequency!. Presumably, this occurs due to the destru
tion of the standard canonical variables in the presence of
inhomogeneous mean flow. It was shown18 that the particular
form of the conserved quantity~generalized wave action in

v

6 © 2002 American Institute of Physics
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3827Phys. Plasmas, Vol. 9, No. 9, September 2002 Secondary instabilities of large scale flow . . .
variant! is defined by the form of the matrix coefficient d
scribing the coupling of the small and large scale fluct
tions. Such an approach allows one to formulate a w
kinetic equation and corresponding generalized wave ac
invariant even for the case of a two-dimensional ideal Eu
fluid without waves.17 For the electrostatic drift wave turbu
lence the structure of the generalized wave action invaria
was investigated in Ref. 18~see also Ref. 19!. To study the
evolution of the zonal flows, in this work we employ tw
approaches. The first approach~Sec. IV! is a direct perturba-
tive calculation of the growth rate of the zonal flow with
the weak turbulence approximation. In the second appro
~Sec. V!, we derive a generalized wave action invariant
~predominantly! magnetic turbulence modulated in the pre
ence of zonal flow, and then use a wave action equatio
obtain the growth rate of the zonal flow. We show here t
both methods give the same result for the zonal flow gro
rate. In the present paper, we also investigate how the f
of the generalized wave action is affected by slow magn
fluctuations and derive the generalized wave action for
electromagnetic drift wave turbulence in the presence of
slowly varying background magnetic field~Sec. VI!. The lat-
ter wave kinetic equation is used in Sec. VII to study ins
bility of large scale magnetic structures.

II. SHORT WAVELENGTH ALFVÉ N MODE

The electron density balance equation is

]

]t
n1vE"“n02

1

e
“iJ2

n0

vce
“"b3

d0

dt
vE50. ~1!

While the continuity equation is independent of thev/kive

parameter, the form of the electron momentum balanc
sensitive to the value ofv/kive . In general, for arbitrary
v/kive , wave–particle interaction effects become importa
which requires kinetic consideration. However in the lim
v<kiv th a simple perturbative treatment is possible. In t
limit the electron momentum balance equation takes
form

052enEi2Te“in. ~2!

Here we have

Ei52“if2
1

c

]c

]t
, ~3!

“i5
]

]z
2

1

B0
ẑ"“c3“. ~4!

The energy balance equation in this regime is replaced b

“iT50, ~5!

so that temperature perturbations are effectively decou
due to high thermal conductivity along the total magne
field. The effects of the collisionless wave electron inter
tion can be added into Eqs.~2! and ~5! through kinetic clo-
sures. Note that, in contrast to the usual ETG mode, elec
inertia is omitted from the parallel Ohm’s law and the ele
tron temperature is constant along the field lines. Note a
that curvature effects are omitted.

Equations~1!–~3! are coupled through Ampe`re’s law,
Downloaded 23 Apr 2003 to 132.239.69.156. Redistribution subject to A
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J52
c

4p
¹2c, ~6!

and the quasineutrality equation. The ion density respons
taken as

n52
ef

Ti
n052

ef

Te
tn0 , ~7!

wheret5Te /Ti .
Linearizing Eqs.~6! and ~7! we obtain the following

dispersion equation:

~tv1v* e!~v2v* e!5~11t!ki
2vA

2k'
2 r i

2 . ~8!

Here v* e52cTen08/(en0B0), Ln
21 5n0

21]n0 /]r , v* e

5kyv* e . The dispersion equation~8! smoothly matches to
the Alfvén wave branch atk'

2 r i
2>1. So it is called a short

wavelength Alfvén mode. It follows from~8! that there exist
two modes,v.2v* e /t andv.v* e , that are coupled via
electromagnetic effects due to the term on the right hand
of ~8!. From Eqs.~9! and ~10! in Sec. III, it follows thatv
.2v* e /t is an electrostatic, whilev.v* e is predomi-
nantly an electromagnetic branch. The latter branch was
vestigated earlier2–6 as a possible source of magnetic turb
lence, and it was shown that it can be destabilized by
temperature gradient effects (he).

1 It is interesting to note
that within the approach of small scale magnetic island, i
ultimately temperature gradient effects that are respons
for the mode excitation.2–6 Therefore, to some extent, it i
similar to the standard ETG mode.

III. REYNOLDS AND MAXWELL STRESS TENSORS

Basic nonlinear equations for short wavelength elect
magnetic fluctuations can be obtained from~1! to ~7!

]

]t

ef

Te
2v* e

]

]y

ef

Te
2

c

4pen0

]

]z
¹2c

1
c

4pen0B0
ẑ"“c3“¹2c2re

2 d0

dt
¹'

2 ef

Te
50, ~9!

]

]t
c1v* e

]

]y
c12c

]

]z
c2

2c

B0
ẑ"“c3“f50, ~10!

whereẑ5B0 /B0 is the unit vector along the magnetic field
t51.

There are two sources of zonal flow generation in E
~9!. One is due to theVE"“¹2f nonlinearity from the elec-
tron polarization current@the last term in Eq.~9!#, and the
other one is due to theẑ"“c3“¹2c nonlinearity from the
total gradient of the parallel current. Ultimately the latt
term is due to the Lorentz force,JÃB. The first term can be
identified as the Reynolds stress tensor,10–12while the second
one is the Maxwell stress tensor. We assume here that
shear flow has a radial scale lengthkx

21,re , so that the
plasma response to the zonal flow component is Boltzma
Then theVE"“n nonlinearity does not appear in the con
nuity equation. As a result, in the electrostatic approxim
tion, the modification of the background turbulence by t
large scale mode occurs in the higher order~due to the term
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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3828 Phys. Plasmas, Vol. 9, No. 9, September 2002 Smolyakov, Diamond, and Kishimoto
V̄E"“¹2f̃, wheref̄ and f̃ represent large scale and sm
scale components!. On the contrary, when magnetic fluctu
tions are present, the large scale field affects the backgro
modes in the lowest order, viaẑ"“c̃Ã“f̄ term in Ohm’s
law ~c̃ is small scale component of the magnetic vector
tential!, thus indicating the relative importance of magne
fluctuations for the short wavelength turbulence.

The equation describing the mean electrostatic poten
is

]

]t

ef̄

Te
1Rc2Rf50, ~11!

where the Reynolds and Maxwell stress are

Rc[
c

4pen0B0
Mc5

c

4pen0B0
ẑ"“cÃ“¹2c, ~12!

Rf[re
2 ce

B0T
Mf5re

2 ce

B0T
ẑ"“fÃ“¹2f. ~13!

Note that for short wavelength turbulence mean electrost
potentialf̄ is generated@as given by Eq.~11!# contrary to the
case of long wavelength drift wave turbulence where
mean vorticity is generated, so that the evolution equa
for the potential has a form]¹'

2 f̄5S, whereS is a source
term.7,14,20 It indicates that the mean flow induced by th
long wavelenth turbulence instrinsically has higher sh
compared to the short wavelength case.

By employing the dispersion equation~8! we obtain for
the ratio of amplitudes of magnetic and electrostatic fluct
tions

Mc

Mf .
uc2u
uf2u

5
2

k'
2 c2/vpe

2

v1v* e

v2v* e
. ~14!

Correspondingly, we have for the ratio of the Maxwell to t
Reynolds stress

S[
Rc

Rf 5
2

k'
2 re

2

v1v* e

v2v* e
. ~15!

This expression allows us to conveniently compare rela
contrubutions of the electrostatic~Reynolds! and magnetic
~Maxwell! fluctuations. Similarly to the long wavelengt
case, Reynolds and Maxwell stresses have the same stru
in terms of the electrostatic and magnetic potentials, see
~12! and ~13!. Equation~8! indicates that in our case ther
exists two branches, one is essentially electromagnetic, r
ing in the electron direction,v.0, and the other branch i
electrostatic,v,0, rotating in the ion direction (v* e.0).
As follows from ~15!, the Maxwell stress prevails for elec
tromagnetic modes moving in the electron direction. Eff
of the magnetic fluctuations is also increasing for the lon
wavelengths,k'

2 c2/vpe
2 ,1. Note that such competition be

tween the Reynolds and Maxwell stresses is somewhat
ferent from the long wavelength electromagne
turbulence13,14,21 where a partial cancellation in the tot
zonal flow drive occurs due to the Alfve´nization of the tur-
bulence; such cancellation becomes exact for pure Alf´n
wave turbulencev5kivA which is force free. One should
Downloaded 23 Apr 2003 to 132.239.69.156. Redistribution subject to A
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also remember that, as noted previously in the short wa
length case, the Reynolds stress occurs from the elec
rather than ion polarization current.

IV. LARGE SCALE FLOW INSTABILITY

To describe the dynamics of a large-scale plasma fl
we employ a multiple scale expansion thus assuming
there is a sufficient spectral gap separating large-scale
small-scale motions. The electrostatic and magnetic poten
are represented as a sum of fluctuating and mean quant

f~X,x,T,t !5f̄~X,T!1f̃~X,x,T,t !, ~16!

c~X,x,T,t !5c̄~X,T!1c̃~X,x,T,t !, ~17!

wheree is a formal small parameter of the scale separati
In this section we consider only the effect of the mean p
tential f̄(X,T), neglecting the large scale magnetic potent
c̄(X,T).

Using the Fourier transformation the Maxwell force c
be written in the form

Mc5E dv1dv2d2k1d2k2ẑ•k13k2k2
2c̃k1

c̃k2

3exp~2 i ~v11v2!t1 i ~k11k2!•x!

5
1

2 E dv1dv2d2k1d2k2ẑ•k13k2~k2
22k1

2!c̃k1
c̃k2

3exp~2 i ~v11v2!t1 i ~k11k2!•x!. ~18!

It is convenient to make the Fourier transform of~18!
with respect to the slow variablesX andT so that

M ~X,T!5E Mq,V exp~2 iVT1 iq•X!d2qdV. ~19!

Then, usingq!(k1 ,k2) for ‘‘slow’’ wave vector q and
V!(v1 ,v2) for ‘‘slow’’ frequency V we obtain

Mq,V52E dv1d2k1~ ẑ•k13q!~q•k1!

3^c̃k1 ,v1
c̃q2k1 ,V2v1

&. ~20!

We treat the effect of the mean plasma flow perturb
tively, so that the fluctuating electrostatic potential and pr
sure are represented

c̃5ĉ (0)1ĉ (1). ~21!

Here,ĉ (0)(x,t) is associated with a ‘‘free’’ turbulence whic
is assumed isotropic and homogeneous in the absenc
mean flow, andĉ (1)(X,T,x,t) is the first-order modifications
of fluctuations due to the mean flowf̄(X,T). The statistical
averagê c̃k1 ,v1

c̃q2k1 ,V2v1
& is calculated in quasilinear ap

proximation

L[^c̃k1 ,v1
c̃q2k1 ,V2v1

&

5^ĉk1 ,v1

(0) ĉq2k1 ,V2v1

(1) &1^ĉk1 ,v1

(1) ĉqÀk1 ,V2v1

(0) &. ~22!
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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3829Phys. Plasmas, Vol. 9, No. 9, September 2002 Secondary instabilities of large scale flow . . .
The first-order response fieldĉ (1)(X,x,t,T) is deter-
mined by the convection termV̄E“ĉ (0) in the momentum
balance equation~10!. Performing the Fourier transformatio
of ~10! in time and space we obtain

2 i ~v2v* k!ĉk,v
(1) 12ickzf̂k,v

(1)

5E d2p dv8Cp,k2pf̄p,v8ĉk2p,v2v8
(0) , ~23!

2 i ~v1v* k!
ef̂k,v

(1)

T
1

ckzk'
2

4pen0
ĉk,v

(1) 50, ~24!

where the coupling coefficient is

Ck1 ,k2
5

2c

B0
ẑ"k13k2 . ~25!

Combining~23!–~25! we obtain

2 i
~v2vk

1!~v2vk
2!

v1v* k
ĉk,v

(1)

5E d2p dv8Cp,k2pf̄p,v8ĉk2p,v2v8
(0) , ~26!

ĉk1 ,v1

(1) 5 i
v11v* k

~v12vk
1!~v12vk

2!

3E d2p dv8Cp,k2pf̄p,v8ĉk12p,v12v8
(0) . ~27!

Similarly, we find

ĉq2k1,V2v1

(1) 5 i
V2v11v* (q2k)

~V2v12vq2k
1 !~V2v12vq2k

2 !

3E d2p dv8Cp,q2k12p

3f̄p,v8ĉq2k12p,V2v12v8
(0) . ~28!

Using ~27! and ~28! we obtain

L5 i
v11v* k

~v12vk
1!~v12vk

2!
Cq,k1

f̄q,VI k12q,v12V ~29!

1 i
V2v11v* (q2k)

~V2v12vq2k
1 !~V2v12vq2k

2 !
Cq,2k1

f̄q,VI k1 ,v1
.

~30!

We have assumed above that the zeroth-order turbulen
delta-correlated,

^ĉk,v
(0) ĉk1,v1

(0) &5I k,vd~k1k1!d~v1v1!. ~31!

In the weak turbulence case when the mode broadenin
small,Dv!v, the fluctuations spectrum can be represen
in the form

I k12q,v12V5I k12qd~v12V2vk1

1 !, ~32!

I k1 ,v1
5I k1

d~v12vk1

1 !. ~33!

In the weak turbulence approximation we also have
Downloaded 23 Apr 2003 to 132.239.69.156. Redistribution subject to A
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i

V2v12vq2k1

1 1 iDv
→pd~V2v12vq2k1

1 !, ~34!

i

v12vk1

1 1 iDv
→pd~v12vk1

1 !, ~35!

where theiDv term in ~34! and ~35! represents a nonlinea
decorrelation rate due to the mode coupling. Then we ob

L5
1

2
pd~V2v12vq2k1

1 !d~v12vk1

1 !f̄q,VCq,k1

3F S 11
v* k1

vk1

1 D I k12q2S 11
v* (q2k1)

vq2k1

1 D I k1G . ~36!

Substituting~36! in Eq. ~20! we find

Mq,V52
pc

B0
f̄q,VE d2k~ ẑ"kÃq!2

„q"k)d~V2q"Vg!

3S 11
v* k

vk
1 D 2

q"
]

]k S I k

11v* k /vk
1D . ~37!

From Eqs.~37! and ~11! and restoring a contribution of th
Reynolds stress we obtain the growth rate of the large s
flow with q5 x̂q,

g52 iV5p
v the

2 c2

vpe
2 B0

2 q4 E d2kd~V2q"Vg!ky
2kx

3
]

]kx
S ~12S21!I k

11v* k /vk
1D . ~38!

In fact, the resonance broadening is important, so that
response function is

d~V2q"Vg!→R~V,q"Vg ,Dv!5
Dv

~Dv!21~V2q"Vg!2 .

~39!

Note that forS.1, the condition

]

]kx
S I k

11v* k /vk
1D .0 ~40!

is required for the instability, which is the expected result
Alfvén wave type turbulence.14 We show in Sec. V that the
quantity in brackets represents the generalized wave ac
invariantNk5I k /(11v* k /vk

1).18

One concludes from~38! and ~40! that typically the
Maxwell stress is a stabilizing factor while the Reynol
stress is destabilizing for]Nk /]kx,0. Thus, when the mag
netic stress dominates, the population inversion is requ
for the zonal flow instability which is an unlikely conditio
for the drift wave type turbulence.

V. WAVE KINETIC EQUATION AND GENERALIZED
WAVE ACTION INVARIANT

The wave kinetic equation is an effective tool to descr
the modulations of high frequency turbulence in the prese
of slowly varying processes. Initially introduced to descri
the interaction of Langmuir~fast! and ion-sound~slow!
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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3830 Phys. Plasmas, Vol. 9, No. 9, September 2002 Smolyakov, Diamond, and Kishimoto
waves,22 the wave kinetic equation was recently effective
used in the problem of interaction of drift wave turbulen
with large scale structures, in particular, in the problem of
generation of large scale flows.7,16,18,23It has been noted tha
for drift wave type fluctuations in the presence of the me
flow the wave action may be different from the standa
definition of the wave action as the ratio of the wave ene
to the wave momentum. It has been shown that the e
form of the conserved wave-action-like quantity~generalized
wave action! depends on the form of the coupling matr
describing the interaction of small scale fluctuation and
mean flow.17,18 This property has long been noted in th
theory of waves in fluids24,25 and can be traced to a certa
ambiguity in the definition of the wave momentum.25 The
ambiguity is related to the contribution of the mean flow
the total momentum in the medium. We have develope
formal approach that allows one to calculate a generali
wave action invariant for a given form of the wave-mea
flow interaction coefficient.17,18 In this section we apply this
method for the electromagnetic short-wavelength Alfve´n-
wave fluctuations to derive the proper form of the wave
tion invariant. Then we use it to calculate the zonal flo
growth rate and show that we get exactly the same resu
from the direct calculations in Sec. IV.

Evolution of the wave packets is described by wave
netic equation in the standard form

]Nk

]t
1

]v

]k
"
]Nk

]x
2

]v

]x
"
]Nk

]k
52GkNk2DvNk

2/N0 , ~41!

whereGk is the linear instability growth rate, and the ter
DvNk

2/N0 describes the nonlinear damping due to ‘‘nonad
batic’’ wave interactions. In what follows, we consider d
viations from the saturated state.

The wave action quanta densityNk is modulated by the
large scale perturbations due to the variations of the eig
frequency in the presence of the mean plasma flow. Lin
izing Eqs.~9! and ~10! one gets

~v1v* e!~v2v* e22vE!5ki
2ve

2k'
2 d2, ~42!

where ve
252Te /me , d25c2/vpe

2 . Then the modulation of
the eigen-frequency is described by

]v

]vE
5S 11

v* k1

vk1

D . ~43!

From the wave kinetic equation~41! we find

2 i ~V2q"Vg!Ñk2
]

]x S ]v

]vE
dvED " ]N0k

]k
50, ~44!

and

2 i ~V2q"Vg!Ñk2S 11
v* k1

vk1

D ]

]x
~k"VE!"

]N0k

]k
50.

~45!

As discussed previously, the general form of the wave kin
equation is standard, however the exact expression for
Downloaded 23 Apr 2003 to 132.239.69.156. Redistribution subject to A
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wave invariant may differ from the standard definition.18,19

To find the wave action density in our case, we follow t
approach of Ref. 18.

We start from the basic equations where the spatial
ordinate is Fourier transformed

2 i ~v2v* k!ĉk12ickzf̂k5E d2pCp,k2pf̄pĉk2p,v ,

~46!

]

]t
ĉk1 ivk

1ĉk5
1

2 S 11
v* k

vk
1 D E d2pCp,k2pf̄pĉk2p,v .

~47!

In the spirit of the scale separation we separate the field
the large and small scale components; the large scale c
ponentf̄p is a mean flow potential which equals zero outsi
a shell uku,«!1, small scale fluctuationsĉk50 for uku
,«,

Lp,k2p52
1

2 S 11
v* k

vk
1 DCp,k2p

52
c

B0
S 11

v* k

vk
1 D ẑ"kÃ~k2p!. ~48!

The small scale turbulence is described by the spec
function ~Wigner function! I k(x,t), and defined as follows:

E d2q^ĉ2k1qĉk&exp~ iq"x!5I k~x,t !. ~49!

Following Ref. 17 we obtain

]

]t
I k~x,t !1 i E d2q

3exp~ iq"x!~vk1v2k1q!^ĉ2k1qĉk&1S11S250, ~50!

where

S15E E d2pd2q exp~ iq"x!^ĉ2k1qĉk2p&Lp,k2pf̄p ,

~51!

S25E E d2pd2q exp~ iq"x!

3^ĉ2k1q2pĉk&Lp,2k1q2pf̄p . ~52!

The second term in~50! leads to

i E d2q exp~ iq"x!~vk1v2k1q!^ĉkĉ2k1q&

5
]vk

]k
"

]

]x
I k~x,t !22GkI k , ~53!

whereGk is the linear growth rate, and only the real part
the frequency is presumed forvk on the right-hand side o
this equation.

The ensemble average inS1 andS2 can be transformed
by using the inverse of~49!,
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



et

fro

ion
is

ix
We

ale
e of
ag-

low

d

d

3831Phys. Plasmas, Vol. 9, No. 9, September 2002 Secondary instabilities of large scale flow . . .
^ĉ2k1qĉk2p&5^ĉk2pĉ2(k2p)1q2p&

5E d2x8I k2p~x8!exp~2 i ~q2p!"x8!. ~54!

By using~54! and expanding inp!k the expression forS1 is
transformed to

S15S181S19 , ~55!

S185E d2p exp~ ip"x!Lp,k2pI k~x!f̄p , ~56!

S1952E d2p exp~ ip"x!Lp,k2pp"
]I k~x!

]k
f̄p . ~57!

Similarly, by using the identity analogous to~54! and ex-
panding the interaction coefficientLp,k2p in p!k, we trans-
form S2 to the form

S25S281S29 , ~58!

S285I k~x!E d2p exp~ ip"x!Lp,2kf̄p , ~59!

S2952 i E d2p exp~ ip"x!
]Lp,2k

]~2k!
"
]I k

]x
f̄p . ~60!

It results in

S181S285I k

]

]k Fv* k

vk
1 G " ]

]x
~k"VE!, ~61!

where

S1952S 11
v* k

vk
1 D ]

]x
~k"VE!"

]I k

]k
, ~62!

S295
]

]k F S 11
v* k

vk
1 D ~k"VE!G " ]I k

]x
. ~63!

Combining~55!, ~58!, and~61! we obtain

]

]t

I k

11v* k /vk
1 1

]

]k S vk
11k"VES 11

v* k

vk
1 D D " ]

]x

3
I k

11v* k /vk
1 2

]

]x S k"VES 11
v* k

vk
1 D D " ]

]k

3
I k

11v* k /vk
1 50. ~64!

This corresponds to the standard form of the wave kin
equation with a generalized wave action invariant

Nk5
I k

11v* k /vk
1 . ~65!

From ~11! and ~45! one can see that Eq.~64! leads to the
same expression for the growth rate as the one obtained
direct calculations~38!.
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VI. GENERALIZED WAVE ACTION INVARIANT IN A
SYSTEM WITH SLOWLY VARYING MAGNETIC
FIELD

As was discussed previously the form of the wave act
invariant depends on the way the background equilibrium
modified. Formally it is determined by the couping matr
that decsribes the interaction of fast and slow motion.
have derived earlier the wave kinetic equation~and respec-
tive wave action invaraint! for the magnetic turbulence
modulated by a zonal flow. For the problem of the large sc
magnetic generation we need to determine the respons
the turbulence to slow modulations of the background m
netic field.

The basic equation has the conservation form in the~k,x!
phase space:

]Nk

]t
1

]v

]k
"
]Nk

]x
2

]v

]x
"
]Nk

]k
50. ~66!

Here the eigen-frequency varies in space due to the s
perturbation of the parallel wave vectordki ,

dki52
1

B0
ẑ"“c̄Ãk, ~67!

so that the perturbation of the eigen-frequencyr is

dv5
]v

]ki
dki5dki

ki

v
vA

2k'
2 r i

2 . ~68!

The form of the wave action invariant will be determine
next.

Making Fourier transformation in Eqs.~9! and ~10!,

2 i ~v2v* k!ĉk12ickzf̂k

2
2c

B0
E dvd2pẑ"ipi ~k2p!c̄pf̂k2p,v50, ~69!

2 i ~v1v* k!
ef̂k

T
1

ickzk'
2

4pen0
ĉk2

c

4pen0B0
E dv d2pẑ"ip

3 i ~k2p!~k2p!'
2 c̄pĉk2p,v50. ~70!

By usingf̂k from ~70! in ~69! we reduce it to a standar
form

]

]t
ĉk1 ivk

1ĉk1E d2pLp,k2pc̄pĉk2p50, ~71!

whereLp,k2p in this case is

Lp,k2p5
1

B0

kzve
2~k2p!'

2 d2

2vk
1

3S 11
vk

11v* k

vk2p
1 1v* (k2p)

D ẑ"pÃ~k2p!. ~72!

Then forLp,Àk we have

Lp,2k52
1

B0

kzve
2k2d2

2vp2k
1 S 11

vp2k
1 1v* (p2k)

v2k
1 1v* (2k)

D ẑ"pÃ~2k!.

~73!

Using the same approach as in Sec. V we obtain
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S15S181S19 , ~74!

where

S185E d2p exp~ ip"x!Lp,k2pI k~x!c̄p , ~75!

S1952E d2p exp~ ip"x!Lp,k2pp"
]I k~x!

]k
c̄p . ~76!

Similarly,

S25S281S29 , ~77!

S285I k~x!E d2p exp~ ip"x!Lp,2kc̄p , ~78!

S2952 i E d2p exp~ ip"x!
]Lp,2k

]~2k!
"
]I k

]x
c̄p . ~79!

Collecting terms we obtain

S181S1952
1

B0

kzve
2d2

vk
1 S 11

v* k

vk
1 D E d2p exp~ ip"x!

3I k~x!Ãẑ"pÃkp"
]

]k

k2

~11v* k /vk
1!

52I k

kzve
2d2

vk
1 S 11

v* k

vk
1 D

3
]

]x
~dki!"

]

]k

k2

~11v* k /vk
1!

, ~80!

S1952kzve
2d2

k2

vk
1 S 11

v* k

vk
1 D ]

]x
~dki!"

]I k

]k
, ~81!

S295
]

]k Fkzve
2d2

k2

vk
1 dkiG " ]I k

]x
. ~82!

The resulting wave kinetic equation takes the form

]

]t

k2I k

11v* k /vk
1 1

]

]k S vk
11dki

dv

dki
D " ]

]x

3
k2I k

11v* k /vk
1 2

]

]x S dki

dv

dki
D " ]

]k

k2I k

11v* k /vk
1 50.

~83!

Equation~83! describes modulations of the quanta densityI k

in response to slow variations of the magnetic fieldc̄. The
generalized wave action invariant for this case is

Nk5
k2I k

11v* k /vk
1 . ~84!

Equation~83! will be used in Sec. VII to study the instabilit
of the large scale magnetic field.

VII. INSTABILITY OF A LARGE SCALE MAGNETIC
FIELD

The generation of large scale magnetic field in the dr
Alfvén wave turbulence may be an important factor contr
ling dynamics of the short wavelength turbulence in mag
Downloaded 23 Apr 2003 to 132.239.69.156. Redistribution subject to A
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tized plasmas, in particular, in a tokamak.2 Magnetic
structures produced via this mechanism can directly af
the electron transport in such plasmas. Though our stud
primarily motivated by the problem of the anomalous ele
tron transport from short wavelength turbulence, it may
relevant also to the general problem of the magnetic fi
generation in astrophysical and geophysical environme
The fast dynamo mechanism considered in this section is
alternative to the kinematic dynamo that may be quenche
the presence of the large scale field as shown recently.26,27

The mean magnetic field is driven by the nonlinear el
tromotive force due to fluctuating electric and magnetic fie
By averaging the Ohm’s law~10! we obtain

]

]t
c̄1

2c

B0
ẑ"“f̂Ã“ĉ50, ~85!

or

]

]t
c̄52

2c

B0

]

]X
S f̂

]

]y
ĉ D 1

2c

B0

]

]Y
S f̂

]

]x
ĉ D

5
2c

B0

]

]X
S ( f̂kikyĉ2kD

2
2c

B0

]

]Y
S ( f̂kikxĉ2kD . ~86!

From Eqs.~85! and~86! summation it is obvious that a finite
phase betweenf andc is required for the generation of th
large scale magnetic field. At the linear stage such a ph
shift occurs due to mode grow/damping associated with
sipation effects; in the saturated turbulent state the ph
shift occurs due to the nonlinear mode broadening. The r
tion betweenf andc that is found from the contunuity equa
tion is

fk5
cT

4pe2n0

kzk'
2 ~vk1v* e2 idk!

~vk1v* e!
21dk

2 ck , ~87!

where vk is a real part of the eigen-frequency~includes a
nonlinear frequency shift!, anddk is the imaginary part of the
mode frequency which may include Landau and nonlin
interactions effects. In nonlinear saturated state, thedk pa-
rameter is negative28 and is of the order of the nonlinea
turn-over time.19,28–30In the weakly nonlinear~quasilinear!
regimedk can be simply estimated from the Landau damp
effect dk /v* e52 iApv* e /(2kive)he .

Then we have

( f̂kikyĉ2k5
cT

4pe2n0
(

kzk'
2 dkky

~vk1v* e!
21dk

2 ucku2.

~88!

Note that the driving term is proportional to thekzkyucku2

factor, which requires a finite helicity.13,15 Equation for the
evolution of the magnetic field is closed via the response
ucku2 to the variations of the mean vector potentialc̄ that can
be found by using the wave kinetic equation~83!,
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Ñk52
i

~V2qVgx!

kykzv te
2 k'

2 d2

v

1

B0

]c̄

]Y

]Nk
0

]kx
. ~89!

Using it and~88! in ~86! we find the following dispersion
equation for the magnetic field instability:

V~V2qVgx!52 iq3
v te

4 d4

B0
2 (

dkky
2kz

2k'
2

v~~vk1v* e!
21dk

2!

]Nk
0

]kx
.

~90!

An interesting feature of this dispersion equation is t
the instability occurs for any sign of the derivative of th
wave action spectrum contrary to the generation of the m
plasma flow.

In ~90! we consider the caseq5êxq. A similar instability
occurs also for the perturbations withq5êyq but the corre-
sponding growth rate is smaller due to the effect of the w
group velocity. One can readily see from~90! that the term
qVgx reduces the growth rate rather than provides the thre
old against the instability. Thus, the effect of the wave gro
velocity decreases the growth rate for largerq"Vg . Thus due
to the conditionVgy.Vgx the most unstable modes will hav
qx.qy , which corresponds to the poloidally elongated ma
netic structures~magnetic islands!.

VIII. SUMMARY

Recently interest in short wavelength electron tempe
ture gradient turbulence has been renewed in relation to
problem of the anomalous electron energy transport.31–35

Various theories of ion temperature gradient driven tur
lence give a reasonable level of ion energy transport,
much progress has been made recently to achieve qualit
agreement. It appears that the electron transport is well ab
the values based on a simple mixing length estimate for
electrostatic ETG modes. It has been conjectured that
electron transport can be significantly increased due to
nonlinear excitation of radially elongated structur
~streamers!.35,33 It has been suggested35 that in the short
wavelength turbulence the generation of zonal flow is mu
less effective than in the ion temperature gradient driv
modes~ITG! leading to a larger level of fluctuations an
subsequently, to the larger anomalous transport. A numbe
aspects of ETG turbulence can be similar to a generic cas
the short wavelength electromagnetic drift wave turbule
that is considered in the present paper. As our analysis
shown there are several reasons for the decrease of the
flow generation in the shorter wavelength region. One is
to the less effective source term: electron polarization cur
replaces the ion polarization current which is absent
k2r i

2.1. We have to note that in the intermediate regim
k2r i

2>1, one has to compare the electron polarization c
rent with a contribution of the nonadiabatic ion response.
using an order of magnitude estimate for the ion veloc
Vi.VEG0 , we obtain that the electron polarization curre
dominates for sufficiently short wavelengths,k'r i

.(me /mi)
1/3. A second reason, as noted in Sec. III, is

lated to a different plasma density response to the long wa
length componentf̄ of the electrostatic potential in th
Downloaded 23 Apr 2003 to 132.239.69.156. Redistribution subject to A
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k2r i
2.1 regime: it is still Boltzmann even forf̄ ~assuming

that the radial scalekr
2r i

2.1!. As a result the generation o
large scale component~ZF! due to the electrostatic fluctua
tions is reduced compared to the longer wavelength fluc
tions ~such as ITG!. Thus the saturation controlled by the Z
will occur at the higher amplitude of the background turb
lence. In this sense the generation of ZF in the short wa
length turbulence is similar to that given by the pu
Hasegawa–Mima or quasigeostrophic model. As inve
gated in the present paper, further reduction of the zonal fl
generation is expected due to the electromagnetic eff
~Maxwell stress! which partially cancel the Reynolds stres
As typical for zonal flow generation, the instability is sens
tive to the sign of the derivative of the wave action spectru

In the present paper we have also investigated the in
bility of a large scale magnetic field. We have shown th
electromagnetic short wavelength turbulence is robustly
stable with respect to the growth of the large scale magn
structure that is somewhat similar to the magnetic islan
Analogous to the conventional magnetic islands, a finite
dial component of the magnetic field may affect the rad
electron energy transport. Contrary to the zonal flow ins
bility, the magnetic field instability does not depend on t
sign of the derivative of the wave action spectrum, thoug
does require the spectra anisotropy.

In electromagnetic turbulence the electron ene
flux in general consist of two parts: one is electrosta

due to theEÃB drift, ^ṼET̃&, and the other is due to th
radial component of the perturbed magnetic fie

^B̃r /B0*d3v f̃ emev
2v i/2&. In a particular regime considere

in this work,v<kive , the energy transport is predominant
electrostatic due to theEÃB drift while the magnetic pertur-
bations remain important in the field dynamics.36 It is inter-
esting to note that the electrostatic part of the electron ene
flux may be ultimately related to the source of the second
large scale magnetic field. Forv<kive the temperature fluc-
tuations are mostly determined by fluctuations of the m
netic potential due to the high electron thermal conductiv
along the total magnetic field giving“iT50 and, respec-

tively, T̂52T08ĉky /(kzB0). Then in the lowest order the

quasilinear electrostatic electron energy flux^ṼET̃& can be

expressed in the formṼExT̃5cT08/B0( iky
2f̂kĉ2k /kz . Com-

paring this to~86! and ~88! one observes that a very simila
correlator is a source of the magnetic field generation in~86!.
This suggests an intrinsic coupling of the radial energy tra
port and magnetic field generation in the electromagn
short wavelength turbulence.

It has been noted in previous works that the form of t
generalized wave action sensitively depends on the struc
of the coupling matrix describing interaction of the large a
small scale motion. As shown in this work the form of th
generalized wave action is also affected by the presenc
the slowly varying magnetic field. We have derived the ge
eralized wave action invariants for the case of the elec
magnetic turbulence modulated by slow magnetic field.
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