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The excitation and suppression of large-scale anisotropic modes during the temporal evolution of a
magnetic-curvature-driven electrostatic flute instability are numerically investigated. The formation
of streamerlike structures is attributed to the linear development of the instability while the
subsequent excitation of the zonal modes is the result of the nonlinear coupling between linearly
grown flute modes. When the amplitudes of the zonal modes become of the same order as that of
the streamer modes, the flute instabilities get suppressed and pgimida) flows dominate. In the
saturated state that follows, the dominant large-scale modes of the potential and the density are
self-organized in different ways, depending on the value of the ion temperatl260®American
Institute of Physic§ DOI: 10.1063/1.1854688

I. INTRODUCTION zonal structures are observed also in rotating planetary atmo-
spheres as on the Eaftor on Jupite?. The detailed investi-
Electrostatic turbulence, driven by spatial gradients, isgation of the origin and dynamics of these flows is currently
believed to be the dominant source of anomalous transport iof great importance and presents a major challenge in the
magnetically confined fusion plasmas. Special emphasis hakeory of plasma turbulence.
been given lately on the properties of large-scale anisotropic  In recent years, spontaneous generation of large-scale
flows generated by the drift-type turbulence, due to the critisecondary flows in plasmas by turbulent fluctuations has
cal role they play in the regulation of the low-frequency drift been extensively studied with special emphasis on electro-
instabilities and consequently of the levels of turbulentstatic drift wave turbulence and its modifications, i.e., ion
transport-? The spontaneous generation of large-scale flowsemperature gradieniTG), electron temperature gradient
driven by electrostatic wave turbulence has been experimemode turbulence, et?-?° Several mechanisms for flow for-
tally observed in plasma discharges in various machinesnation have been suggested. The first one is commonly at-
e.g., in Texas experimental tokamak, in the reversed fieldributed to the Reynolds stress forces generated by the small-
pinch experiment, and in the doublet IlI-D tokamak scale fluctuations. It was shown in Ref. 10 that the flow
(DIII-D).3'4 Zonal flows(ZFs) correspond to potential struc- formation occurs when the underlying small-scale turbulence
tures which spatially depend on the radial coordinat¢the  supports waves propagating in the direction of the plasma
coordinate along the axis of plasma inhomogeneiyhile  inhomogeneity and when gradients in the turbulent Reynolds
radial flows or streamerST9 are radially elongated poten- stress exist. The second mechanism is based on the triad
tial structures which spatially depend on the poloidal coordi-interactions and is attributed to the development of a modu-
natey.” In tokamak plasmas, ZFs have the ability to limit the lation, or parametric instability induced by the small-scale
radial size of turbulent eddies through the shear decorrelatioturbulence. The instability is accompanied by the excitation
mechanisnf,and hence to regulate turbulent transport. Thuspf long wavelength modes of the density and velocity, i.e.,
the high plasma confinement modes are attributed to theonal flows and streamet§23
presence of large-scale poloidal flogz®nal flows. Stream- The aim of the present work is the numerical investiga-
ers, on the other hand, are ineffective at inhibiting radialtion of the generation and saturation of large-scale aniso-
transport and, due to their long radial correlation length, mayropic flows by an evolving magnetic-curvature-driven flute
lead to enhanced or bursty levels of transﬁdk}tloreover, instability. Flute modes are low-frequen¢y < w,;) electro-
static oscillations of a nonuniform magnetoplasma which are
dElectronic mail: sandberg@central.ntua.gr elongated along the magnetic fiekg=0 (flute limit) and be-
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come unstable due to the combined effects of the density In order to extend the theory of the formation of large-
inhomogeneity and the curvature of the magnetic field linesscale flows in flute turbulence, we here numerically investi-
In the flute limit, plasma particles do not follow the Boltz- gate the nonlinear dynamics of the flute instability using the
mann relation and cannot cancel the charge separation imrore general model of the flute equations as presented in
duced by the difference between the perturbed electron andef. 24, for the case of electron-proton plasmas. This model
ion curvature drift velocities. This leads to the developments a generalization of Refs. 22 and 23, as it includes both
of an electric field component perpendicular to the magnetielectron and ion curvature drifts and it incorporates both lin-
field direction that amplifies the initial perturbation, which ear and nonlinear effects associated to finite ion pressure
becomes unstable. We note that the flute instability is alséluctuations.
termed interchange instability, as it tends to interchange “flux ~ Finite ion temperature has manifold influence on the de-
tubes” of different pressure causing convective transportvelopment and evolution of the flute instability; the ion cur-
Thus, it is considered to be one of the most dangerous instaature drift leads to an increase of the growth rates, while the
bilities in thermonuclear fusion devices. ion diamagnetic drift stabilizes the short scale flute instabili-

There are several important differences compared to théies, leading to a narrowing of the spectrum of the linearly
electron drift, or to the ITG mode turbulence. In contrast toexcited modes. Furthermore, the diamagnetic component of
the zonal flow generation in ITG mode turbulence, wherethe polarization drift nonlinearity, attributed to the finite ion
electrons are thermalized along the magnetic field lines anbarmor radius, is expected to lead to a direct cascading of the
the Boltzmann relation hold,in flute mode turbulence the fluctuation energy towards short scales, according to Ref. 21,
parallel electron dynamics is absent sitkge0. This leads to  suppressing in this way the generation of the large-scale
a completely different behavior of the density response in thélows. Thus, the conditions for the nonlinear generation of
flute mode compared to the ITG mode. The model equatiofarge-scale structures in the frame of our model are more
describing the ion dynamics in ITG mode is essentially acomplex. In order to elucidate these conditions, we perform
Hasegawa—Mima-type equatigmodified by the ion tem- numerical studies of the nonlinear evolution of the flute in-
perature perturbatiomwhile that in the flute mode is an Euler Stability.
type equation. Consequently, the definition and the time evo-  We will focus on the description of the excitation, inter-
lution of the ion vorticity, which is a key element in the action, and suppression of the largest-scale anisotropic
turbulent flow, are different for ITG and flute mode. In the modes, i.e., the zonal and the streamer modes. Zonal modes
flute mode dynamics, the finite Larmor radius effe@sR) are defined here as the modes Wik 0 and with a small but
modify significantly the evolution of the flute modes since finite radial scale lengthis . Streamer modes are defined as
they may lead to the linear stabilization of the flute instabil-the modes withk,=0 and small but finite poloidal wave
ity. However, this is not the case in the ITG instability de- numbersk,. In the following section, we briefly present the
spite that both modes belong to the so-called reactive driffnodel of equations that describes the evolution of the flute
type modes. Furthermore, the polarization drift nonlinearity,instability, and in Sec. Il we present the numerical results.
which is a common characteristic in various drift type moded-inally, in Sec. IV follow the summary and the conclusions.
(e.g., ITG and cascades energy towards large sdaegrse
cascadg is modified in the flute mode turbulence due to thell. BASIC EQUATIONS
presence of an additional component. Accordingly, the dia-
magnetic component of the polarization drift nonlinearity, act
which is a FLR effect modifies significantly the cascade
properties since it provides a direct spectrum caséads.a
result, the spectrum in flute mode turbulence is establishe
due to the competition of these two processes.

In the cold ion limit, the generation and saturation of
zonal flows due to the development of the flute instability

A weakly inhomogeneous magnetized plasma with char-

eristic inhomogeneity scale lendthalong the radial axis

x is considered. The magnitu@$x) and the unit vectob of

the curved magnetic field are modeled B{x) =By(1-x/R)
ndb=2-(z/R)X, respectively, wher® (>L,) is the curva-

ture radius of the magnetic field lines. Starting from the two-

fluid plasma equatiorfs, and assuming flute-typék,=0),

quasineutral, electrostatic oscillations, it is found that the

. . . 22
?heglri gﬁg\?\/en durg(:lc():n?llyo{ﬂ\e/:?j“tgha;teSortYaFis\?glu;sh(e)filrjl-e d magnetic-curvature-driven flute modes are described by the
’ 9 ' 9 yfollowing set of dimensionless coupled equations for the per-

namical viscosity and diffusion coefficients the nonlinear ef- : . Y
. ) tur lectrostati tenti n nsityn:

fects attributed to the short scale fluctuations become rathelrJ bed electrostatic potentig and densityn

weak and the generation of the zonal flows is inhibited. For(d; — Tvn&y)Vi¢+ vg(1+7)dyn

finite ion temperature, the generation of large-scale flows in ~ _ . 2 4
flute turbulence has been studied analytically in Ref. 23 on AV ¢} +{VL B+ uV P+ ), @
the basis of a scale separation between the short scale turbu- Dl + (vn = vy = {n, B} + DV2n, )

lent fluctuating fields and the large-scale flows. As it was '
shown, streamers can be generated through both linear amchere{f,g}=2x Vf-Vg denotes the Poisson bracket.
nonlinear mechanisms, while zonal flows can be excited only The system of Eqs(1) and (2) describes the nonlinear
nonlinearly. Furthermore, the role of the ion temperature cainteraction of the flute modes and admits the excitation of
be of great importance due to the ion diamagnetic drift nonfarge-scale flows. It generalizes other modéf&’ including
linearity which appears in the Reynolds stress tensor for firigorously the magnetic curvature drifts of both electrons and
nite ion Larmor radius. ions, and the finite ion Larmor radius effects. The first equa-
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tion originates from the quasineutrality conditidh, -[n(v;  the collision frequency of the plasma particlgsi,e).

~v9)]=0, and the second one results from the electron con- Ve should point out here that the overall magnetic struc-
tinuity equation. For the derivation of these equations, thdure would play a significant role in the dynamics of the flute
perpendicular perturbed velocities of the electron and the iof"0d€. On using a more realistic toroidal geometry, additional
fluids were analytically expressed in terms of a sum of theit€ms would modify the linear evolution of the flute modes.
associated perturbed drift velocities induced by low-However, the full toroidal effects do not affect the structure
frequency electrostatic perturbations. For the ion fluid veloc®f the nonlinear terms, which are the main cause for the
ity, a standard successive approximation was used based §Hge-scale flow generation. In the considered model, the
the drift velocity ordering, according to which the ion polar- temperature is assumed to be constant and unperturbed.
ization and the ion stress tensor drift velocities are mucHience, the gradients and the fluctuations of the pressure are
smaller compared to the electric and the diamagnetic driftgttributed, without loss of generality, to the density varia-
(see, for example, Ref. 24In Eqgs.(1) and(2), the electro-  tions. When taking into account ion temperature perturba-
static potential has been normalized Ty e, the time by the tions one would have to consider also the ion energy equa-
ion cyclotron frequencyw,;, the lengths by the ion Larmor tion.

radius p=c/ w,; defined at the electron temperatuieere The inclusion of finite ion temperature effects leads to
c2=T,/my), the density by the unperturbed plasma densjty the appearance of two additional linear terms on the left-
and the temperatures by the electron temperalfipr&he ion  hand side of Eq(1). The first term is due to the ion diamag-
temperature is now denoted by(=T;/T,). In dimensional netic drift, while the second one is due to the ion curvature
units, the electron curvature and diamagnetic drift velocitiedrift. Assuming small amplitude perturbations and applying
are given byv,=2c2/(Rwg) and v,=c2/(Lywy), while the  the usual Fourier expansion for the perturbed amplitudes, we
viscous and diffusion coefficientg and D are given byu  linearize Egs.(1) and (2) and determine the frequenay,
=(3/10(Tivi/ wem) andD=mcTere/ (eB)?, wherey; denotes  =1/2[k,(vy—,)], and the growth rate

1 4_k>24 2 2,14 2_ 12
%= 5| \ e velon~vg(1+7) ~Kiwn +vg)"+ K[ (D = )"~ K1 (D + p) ©)
1
|
of the unstable flute modes. {n, ¢} is known to cascade energy towards short scéles.

The presence of finite ion temperature leads to a deMoreover, the diamagnetic component of the polarization
crease of the frequency and subsequently of the characteristilgift nonlinearity 7 div{V  ¢,n}, which is attributed to the
wave velocities of the flute modes. Feruv,/v, the flute  finite ion Larmor radius, is expected to lead to direct cascad-
modes propagate in the same direction with the electron cuing of the fluctuation energy towards short scdfebience,
vature drift velocity, while forr>uvg/v, it propagates in the the description of the formation of large-scale flows during
opposite directior(i.e., in that of the ion diamagnetic drift the temporal evolution of flute turbulence is more compli-
velocity). Furthermore, for finite ion temperaturg the cated with respect to the electrostatic drift wave turbulence.
growth rate of the most unstable flute modes increases due to
the ion curvature drift, while the spectrum of the unstablelll. NUMERICAL RESULTS
flute modes gets narrower due to the stabilization of the short  \na have studied numerically the temporal evolution of

wavelength modes by the ion diamagnetic drift.  the system described by Ed4) and(2) and the subsequent
In the temporal evolution of the flute instability, the in- oy.itation of large-scale flows by using a dealized pseu-
verse energy cascade may lead to the generation of larggpspectral code in a numerical grid of 12828 points. The
scale flows® However, since the most unstable flute mOde%arching in time is performed with a fourth-order Runge—
are those of zero radial wave numiiég=0) and small but  Kytta technique with adaptive step size. We have imposed
finite poloidal wave numberk,#0), i.e., the streamer periodic boundary conditions and considered a physical do-
modes, it is expected that streamer-pattern large-scale flowgain in the xy plane of areaAxx Ay=[(-30m,30m)
can be formed through the linear development of the flutex (-30+,307)]. The minimum finite wave number which
instability. On the contrary, it is evident from E¢B) that can be resolved with our schemekg=k,o= y0:0_033_ In
linear excitation of zonal modes is not possible sing&0  the numerical simulations, we have chosen the normalized
for k,=0. As one may see from Eqgl) and(2), there exist  (over the sound velocityvalues of the electron diamagnetic
several nonlinear terms which determine the cascading prognd the curvature drift velocities to be,=0.03 and Vg
erties of the flute turbulence. The polarization drift nonlin- =0.01, respectively, while the viscosity and the diffusion co-
earity {Vi(b,d)} is responsible for the energy cascading to-efficients are fixed ab=u=0.1. The selection of these val-
wards large-scale flow$, while the convective nonlinearity ues allows the linear growth of a sufficient range of short
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y FIG. 2. Evolution and saturation of the largest streafgd,mky)|?> (upper
pane) and zonal modegb(mky,0)|? (lower panel of the potential. Here,
FIG. 1. Isocontour lines of the potential in the saturation statégor=0, m=1 (solid line), m=2 (dashed ling andm=3 (dotted ling for 7=1, where

(b) 7=1, and(c) 7=3. In (a) and(b) the zonal modes largely dominate over Ko is the minimum wave number of the system. The shorter zonal and

the streamer modes. Hence, patterns of zonal flows are formed=Rothe streamer mode instabilities saturate earlier and at lower amplitudes com-

amplitude of the dominant streamer mode is of the same order as the one pared to the largest ones. In the saturated state, the amplitudes of the zonal

the zonal mode, resulting in the pattern(of. modes and the largest streamer mode remain constant, while the smaller
streamer modes get damped.

scale fluctuation$? enabling the subsequent excitation of
zonal modes through the inverse energy cascade mechanisgtowth of the linearly unstable flute modes. During this
The initial conditions for the potential and the density per-phase, patterns of radial streamers of the fluctuating potential

turbations consist of aisotropic spectrum oémall ampli-  and density are formed in the real space, since for given
tude and randomly phased Fourier modes of the form finite poloidal wave numbek, the flute modes of maximum
_ - . growth rate are those d,=0, i.e., the streamer modes. In
¢xy) = % % ¢ explik- 7+ 'akx’ky)’ Fig. 2(a), the evolution of the three largest streamer modes
x Ky

for the potential are depicted. The linear profiles during the
initial evolution (for 0<t=<400 correspond to the linear
growth of the streamer modes while the numerical values of
R the growth rates are in good agreement with that predicted
where ¢=0.001, A=0.0005, andakx,ky, 5kx,ky are randomly by the linear theorycf. Eq.(3)]. The growth of the streamer
generated initial phases. modes continues until a suppression mechanism sets on. As
we can see from Fig. (8), the duration of the growth is
different for each streamer mode as the onset of the suppres-
sion depends on the mode’s wave number. In general, the
The temporal evolution and suppression of the flute insmaller the streamer mode is, the faster, and consequently at
stabilities lead to the development of saturagedsotropic  smaller amplitudes, it gets suppressed.
spectrawith clear indication of the formation of large-scale We should note here that during the very initial phase of
flows. As one may see in Fig. 1, the structures of these flowthe temporal evolution, a short time interval appears with
depends crucially on the value of the ion temperature. In th@roperties much different than the linear ones which follow.
presentation of the numerical results which follows, we focusThis is attributed to the numerical response of the system to
on the description of the three major distinct phases assocthe arbitrary initial conditions we imposed. Hence, the initial
ated with the evolution of the dominant large-scale fluteabrupt growth of the streamer modesee Fig. 2a), for 0
modes. <t=20] indicates an inverse energy cascade from the initial
a. Excitation of streamer mode$he first phase of the short scale fluctuations towards larger scales. Also, the de-
evolution of the flute instabilities is characterized by thecrease in the power of the total potential fluctuations

n(x,y) = > > fexpik -7+ inx,ky)y

ke Ky

A. Nonlinear dynamics of flute turbulence
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FIG. 3. Oscillating behavior of the dominant anisotropic modes for theF|G. 4. Evolution of the dominant zonésolid line) and streamefdashed
potential during the suppression of the instabilities#s0. The zonal mode  |ine) modes in the absence of the dominant isotropic mdtek,, ko) for
|@(ko, 0)|? is depicted with the solid line and the streamer mHED ko) 7=1. The growth of the zonal mode stops at low amplitude, and as a result

with the dashed line. the dominant flute instabilitystreamer modedoes not get suppressed.

main almost constant. On the contrary, the smaller streamer

3y K| @2 (see Fig. 7, for B<t=<180) can be attributed to modes get dampedt. Fig. 2). _ _
the linear damping of the shorter scale modes according to N order to shed some light onto the coupling mechanism
Eq. (3). between the dominant anisotropic modes, we have investi-
b. Excitation of zonal mode&Vhen the amplitude of the 9ated the role of the largest and most grown isotropic modes.
flute perturbations reaches a critical value, zonal modes arEhese are the modes with wave numbérs(+ky, ko),
excited. This is a purely nonlinear effect and arises due to th&hich provide the necessary matching conditions for a three-
nonlinear coupling of the linearly grown flute modes. In Fig. Wave coupling between the largest anisotropic modes. We
2(b), the excitation and the evolution of the three largesthave carried out a numerical simulation by setting the ampli-
zonal modes is depicted. These modes are generated almost
simultaneouslyaroundt=180 and grow exponentially with
similar growth rates. The growth rate of the most unstable @
zonal mode[the one with k=(k,,0)] has approximately 6l
double the value of that of the dominant linear instability
[that with k=(0,ko)]. This is due to the quadratic nature of
the nonlinear terms in Eqél) and(2) and indicates that the
zonal modes grow under the action of at least a couple of y
linearly amplified flute modes of small but finite poloidal N e
wave number. / OOK?  —mn
c. Suppression of anisotropic modes and saturation 2f (ko) e ]
When the potential amplitude of the dominant nonlinearly ot ko)® -
growing zonal mode becomes of the order similar to the T T T T T T T
potential amplitude of the most grown streamer mode, both . ® s .
amplitudes start to oscillate in an out-of phase manner fash-
ion. This can be clearly seen in Fig. 3 and indicates the
coupling between the dominant and largest anisotropic
modes of the potential. The result of this mode coupling is
the suppression of the streamer instability and the saturation
of the growth of the zonal mode. Similar description ac-
counts also for the evolution and suppression of the smaller
zonal and streamer modéd. Fig. 2), since the mechanism
is qualitatively the same. The linear flute instabilities, as the
streamer modes, are suppressed through the shear stabiliza-
tion mechanismkf((l), which is provided by the growing
zonal modes. This leads to the subsequent saturation of thc. 5. Temporal evolution and saturation of the dominant isotropic and
zonal modes as well, since the flute modes which were reanisotropic modes fofa) the potential andb) the density in the cold ion
sponsible for the zonal growth got suppressed by the Zonéﬂ“it- The zonal mode(ky, 0) is depicted with solid line, the streamer mode

modes themselves. In the saturated state which follows thi0:ko) With dashed line, and the isotropic modeo, ko), klko, ~ko) with
the smaller dashed and the dotted lines, respectively. The amplitudes of the

suppression of the_ flute instabilities, the amplitudes O_f thesotropic modes in the saturation state are significant for the density
zonal and the dominant streamer modes of the potential retctuations.

log(|®|*)

ka0’ —

log(In|*)
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tudes of these large-scale isotropic modes equal to zero. Thiation between the short scale fluctuations and large-scale
numerical results regarding the temporal evolution of theflows seem not to be suitable for the complete description of
dominant anisotropic potential modes for this particular cas¢he evolution of flute instabilities.

are presented in Fig. 4. As one may see, the excitation and In Fig. 5 we present the temporal evolution of the largest
the initial growth of the zonal mode do not seem to be sig-anisotropic and isotropic modes. In the saturated state, which
nificantly dependent on the presence of the large-scale isdellows the suppression of the instabilities, the amplitudes
tropic modes. However, the growth of the zonal mode termi-obey an oscillatory behavior as they remain coupled and ex-
nates at a smaller amplitude compared to that of thehange energy with each other. However, as one may note
dominant streamer mode. This occurs because the smallétere is an important difference between the dominant satu-
scale instabilities that support the growth of the dominantated modes of the potential and the density. Concerning the
zonal mode got suppressed by the smaller zonal modes. Aspmtential fluctuations, the largest zonal mode is always the
direct consequence, the most unstable flute instability doedominant, while the amplitudes of the isotropic modes are
not get suppressed. These results show that the large-scafeich smaller compared to the anisotropic ones. On the con-
isotropic modes, being the coupling carrier between the largtrary, the amplitude of the largest zonal mode of the density
est anisotropic modes, support the mechani&h:for the  can be of the same order or smaller compared to that of the
further growth of the zonal modéh) for the suppression of isotropic large-scale modes. Hence, it becomes evident that
the largest streamer mode and her(cgfor the subsequent the modes of the potential and the density are organized dif-
formation of the poloidal flow. From the above, it is evident ferently on reaching the dynamical equilibrium that deter-
that short scale fluctuations can be significant for the generanines the saturated state of the flute turbulence. This result is
tion of zonal flows, and large-scale isotropic modes for thenot surprising since the plasma density response is not
suppression of the flute instabilities. Hence, one may clainBoltzmannian in the flute limit, and hence the density fluc-
that a wide range of modes contributes to the growth of th@uations are expected to behave differently than the potential
zonal modes, which enable the subsequent suppression of tbaes.

flute instabilities. Consequently, models based on scale sepa- d. Finite ion temperature effect®erforming numerical
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. and zonal modes become of the similar order. This modifies
3 the structures of the saturated potential in the real space as
shown in Fig. 1. The saturated amplitudes of the density
modes seem to be even more sensitive to the value of the ion
temperaturer. As one may see in the right-hand side panels
] of Fig. 6, the dominant modes of density are of zonal type
for =0 and7=1, but not when the ion temperature adopts
the valuesr=0.5 andr=3. An additional effect associated
7 with the increase of the ion temperature is the appearance of
secondary excitations and subsequent saturations of streamer
modes. This can be seen for instance in the lower panel of
Fig. 6 and in the upper panel of Fig. 7. Hence, it seems that
the dynamical equilibrium between the coupled modes in the
saturation state is sensitive to ion temperature effects.
In order to determine, the role of the diamagnetic com-
7 ponent of the polarization drift nonlinearity,div{V | ¢,n},
] which appears when finite ion Larmor effects are considered,
we have performed a set of numerical simulations with and
without this term. As major result, we found that its presence
always leads to smaller saturated amplitudes for the large
scale modes and similarly for the total power of the potential
1 fluctuations=,k? |®J2. Furthermore, we notice that the ab-
L L L sence ofrdiv{V, ¢,n} increases the number of secondary
excitations of the streamer modes. These results justify the
prediction of Ref. 21, according to which the diamagnetic
FIG. 7. Plots of the evolution of the energyk’ |®,/2. In the lower panelwe  component of the polarization drift nonlinearity leads to the
see that_as the ion_temperatiire increases, the saturation level is_increasing(mect cascade towards short scale modes. Subsequently, it is
well. This occurs till a certain value of. Further increase of the ion tem- . . .
perature leads to a decrease of the saturated level. The decrease in ene%peCted that the ion temperature throth this nonlinear
during the very initial phasé < 80) is due to the damping of the very short mechanism:(a) suppresses the inverse cascade towards
scale modes. Moreover, the “blobs” on the saturation leweper panglare large-scale modes an(h) stabilizes the secondary excita-
signz_atures of the secondary instabilities of the streamer mode which aPPeRlons of streamers. From the above, it follows that the in-
as 7 Increases. .
crease of the amplitudes of the saturated modes forrO
<3 and the appearance of the secondary instabilities are re-
calculations for different values of the ion temperatur@nd  lated to the linear terms proportional toin Eq. (1), and
keeping the same values for the rest of the parameters, weence to the increase of the linear growth rate.
have investigated the influence of ion temperature on the
evolution _an.d sa_lturgtiqn of the flute instability. Qualitatively, IV DISCUSSION AND CONCLUSIONS
the description is similar to that presented in the preceding
section. This is particularly true concerning the excitation of ~ We have numerically investigated the excitation and sup-
the dominant anisotropic modésf. Fig. 6). In that phase, pression of large-scale anisotropic modes as a result of the
the ion temperature modifies the growth rates of the instadevelopment of the flute instability. The initial formation of
bilities, as expected, due to the presence of the ion curvatutde streamer flow is attributed to the linear growth of the
drift which co-drives together with the electron curvature streamer modes, while the subsequent formation of the zonal
drift the excitation of the linear flute modes. Consequentlyflow is the result of the excitation of large-scale zonal modes
the amplitudes of the saturated modes depend also on thierough the inverse energy cascading mechanism. The most
value of the ion temperature. In Fig. 7, we have plotted thegrown instabilities are the largest scale ones and saturate last.
evolution of the power of the potential fluctuation The numerical results show that their suppression can be
Ekiki|<lbk|2for different values of the ion temperature. In the attributed to the nonlinear interaction between the largest
lower panel, we note that asincreases the saturation level scale flute modes. The saturated state which follows is char-
of the power of the potential fluctuations also increases. Omcterized by the domination of the largest zonal mode for the
the contrary, in the upper panel, it is clearly shown that fur-potential. However, the complexity increases when ion tem-
ther increase of the ion temperature, abeve2, leads to a perature effects are considered, especially concerning the
decrease of the saturated level. A similar description actype of the dominant saturated mode of the density. In gen-
counts also for the amplitudes of the saturated large-scaleral, as long the value of ion temperature is small, the am-
modes. In addition to this, the relative amplitudes betweerplitudes of the saturated modes increase as the ion tempera-
the saturated modes are also changing for different values @fire increases. On the contrary, for large values of the ion
the ion temperature. As one may see in Fig. 6, the saturatgémperature, the saturated amplitudes decrease due to the
potential spectra, e.g., far=1 are dominated by the zonal suppression of the inverse energy cascade, which can be at-
mode while for7=3 the saturated amplitudes of streamerstributed to the diamagnetic component of the polarization
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