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The mechanisms of turbulent transport in the collisional tokamak edge plasma are investigated
linearly and nonlinearly, focusing specifically on the transition from resistive modes to ion
temperature gradient drivemp{) modes. Linear eigenvalue calculations demonstrate that resistive
ballooning and toroidaly; modes can exist as separate roots with similar growth rates but with
differing structure along the magnetic field. While the typical transverse scale length of the resistive
modes depends strongly on collisionality, the transverse scales of;tmeode are essentially
independent of the collisionality, even in the absence of any assumption on the adiabaticity of the
electrons. Three-dimensional nonlinear simulations quantitatively describe the transition between
the resistivity dominated outermost edge and regions with moderately higher temperature where
resistive modes are stabilized and the collisionlgssnode dominates. A significant result is that

the 7, modes continue to drive significant particle transport even in regimes where the linear
stability analysis indicates the electrons are dominantly adiabatic. The particle transport is driven by
the nonadiabatic, long-parallel-wavelength component of the wave spectrum. As in earlier
calculations ofy; turbulence, the self-generated poloidal flows are relatively strong, much stronger
than in cold ion simulations, and strongly influence the saturation levels and associated transport
rates. The implications of the results for understanding edge transport and density and temperature
profiles are discussed. @998 American Institute of Physid$$1070-664X98)03007-9

I. INTRODUCTION despite the finite electrical conductivity. In general, the
edge fluctuations make a transition from resistive
The quantitative prediction of turbulent transport re-ballooning driven turbulence, to nonlinear-driven, resistive
mains one of the most challenging problems in theoreticaturbulence:***3and finally to#; driven turbulence in mov-
plasma physics, as well as in the design of future toroidalng from the scrape-off layer towards the plasma core. This
confinement experiments. Whereas the ion energy confingransition arises from the dramatic changes in both the con-
ment in the hot plasma core seems to be largely controlled byuctivity and the gradient scale lengths across the edge.
collisionless ion temperature gradient modésresistive  Since the resistive ballooning modes and the toroigal
modes drive the turbulence in the more collisional edge anghodes have comparable growth raﬁetordercS/(LpR)l’z,
the ion temperature dynamics is usually completely ignoregvhere R is the major radius and., is the pressure scale
in this regime?* In simulations of; mode turbulence, on |ength the relative strength of the turbulence associated with
the other hand, resistivity is usually ignoféd~®and only  each drive is linked to the characteristic scale lengths of the
the nonadiabatic electron dynamics associated with mirrorfiyctuations transverse . In the tokamak edge region the
trapped electrons are retainéd@he particular importance of ~transverse scale of the toroidgl mode, in particular, is very
the plasma edge was recently highlighted by a critical temsensitive to the ratio of the density scale lengithto the
perature gradient model in which the core temperature Wagajor radiusR through the parametes,=2L,/R in a way
found to be proportional to the temperature at the plasmgyhich differs substantially from the more extensively studied
edge:.Lo Fora SUCCESSfu| pl’ediCtion Of the global Confinementcore: the Very Sma” Va|ue cﬁn in the extreme edge forces
it is therefore of crucial importance to investigate the transithe 7 generated turbulence to remain at scale lengths com-
tion between these two distinct physical regimes and to StUd]zSarabIe to the ion Larmor radiys . With increasing values
the impact of the ion temperature gradient on the dynamicgf ¢ | further inside the plasma column, thg turbulence
of collisional edge plasma. extends to longer wavelength and becomes a stronger driver
In this paper we show that the ion temperature gradiengf yransport. The strength of the resistive ballooning mode
contributes to the transport at the plasma edge in two differy g the opposite dependence on radius: in the low tempera-
ent ways: as an additional drive contributing to the resistiveyres characteristic of the extreme edge the transverse scale
ballooning instability and as an independent instabilttye  |ength of the resistive ballooning turbulence greatly exceeds
7; mode, which remains insensitive to the collisionality , and with increasing temperature the scale length decreases
until finally the resistive ballooning mode is completely sta-
dElectornic mail: asz@ipp-garching.mpg.de bilized by diamagnetic effecté. Thus, tokamak edge trans-
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port is dominated by resistive ballooning modes in the ex- | . 9 d
treme edge and by, modes further inside, the location of C:[COE(ZWZ)JFZWSZS"I(ZWZ)—G]WJFSW\(ZWZ)&,
the transition being determined by other key parameters such
as z; and the collisionality. d d (dp d d¢ d

As seen previously iny; simulationst*® we find that dt ot \dy ax  ox ay)’

self-generated poloidal flows can play an important role in

saturating the fluctuations and controlling the rate of trans:r he time and space units,

port. In particular, the poloidal flows become very strong RL,\ Y21

when the ion diamagnetic velocities are comparable to typi- to_(T) o L,=27qaR,

cal velocities of the turbulent eddies. In a separate publica-

tion we show that the poloidal flows arise from the Kelvin- 3 veiRps| Y% 2R|

Helmholtz instability of radial flows driven by resistive Li=2m0a 2Qce L_n ' ©)

ballooning or»; modes. These poloidal flows do not, how-
ever, cause complete stabilization of the turbulence sinc
they are themselves unstable and break up. Thus, they m
be considered a part of the turbulence.

In the regime where the; driven turbulence dominates,
the particle transport remains surprisingly large, of the orde
of 30% of the ion energy transport, even in regimes in which psCsto 2L, Csto

gre chosen to balance the three terms in #gand are the
tural choices for the resistive ballooning mddeut not

or the »; mode which is essentially independent of the col-

lisionality). This normalization yields the dimensionless pa-

fameters

the linearly unstable modes are nominally adiabatic. This ~*d~ (1L | ' " R ' S [ @
transport is driven by the long parallel wavelength compo-
T L
nent of the wave spectrum. =2 KH=1.6a§6n(1+ T, Be=r
Teo Lt,
Il. BASIC EQUATIONS
L
Our investigations are based on the electrostatic drift- ni:L—n, (8)
Ti

Braginskii equation® in a flux-tube domain using field-
aligned coordinate$? which we write here in dimensionless

rorm: with ¢2=(Teo+ Tio)/m;, ps=cs/Q.;, S the magnetic shear

parameter,e=a/R, the profile e-folding lengthsL, Lt

d ~Pet 7P % and LTi’ and where we have assumed that the ions are singly
\ZK ﬁVL(¢+ mdpi)+C—1+T + EZO' &y charged. The ratio between the transverse scale lehgths
and pg is important for understanding the relation between
dn d¢ resistive ballooning andy; mode turbulence. In our dimen-
dt W sionless units this ratio can be expressed as
) - 2h ps/Li=(1+7ager”. ©)
~| enC(d— agPe) — €, —— — ayen(1+ T)E =0, (2 The electron and ion diamagneti@ (), curvature ;) drift
frequencies, and parallel electron diffusion rétg, play an
dT. ap 2| . 5 important role in the evaluation of the linear growth rates of
a9t Tegy 3 €nC| ¢~ agPe~ 5 auTe both resistive ballooning and thg modes. For reference we
write these first in dimensional,
| #h 9T, k,CT, k,CT,
—€,— — 1. +7)—+ = — v ¢ i _
€0y ~ L5 T) P ey ® ©xe=eBL," “*~esL, 1T ")
dT;, 9o 2| . 5 _ 2kyCTe - , B
| 9%h Dje=2Te/Mevei,
— € o T agen(l+ T)E =0, (4 and then dimensionless units,
dyj d Pet 7P -0 e I
at %oz 1r s O ®) wce=Kyag€n(COS 272) +S(272)siN(272) — €),
with Dje=(1+ T)enas, (10
Pe=N+Te, pPi=n+T;, h=¢—ay(pe+0.71T,), where in both cases=w.7. The treatment of the ion
s temperature dynamics in these equations differs from that in
Vf= i+27.,§zi + ‘9_ most previous fluid treatments of; driven turbulencé:’
X ay ay? The major difference is that in the ion temperature equation,
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Eq. (4), the compressibility terms arising from the polariza- contribution to both resistive ballooning modes and the
tion and ion curvature drifts are fully retained. The role of mode is inhibited by parallel heat conductith.

the polarization drift can be seen more explicitly if the The basic relationship betweesn and resistive balloon-
9%h/dz? term is replaced using E@l). At scale lengths com- ing modes can be understood from a simplified set of the
parable topg these terms are important and can not be nelinearized equations in which the ambient density gradient
glected. The retention of these terms prohibits the separatioand the parallel velocity | are neglected. The coupled equa-
of the ion diamagnetic an&xB drifts in Eq. (1) for the tions for ¢, n, andp; (normalized, respectively, tbsq/€, Ng,
vorticity (see Ref. 16 for details The linear theory of the andnyTy) are

slab 7, mode using these equations in the adiabatic limit
yields growth rates that are in much better agreement with
kinetic treatments than earlier fluid modé&ls.

Though in contrast to most previous treatments the equa-
tions properly retain all finite Larmor radius corrections con- 92 _
tained in the Braginskii equations, we emphasize that pertur- yn+ D\\eg(‘ﬁ_ n)=0,
bations with wavelengths comparable to the ion gyroradius
are not accurately described. For the parameters characteris- yp;+iw,;¢=0, (13
tic of the plasma edge, however, the turbulence arising from . . .

: ; . . where for clarity we have written the independent parameters

our model is dominated by perturbations with transverse " . . . .
. . . in dimensional units where is the growth rate of the mode

scales much larger than the ion Larmor radius. The inaccu- S o
- . and the subscript indicates that the quantity is to be evalu-

rate description of the very short wavelength disturbances

therefore, probably does not significantly impact the transf’\ted with the electron temperature. The relationship between

port. The Braginskii model also does not account for coIIi-rGS'StIVe ballooning and toroida modes can most easily be

sionless effects such as trapped particle dynamics. Therefoﬁeeiin by examining a local dispersion relation withyz
(K

the equations are appropriate to describe the collisional edge
and the adjacent region of a somewhat higher temperature
where the collisionality is sufficient to prevent particle trap- kfpge(y—iw*i)—
ping, i.e., forv, e, v,;>1 with

V0= ViR €% 0, For a given set of equilibrium parameters relevant to the
. - , ) . plasma edge, both the resistive ballooning mode andythe
with a similar expression fow, ;. For the AXISymmetric  mode can exist simultaneously with comparable valuds, of
Divertor ExperimentASDEX-U), for example, the values of 1+ with different values ofk;. The resistive ballooning

typical local parameters at the location of the middle of the,, 4e typically has a parallel scale length of the order of the
edge pedestal in the low confinement mademode just

: : e parallel connection lengtirqR>* and the last term in Eq.
prior to the Iow—to—h|gh§L—H) transition areTe=100 eV,  (14) can be neglected. We then obtain the resistive balloon-
T;=120 eV,n=3.0x 10'¥cm® with q=4, R=165 cm, and

7O ing dispersion relatiof
a=50 cm’ which yieldsv, .= 22 and comparable, ;. The

_ 9
—kipiey(wpi>+|wcepi+DHeE<¢—n>=o, (11)

(12

2
WeeWyj n '}’kH D||e
Y v+ kﬁDHe

=0. (14)

parameters for DII-B® are similar, while the Alcator . WeeWy |
C-MOD"® has a substantially higher collisionality. The Bra- Yy—io. )= K22, (15
1 Mse

ginskii equations are therefore a reasonable model for study-
ing the edge and the dynamics of the L—H transition in thesevhich in this simple limit is the same as that of the ideal
machines since typical collisionalities preclude the dynamicdallooning mode. In the plasma edge themode is much
of trapped particles from influencing the system. As a finalmore localized along the magnetic field line with the local-
caveat, we note that the equations also do not accuratelyation being determined by the sound wave. The result is
describe the dissipation in toroidal geometry. This requireshat y< kﬁD”e and Eq.(14) reduces to the dispersion relation
the addition of magnetic pumpifgas well as ion parallel of the toroidalz; mode,
thermal conduction. This additional physics is required to .
accurately model transport, since the strength of the self- (142 pe) ¥ =04 K] pEey— e =0. (16)
generated poloidal flows, which is controlled by this damp-The modes are unstable as longkags. is not too large.
ing, can influence the overall level of the turbulence. ThisSince the ambient density gradient has been discarded, there
subject will be addressed more fully in a follow-up paper. is no 7, threshold for instability in Eq(16). Thus, the resis-
tive ballooning and toroidaly; modes are simply limiting
cases of a more general dispersion relation. The drive terms
for both modes are the same, as are the dynamics of the ions.
Before proceeding with a presentation of the results ofOnly the electron dynamics differ, the electrons being adia-
nonlinear simulations using Eg&l)—(5), we discuss the lin-  batic in the case of the; mode. The growth rates of the two
ear instability properties of the equations with an emphasisnodes peak at around the same level, of the order of the
on exploring the relationship between resistive ballooningdeal ballooning growth rateS/(LpR)l’z. An important dif-
and curvature drivem; modes. In this discussion we neglect ference, however, is that the growth rates peak at different
the electron temperature fluctuation$.€0), since their scale lengths. In the case of the resistive ballooning mode the

Ill. LINEAR STABILITY
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growth rate peaks at the scale lengith defined in Eq.(6), - 1
which depends on the plasma collisionality. The maximum  Kypi~——, (20
growth rate of thes; mode on the other hand occurs for s

k, ps=1. These different scale lengths will play an important
role in understanding the results of the nonlinear simulation
The linear stability of they; mode based on Eqél)—(5)

unlessy; is well above threshold. It should also be empha-
Ssized that the Braginskii equations are not valid kotp;

, ; , - >1, so care must be taken that the modes that dominate the
differs subst_anually from earl@r fluid treatme?ﬂébe.cau.se spectrum of turbulence in the nonlinear simulations have a
of the retention of the polarization and curvature drifts in thesufﬁciently long wavelength. For more moderate values of

ion temperature equation. We, therefore, briefly review thee long wavelength modes can be unstable even whés
n:

adiabatic limit of these equations where analytic solutions OBf moderate size. The condition for the instability of long
the equations can be readily obtained. This limit CorrESpondﬁlavelength modes is

to 9%/ 92> large so thah~0 or ¢=ayn. The 9°h/ 9z terms

are eliminated by subtracting Egd) and (2) and Egs.(2) 7\ 5
and(4) with the appropriate multipliers. The resulting equa-4wce< Wy eT( 73 +§wce7'(1+ 7)
tions plus the equation for the parallel velocity can be com-
bined into a single second order equation for the total pres- 10 |2
surep=n+7p; >(a)*e—wce 1+ g’T)) . (21
5 9p ) ) 2 This is an important condition, since it is typically the long-
Cseg+7(|wce_ YKipseP est wavelength component of the unstable spectrum that
dominates the transpofsee the discussion at the end of this
) 5 sectior). This equation can be rewritten in a simpler dimen-
y(ytiw, e)( Y~ 3! wceT) sionless form as a threshold #),
5 5
y(“ 37 ‘“"*ET( me 5) ~ 3 eerH7) T 2 ey 1 1) ——
3 3 dre w,
X p=0. a7 10 2
We have again written the equation in dimensional units, *|1- 1+§T) E”w°> ’ 22

since the normalization of the equations based on the resis- A

tive ballooning scaling laws does not simplify thg mode  with w.=cos(2r2)+s2nzsin(2nz)—e~1 depending on the
equations, which are independent of the resistivity. The secspatial localization of the modéliscussed beloy For the
ond and third terms in brackets yield the local dispersiortokamak edge where, is small, the quadratic term on the

relation for the instability, right side of the equation is a rapidly decreasing function of
€, so that the long wavelength instability condition effec-
5 10 tively becomes a condition oa,, i.e., Eq.(22) is satisfied
2 O looo) _ 10 y a,, i.e., Eq. is satisfie
ATt 37 KipSe| 17| Oxe™ weel 1F 3 T) for sufficiently largee,,. We note that a similar long wave-

length limit was derived in Ref. 22.

It is well known that the sound wave can localize cagte
modes in local regions of bad curvattit@nd the localiza-
5 tion is even stronger in the plasma edge. The localization of
+-weer(1+7) |=0. (18 the long wavelength modes arises from the variation of the
3 curvaturew., With z, which can trap the modes. Fer-0.5

This dispersion equation retains only the curvature drivéhe curvature has a minimum z+0 and peaks at a location
since the sound wave, which is essential for the sigh 2z, given by the transcendental equation R =[s/(1
mode, has been discarded. The third term, proportional to the s)]z,/qR Fors=1.0,z,=0.25, corresponding to a poloidal
local curvaturew., is the drive for the instability, and is angle of #/2. Expansion of Eq(17) around either of these
destabilizing for locations yields the standard Weber equation, which can be

solved for bounded eigenmodes and the associated eigenval-
_ (19) ues. The eigenvalue of the lowest order mode is given by the
Wy local dispersion relation in Eq(18) evaluated either at

=0 or atz,, the correction due to nonlocality being small.

That this term being positive is a sufficient condition for The widthA of the lowest order mode in both cases is given
instability can be seen by examining the cross téonopor- |

tional toy) in Eq. (18). If the condition, Eq(19), is satisfied

the term proportional toy is zero for a suitable choice of A 1
k, pse SO that instability is always possible over some range q_RM(kyqu
of k, . On the other hand, sinee../w, .~ €,<1 in the edge

region, the unstable modes are at a rather short wavelengtiithe modes remain localized for wave vectors down to

s 2 2 5
—K{psel @ieT 77i_§ +§(’-’ce7'(1+7')

7
T Wee| WyeT 7]i_§

Wce

7 5 1
7=>3 = 3(1+7)

1/8

1/2
Lo
R

(23
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1 Lp 1/4
K, ps~ a(ﬁ) : (24
In the edge the pressure scale length is of order 2 cm with
g~ 3 so forR~180 cm, the modes remain localized down to
k, ps~0.1. There are also typically a substantial number of
higher harmonics with growth rates comparable to the lowest
order mode. This is again a consequence of the short pres- kL,
sure scale length in the edge region which effectively weak-
ens the tendency of sound waves to disperse the modes par- ®)
allel to the magnetic field. Thus, above threshold a rather
broad spectrum of long wavelength modes can have a strong
ballooning character in the plasma edge.

We now present the results of a more complete analysis
of the linear stability of Eqs(1)—(5). We again neglect elec-
tron temperature fluctuationg, but include the parallel ion
dynamics. Only modes witk,=0 are retained. This corre- z
sponds to solutions with no radial variation on the outside of
the torus az=0 (see Ref. 4 for a detailed description of the
field-aligned flux-tube coordinatgsThe eigenvalue calcula-
tions are performed in the range of typical plasma edge pa-
rametersyy~1, €,~0.05,7,~1,s=1, ande,~0.005. Note
that the shorter scale lengths in the edge caysende, to
have much smaller values than in the plasma core. The nu-
merical results support the discussion of the simple disper-
sion relation in Eq(14) and the solution of they; equation
in Eq. (17). First, the resistive ballooning and the curvature @ 060
driven %; mode can appear as distinct roots at comparaple

Re(p)

but with significantly different scale lengths along the mag- 0457
netic field. Second, they; mode has multiple roots whose *;f 0.30r
growth rates are essentially independent of the plasma resis- 0.15|
tivity. Third, the ion pressure gradient strongly enhances the 0.00
resistive ballooning mode. ’ 0.0
In Fig. 1 we show the growth rate versusk, for vari- ’
ous parameters. The lower solid curve in Figa)lis the
resistive ballooning mode root faf; = 0.5, which is the only () 0.40
unstable mode for these parameters. The upper solid and 0.30t
dashed curves in Fig.(d) illustrate the spectrum of unstable o
modes fory; = 3. For this value ofy; there are a large num- = 0.20¢
ber of roots with comparable growth rates. At hilglthese 0.10F
are toroidal 7 modes localized around=0. In the limit 0.00V
€,=0 the growth rates reduce to the local solution of the 0.00 0.62 1.25
dispersion relation in Eq18). The peak in the solid curve at Ky,

long wavelength corresponds to the resistive ballooning

mode, with a growth rate which is enhanced by the increasgIG. 1. The linear growth ratey versusky: () aq=0.5, €,=0.05, ¢,

in 7. It is significantly less adiabatic than the other roots in ™~ 0-005. 7=0.5 (lower solid ling, 7 =3 (upper solid and dashed lines

Fig. ]-(a). The resistive ballooning mode appears as diStinCEib) pressure elge:nfun.ctlons (::orrespohilng to:uppermo:st solld_ and dashed
nes in (@) at k,=0.7; (c) ,=0.01, =3, €,=0.0, @4=0 (solid), a4

root only fork, L<1.5 and then crosses over to gnroot at =025 (dotted, ay=0.5 (dashedt (d) €,=0.3, 7,=3, €,=0.005, ¢g=0

higher values ok, . We were unable to find a continuation (solid), «4=0.5 (dasheg, and «y=1.5 (dot-dashej (e) €,=0.3, ¢q=1.5,

of the resistive ballooning mode above this valugpf An € =0.005,7=5.0 (upper curvel and 7, =3.0 (lower curves.

important point to note is that in this parameter regime the

resistive ballooning mode ang; modes can exist simulta-

neously at long wavelengths. Their spatial variations inzhe The solid and dashed curves represent the eigenfunctions

direction differ substantially. The;; mode wave functions corresponding to the uppermost solid and dashed curves in

exhibit rapid oscillations 4/dz large) which enables the Fig. 1(@ at k,=0.7. The nonadiabatic componefmot

electrons to be adiabatic while the resistive ballooning modehowrn) of the »; mode(dashed curveis over one hundred

with a weakerz variation retains its nonadiabatic character.times smaller than that of the resistive ballooning mode

This can be seen in Fig.(), which shows the eigenfunc- (solid curve.

tions of the pressure perturbation for the two types of modes. The behavior of the transition from the resistive balloon-
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ing to the; mode with increasing diamagnetic parametgr long wavelength instability criterion in E422) is not satis-
depends critically on whether the long wavelength conditiorfied, the turbulence has a characteristic scale length given by
for the #»; instability given in Eq.(22) is satisfied. When this p; [see Eq.(20)]. The simple mixing length estimatb
condition is not satisfie@for smalle,, 7, and%;), the resis- ~pi2/t0 implies that; transport will dominate that of resis-
tive ballooning mode spectrum is stabilized by diamagnetidive ballooning modes when
effects. This is shown in Fig.(&) where the growth rate of
resistive ballooning modes is plotted for several values pof Ps _ 5 2
with €,=0.01 andz;=3.0 (see also Ref. 14 L2 énag(1t+7)°>1. 26

On the other hand, when the long wavelength instability o . .
threshold for they, mode is satisfied andy is increased, the When the condition in Eq(22) for the instability of long

growth rate of long wavelength resistive ballooning modesVavelength modes is satisfied, transport by #emode is

also increases. The modes become increasingly adiabatic aAgminated by longer scales. A reasonable hypothesis is that,
the wavefunctions become spatially localized around as in the case of resistive ballooning, transport is dominated

—0.25. Eventually, the growth rate converges on the valu®Y the longest wavelength modes which remain strongly bal-

calculated from the locah;, mode dispersion relation in Eq. '00ning. This ballooning condition is given in Eq24).
(18), independent of the resistivity. In effect, the resistive COMbining this characteristic scale length with the linear

ballooning mode no longer exists and is replaced byjhe 9rowth rate of long wavelength modes in Egi8) yields the
mode. This transition is shown in Fig(d). The growth rate transport rate

is shown for a3=0.0 (solid), aq=0.5 (dashed, and a4 cop? [ gtR| V4
=1.5 (dot-dashegwith €,=0.3 andz;=3.0. L~ Lm( L—) (27)
Finally, the %, mode regime is illustrated in Fig.(d), (LpR) p

where we plot the growth rate of the lowest order modes as gne first factor in this expression corresponds to the usual
function ofkps, ps being the more natural scale length of the scaling for transport based op, modes with transverse
instability in this limit, for =35 with a4=1.5, ,=0.3  gcalesp, and growth rate,/(L,R) Y22 The enhancement
and other parameters as in Figall At each value ofy; tWo  factor (q*R/L ;)™ arises from the shift to long wavelength
roots are shown. At long wavelength the most unstable rooiven in Eq.(24). Again, comparing this diffusion rate with

corresponds to am; mode localized around=0.25 and the  that from resistive ballooning, the transport dueztomodes
other root to the mode localized around 0 (corresponding il dominate when

to the analytic solutions discussed eajlithe growth rates
are accurately given by the local solutions of the dispersion p§ 1
relation in Eq.(18). Thus, the unstable modes are essentially L_2>a
adiabatic and therefore insensitive to the plasma resistivity. +
At short wavelength both roots are localized aroume0 This condition is typically satisfied when the long wave-
and are again accurately given by the local dispersion reldength threshold for; modes is also satisfied. In this regime,
tion evaluated at this location, the difference between théherefore, transport by, driven turbulence will dominate
two eigenvalues arising because the dashed curve corréhat due to resistive ballooning modes.
sponds to a higher order eigenmode. Increasjpgtrongly
enhances the growth rate of the instability consistent with
Eo.(18. _ IV. RESULTS FROM NONLINEAR SIMULATIONS

Since resistive ballooning ang, mode turbulence can
exist simultaneously, an important issue is the relative im-  We now proceed to study the transition between the
portance of the two as transport mechanisms. fosmall  various instability regimes with simulations using the com-
only the resistive ballooning mode is unstable. kegrlarge  plete set of nonlinear Eqél)—(5). Due to the different scale
the resistive ballooning mode is stabilized by electron andengths of the turbulence the box size is varied fronh 16
ion diamagnetic effects and based on linear theory #he X 16L, X3L, in the nonlinearly driven regime up to B5
mode must dominate the transp(ire relative importance of X 45 | X 3L, for some runs in thep mode regime. The

14
%) . (28

the nonlinear instability**~*3will be discussed latgr numerical algorithms, including the viscosities, are described
In the regime where both modes are unstable their peaiq detail in Refs. 4, 21.
growth rates are comparalle~ 1/to~cs/(RLy)¥?]. Trans- In the low g (g~ 0.5) resistive ballooning regime the

port is, however, not necessarily dominated by the modeatio p./L, is always smal[see Eq(9)] for the small values
with the largest growth rate. In the case of the resistive balof ¢, typical for the plasma edge. For larger valuesepf
looning turbulence, transport is dominated by the longest unhowever, long wavelength modes are unstabée Eq(22)]
stable modes which remain strongly ballooning, i.e., modeand thez,; mode can also be important in this regime. With
with the resistive scale lengths in Eq. (6).>* Thus, the exception of this special case, the nonlinear simulations
confirm that the resistive ballooning mode dominates the
transport. The change compared to the cold ion fithite-
pends on the relative strength of two competing effects: the
additional drive due tay; versus the stabilization due to the
The transport from they; mode is more complex. When the ion diamagnetic drift.

2 2 2 R
D, ~L2/tg=(270)?plvei— (25
p
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TABLE I. Turbulent transport fora=1.25, =1, 5;=2.5, and different

values ofe,. Other parameters as=1, 7e=1, x=0.05,¢,=0.005, and

e€=0.2. The transport rates are time-averaged and measured on the outside (a)
of the torus ¢=0,=1) and on the inside of the torug= +0.5).

nonlinearly driven turbulence

(b)

(nv,) (Tivy) (Tevr)
€n ps/L Out In Out In Out In

0085 073 0082 0017 057 01 0039 0021 T, inside 7. puiside
0075 068 0066 0015 04 007 0037 0.019

006 061 0055 0015 026 007 0036 0.018

005 056 0014 0005 006 003 0008 0.007

002 035 0013 0006 0047 0024 0012 0.006 7; mode turbulence

0.01 0.25 0.052 0.035 0.16 0.11 0.07 0.055 (c)

(d)

In the highey (ag>1) regime, however, the;; mode
can become important for the smaj] typical of the plasma

a

edge. In this regime the resistive ballooning mode is stable Ti, inside Ti, outside
and in the absence of ion thermal effects the turbulence is

tained b l instabilit hich is st h it FIG. 2. The structure of; at the inside and outside midplane. The plots
Sustained by a noniinear instability, which 1S strong when ity , poloidal cross-sectiong- plane after saturation, the poloidal angle

characteristic scale length, which is typically comparable tancreasing upwards, and the ambient gradients pointing to the left. White

L,, is greater thalpS.A'll'lz'ZlFor finite ion temperature we indicates high and black low temperature. Pl@sand (b) were obtained

show in Table | the transport rates fafy=1.25, 7,=2.5,  With @4=1.25,€,=0.01, 7=2.5, and the box size 16x16L,x3L,,

and a range of values af,, corresponding to a variation of gg'l_tsngni(sdz with aq=1.25, €,=0.075, 7 =2.5, and the box size

the ratiops/L, [see Eq.(9)]. For €,=0.085 (ps~L,) the T

ion heat flux is large and dominates the particle and electron

thermal flux, demonstrating the adiabatic nature of the un- ) - )
Finally, in Fig. 4 we show the flux-surface averaged ion

derlying turbulence and the dominance of themode insta- o :
bility. The transport exhibits a large inside/outside asymmelhermal fluxI'r=(Tv,) versus time in they; regime (cor-

try caused by the ballooning character of the curvaturd®SPonding toe,=0.085 in Table J and the time averaged
driven mode. For the parameters of this run, the threshold foflux versusz. The dotted lines indicate the standard deviation
the instability of long wavelength modes in E@2) is sat- due to the time variation of the system. The flux peaks away

isfied. Reducing:, to 0.06 strongly reduces the ion heat flux ffom =0 as expected from the off-midplane localization of
which is a consequence of the stabilization of long waveln® long wavelength component of the spectrum discussed
length mode$Eq. (22) is no longer satisfied The transport Previously.
rates decrease further ung}=0.05. At this point the tran-
sition to nonlinearly driven turbulence occurs, with the trans-
port rates steadily increasing with further reductionsjn (@ 10°
The inside/outside asymmetry is now absent, a characteristic ol
feature of the nonlinear instability, since it is not driven by 10
the unfavorable curvature. The particle and energy diffusion
coefficients are of the same order, which is evidence for the
nonadiabatic nature of the drive mechanism. 107
In Fig. 2 we show plots of; in the plane perpendicular 107 .
to the magnetic field at the low and high field sides of the
torus. Whereas at low,,, high a4 (nonlinear instability, no 0.1 1.0 10.0
significant difference in the structure of the turbulence is Ky
observed between the inside and outside midplane, the high
€., high-zy regime (5, instability) exhibits a strong inside/ (b)
outside asymmetry. The mode is localized on the outside of
the torus, which leads to a twisted structure on the inside due
to the high parallel conductivity along the sheared magnetic
field. The different scale size of the turbulence is also visible
in the fluctuation spectrum of the ion temperature, which we
show in Fig. 3 for the nonlinearly driven turbulence,( 1073 ,
=0.01) and then; mode turbulence €,=0.085). Note the 0.1 10 10.0
presence of large amplitude, long wavelength modes with ’ k. '
finite k,, especially in they; mode regime. These corre- .

Spf)ﬂd to p0|.0ida| Sheareq flowk(=0), which play a sig-  FiG. 3. Time averaged spectra of the ion temperaturk, itsolid) and ky
nificant role in the saturation of the turbulence. (dotted for aq=1.25, ,=2.5, ande,=0.01(a), €,=0.085(b).

107

IT.I?

IT.1?

b4
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FIG. 6. The parameter space indicating the regions where the various insta-
bilities dominate the turbulence and transport.

in the n; regime is, therefore, basically insensitive to the
0.2 parallel electron dissipation.
0.0 ' In previous simulations ofy; driven turbulencé,it was
0.00 0.25 0.50 found that poloidal sheared flow was self-generated during
z the growth of the turbulence and played a fundamental role
in controlling the r f the ion energy transport, the trans-
FIG. 4. (a) Flux-surface averaged ion heat fliix=(T;v,) as a function of Ctod.:cfo . gl; € fateto tfioo teh e %y t.ta;] S[:c:ht, t eltg lS
time t for a=1.25, €,=0.085, and7;=2.5. To obtain the heat flux in port difering Dy a ractor o _W' and withou € poloida
dimensional unitsI'; needs to be multiplied byL?/to) X (Tio/Ly). (b) sheared flow. We have similarly found that the self-
Time averaged thermal flux versador the same run. The time average is generated poloidal flows play an important role in the satu-
taken over the interval 269t<700. The outside of the torus is located at ration of the turbu'ence in regions Where the ion diamagnetic
z=0 and the inside at=0.5. The dotted lines indicate the standard devia- dri e ; :
, . e rifts are large and specifically in the regime where #he
tion due to the time variation of the system. ; :
mode drives the turbulence. These poloidal flows are gener-
ated by a Kelvin-Helmholtz-like instability of the radial

o ] ] flows associated with ballooning instabilities, strongly en-
Investigations ofy; driven turbulence in the plasma core panced by the ion diamagnetic drifts.

have been largely carried out in the adiabatic regime where 1o anomalous particle diffusion rate in thg mode
the equations are independent of resistivity or electron La”fegime remains surprisingly large, of the order of 20% —30%
dau dissipation. An important question in the present modeks ihe jon energy diffusion rate with a weak variation with
is whether the resistivityspecifically the parallel electron yhe plasma collisionality. The linearly unstable eigenmodes
diffusion rate as given in Eq10)], which enters the equa- i the ,, regime are dominantly adiabatic, since they are well
tions through the paramete;, alters the basic scale lengths |5gjizeqd along the magnetic field in the region of bad cur-
of the turbulence. To test this, we have carried out simulayatyre, as discussed previously in the section on linear sta-
tions for two different values ofq (1.25 and 1.7bwith all  pjjiy  Nevertheless, the eigenmodes have a long parallel
other parameters the same. In Fig. 5 we show the transverse e jength component. This component of the eigenmode is
correlation functions of _the ion temperature at the outside of,4; adiabatic and is responsible for driving the particle trans-
the torus for the two different runs. The space scales havg,t consistent with this picture, the time dependence of the
been normalized tps because in our normalizatiory also  particle transport tracks the details of the time dependence of
changes the value @i, which is a fundamental scale length 16 ion energy transport very accurately, as would be ex-
in »; driven turbulence. The correlation functions for thesepected from the nonadiabatic component of the linear eigen-
two values ofay have basically the same scale lengths wher}, o 4e.
normalized to the value abs (which differs by a factor of To more easily visualize the regions where the three pri-
1.4 between the two simulations’he underlying turbulence mary instabilities dominate, in Fig. 6 we present a diagram
of the ay— €, parameter space fop;=2.5. In the region
a4<<0.75 ande,, small the resistive ballooning mode domi-

(a) s (b) s nates the transport. Faty>1 but €,=<0.05 the nonlinear
e oL instability dominates and finally fors>1 ande,=0.1 the
Z of: 7; mode dominates.
-2F
: {3 - V. CONCLUSIONS
6 -6-4-20 2 4 &

Ax In the low B limit being studied in this paper, there are
FIG. 5. The correlation function of; in the poloidal plane fory; driven three dominant mStab!““e_S which play an |mportant role in
turbulence in the region of bad curvature fay ag=1.25,(b) ag=1.75and  the plasma _edge region. the resistive b_alloon_mg mode, a
all other parameters identical. The space scales are normalized to nonlinear drift-wave instability, and the; instability. The
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region where each instability dominates depends on the pa-(a) (e)

rameters, but the resistive ballooning mode typically domi- I 9 =3

nates in the lowest temperature region, the nonlinear insta- 0% 5°

bility cbr_ninates at int_ermediate temperatures, and me_ 2 oo g:

mode is important at higher temperatures where the gradient < 8:8 ; AN 400 <5
scale lengths are greater. Consistent with previous -6 -4-20 2 4 -6 -4 -2 0
results>*142we find that plasma edge turbulence has two r fem]

distinct scale lengths: a resistive scale lengthdefined in (b) . (f)

Eqg. (6) and the conventional gyro scale length. The tur- :
bulence also has two distinct time scales: the growth time of & 7
the ideal ballooning modg = (L,R)%c, which character-
izes the resistive ballooning and thg modes; and a time
based on the diamagnetic frequency of the resistive scale

00 = = N NW
oo o wno
7
00 =~ =N BNW

, LD D o

6 -4 -2 0 2 4

lengthL, . The ratio of these two times, (c) o] (@) " feml
2.0 1.00 0.8 1.00
pSCStO 1.5 0.6
A=, (29 g 1.0 010 ¢ § 0.4 0.10 ¢
(1+7)L,L, os N o
0.0 . 0.01 0.0 0.01
measures the strength of the diamagnetic drifts in the plasma 6 -4-20 2 4 -6 -4 -2 0 2 4
edge and can also be considered a measure of the edge col " fem] " fom]
lisionality. A second important parameter, (d) 4 : (h) 14
3 ' 1
=2 R & $88
n ' 1 0.4
R 0 - I -
-6 -4 -2 0 2 4 -6 -4 -2 0 2 4
controls the effective compressibility, including the electron r fem] rfem]

parallel conductlylty, the strength _Qf the an sound W‘T’IVESFIG. 7. Parameters and transport in a tanh-shaped profile. The profile of
and the perpendicular compressibility. An important differ- (solig), andT,,T; (dashedlis shown in(@) and(e); the other parameters are
ence between turbulence in the edge compared to the coreRs-165 cm,B=2.5 T,q,=4, m;/my=2, Z¢=2.5. The resulting values
the size of this parameter. It is much smaller in the edge thaf®" 7 andaq (solid) ande, (dashedare plotted in Figsib), (f) and(c), (),
in the core because the edge pressure scale lengths are offjjch vields the ratigs/L, [Figs. (d), ()]
on the order of a few centimeters while in the core they are
comparable to the minor radius. Additional parameters
which, in particular, affect the stability of thg; mode are;  density is to reducery, thus reducing the strength of the
and the ion to electron temperature ratid-or completeness diamagnetic drifts, and to increase the scale lergthand
it should be noted that in addition to these parameters thgherefore reduce the ratja,/L | .
magnetic sheas plays a significant role in determining the Resistive ballooning modes typically remain strong for
growth rate of they; mode®* @4<0.75, depending on the actual valuesroénd 7;. The
Before discussing how these parameters specifically corcharacteristic transverse scale length of the turbulence in this
trol turbulence in the edge, we show in Fig. 7 two represencase is several times the resistive scale lergthwith the
tative profiles of edge density and temperature with the corparallel correlation length scaling likeqR. In the case of
responding profiles of;, a4, €,, andps/L, . The density the low density profile the resistive ballooning mode is lim-
profiles are tanh-shaped and we choose parameters consistéatl to a very small region on the outside edge of the plasma.
with those measured in present day tokam@ee, for ex- The inner edge of the resistive ballooning region is denoted
ample, Refs. 25, 26 The plots are for a deuterium plasma by a vertical dotted line in the plots in Fig. 7. In the high
with T;/Te=7=1, B=25 T,R=1.65 m,q,=4, andZ,;;  density case the resistive ballooning turbulence extends
=2.5. The temperature profiles in the two cases are chosanuch further into the region of high temperature.
such thaty; decreases fromy;=2.5 at the inner edge of the Conventional drift waves are stable in plasma with a
domain towardsy;=1 at the outermost plasma edge. Thesheared magnetic field. Nevertheless, turbulence is nonlin-
density in the second set of plots has been increased byearly sustained even in the absence of a linear instability if
factor of 3 and the temperatures have been decreased byttze parallel electron diffusion rate is not too latget2and if
factor of 1.5. The parametety increases with increasing the transport from the resistive ballooning modes does not
temperature and then falls off as the gradients flatten oubverpower that of the drift waves. The later condition typi-
The parameteg,, increases from a small value to a relatively cally requiresay>0.75 while the former requirepg/L |
large value as the gradients flatten and the corresponding0.5. The turbulence in this case again has a transverse
scale lengths increase. For profiles that do not become flattecale length which depends on the resistivity and a parallel
in the core regiongy increases monotonically, ang, in-  correlation length which typically exceedsgR. In the low
creases much less rapidly. The main effect of the increasedensity profile in Fig. 7 the nonlinear drift-wave regime lies
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between the vertical dotted and dashed lines. The nonlineaegime where they; driven turbulence dominates, the par-

drift wave is stabilized by high parallel electron conductivity ticle transport being on the order of 20%—30% of the ion

on the left boundary and is overpowered by the resistiveenergy transport. The electron heat transport is substantially

ballooning mode on the right boundary. In the higher densitysmaller. The particle transport arises from the long parallel

profile whereay is smaller, there is no region where the wavelength of the spectrum of turbulence. This long parallel

nonlinear instability plays a significant role since the resis-wavelength component of the spectrum is a part of the struc-

tive ballooning mode is too strong. ture of the linear eigenmode. The particle transport will also
The »; mode can be unstable in the plasma edge. Howbe discussed more fully in a separate publication.
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