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It is shown that the short Waveleng(thfpi2> 1, k, is the characteristic wave vector, apdis the

ion Larmor radiug 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 redu¢edmpared to the long wavelength ion temperature
gradient turbulengedue 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 transpo2002 American Institute of
Physics. [DOI: 10.1063/1.1500394

I. INTRODUCTION Recently, it has been realized that generation of the large
scale shear flowzonal flow may play an important role in

may occur in the short wavelengh? p?=1 electromagnetic  Self-regulation of the drift wave turbulenée® Such sponta-
turbulence. We are interested primarily in the regime Neously excited large scale flow occurs as a result of the
<Kkv, where the electromagnetic effects become important1trinsic nonambipolarity of the radial plasma currei
for moderate values of plasma pressyem,/m; and the ©other words due to the radial momentum ﬂ%‘)lim). In the
mode becomes essentially a short-wavelength version of df{ectromagnetic case, the effect of magnetic fluctuations
Alfvén wave. Note that in this regime the electron responsé®@ds to areduction of the zonal flow generation due a partial
is non-Boltzmann due to the contribution of the perturbedcancellation of the Reynolds stress by the Maxwell
vector potential to the parallel electron momentum balancestress:”° Besides a reduction of the zonal flow drive, the
A short wavelength Alfve wave can be destabilized by the €lectromagnetic turbulence may generate secondary mag-
electron temperature gradiémind thus is similar to the elec- Netic field via a sort of fast dynamo mechani§irin this
tron temperature gradiefETG) mode. Though somewhat Paper we investigate competing effects of the Reynolds and
similar to the ETG generalized for a finite beta, electromagMaxwell stresses for the short wavelength turbulence and
netic effects considered in this paper are significantly differshow that besides the reduction of the zonal flow drive, mag-
ent, in particular due to the low frequen¢adiabatig¢ limit. netic fluctuations may even be more important as a source of
Our interest in this particular regimevsk,ve) is motivated  the secondary magnetic field structures. It should be men-
by earlier studies of these mode&which suggest a possi- tioned here that for short wavelength turbulence the nature of
bility of the spontaneous generation of small scale magnetithe Reynolds stress changes: it is due to the electron rather
structures. In this work we show that secondary instabilitieghan ion dynamics as for the long wavelength fluctuations.
in the short wavelength electromagnetic turbulence may lead Coupling of slow large scale perturbations and modula-
to the secondary generation of the magnetic field leading ttions of fast small scale background turbulence naturally
structures somewhat similar to those in Refs. 2—6. Such cosuggest the wave kinetic equation as a tool for these stddies.
herent magnetic structures generated on a larger length scaBenerally the wave kinetic equation is written as a conser-
(compared to the scale length of the background turbu)encevation law for the wave quanta density usually taken as the
may significantly increase electron energy transport. It isvave action. It was noted however®® that for the drift
worth noting that due to high electron parallel conductivity, wave-zonal flow systems the form of the conserved quantity
for the modes considered here, the electron temperature patray be different from the standard definition of the wave
turbations are essentially governed by fluctuations of theaction (defined as a ratio of the wave energy to the wave
magnetic vector potential, due to the condit®fV T=0. eigen-frequency Presumably, this occurs due to the destruc-
tion of the standard canonical variables in the presence of the
JAIso at Institute of Nuclear Fusion, Russian Research Centre “KurchatodNomogeneous mean flow. It was shdithat the particular
Institute, Moscow, Russia.” form of the conserved quantitgeneralized wave action in-

In this paper we investigate secondary instabilities tha
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variand is defined by the form of the matrix coefficient de-

scribing the coupling of the small and large scale fluctua- J=— EVZII! (6)

tions. Such an approach allows one to formulate a wave

kinetic equation and corresponding generalized wave actiofnd the quasineutrality equation. The ion density response is

invariant even for the case of a two-dimensional ideal Eulefaken as

fluid without waves-’ For the electrostatic drift wave turbu- e e

lence the structure of the generalized wave action invariants n=— ?no= - T—rno, 7

was investigated in Ref. 1&ee also Ref. 19 To study the ! €

evolution of the zonal flows, in this work we employ two wherer=T./T;.

approaches. The first approa@ec. 1V) is a direct perturba- Linearizing Egs.(6) and (7) we obtain the following

tive calculation of the growth rate of the zonal flow within dispersion equation:

the weak turbulence approximation. In the second approach _

(Sec. V), we derive a generalized wave action invarigrﬁ)t for (T0+ 0y o) (0= 0y o) = (14 DKVRKE ] ®)

(predominantly magnetic turbulence modulated in the pres-Here v, .=—cTcng/(enyBy), L, ! =N, o'?nolar W, e

ence of zonal flow, and then use a wave action equation te=kyv, . The dispersion equatlofB) smoothly matches to

obtain the growth rate of the zonal flow. We show here thathe Alfvén wave branch ak?p?=1. So it is called a short

both methods give the same result for the zonal flow growtiwavelength Alfve mode. It foIIows from(8) that there exist

rate. In the present paper, we also investigate how the forirwo modesw=—w, /7 andw=w, ., that are coupled via

of the generalized wave action is affected by slow magnetielectromagnetic effects due to the term on the right hand side

fluctuations and derive the generalized wave action for thef (8). From Eqgs.(9) and (10) in Sec. Ill, it follows thatw

electromagnetic drift wave turbulence in the presence of the=— w, /7 is an electrostatic, whilev=w, , is predomi-

slowly varying background magnetic fie{8ec. V). The lat-  nantly an electromagnetic branch. The latter branch was in-

ter wave kinetic equation is used in Sec. VII to study insta-vestigated earliér® as a possible source of magnetic turbu-

bility of large scale magnetic structures. lence, and it was shown that it can be destabilized by the

temperature gradient effectsyf).! It is interesting to note

that within the approach of small scale magnetic island, it is

ultimately temperature gradient effects that are responsible

The electron density balance equation is for the mode excitatioA-® Therefore, to some extent, it is
similar to the standard ETG mode.

Il. SHORT WAVELENGTH ALFVE N MODE

’ 2% ! Vb do e=0 1
SN HVeVno— o g xa : 1

While the continuity equation is independent of thék v,

parameter, the form of the electron momentum balance is  Basic nonlinear equations for short wavelength electro-

sensitive to the value oi/kjv.. In general, for arbitrary magnetic fluctuations can be obtained frét to (7)
wlkyve, wave—particle interaction effects become important,
which requires kinetic consideration. However in the Iimiti%_ Jep ¢ 9 2y

o<Kkyvy a simple perturbative treatment is possible. In thisdt Te *eﬂy Te 4meny dz
limit the electron momentum balance equation takes the

IIl. REYNOLDS AND MAXWELL STRESS TENSORS

c d e
form +——— 2.V xX VV2y—p? °v2 id =o, (9)
4mrenyBg dt
0=—eng—TcVn. 2
2c
Here we have I/, v*eﬁ v+ Zc—zp——sz//XV¢> 0, (10)
19y y
Eyi=—Vi¢- c at’ )  wherez= By /B, is the unit vector along the magnetic field,
=1
V= i_ iz VX V. (4) There are two sources of zonal flow generation in Eg.
Jz (9). One is due to th&/g-VV?2¢ nonlinearity from the elec-

The energy balance equation in this regime is replaced by tron polarization currenfthe last term in Eq(9)], and the

V=0 ) other one is due to th2V X VV2y nonlinearity from the

I ' total gradient of the parallel current. Ultimately the latter

so that temperature perturbations are effectively decoupletérm is due to the Lorentz forcdXB. The first term can be
due to high thermal conductivity along the total magneticidentified as the Reynolds stress ten$ot?while the second
field. The effects of the collisionless wave electron interac-one is the Maxwell stress tensor. We assume here that the
tion can be added into Eq&) and (5) through kinetic clo- shear flow has a radial scale Ieng(ljl<pe, so that the
sures. Note that, in contrast to the usual ETG mode, electroplasma response to the zonal flow component is Boltzmann.
inertia is omitted from the parallel Ohm’s law and the elec-Then theVg-Vn nonlinearity does not appear in the conti-
tron temperature is constant along the field lines. Note alsauity equation. As a result, in the electrostatic approxima-
that curvature effects are omitted. tion, the modification of the background turbulence by the

Equations(1)—(3) are coupled through Ampe’s law, large scale mode occurs in the higher or¢bkre to the term

Downloaded 03 Sep 2002 to 128.233.17.213. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



3828 Phys. Plasmas, Vol. 9, No. 9, September 2002 Smolyakov, Diamond, and Kishimoto

\7E-VV2<~;S, whereg and ' represent large scale and small also remember that, as noted previously in the short wave-
scale componenksOn the contrary, when magnetic fluctua- length case, the Re_yno_lds stress occurs from the electron
tions are present, the large scale field affects the backgrourd@ther than ion polarization current.

modes in the lowest order, vii&VEXVEterm in Ohm’s

law (i is small scale component of the magnetic vector po-

tential), thus indicating the relative importance of magnetic'v' LARGE SCALE FLOW INSTABILITY

fluctuations for the short wavelength turbulence. _ To describe the dynamics of a large-scale plasma flow
The equation describing the mean electrostatic potentig),q employ a multiple scale expansion thus assuming that

is there is a sufficient spectral gap separating large-scale and
P eg small-scale motions. The electrostatic and magnetic potential
pn T—+R¢— R?=0, (11 are represented as a sum of fluctuating and mean quantities

e

where the Reynolds and Maxwell stress are d)(X,x,T,t)=$(X,T)+ZS(X,X,T,t), (16)
c c POXXT D)= (X T+ XX T ), (17)

e v s, 2
R 47-renoBoM 47TenoBon¢><VV ¥, (12)

wheree is a formal small parameter of the scale separation.

In this section we consider only the effect of the mean po-

7.V pXVV26h. (13) tential (X, T), neglecting the large scale magnetic potential
P(X,T).

Note that for short wavelength turbulence mean electrostatic ~ Using the Fourier transformation the Maxwell force can

potential¢ is generateflas given by Eq(11)] contrary to the ~ be written in the form

case of long wavelength drift wave turbulence where the

mean vorticity is generated, so that the evolution equation M“’=f dw;dw,d?k;d?k,2- ky X KoK5 s Y,
for the potential has a forrﬂVf¢=S, whereS is a source

ce

ce
¢E 2 "~ b — 2
R?=p¢ M= pg BoT

BoT

term/ 2429 |t indicates that the mean flow induced by the Xexp( —i(wyt wy)t+i(ki+Kkz)-X)
long wavelenth turbulence instrinsically has higher shear 1
compared to the short \(vavelgngth case. . — Ef dw,dw,d?k,d?k,2- ky X kz(kg—ki)lﬂkllﬂkz
By employing the dispersion equatid8) we obtain for
the ratio of amplitudes of magnetic and electrostatic fluctua- X exp(—i(wy+ wo)t+i(Ky+Ky)-X). (18)
tions
) It is convenient to make the Fourier transform (aB)
MY g2 2 oto,. with respect to the slow variabléé and T so that
e T T T2 2 . (14)
M?  [¢7]  kiclwpe 0= wye

= —. i . 2
Correspondingly, we have for the ratio of the Maxwell to the MX.T) J Mq.0 &R —1QT+ig-X)d"qd. (19

Reynolds stress Then, usingg<<(k;,k,) for “slow” wave vector q and

RY 2 wto,, O<(wq,w,) for “slow” frequency () we obtain

S= W = W . (15)
[Pe @7 Wye

| | | C Mga=— [ doadu2-kxaa k)
This expression allows us to conveniently compare relative
contrubutions of the electrostati®eynold$ and magnetic ~ ~
(Maxwell) fluctuations. Similarly to the long wavelength X<l’bkl“”l¢q_kl’9_“’l>' (20
case, Reynolds and Maxwell stresses have the same structure We treat the effect of the mean plasma flow perturba-
in terms of the electrostatic and magnetic potentials, see Eqgively, so that the fluctuating electrostatic potential and pres-
(12) and (13). Equation(8) indicates that in our case there sure are represented
exists two branches, one is essentially electromagnetic, rotat- . . ©) 1 (1)
ing in the electron directionp>0, and the other branch is g=y P (21

electrostatic,w <0, rotating in the ion directiond, .>0). Here,fp(o)(x,t) is associated with a “free” turbulence which

As follows from (15), the Maxwell stress prevails for elec- is 4ssumed isotropic and homogeneous in the absence of

tromagnetic modes moving 1n the e_Iectron_ direction. EffeCtmean flow, andy™M(X,T,x,t) is the first-order modifications
of the magnetic fluctuations is also increasing for the longer —

Wavelengthskfczlwse< 1. Note that such competition be- of fluctuations due to the mean flog(X,T). The statistical

tween the Reynolds and Maxwell stresses is somewhat difVerage(¢x, ., ¥q-k, .0-,) is calculated in quasilinear ap-
ferent from the long wavelength electromagneticproximation
turbulencé®'42! where a partial cancellation in the total

zonal flow drive occurs due to the Alfagzation of the tur- EE<¢kl'wlwq_kl'Q_""l>
bulence; such cancellation _bec_omes exact for pure Alfve —(HO V(D 50 ) (22
wave turbulencew=Kkjuw, which is force free. One should kp oy ¥a—ky Q-0 kw17 9—ky Q=wy /e
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The first-order response fielg{(X,x,t,T) is deter- i
mined by the convection terfdcV (% in the momentum Q-w—w; | +ilo
balance equatiofiL0). Performing the Fourier transformation !
of (10) in time and space we obtain i

—>7T§(Q—wl—wq+,kl), (39

(01— ), (35)
~i(0 @, )WY+ 2ick, () @17 @ tiAe 1
- where thei Aw term in (34) and (35) represents a nonlinear
= f d?p dw/cp]k_p%'w,{p(k()_)p'w_w, ’ (23)  decorrelation rate due to the mode coupling. Then we obtain
1 _
¢<l> ckk? L=5m8Q= w1~ 0k ) w1~ o) dgaCak,
—(wtw)—— m’ﬁk 0=0, (24)
. @ ky @ (q—kyq)
where the coupling coefficient is X[ 1+ — |l —q= | L+ —— Ik, |- (36
wkl wq7k1
2c
Ci, k,= B—O“Z-klx K. (25 Substituting(36) in Eq. (20) we find
- . TC—
Combining(23)—(25) we obtain Mgo=— B_Od)q’ﬂf d2k(2-kXq)2(q-k) S(Q—q-V,y)

. (w—w;)(w—w;)A(l)

- ot “ x| 14 22K o L 37)
k — o — .
* w, 49K 1+ o, /oy (
=J d’p dw’prk,pgp'w,&(&‘ww, , (26) From Egs.(37) and(11) and restoring a contribution of the
Reynolds stress we obtain the growth rate of the large scale
lﬂ(kl) i wl++a)*k _ flow with q=Xq,
1 (wl_wk)(wl_wk) v C2 5
y=—iQ=1 o q4 f d?k (D —q-Vg)kiky
0
AP do’ Cp i ppor Phe - proy—ar - 27
f PrpTRe TR [ (=S I,
Similarly, we find Xa_kx 1+ w,lw) | (38)
~ (1) Q-1+ 0, gk In fact, the resonance broadening is important, so that the
V4K, 00, = (Q w,— wqik)(Q ) response function is
S(Q— V) —R(Q,qVy,Aw)= o
dezp dw/Cp’q_kl_p ( —-q g)_> ( - K w)_(Aw)z‘F(Q—Q'Vg)Z.
. (39
X¢Pw ‘/’q ki=pQ-0;—w'" (28) Note that forS>1, the condition
Using (27) and (28) we obtain d I
g(27) and (28) K S 0
. wl+w*k o (9kx l+(,()*k/(1)k
L= (01— o) (01— ) Cak, Panliy-g,-0 29 i required for the instability, which is the expected result for
Alfvén wave type turbulencl. We show in Sec. V that the
T Q- w1t 0, (q-k c g | quantity in brackets represents the generalized wave action
(Q-w1— 0y J(Q—w—wg ) P97 nvariantNg= 1/ (1+ o/ of )8
(30 One concludes from(38) and (40) that typically the

We have assumed above that the zeroth-order turbulence I}gaxwell stress is a stabilizing factor while the Reynolds
delta-correlated stress is destabilizing farN, /9k,<0. Thus, when the mag-

netic stress dominates, the population inversion is required
(U ) =T wO(K k1) S0+ wy). (31)  for the zonal flow instability which is an unlikely condition
for the drift wave type turbulence.
In the weak turbulence case when the mode broadening is

small, Aw<<w, the fluctuations spectrum can be represented

in the form V. WAVE KINETIC EQUATION AND GENERALIZED
WAVE ACTION INVARIANT
|kl,q’wl,!):|k1,q5(w1—Q—w|2—l), (32) . . . . . .
The wave kinetic equation is an effective tool to describe
e, oy =i, 801~ o). (33  the modulations of high frequency turbulence in the presence
of slowly varying processes. Initially introduced to describe
In the weak turbulence approximation we also have the interaction of Langmuinfasy and ion-sound(slow)
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waves?? the wave kinetic equation was recently effectively wave invariant may differ from the standard definitirt®
used in the problem of interaction of drift wave turbulenceTo find the wave action density in our case, we follow the
with large scale structures, in particular, in the problem of theapproach of Ref. 18.

generation of large scale flowig®82|t has been noted that We start from the basic equations where the spatial co-
for drift wave type fluctuations in the presence of the mearordinate is Fourier transformed

flow the wave action may be different from the standard

definition of the wave action as the ratio of the wave energy  _:, _ 5 e 2 -

to the wave momentum. It has been shown that the exact (=0 it 2icke jd PCokpPoli-po-

form of the conserved wave-action-like quaniigeneralized (46)
wave action depends on the form of the coupling matrix 1
describing the interaction of small scale fluctuation and the a—t¢k+iw;¢pk:§ )J d2PChr pBptipro-

mean flowt”8 This property has long been noted in the

theory of waves in fluid¥?> and can be traced to a certain (47)
ambiguity in the definition of the wave momentdhThe  |n the spirit of the scale separation we separate the field into
amblgulty is related to the contribution of the mean flow tOthe |arge and small scale Components; the |arge scale com-

the total momentum in the medium. We have developed Ponenta, is a mean flow potential which equals zero outside
formal approach that allows one to calculate a generalized

el . a shell |k|<e<1, small scale fluctuationg,=0 for |K|
wave action invariant for a given form of the wave-mean-
flow interaction coefficient” 8 In this section we apply this
method for the electromagnetic short-wavelength Aifve 1 Wk
= 1+ E) Cp,k—p

Wy k
1+ —
Wy

wave fluctuations to derive the proper form of the wave ac- Lpk-p=— 5
tion invariant. Then we use it to calculate the zonal flow

growth rate and show that we get exactly the same result as C o)

from the direct calculations in Sec. IV. =B, 1+ oF )Z‘kx(k—p)- (48
Evolution of the wave packets is described by wave ki-

netic equation in the standard form The small scale turbulence is described by the spectral

function (Wigner function 1,(x,t), and defined as follows:

M, J0 N 90 M1 N AoNZ/Ng, (41)
T o T e e ANk k/No, . .
ok axax gk A1+ i) XPGX) = 1y (X). (49
whereT", is the linear instability growth rate, and the term
AwNZ/N, describes the nonlinear damping due to “nonadia-Following Ref. 17 we obtain
batic” wave interactions. In what follows, we consider de- 9
viations from the saturated state. —|k(X,t)+if d?q

The wave action quanta densit is modulated by the Jt
large scale perturbations due to the variations of the eigen-

frequency in the presence of the mean plasma flow. Linear- X expligx) (@it o icq) (ki qtho + S115,=0, (50

izing Egs.(9) and(10) one gets where
(0+ o, 00— w, o~ 2wg) =k?2K?d?, (42 ) - - —

*e *e = e Slzf dedeq equQ°X)<l/f—k+ql/fk—p>|-p,k—p¢py
wherev;=2T/m,, d?=c? w).. Then the modulation of (51)
the eigen-frequency is described by

o [ o 5= [ [ apeiqexsiian)

—=| 1+ . (43

Jwg wy, ,\ ,\ —
X<‘/’fk+qu‘//k>|-p,fk+qu¢p- (52)

From the wave kinetic equatiod1) we find The second term iX50) leads to

_ - 9w INoi o
_'(Q_q'vg)Nk_&(ME ‘”E)'WZO’ Sa f d%q expi g (it © i1 q) 1)
and dwy d
=W-&Ik(x,t)—2fklk, (53)
. ~ w*kl J &NOk
—H(Q=qVgNe—| 1+ oy ) g(k'VE)‘ s =0. wherel'\ is the linear growth rate, and only the real part of

(45) the frequency is presumed far, on the right-hand side of
this equation.
As discussed previously, the general form of the wave kinetic  The ensemble average 8 andS, can be transformed
equation is standard, however the exact expression for they using the inverse af49),
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<‘Aﬂ7k+q:ﬂk7p>:<"Z/k7p";\07(k7p)+q7p>
=fd2X’|k—p(X’)exp(—i(q—p)-X’)- (54

By using(54) and expanding ip<k the expression fo8; is
transformed to

Si=S/+S;, (55)
;= f d?p exp(ipX)Lp i pl(X) by, (56)
Si= f dp exp(ipX)Lp - pb* k(x)$p. (57)

Similarly, by using the identity analogous t64) and ex-
panding the interaction coefficiebt, ,, in p<k, we trans-
form S, to the form

$=$+S;, (58
S=1400 [ PpextipaL, . (59
oL, _y dly—
v~ i [ d2pexplipa) 2ok, M
S |fd pexmpx)a(_k) P (60
It results in
(O
31+Sz_|k(;k (k Ve), (61
where
@, Ik
Si=-|1+ % (kvg (62
v J K K aly
S=x (keVe)|-— . (63
Combining(55), (58), and(61) we obtain
i LI RV P i
ot 1+ w*k/w; ok | @k E ; " ox
X 'k i k-V 1+
1+ oy /oy ox E
|
k___—o. (64)

1+ w, /oy

This corresponds to the standard form of the wave kinetic

equation with a generalized wave action invariant

i
Ng=—— .
K 1+ o, /oy ©9

From (11) and (45) one can see that E@64) leads to the
same expression for the growth rate as the one obtained from

direct calculation$38).

Secondary instabilities of large scale flow . . . 3831

VI. GENERALIZED WAVE ACTION INVARIANT IN A
SYSTEM WITH SLOWLY VARYING MAGNETIC
FIELD

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

The basic equation has the conservation form in(kihe)
phase space:

(9Nk Jw (7Nk Jw (9Nk

ot T o ax kY (66)

Here the eigen-frequency varies in space due to the slow
perturbation of the parallel wave vecték, ,

1 _
oky=— =2V XKk, (67
Bo
so that the perturbation of the eigen-frequendg
(9 kH 2
5(1) (?kH 5kH 5kH kJ_pI . (68)

The form of the wave action invariant will be determined
next.
Making Fourier transformation in Eq§9) and (10),

— (0= 0y ) P+ 2ick, by

C L — A
~ & | dodpripit—pipdi g~ (69
_ ed, ickk?
_I(w+w*k)7+4mzanio — 477enoB fdwdszIp
Xi(k=p)(k=p)? ¥pthc—p,,=0. (70

By using ¢, from (70) in (69) we reduce it to a standard
form

. A .
ot Bt iod it f d*pLp k- p¥pt—p=0, (7D
whereL, ., in this case is

1 kpi(k—p)?d?

Lp‘kfp:B_o 20y
C!):"’(U*k N
X| 1+ —————|Z-pX(k—p). (72)
@k-pt O (k)
Then forL, _, we have
1 kzvgkzdz (1);r k+w*(p k)
Lo k=~ 5 5.7 ¥ 2pX(—k).
0 pr—k w_k-l-w*(_k)
(73)

Using the same approach as in Sec. V we obtain
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$,=S1+S5], (74
where
SFJ d?p exp(ip-X)Lp k-l k(X) ¥ (795)
" ) . A (X) —
Si=—|d pexmp-x)Lp,k_pp-Wz/fp. (76)
Similarly,
S,=S,+$S;, (77)
Si=100 [ dPpexptipIL, iy, 79
Ly g Ily—
v i | d%p explipx) =Pk, Lk
S= |fd pexmpx)a(_k) X by - (79
Collecting terms we obtain
1 kwp2d?
Sj+S)=—— —<% + w*+k)fd2p exp(ip+x)
k2
X Xz-pXkps — ——
OXZPXkD: S e )
kv2d?
S Pl 4 (1+ wﬁ")
Wy Wy
Xa Sk i K 80
&( H)'[?_k m, ( )
k2 AN dl
" 242 _*k . _k
Sl kZUed w;— 1+ wl:_ &X(b‘k”) &k’ (81)
k? aly
5'2’2% kv3d? — ok, " (82
The resulting wave kinetic equation takes the form
J K3y 0 o g 00) 9
A1t o okl T ox
K2l d dw\ 9 K21y
T el Kt o+ =0
ltwu/wg X Oky) K 1+ wy /oy
(83

Equation(83) describes modulations of the quanta_denlaity

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

K2l

:1+w*k/w:' ®4

Ny

Equation(83) will be used in Sec. VIl to study the instability
of the large scale magnetic field.

VII. INSTABILITY OF A LARGE SCALE MAGNETIC
FIELD

Smolyakov, Diamond, and Kishimoto

tized plasmas, in particular, in a tokanfakMagnetic
structures produced via this mechanism can directly affect
the electron transport in such plasmas. Though our study is
primarily motivated by the problem of the anomalous elec-
tron transport from short wavelength turbulence, it may be
relevant also to the general problem of the magnetic field
generation in astrophysical and geophysical environments.
The fast dynamo mechanism considered in this section is an
alternative to the kinematic dynamo that may be quenched in
the presence of the large scale field as shown rec&tly.

The mean magnetic field is driven by the nonlinear elec-
tromotive force due to fluctuating electric and magnetic field.
By averaging the Ohm’s lawl0) we obtain

d— 20 ==
i B_OZ'V dXV =0, (85)
or
g 2c 4 Am) 2¢ a(AaA)
a’" By ¢Ed/ +B_OW ¢5¢
2c Jd a A
ZB_Oa_X(E ¢k|ky'r//—k)
2c 4 ..
_B_OW<E ¢knkxwk). (86)

From Eqgs.(85) and(86) summation it is obvious that a finite
phase betweegh and ¢ is required for the generation of the
large scale magnetic field. At the linear stage such a phase
shift occurs due to mode grow/damping associated with dis-
sipation effects; in the saturated turbulent state the phase
shift occurs due to the nonlinear mode broadening. The rela-
tion betweeny and that is found from the contunuity equa-
tion is

cT
= 2
4meng

kK2 (w+ @y 0—18))
(oo, ’+ e Uk

87

LT

where wy is a real part of the eigen-frequenéiyncludes a
nonlinear frequency shiftand§y is the imaginary part of the
mode frequency which may include Landau and nonlinear
interactions effects. In nonlinear saturated state, dh@a-
rameter is negativé and is of the order of the nonlinear
turn-over timet®22=3|n the weakly nonlineafquasilineay
regimed, can be simply estimated from the Landau damping
effect 8/ w, o= — i VT, o/ (2K e) 76 .

Then we have

cT
2
4meng

kK2 Sk,
(ot o, e)2+ 5&

p)

2
(88)

2 &kikylj”—k=

Note that the driving term is proportional to theky| |
factor, which requires a finite helicity:*> Equation for the

The generation of large scale magnetic field in the drift-€volution of the magnetic field is closed via the response of
Alfvén wave turbulence may be an important factor control-| |2 to the variations of the mean vector potentlathat can
ling dynamics of the short wavelength turbulence in magnebe found by using the wave kinetic equati(@38),
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i kykzvtzekfdz 1 ay INp k?p?>1 regime: it is still Boltzmann even fopp (assuming
T 0—qVy0 > By 7Y ok, (89 that the radial scal&?p?>1). As a result the generation of
large scale componeriZF) due to the electrostatic fluctua-

, e - tions is reduced compared to the longer wavelength fluctua-
equation for the magnetic field instability: tions(such as ITG. Thus the saturation controlled by the ZF

L uged’ SikIKk2Kk? INY will occur at the higher amplitude of the background turbu-
Q(Q=qVg)=—iq B2 )y o((0g+ g )2+ 82) Ik lence. In this sense the generation of ZF in the short wave-
° *e (90)  length turbulence is similar to that given by the pure

An interesting feature of this dispersion equation is thatH"’Beg"’“’\la_NIlma or quasigeostrophic model. As investi-

the instability occurs for any sign of the derivative of the gated in the present paper, further reduction of the zonal flow

wave action spectrum contrary to the generation of the meafi€neration is expected due to the electromagnetic effects
plasma flow. (Maxwell stresg which partially cancel the Reynolds stress.

In (90) we consider the case=2&,q. A similar instability As typical fgr zonal flow 'ger?eratlon, the mstab'lllty is sensi-
. L~ tive to the sign of the derivative of the wave action spectrum.
occurs also for the perturbations with=e,q but the corre-

sponding growth rate is smaller due to the effect of the wave " (€ Present paper we have also investigated the insta-
group velocity. One can readily see fra@0) that the term bility of a Iargg scale magnetic field. We hav-e shown that
gV, reduces the growth rate rather than provides the threSHa_Iectrom.agneUc short wavelength turbulence is robustly un-
old against the instability. Thus, the effect of the wave groupStable with respect to the growth of the large scale magnetic
velocity decreases the growth rate for largev,. Thus due structure that is somewhat similar to the magnetic islands.
to the conditiorVy, >V, the most unstable modes will have Analogous to the conventional magnetic islands, a finite ra-
0x>0y, Which corresponds to the poloidally elongated mag-dial component of the magnetic field may affect the radial
netic structuregsmagnetic islands electron energy transport. Contrary to the zonal flow insta-

bility, the magnetic field instability does not depend on the

sign of the derivative of the wave action spectrum, though it
VIil. SUMMARY does require the spectra anisotropy.

Recently interest in short wavelength electron tempera- N €lectromagnetic turbulence the electron energy
ture gradient turbulence has been renewed in relation to thé@lx in general consist of two parts: one is electrostatic
problem of the anomalous electron energy transporf  due to theEXB drift, <\~/E7'>, and the other is due to the
Various theories of ion temperature gradient driven turburadial component of the perturbed magnetic field,
lence give a reasonable level of ion energy transport, a’_‘@Br/Bofd:gvTemevzv”/Z). In a particular regime considered
much progress has been made recently to ach|eye qualitatiyg this work, w<Kkv., the energy transport is predominantly
agreement. It appears that the electron transport is well aboveﬁectrostatic due to thEXB drift while the magnetic pertur-

the values based on a simple mixing length estimate for thBations remain important in the field dynami€dt is inter-

electrostatic ETG modes. It has been conjectured that the . )
o . esting to note that the electrostatic part of the electron energy
electron transport can be significantly increased due to th

nonlinear excitation of radially elongated structures ux may be ultimately related to the source of the secondary
(streamers®>3 It has been suggest®dthat in the short Iargg scale magnetic field. F.orskuvethe temperature fluc-
wavelength turbulence the generation of zonal flow is muctjuations are mostly determined by fluctuations of the mag-
less effective than in the ion temperature gradient driveri€tic potential due to the high electron thermal conductivity
modes(ITG) leading to a larger level of fluctuations and, @long the total magnetic field givin§,T=0 and, respec-
subsequently, to the larger anomalous transport. A number agively, T=—Tsyk,/(k,Bo). Then in the lowest order the
aspects of ETG turbulence can be similar_to a generic case @asilinear electrostatic electron energy k1) can be

the short wavelength electromagnetic drift wave turbulenc xpressed in the forfife, T=cT,/B Sik2d fﬂ /k. Com-
that is considered in the present paper. As our analysis has Ex 07 0= Py Pk kT2

I;%)a]ring this to(86) and (88) one observes that a very similar
shown there are several reasons for the decrease of the zo %rrelator is a source of the magnetic field generaticis6
flow generation in the shorter wavelength region. One is du 9 9 '

to the less effective source term: electron polarization curren-{-hIS suggests an _|ntr!n5|c COUP"”Q of _the radial energy tran_s-
replaces the ion polarization current which is absent foPOrt and magnetic field generation in the electromagnetic

k2p?>1. We have to note that in the intermediate regimeShort wavelength turbulence.
k?p?=1, one has to compare the electron polarization cur- It has been noted in previous works that the form of the

rent with a contribution of the nonadiabatic ion response. Bygeneralized wave action sensitively depends on the structure
using an order of magnitude estimate for the ion velocityof the coupling matrix describing interaction of the large and
V;=VI'y, we obtain that the electron polarization currentsmall scale motion. As shown in this work the form of the
dominates for sufficiently short wavelengthsk, p; generalized wave action is also affected by the presence of
>(me/m;)¥3 A second reason, as noted in Sec. I, is re-the slowly varying magnetic field. We have derived the gen-
lated to a different plasma density response to the long waveeralized wave action invariants for the case of the electro-
length componenty of the electrostatic potential in the magnetic turbulence modulated by slow magnetic field.

Nk:

Using it and(88) in (86) we find the following dispersion
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