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Transition from resistive ballooning to h i driven turbulence in tokamaks
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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 driven (h i) modes. Linear eigenvalue calculations demonstrate that resistive
ballooning and toroidalh i 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 theh i mode 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 collisionlessh i mode dominates. A significant result is that
the h i 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 ofh i 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. ©1998 American Institute of Physics.@S1070-664X~98!03007-9#
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I. INTRODUCTION

The quantitative prediction of turbulent transport r
mains one of the most challenging problems in theoret
plasma physics, as well as in the design of future toroi
confinement experiments. Whereas the ion energy confi
ment in the hot plasma core seems to be largely controlled
collisionless ion temperature gradient modes,1,2 resistive
modes drive the turbulence in the more collisional edge
the ion temperature dynamics is usually completely igno
in this regime.3,4 In simulations ofh i mode turbulence, on
the other hand, resistivity is usually ignored1,2,5–8 and only
the nonadiabatic electron dynamics associated with mir
trapped electrons are retained.9 The particular importance o
the plasma edge was recently highlighted by a critical te
perature gradient model in which the core temperature
found to be proportional to the temperature at the plas
edge.10 For a successful prediction of the global confinem
it is therefore of crucial importance to investigate the tran
tion between these two distinct physical regimes and to st
the impact of the ion temperature gradient on the dynam
of collisional edge plasma.

In this paper we show that the ion temperature grad
contributes to the transport at the plasma edge in two dif
ent ways: as an additional drive contributing to the resist
ballooning instability and as an independent instability~the
h i mode!, which remains insensitive to the collisionalit
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despite the finite electrical conductivity. In general, t
edge fluctuations make a transition from resisti
ballooning driven turbulence, to nonlinear-driven, resist
turbulence,4,11–13and finally toh i driven turbulence in mov-
ing from the scrape-off layer towards the plasma core. T
transition arises from the dramatic changes in both the c
ductivity and the gradient scale lengths across the ed
Since the resistive ballooning modes and the toroidalh i

modes have comparable growth rates@of ordercs /(LpR)1/2,
where R is the major radius andLp is the pressure scal
length# the relative strength of the turbulence associated w
each drive is linked to the characteristic scale lengths of
fluctuations transverse toB. In the tokamak edge region th
transverse scale of the toroidalh i mode, in particular, is very
sensitive to the ratio of the density scale lengthLn to the
major radiusR through the parameteren52Ln /R in a way
which differs substantially from the more extensively studi
core: the very small value ofen in the extreme edge force
the h i generated turbulence to remain at scale lengths c
parable to the ion Larmor radiusr i . With increasing values
of en , further inside the plasma column, theh i turbulence
extends to longer wavelength and becomes a stronger d
of transport. The strength of the resistive ballooning mo
has the opposite dependence on radius: in the low temp
tures characteristic of the extreme edge the transverse s
length of the resistive ballooning turbulence greatly exce
r i and with increasing temperature the scale length decre
until finally the resistive ballooning mode is completely st
bilized by diamagnetic effects.14 Thus, tokamak edge trans
4 © 1998 American Institute of Physics
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port is dominated by resistive ballooning modes in the
treme edge and byh i modes further inside, the location o
the transition being determined by other key parameters s
ash i and the collisionality.

As seen previously inh i simulations,1,15 we find that
self-generated poloidal flows can play an important role
saturating the fluctuations and controlling the rate of tra
port. In particular, the poloidal flows become very stro
when the ion diamagnetic velocities are comparable to ty
cal velocities of the turbulent eddies. In a separate publ
tion we show that the poloidal flows arise from the Kelvi
Helmholtz instability of radial flows driven by resistiv
ballooning orh i modes. These poloidal flows do not, how
ever, cause complete stabilization of the turbulence si
they are themselves unstable and break up. Thus, they
be considered a part of the turbulence.

In the regime where theh i driven turbulence dominates
the particle transport remains surprisingly large, of the or
of 30% of the ion energy transport, even in regimes in wh
the linearly unstable modes are nominally adiabatic. T
transport is driven by the long parallel wavelength comp
nent of the wave spectrum.

II. BASIC EQUATIONS

Our investigations are based on the electrostatic d
Braginskii equations16 in a flux-tube domain using field
aligned coordinates,3,4 which we write here in dimensionles
form:

“'•
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The time and space units,

t05S RLn

2 D 1/2 1

cs
, Lz52pqaR,

L'52pqaS neiRrs

2Vce
D 1/2S 2R

Ln
D 1/4

, ~6!

are chosen to balance the three terms in Eq.~1! and are the
natural choices for the resistive ballooning mode3 ~but not
for the h i mode which is essentially independent of the c
lisionality!. This normalization yields the dimensionless p
rameters

ad5
rscst0

~11t!LnL'

, en5
2Ln

R
, ev5

cst0

Lz
, ~7!

t5
Ti0

Te0
, k i51.6ad

2en~11t!, he5
Ln

LTe

,

h i5
Ln

LTi

, ~8!

with cs
25(Te01Ti0)/mi , rs5cs /Vci , ŝ the magnetic shea

parameter,e5a/R, the profile e-folding lengthsLn , LTe
,

andLTi
, and where we have assumed that the ions are sin

charged. The ratio between the transverse scale lengthL'

and rs is important for understanding the relation betwe
resistive ballooning andh i mode turbulence. In our dimen
sionless units this ratio can be expressed as

rs /L'5~11t!aden
1/2. ~9!

The electron and ion diamagnetic (v* ), curvature (vc) drift
frequencies, and parallel electron diffusion rateD ie play an
important role in the evaluation of the linear growth rates
both resistive ballooning and theh i modes. For reference w
write these first in dimensional,

v* e5
kycTe

eBLn
, v* i5

kycTi

eBLn
~11h i !,

vce5
2kycTe

eBR
~cos~z/qR!1 ŝ~z/qR!sin~z/qR!2e!,

D ie52Te /menei ,

and then dimensionless units,

v* e5kyad , v* i5kyadt~11h i !,

vce5kyaden~cos~2pz!1 ŝ~2pz!sin~2pz!2e!,

D ie5~11t!enad
2 , ~10!

where in both casesvci5vcet. The treatment of the ion
temperature dynamics in these equations differs from tha
most previous fluid treatments ofh i driven turbulence.5–7

The major difference is that in the ion temperature equati
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Eq. ~4!, the compressibility terms arising from the polariz
tion and ion curvature drifts are fully retained. The role
the polarization drift can be seen more explicitly if th
]2h/]z2 term is replaced using Eq.~1!. At scale lengths com-
parable tors these terms are important and can not be
glected. The retention of these terms prohibits the separa
of the ion diamagnetic andE3B drifts in Eq. ~1! for the
vorticity ~see Ref. 16 for details!. The linear theory of the
slab h i mode using these equations in the adiabatic li
yields growth rates that are in much better agreement w
kinetic treatments than earlier fluid models.8

Though in contrast to most previous treatments the eq
tions properly retain all finite Larmor radius corrections co
tained in the Braginskii equations, we emphasize that per
bations with wavelengths comparable to the ion gyrorad
are not accurately described. For the parameters charac
tic of the plasma edge, however, the turbulence arising fr
our model is dominated by perturbations with transve
scales much larger than the ion Larmor radius. The inac
rate description of the very short wavelength disturbanc
therefore, probably does not significantly impact the tra
port. The Braginskii model also does not account for co
sionless effects such as trapped particle dynamics. There
the equations are appropriate to describe the collisional e
and the adjacent region of a somewhat higher tempera
where the collisionality is sufficient to prevent particle tra
ping, i.e., forn* e , n* i.1 with

n* e5neiqR/e3/2v te ,

with a similar expression forn* i . For the Axisymmetric
Divertor Experiment~ASDEX-U!, for example, the values o
typical local parameters at the location of the middle of
edge pedestal in the low confinement mode~L-mode! just
prior to the low-to-high~L–H! transition areTe5100 eV,
Ti5120 eV,n53.031013/cm3 with q54, R5165 cm, and
a550 cm17 which yieldsn* e522 and comparablen* i . The
parameters for DIII-D18 are similar, while the Alcator
C-MOD19 has a substantially higher collisionality. The Br
ginskii equations are therefore a reasonable model for stu
ing the edge and the dynamics of the L–H transition in th
machines since typical collisionalities preclude the dynam
of trapped particles from influencing the system. As a fi
caveat, we note that the equations also do not accura
describe the dissipation in toroidal geometry. This requi
the addition of magnetic pumping20 as well as ion paralle
thermal conduction. This additional physics is required
accurately model transport, since the strength of the s
generated poloidal flows, which is controlled by this dam
ing, can influence the overall level of the turbulence. T
subject will be addressed more fully in a follow-up paper

III. LINEAR STABILITY

Before proceeding with a presentation of the results
nonlinear simulations using Eqs.~1!–~5!, we discuss the lin-
ear instability properties of the equations with an empha
on exploring the relationship between resistive balloon
and curvature drivenh i modes. In this discussion we negle
the electron temperature fluctuations (Te50), since their
f
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contribution to both resistive ballooning modes and theh i

mode is inhibited by parallel heat conduction.21

The basic relationship betweenh i and resistive balloon-
ing modes can be understood from a simplified set of
linearized equations in which the ambient density gradi
and the parallel velocityv i are neglected. The coupled equ
tions forf, n, andpi ~normalized, respectively, toTe0 /e, n0,
andn0Te0) are

2k'
2 rse

2 g~f1pi !1 ivcepi1D ie
]2

]z2
~f2n!50, ~11!

gn1D ie
]2

]z2
~f2n!50, ~12!

gpi1 iv* if50, ~13!

where for clarity we have written the independent parame
in dimensional units whereg is the growth rate of the mode
and the subscripte indicates that the quantity is to be eval
ated with the electron temperature. The relationship betw
resistive ballooning and toroidalh i modes can most easily b
seen by examining a local dispersion relation with]/]z
5 ik i ,

k'
2 rse

2 ~g2 iv* i !2
vcev* i

g
1

gki
2D ie

g1ki
2D ie

50. ~14!

For a given set of equilibrium parameters relevant to
plasma edge, both the resistive ballooning mode and theh i

mode can exist simultaneously with comparable values ofk'

but with different values ofki . The resistive ballooning
mode typically has a parallel scale length of the order of
parallel connection lengthpqR3,14 and the last term in Eq
~14! can be neglected. We then obtain the resistive ballo
ing dispersion relation,14

g~g2 iv* i !5
vcev* i

k'
2 rse

2
, ~15!

which in this simple limit is the same as that of the ide
ballooning mode. In the plasma edge theh i mode is much
more localized along the magnetic field line with the loc
ization being determined by the sound wave. The resul
thatg!ki

2D ie and Eq.~14! reduces to the dispersion relatio
of the toroidalh i mode,

~11k'
2 rse

2 !g22 iv* ik'
2 rse

2 g2vcev* i50. ~16!

The modes are unstable as long ask'rse is not too large.
Since the ambient density gradient has been discarded, t
is no h i threshold for instability in Eq.~16!. Thus, the resis-
tive ballooning and toroidalh i modes are simply limiting
cases of a more general dispersion relation. The drive te
for both modes are the same, as are the dynamics of the
Only the electron dynamics differ, the electrons being ad
batic in the case of theh i mode. The growth rates of the tw
modes peak at around the same level, of the order of
ideal ballooning growth ratecs /(LpR)1/2. An important dif-
ference, however, is that the growth rates peak at differ
scale lengths. In the case of the resistive ballooning mode
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growth rate peaks at the scale lengthL' defined in Eq.~6!,
which depends on the plasma collisionality. The maxim
growth rate of theh i mode on the other hand occurs f
k'rs&1. These different scale lengths will play an importa
role in understanding the results of the nonlinear simulatio

The linear stability of theh i mode based on Eqs.~1!–~5!
differs substantially from earlier fluid treatments5–7 because
of the retention of the polarization and curvature drifts in t
ion temperature equation. We, therefore, briefly review
adiabatic limit of these equations where analytic solutions
the equations can be readily obtained. This limit correspo
to ]2/]z2 large so thath;0 or f5adn. The]2h/]z2 terms
are eliminated by subtracting Eqs.~1! and ~2! and Eqs.~2!
and~4! with the appropriate multipliers. The resulting equ
tions plus the equation for the parallel velocity can be co
bined into a single second order equation for the total p
surep5n1tpi ,

cse
2 ]2p

]z2
1g~ ivce2gk'

2 rse
2 !p

2

g~g1 iv* e!S g2
5

3
ivcet D

gS 11
5

3
t D2 iv* etS h i2

2

3D2
5

3
ivcet~11t!

3p50. ~17!

We have again written the equation in dimensional un
since the normalization of the equations based on the re
tive ballooning scaling laws does not simplify theh i mode
equations, which are independent of the resistivity. The s
ond and third terms in brackets yield the local dispers
relation for the instability,

g2S 11S 11
5

3
t D k'

2 rse
2 D1 igFv* e2vceS 11

10

3
t D

2k'
2 rse

2 S v* etS h i2
2

3D1
5

3
vcet~11t! D G

2vceS v* etS h i2
7

3D1
5

3
vcet~11t! D50. ~18!

This dispersion equation retains only the curvature dr
since the sound wave, which is essential for the slabh i

mode, has been discarded. The third term, proportional to
local curvaturevce , is the drive for the instability, and is
destabilizing for

h i.
7

3
2

5

3
~11t!

vce

v* e
. ~19!

That this term being positive is a sufficient condition f
instability can be seen by examining the cross term~propor-
tional tog) in Eq. ~18!. If the condition, Eq.~19!, is satisfied
the term proportional tog is zero for a suitable choice o
k'rse so that instability is always possible over some ran
of k' . On the other hand, sincevce /v* e;en!1 in the edge
region, the unstable modes are at a rather short wavelen
t
s.

e
f
s

-
-
s-

,
is-

c-
n

e

he

e
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ky
2r i

2;
1

h i2
2
3

, ~20!

unlessh i is well above threshold. It should also be emph
sized that the Braginskii equations are not valid fork'r i

.1, so care must be taken that the modes that dominate
spectrum of turbulence in the nonlinear simulations hav
sufficiently long wavelength. For more moderate values
en , long wavelength modes can be unstable even whenh i is
of moderate size. The condition for the instability of lon
wavelength modes is

4vceS v* etS h i2
7

3D1
5

3
vcet~11t! D

.S v* e2vceS 11
10

3
t D D 2

. ~21!

This is an important condition, since it is typically the lon
est wavelength component of the unstable spectrum
dominates the transport~see the discussion at the end of th
section!. This equation can be rewritten in a simpler dime
sionless form as a threshold inh i ,

h i.
7

3
2

5

3
env̄c~11t!1

1

4tenv̄c

3S 12S 11
10

3
t D env̄cD 2

, ~22!

with v̄c5cos(2pz)1ŝ2pz sin(2pz)2e;1 depending on the
spatial localization of the mode~discussed below!. For the
tokamak edge whereen is small, the quadratic term on th
right side of the equation is a rapidly decreasing function
en so that the long wavelength instability condition effe
tively becomes a condition onen , i.e., Eq.~22! is satisfied
for sufficiently largeen . We note that a similar long wave
length limit was derived in Ref. 22.

It is well known that the sound wave can localize coreh i

modes in local regions of bad curvature23 and the localiza-
tion is even stronger in the plasma edge. The localization
the long wavelength modes arises from the variation of
curvaturevce with z, which can trap the modes. Forŝ.0.5
the curvature has a minimum atz50 and peaks at a locatio
z0 given by the transcendental equation tan(z0 /qR)5@ŝ/(1
2ŝ)#z0 /qR. For ŝ51.0,z050.25, corresponding to a poloida
angle ofp/2. Expansion of Eq.~17! around either of these
locations yields the standard Weber equation, which can
solved for bounded eigenmodes and the associated eige
ues. The eigenvalue of the lowest order mode is given by
local dispersion relation in Eq.~18! evaluated either atz
50 or at z0, the correction due to nonlocality being sma
The widthD of the lowest order mode in both cases is giv
by

D

qR
;S 1

kyrsq
D 1/2S Lp

R D 1/8

. ~23!

The modes remain localized for wave vectors down to
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k'rs;
1

qS Lp

R D 1/4

. ~24!

In the edge the pressure scale length is of order 2 cm w
q;3 so forR;180 cm, the modes remain localized down
k'rs;0.1. There are also typically a substantial number
higher harmonics with growth rates comparable to the low
order mode. This is again a consequence of the short p
sure scale length in the edge region which effectively we
ens the tendency of sound waves to disperse the modes
allel to the magnetic field. Thus, above threshold a rat
broad spectrum of long wavelength modes can have a st
ballooning character in the plasma edge.

We now present the results of a more complete anal
of the linear stability of Eqs.~1!–~5!. We again neglect elec
tron temperature fluctuationsTe but include the parallel ion
dynamics. Only modes withkx50 are retained. This corre
sponds to solutions with no radial variation on the outside
the torus atz50 ~see Ref. 4 for a detailed description of th
field-aligned flux-tube coordinates!. The eigenvalue calcula
tions are performed in the range of typical plasma edge
rametersad;1, en;0.05,h i;1, ŝ51, andev;0.005. Note
that the shorter scale lengths in the edge causeen andev to
have much smaller values than in the plasma core. The
merical results support the discussion of the simple disp
sion relation in Eq.~14! and the solution of theh i equation
in Eq. ~17!. First, the resistive ballooning and the curvatu
drivenh i mode can appear as distinct roots at comparablek'

but with significantly different scale lengths along the ma
netic field. Second, theh i mode has multiple roots whos
growth rates are essentially independent of the plasma r
tivity. Third, the ion pressure gradient strongly enhances
resistive ballooning mode.

In Fig. 1 we show the growth rateg versusky for vari-
ous parameters. The lower solid curve in Fig. 1~a! is the
resistive ballooning mode root forh i50.5, which is the only
unstable mode for these parameters. The upper solid
dashed curves in Fig. 1~a! illustrate the spectrum of unstab
modes forh i53. For this value ofh i there are a large num
ber of roots with comparable growth rates. At highk these
are toroidalh i modes localized aroundz50. In the limit
ev50 the growth rates reduce to the local solution of t
dispersion relation in Eq.~18!. The peak in the solid curve a
long wavelength corresponds to the resistive balloon
mode, with a growth rate which is enhanced by the incre
in h i . It is significantly less adiabatic than the other roots
Fig. 1~a!. The resistive ballooning mode appears as disti
root only fork'L,1.5 and then crosses over to anh i root at
higher values ofk' . We were unable to find a continuatio
of the resistive ballooning mode above this value ofk' . An
important point to note is that in this parameter regime
resistive ballooning mode andh i modes can exist simulta
neously at long wavelengths. Their spatial variations in thz
direction differ substantially. Theh i mode wave functions
exhibit rapid oscillations (]/]z large! which enables the
electrons to be adiabatic while the resistive ballooning m
with a weakerz variation retains its nonadiabatic charact
This can be seen in Fig. 1~b!, which shows the eigenfunc
tions of the pressure perturbation for the two types of mod
th
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The solid and dashed curves represent the eigenfunct
corresponding to the uppermost solid and dashed curve
Fig. 1~a! at ky50.7. The nonadiabatic component~not
shown! of the h i mode~dashed curve! is over one hundred
times smaller than that of the resistive ballooning mo
~solid curve!.

The behavior of the transition from the resistive balloo

FIG. 1. The linear growth rateg versusky : ~a! ad50.5, en50.05, ev
50.005,h i50.5 ~lower solid line!, h i53 ~upper solid and dashed lines!;
~b! pressure eigenfunctions corresponding to uppermost solid and da
lines in ~a! at ky50.7; ~c! en50.01, h i53, ev50.0, ad50 ~solid!, ad

50.25 ~dotted!, ad50.5 ~dashed!; ~d! en50.3, h i53, ev50.005, ad50
~solid!, ad50.5 ~dashed!, andad51.5 ~dot-dashed!; ~e! en50.3, ad51.5,
ev50.005,h i55.0 ~upper curves!, andh i53.0 ~lower curves!.
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ing to theh i mode with increasing diamagnetic parameterad

depends critically on whether the long wavelength condit
for theh i instability given in Eq.~22! is satisfied. When this
condition is not satisfied~for small en , t, andh i), the resis-
tive ballooning mode spectrum is stabilized by diamagne
effects. This is shown in Fig. 1~c! where the growth rate o
resistive ballooning modes is plotted for several values ofad

with en50.01 andh i53.0 ~see also Ref. 14!.
On the other hand, when the long wavelength instabi

threshold for theh i mode is satisfied andad is increased, the
growth rate of long wavelength resistive ballooning mod
also increases. The modes become increasingly adiabatic
the wavefunctions become spatially localized aroundz
50.25. Eventually, the growth rate converges on the va
calculated from the localh i mode dispersion relation in Eq
~18!, independent of the resistivity. In effect, the resisti
ballooning mode no longer exists and is replaced by theh i

mode. This transition is shown in Fig. 1~d!. The growth rate
is shown for ad50.0 ~solid!, ad50.5 ~dashed!, and ad

51.5 ~dot-dashed! with en50.3 andh i53.0.
Finally, the h i mode regime is illustrated in Fig. 1~e!,

where we plot the growth rate of the lowest order modes a
function ofkrs , rs being the more natural scale length of t
instability in this limit, for h i53,5 with ad51.5, en50.3
and other parameters as in Fig. 1~a!. At each value ofh i two
roots are shown. At long wavelength the most unstable r
corresponds to anh i mode localized aroundz50.25 and the
other root to the mode localized aroundz50 ~corresponding
to the analytic solutions discussed earlier!. The growth rates
are accurately given by the local solutions of the dispers
relation in Eq.~18!. Thus, the unstable modes are essentia
adiabatic and therefore insensitive to the plasma resistiv
At short wavelength both roots are localized aroundz50
and are again accurately given by the local dispersion r
tion evaluated at this location, the difference between
two eigenvalues arising because the dashed curve c
sponds to a higher order eigenmode. Increasingh i strongly
enhances the growth rate of the instability consistent w
Eq. ~18!.

Since resistive ballooning andh i mode turbulence can
exist simultaneously, an important issue is the relative
portance of the two as transport mechanisms. Forh i small
only the resistive ballooning mode is unstable. Forad large
the resistive ballooning mode is stabilized by electron a
ion diamagnetic effects and based on linear theory theh i

mode must dominate the transport~the relative importance o
the nonlinear instability4,11–13will be discussed later!.

In the regime where both modes are unstable their p
growth rates are comparable@g;1/t0;cs /(RLp)1/2#. Trans-
port is, however, not necessarily dominated by the m
with the largest growth rate. In the case of the resistive b
looning turbulence, transport is dominated by the longest
stable modes which remain strongly ballooning, i.e., mo
with the resistive scale lengthsL' in Eq. ~6!.3,4 Thus,

D';L'
2 /t0;~2pq!2re

2nei

R

Lp
. ~25!

The transport from theh i mode is more complex. When th
n
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long wavelength instability criterion in Eq.~22! is not satis-
fied, the turbulence has a characteristic scale length give
r i @see Eq.~20!#. The simple mixing length estimateD'

;r i
2/t0 implies thath i transport will dominate that of resis

tive ballooning modes when

rs
2

L'
2

5enad
2~11t!2.1. ~26!

When the condition in Eq.~22! for the instability of long
wavelength modes is satisfied, transport by theh i mode is
dominated by longer scales. A reasonable hypothesis is
as in the case of resistive ballooning, transport is domina
by the longest wavelength modes which remain strongly b
looning. This ballooning condition is given in Eq.~24!.
Combining this characteristic scale length with the line
growth rate of long wavelength modes in Eq.~18! yields the
transport rate

D';
csrs

2

~LpR!1/2S q4R

Lp
D 1/4

. ~27!

The first factor in this expression corresponds to the us
scaling for transport based onh i modes with transverse
scalesr i and growth ratescs /(LpR)1/2.2 The enhancemen
factor (q4R/Lp)1/4 arises from the shift to long wavelengt
given in Eq.~24!. Again, comparing this diffusion rate with
that from resistive ballooning, the transport due toh i modes
will dominate when

rs
2

L'
2

.
1

qS Lp

R D 1/4

. ~28!

This condition is typically satisfied when the long wav
length threshold forh i modes is also satisfied. In this regim
therefore, transport byh i driven turbulence will dominate
that due to resistive ballooning modes.

IV. RESULTS FROM NONLINEAR SIMULATIONS

We now proceed to study the transition between
various instability regimes with simulations using the co
plete set of nonlinear Eqs.~1!–~5!. Due to the different scale
lengths of the turbulence the box size is varied from 16L'

316L'33Lz in the nonlinearly driven regime up to 45L'

345L'33Lz for some runs in theh i mode regime. The
numerical algorithms, including the viscosities, are describ
in detail in Refs. 4, 21.

In the low ad (ad;0.5) resistive ballooning regime th
ratio rs /L' is always small@see Eq.~9!# for the small values
of en typical for the plasma edge. For larger values ofen ,
however, long wavelength modes are unstable@see Eq.~22!#
and theh i mode can also be important in this regime. Wi
the exception of this special case, the nonlinear simulati
confirm that the resistive ballooning mode dominates
transport. The change compared to the cold ion limit3,4 de-
pends on the relative strength of two competing effects:
additional drive due toh i versus the stabilization due to th
ion diamagnetic drift.



b
e
it
t

f

tro
un

e
ur
f

x
ve

s

is
by
io
th

r
he

i
hi
/

du
et
bl
w

i
-

on

on
ay

of
sed

ts
e
hite

uts

1
9
8
7
6
5

2660 Phys. Plasmas, Vol. 5, No. 7, July 1998 Zeiler et al.
In the high-ad (ad.1) regime, however, theh i mode
can become important for the smallen typical of the plasma
edge. In this regime the resistive ballooning mode is sta
and in the absence of ion thermal effects the turbulenc
sustained by a nonlinear instability, which is strong when
characteristic scale length, which is typically comparable
L' , is greater thanrs .4,11,12,21For finite ion temperature we
show in Table I the transport rates forad51.25, h i52.5,
and a range of values ofen , corresponding to a variation o
the ratiors /L' @see Eq.~9!#. For en50.085 (rs;L') the
ion heat flux is large and dominates the particle and elec
thermal flux, demonstrating the adiabatic nature of the
derlying turbulence and the dominance of theh i mode insta-
bility. The transport exhibits a large inside/outside asymm
try caused by the ballooning character of the curvat
driven mode. For the parameters of this run, the threshold
the instability of long wavelength modes in Eq.~22! is sat-
isfied. Reducingen to 0.06 strongly reduces the ion heat flu
which is a consequence of the stabilization of long wa
length modes@Eq. ~22! is no longer satisfied#. The transport
rates decrease further untilen.0.05. At this point the tran-
sition to nonlinearly driven turbulence occurs, with the tran
port rates steadily increasing with further reductions inen .
The inside/outside asymmetry is now absent, a character
feature of the nonlinear instability, since it is not driven
the unfavorable curvature. The particle and energy diffus
coefficients are of the same order, which is evidence for
nonadiabatic nature of the drive mechanism.

In Fig. 2 we show plots ofTi in the plane perpendicula
to the magnetic field at the low and high field sides of t
torus. Whereas at lowen , high ad ~nonlinear instability!, no
significant difference in the structure of the turbulence
observed between the inside and outside midplane, the
en , high-ad regime (h i instability! exhibits a strong inside
outside asymmetry. The mode is localized on the outside
the torus, which leads to a twisted structure on the inside
to the high parallel conductivity along the sheared magn
field. The different scale size of the turbulence is also visi
in the fluctuation spectrum of the ion temperature, which
show in Fig. 3 for the nonlinearly driven turbulence (en

50.01) and theh i mode turbulence (en50.085). Note the
presence of large amplitude, long wavelength modes w
finite kx , especially in theh i mode regime. These corre
spond to poloidal sheared flows (ky50), which play a sig-
nificant role in the saturation of the turbulence.1

TABLE I. Turbulent transport fora51.25, t51, h i52.5, and different

values ofen . Other parameters areŝ51, he51, k i50.05,ev50.005, and
e50.2. The transport rates are time-averaged and measured on the o
of the torus (z50,61) and on the inside of the torus (z560.5).

^nv r& ^Tiv r& ^Tev r&
en rs /L' Out In Out In Out In

0.085 0.73 0.082 0.017 0.57 0.1 0.039 0.02
0.075 0.68 0.066 0.015 0.4 0.07 0.037 0.01
0.06 0.61 0.055 0.015 0.26 0.07 0.036 0.01
0.05 0.56 0.014 0.005 0.06 0.03 0.008 0.00
0.02 0.35 0.013 0.006 0.047 0.024 0.012 0.00
0.01 0.25 0.052 0.035 0.16 0.11 0.07 0.05
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Finally, in Fig. 4 we show the flux-surface averaged i
thermal fluxGT5^Tivx& versus time in theh i regime~cor-
responding toen50.085 in Table I! and the time averaged
flux versusz. The dotted lines indicate the standard deviati
due to the time variation of the system. The flux peaks aw
from z50 as expected from the off-midplane localization
the long wavelength component of the spectrum discus
previously.

FIG. 2. The structure ofTi at the inside and outside midplane. The plo
show poloidal cross-sections (x-y plane! after saturation, the poloidal angl
increasing upwards, and the ambient gradients pointing to the left. W
indicates high and black low temperature. Plots~a! and ~b! were obtained
with ad51.25, en50.01, h i52.5, and the box size 16L'316L'33Lz ,
plots ~c! and ~d! with ad51.25, en50.075, h i52.5, and the box size
32L'332L'33Lz .

FIG. 3. Time averaged spectra of the ion temperature inkx ~solid! and ky

~dotted! for ad51.25,h i52.5, anden50.01 ~a!, en50.085~b!.
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Investigations ofh i driven turbulence in the plasma co
have been largely carried out in the adiabatic regime wh
the equations are independent of resistivity or electron L
dau dissipation. An important question in the present mo
is whether the resistivity@specifically the parallel electron
diffusion rate as given in Eq.~10!#, which enters the equa
tions through the parameterad , alters the basic scale length
of the turbulence. To test this, we have carried out simu
tions for two different values ofad ~1.25 and 1.75! with all
other parameters the same. In Fig. 5 we show the transv
correlation functions of the ion temperature at the outside
the torus for the two different runs. The space scales h
been normalized tors because in our normalizationad also
changes the value ofrs , which is a fundamental scale leng
in h i driven turbulence. The correlation functions for the
two values ofad have basically the same scale lengths wh
normalized to the value ofrs ~which differs by a factor of
1.4 between the two simulations!. The underlying turbulence

FIG. 4. ~a! Flux-surface averaged ion heat fluxGT5^Tivx& as a function of
time t for a51.25, en50.085, andh i52.5. To obtain the heat flux in
dimensional units,GT needs to be multiplied by (L'

2 /t0)3(Ti0 /Ln). ~b!
Time averaged thermal flux versusz for the same run. The time average
taken over the interval 200<t<700. The outside of the torus is located
z50 and the inside atz50.5. The dotted lines indicate the standard dev
tion due to the time variation of the system.

FIG. 5. The correlation function ofTi in the poloidal plane forh i driven
turbulence in the region of bad curvature for~a! ad51.25,~b! ad51.75 and
all other parameters identical. The space scales are normalized tors .
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in the h i regime is, therefore, basically insensitive to t
parallel electron dissipation.

In previous simulations ofh i driven turbulence,1 it was
found that poloidal sheared flow was self-generated dur
the growth of the turbulence and played a fundamental r
in controlling the rate of the ion energy transport, the tra
port differing by a factor of 10 with and without the poloida
sheared flow. We have similarly found that the se
generated poloidal flows play an important role in the sa
ration of the turbulence in regions where the ion diamagn
drifts are large and specifically in the regime where theh i

mode drives the turbulence. These poloidal flows are ge
ated by a Kelvin-Helmholtz-like instability of the radia
flows associated with ballooning instabilities, strongly e
hanced by the ion diamagnetic drifts.

The anomalous particle diffusion rate in theh i mode
regime remains surprisingly large, of the order of 20% – 30
of the ion energy diffusion rate with a weak variation wi
the plasma collisionality. The linearly unstable eigenmod
in theh i regime are dominantly adiabatic, since they are w
localized along the magnetic field in the region of bad c
vature, as discussed previously in the section on linear
bility. Nevertheless, the eigenmodes have a long para
scale length component. This component of the eigenmod
not adiabatic and is responsible for driving the particle tra
port. Consistent with this picture, the time dependence of
particle transport tracks the details of the time dependenc
the ion energy transport very accurately, as would be
pected from the nonadiabatic component of the linear eig
mode.

To more easily visualize the regions where the three
mary instabilities dominate, in Fig. 6 we present a diagr
of the ad2en parameter space forh i.2.5. In the region
ad,0.75 anden small the resistive ballooning mode dom
nates the transport. Forad.1 but en&0.05 the nonlinear
instability dominates and finally forad.1 anden*0.1 the
h i mode dominates.

V. CONCLUSIONS

In the low b limit being studied in this paper, there ar
three dominant instabilities which play an important role
the plasma edge region: the resistive ballooning mode
nonlinear drift-wave instability, and theh i instability. The

-

FIG. 6. The parameter space indicating the regions where the various i
bilities dominate the turbulence and transport.
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region where each instability dominates depends on the
rameters, but the resistive ballooning mode typically dom
nates in the lowest temperature region, the nonlinear in
bility dominates at intermediate temperatures, and theh i

mode is important at higher temperatures where the grad
scale lengths are greater. Consistent with previ
results,3,4,14,21we find that plasma edge turbulence has t
distinct scale lengths: a resistive scale lengthL' defined in
Eq. ~6! and the conventional gyro scale lengthrs . The tur-
bulence also has two distinct time scales: the growth time
the ideal ballooning modet05(LnR)1/2/cs , which character-
izes the resistive ballooning and theh i modes; and a time
based on the diamagnetic frequency of the resistive s
lengthL' . The ratio of these two times,

ad5
rscst0

~11t!LnL'

, ~29!

measures the strength of the diamagnetic drifts in the pla
edge and can also be considered a measure of the edge
lisionality. A second important parameter,

en5
2Ln

R
, ~30!

controls the effective compressibility, including the electr
parallel conductivity, the strength of the ion sound wav
and the perpendicular compressibility. An important diffe
ence between turbulence in the edge compared to the co
the size of this parameter. It is much smaller in the edge t
in the core because the edge pressure scale lengths are
on the order of a few centimeters while in the core they
comparable to the minor radiusa. Additional parameters
which, in particular, affect the stability of theh i mode areh i

and the ion to electron temperature ratiot. For completeness
it should be noted that in addition to these parameters
magnetic shearŝ plays a significant role in determining th
growth rate of theh i mode.24

Before discussing how these parameters specifically c
trol turbulence in the edge, we show in Fig. 7 two repres
tative profiles of edge density and temperature with the c
responding profiles ofh i , ad , en , andrs /L' . The density
profiles are tanh-shaped and we choose parameters cons
with those measured in present day tokamaks~see, for ex-
ample, Refs. 25, 26!. The plots are for a deuterium plasm
with Ti /Te5t51, B52.5 T, R51.65 m,qa54, andZe f f

52.5. The temperature profiles in the two cases are cho
such thath i decreases fromh i52.5 at the inner edge of th
domain towardsh i51 at the outermost plasma edge. T
density in the second set of plots has been increased
factor of 3 and the temperatures have been decreased
factor of 1.5. The parameterad increases with increasin
temperature and then falls off as the gradients flatten
The parameteren increases from a small value to a relative
large value as the gradients flatten and the correspon
scale lengths increase. For profiles that do not become fl
in the core region,ad increases monotonically, anden in-
creases much less rapidly. The main effect of the increa
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density is to reducead , thus reducing the strength of th
diamagnetic drifts, and to increase the scale lengthL' and
therefore reduce the ratiors /L' .

Resistive ballooning modes typically remain strong f
ad,0.75, depending on the actual values oft andh i . The
characteristic transverse scale length of the turbulence in
case is several times the resistive scale lengthL' with the
parallel correlation length scaling likepqR. In the case of
the low density profile the resistive ballooning mode is lim
ited to a very small region on the outside edge of the plas
The inner edge of the resistive ballooning region is deno
by a vertical dotted line in the plots in Fig. 7. In the hig
density case the resistive ballooning turbulence exte
much further into the region of high temperature.

Conventional drift waves are stable in plasma with
sheared magnetic field. Nevertheless, turbulence is non
early sustained even in the absence of a linear instabilit
the parallel electron diffusion rate is not too large4,11,12and if
the transport from the resistive ballooning modes does
overpower that of the drift waves. The later condition typ
cally requiresad.0.75 while the former requiresrs /L'

,0.5. The turbulence in this case again has a transv
scale length which depends on the resistivity and a para
correlation length which typically exceedspqR. In the low
density profile in Fig. 7 the nonlinear drift-wave regime lie

FIG. 7. Parameters and transport in a tanh-shaped profile. The profilen
~solid!, andTe ,Ti ~dashed! is shown in~a! and~e!; the other parameters ar
R5165 cm,B52.5 T, qa54, mi /mH52, Ze f f52.5. The resulting values
for h i andad ~solid! anden ~dashed! are plotted in Figs.~b!, ~f! and~c!, ~g!,
which yields the ratiors /L' @Figs. ~d!, ~h!#.
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between the vertical dotted and dashed lines. The nonlin
drift wave is stabilized by high parallel electron conductiv
on the left boundary and is overpowered by the resis
ballooning mode on the right boundary. In the higher dens
profile wheread is smaller, there is no region where th
nonlinear instability plays a significant role since the res
tive ballooning mode is too strong.

The h i mode can be unstable in the plasma edge. Ho
ever, it remains rather weak because the characteristic s
lengths of the turbulence are of orderr i unlessen is suffi-
ciently large to destabilize long wavelength perturbatio
The threshold condition for long wavelength modes is giv
in Eq. ~22!. For t51 andh i52.5 this threshold is exceede
for en*0.07. Above this threshold the characteristic sc
length of theh i driven turbulence substantially exceedsrs .
The characteristic parallel correlation length of the turb
lence in this case is also of orderpqR. In the low density
case in Fig. 7 theh i turbulence dominates the transport to t
left of the vertical dashed line. The turbulence remains re
tively weak until the long wavelength threshold is exceed
The transport rate then increases dramatically. In the hig
density case theh i mode is again dominant to the left of th
vertical dashed line. The transition, however, occurs clos
the region where long wavelength disturbances are unsta

In the low density example in Fig.~7! there is a mini-
mum in the transport rate as a function of radius in the reg
between the nonlinear drift-wave instability and theh i mode.
This is because theh i mode is only weakly unstable becau
long wavelength modes remain stable at smallen and be-
causeen andad are sufficiently large to weaken the nonlin
ear instability. This minimum in the transport rate can
seen most clearly in the data shown in Table I, where
transport rate from a sequence of runs is shown with fi
ad51.25 and varyingen . The profiles shown in the Fig. 7
are, of course, not consistent with the calculated trans
rates. The conclusion to be drawn from this minimum is t
if the energy flux is to remain independent of radius, th
must be a sharp jump in the ion pressure gradient so thaen

jumps from a relatively large value to a small value. Th
corresponds to a pedestal in the ion pressure profile.

Finally, we comment briefly on the role of the develo
ment of sheared poloidal flows and particle transport in
regime where theh i mode dominates the transport. Cons
tent with earlier simulations,1 we find that the self-generate
poloidal flows have a strong impact on the saturation of
turbulence in this regime. Elimination of the poloidal flow
leads to a dramatic increase in the rates of transport.
separate paper we discuss in more detail the mechanism
the generation of these flows.

The particle transport remains surprisingly large in t
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regime where theh i driven turbulence dominates, the pa
ticle transport being on the order of 20% – 30% of the i
energy transport. The electron heat transport is substant
smaller. The particle transport arises from the long para
wavelength of the spectrum of turbulence. This long para
wavelength component of the spectrum is a part of the st
ture of the linear eigenmode. The particle transport will a
be discussed more fully in a separate publication.
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