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Profile consistency is a long-standing mystery of transport in thermonuclear fusion plasmas. This
phenomenon is critically tested by studying the system response to off-axis fueling or heating. The
present paper investigates the potential of a recently proposed probabilistic transport model to
simulate this phenomenon, and it is found that most of the observed phenomenology can be
reproduced, at least qualitatively. In particular, the observed differences between tokamaks and
stellarators under off-axis heating may find an explanation in this framework. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1763915#

I. INTRODUCTION

Transport in fusion plasmas is a complex and partially
unresolved issue. Diffusive transport models are reasonably
effective in modeling and predicting some transport phenom-
ena, but fail consistently in modeling specific ‘‘strange phe-
nomena.’’ These include rapidly propagating perturbations
and ‘‘nonlocal’’ behavior in which the system responds glo-
bally to local changes in the driving term1–7 and ‘‘uphill’’
transport ~i.e., transport in the direction of the driving
gradient!.8–15 The latter phenomenon is seen most clearly in
experiments where off-axis fueling was applied to the sys-
tem, resulting in unexpected on-axis peaking of the profiles.

This striking phenomenon, subject of this paper, is re-
lated to the fact that~temperature or density! profiles have a
tendency to adopt the same shape, regardless of the applied
fueling or heating method. This feature is known as ‘‘profile
consistency.’’16 Historically, a partial explanation of this fact
was provided by the concept of critical gradients. It is as-
sumed that the local gradient is controlled by some instabil-
ity, which is triggered when the gradient exceeds a critical
value, and so brings it back to below critical.17 Thus, the
average gradient would take on a marginal value, just below
critical. However, marginality by itself does not provide an
understanding of the dynamical behavior of plasmas. Even
so, recently there have been important experimental studies
that confirm the existence of critical gradients.8,18,19The in-
corporation of a critical gradient in any reasonable transport
model seems therefore well justified from an experimental
point of view.

Profile consistency is tested in a critical way by applying
off-axis fueling or heating to the plasmas. A brief review of
experimental studies is given in Ref. 20 and, more recently,
in Ref. 8. It was found that generally, profiles in tokamaks
were rather peaked in the center with off-axis heating, which
~in the traditional interpretation! would imply very low trans-
port in the center. A particularly striking example of this

unexpected response to off-axis heating is reported in Ref.
12. In it, convincing arguments are given that the peaking of
the profile is incompatible with diffusive models, even per-
mitting such models to be nonlinear. Thus, diffusive models,
based on the~standard Gaussian! random walk hypothesis,
may be missing an essential part of the dynamics.

While tokamaks often behave in the manner described
above, stellarators were mostly found to behave
differently.21,22 The stellarator Wendelstein 7–Advanced
Stellarator@W7-AS ~Ref. 23!# was found to respond in a
‘‘classical’’ manner to off-axis heating, namely, by establish-
ing nearly flat central profiles. This apparent contradiction
between tokamaks and stellarators has led to the claim that
transport in stellarators is nearly neoclassical~in the core!, in
contrast with the tokamak situation; however, a univocal ex-
planation of why this difference should arise has not been
forthcoming. It has not been possible to generate both types
of behavior in a single model.

In a previous paper,24 we have proposed a generalization
of the standard diffusive model. This description may pro-
vide a useful framework for the understanding of a range of
unusual phenomena such as described above. The model
only describes the evolution of a single scalar quantity. How-
ever, it is useful in exploring some of the potential of this
approach. Here, we will apply the model to the problem of
profile consistency.

The rest of the paper is organized as follows. In Sec. II
the generalized transport model is presented briefly. In Sec.
III some salient results are presented that illustrate the be-
havior of the system in relation with the issues of profile
consistency and uphill transport. In Sec. IV these results are
compared to experimental observations from fusion plasma
experiments. Finally, in Sec. V some conclusions are drawn.

II. TRANSPORT MODEL

The elements of the transport model proposed in Ref. 24
are the following. First, the usual Brownian particle motion

PHYSICS OF PLASMAS VOLUME 11, NUMBER 8 AUGUST 2004

37871070-664X/2004/11(8)/3787/8/$22.00 © 2004 American Institute of Physics

Downloaded 27 Jul 2004 to 130.206.11.122. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp

http://dx.doi.org/10.1063/1.1763915


~which underlies standard diffusive transport! is generalized.
While Brownian motion is based on Gaussian particle step
probability functions, here Le´vy distributions are used in-
stead. The Le´vy distributions form a class of distributions
that include the Gaussian distribution as a special case. The
proposed transport model is therefore a generalization of the
usual diffusive model, and reverts to it when the Le´vy dis-
tributions are restricted to Gaussians. While Gaussian distri-
butions decay exponentially, the~non-Gaussian! Lévy distri-
butions decay algebraically which implies that~1!
information may communicate over long distances and~2!
the confinement time will be proportional to some power of
the system size~not necessarily quadratic, as would be the
case with Gaussian distributions!. As was shown, the latter
might lead to an understanding of the emergence of Bohm
scaling. Second, the probability distributions that describe
transport locally are allowed to depend on the local system
parameters~in particular, on the local gradient!. This ingre-
dient was shown to produce a degradation of confinement
with increasing source rate, similar to what occurs in fusion
plasmas.

There are indications from experiment25 and numerical
turbulence models26 that Lévy distributions do play a role in
transport in fusion plasmas~see Sec. IV!. The anomalous
scaling of the global confinement time with system size may
also point in this direction, as discussed in Ref. 24. The
current paper will provide a further argument that Le´vy dis-
tributions are perhaps fundamental in transport modeling.

According to one important line of thought,27–29 when
an instability is triggered locally due to a rising density/
pressure gradient~e.g., at a particular resonance surface!, it
will flatten the density/pressure profile there, thus modifying
the gradient in nearby surfaces, which then in turn may be-
come unstable so that new instabilities are triggered. This
process can repeat itself and affect many resonant surfaces.
Thus, any excess density/pressure deposited at the core may
be transported to the edge of the system. The described pro-
cess has the characteristic properties of an avalanche, in the
sense that propagation is possible both up and down the gra-
dient. Particles participating in such an avalanche have a
non-negligible probability of traveling a long radial distance.
Another potential mechanism that may generate long radial
excursions in plasmas is the existence of streamers in turbu-
lence. In relevant three-dimensional turbulence simulations,
the mentioned avalanches have indeed been observed26 and
particle tracking methods yield corresponding probability
distribution functions with algebraic decays.

The important point here is that a distribution of ava-
lanches or transport events in which long-range events are
important~typically, following a power law, as observed in
the above-mentioned simulations! might be adequately cap-
tured by Lévy statistics~characterized likewise by a power-
law decay!. Hence one can understand the motivation of our
model ingredients: the critical gradient is necessary to distin-
guish subcritical and~super! critical transport; the Le´vy dis-
tributions are required to capture the long-range character of
the transport events in the critical situation. While admitting
that this may be a simplification of the true state of events,

apparently this simplification permits capturing the main
characteristics of transport adequately.

As was shown in Ref. 24, the model, despite its simplic-
ity ~it describes the time evolution of only a single field, and
it has only two essential ingredients, i.e., a mixture of Le´vy
and Gaussian probability distributions and a critical gradi-
ent!, possesses a high degree of explicative power. The
model leads to stiff profiles~profile consistency!, produces
scaling of the confinement time with system size similar to
the gyro-Bohm/Bohm scaling observed in fusion plasmas,
displays confinement degradation, and produces rapidly
propagating perturbations~much faster than typical diffusive
time scales!, all in qualitative accordance with experimental
observations in fusion plasmas. In the present paper, we will
demonstrate that it may also provide an understanding of the
phenomenon of uphill transport.

For reference, recall that usual diffusive transport is de-
scribed by an equation of this type:

]n~x,t !

]t
5S s2

tD
D ]2n~x,t !

]x2 1S~x!, ~1!

whereD5s2/tD is the diffusion coefficient. This equation
may be enhanced by incorporating convective terms and
coupling to other fields, and the coefficients appearing in the
equation may be taken to depend on both space and time
~although if the coefficients are allowed to depend explicitly
on time, the predictive power of this model is reduced con-
siderably of course!. The model describes the evolution of
only one fieldn, while in plasmas several fields may play a
role ~e.g., the electron and ion densities and temperaturesne ,
Te , ni , Ti). The generic fieldn should be understood as a
template for any of the cited fields.

The generalization of this model is the~generalized!
master equation24

]n~x,t !

]t
5S~x!2

n~x,t !

tD~x!
1E

0

1

dx8p~x2x8,x8;t !
n~x8,t !

tD~x8!
,

~2!

wherep is the particle step probability distribution function
~pdf!. The domain of the model is 0<x<1. In this paper we
will investigate to what extent this generalized model is ca-
pable of reproducing the uphill transport phenomenon, which
has been so difficult to explain using Eq.~1!, even when
many enhancements of the latter have been incorporated
~i.e., convective terms, nonlinear parameter dependencies,
and cross-field couplings!.

As in Ref. 24, the critical gradient behavior is modeled
by choosingp to be composed of two pdfs, one Gaussian and
another Cauchy, combined in such a way that the~Gaussian,
slow! diffusive transport channel is active only when the
local density gradient is less than the critical value, while the
~Cauchy, rapid! anomalous channel takes over control of the
local transport when the threshold is overcome:
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pS x2x8;
dn

dx
~x8;t ! D5z~x8,t !Psym~x2x8,1,s1!

1@12z~x8,t !#Psym~x2x8,2,s2!.

~3!

Psym(x,a,s) is the symmetric a-stable Lévy dis-
tribution defined in Ref. 24;Psym(x,1,s)5s/@p(s21x2)#
being a Cauchy distribution and Psym(x,2,s)
5exp@2x2/4s2#/2sAp a Gaussian distribution. Here we
have defined

z~x8,t !5QFUdn

dx
~x8,t !U2S dn

dxD
crit

G . ~4!

SinceQ(x) is the usual Heaviside step function,z(x8,t)
can be either one or zero, depending on the value of the local
density gradient. The model is then completed, for simplic-
ity, by assuming a spatially uniform waiting timetD(x)
5tD , and a constant prescribed source rate profile,S(x). As
in Ref. 24, we set tD51, s150.04, s250.02, and
(]n/]x)crit550, unless otherwise specified.

III. NUMERICAL RESULTS

A. Off-axis fueling

For reference, we show the response of the system in the
absence of critical gradients and Le´vy distributions. Then,
the system is described by a standard diffusive model@cf. Eq.
~1!#. We sets50.02 andtD51, and the source function for
off-axis fueling is S(x)5S0/2„exp@2(x20.3)2/2w2#/A2pw
1exp@2(x20.7)2/2w2#/A2pw…, with S050.2 and w
50.025. The boundary condition is given by the requirement
that the total flux crossing the boundary must be equal to the
integrated source rate. The resulting profile is shown in Fig.
1. Inspecting Eq.~1!, we see that, in steady state (]n/]t
50), the profile curvature (]2n/]x2) must be zero in regions
whereS(x)50. This is indeed reflected in Fig. 1. Further-
more, in the center, the flux must be zero due to symmetry,
i.e., G(x50.5)50. Since]n/]x5const in the central region
@where S(x)50], it follows that G5D]n/]x50 there.
Therefore, the profilen(x) must be flat in the center~in the
absence of convective terms!.

Next, we activate the critical gradient and the Le´vy dis-
tributions, and let the model evolve dynamically. All profiles
shown are steady-state profiles. Figure 2 shows the response
of the system to central fueling„S(x)5S0 exp@2(x
20.5)2/2w2#/A2pw, with S050.2 andw50.05…. Most of
the gradient is now controlled by self-regulation of the sys-
tem around the critical gradient. The profile is very similar to
the profiles presented in Ref. 24, in which the source used
wasS(x)5constant in the whole system. This demonstrates
the relative insensitivity of the system response to the source
details~profile consistency!.

If we now apply off-axis fueling, we obtain the result
shown in Fig. 3. Here S(x)5S0/2„exp@2(x
20.3)2/2w2#/A2pw1exp@2(x20.7)2/2w2#/A2pw…, with
S050.2 andw50.025 ~the same as before!. Note the stark
difference of the response when compared to the diffusive
situation with identical source profile~Fig. 1!. The most re-
markable features of this result are~1! that the curvature of
the profile is essentially zero even in the regions with finite
S(x) ~because the self-regulating mechanism is dominant!
and ~2! that the profile peaks in the central region, where
S(x)50. The latter is remarkable—for how can a gradient be
maintained in this region, without a central source? Transport
around and outside of the source region is self-organizing
around the critical gradient. The self-organization requires

FIG. 1. Density profilen(x) with off-axis fueling: purely diffusive system.
FIG. 2. Density profilen(x) with on-axis fueling: Generalized master equa-
tion (S050.2).

FIG. 3. Density profilen(x) with off-axis fueling: Generalized master equa-
tion (S050.2).
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that the rapid~supercritical! transport channel, associated
with non-Gaussian Le´vy distributions, is activated at least
part of the time in the peripheral regions. These Le´vy distri-
butions are characterized by the fact that a small but signifi-
cant part of the particles take ‘‘long steps’’ and end up in the
central region. Thus, the central region fills up with particles
originating in the critical region.

When the same experiment is repeated at a lower value
of S0 , the result shown in Fig. 4 is obtained. As was shown
in Ref. 24, at lowerS0 only the periphery of the system is
critical, while the core region is diffusive. In this case, off-
axis fueling indeed leads to a mostly flat~or only slightly
curved! profile in the core region.

To study the transition between the situation of Figs. 3
and 4, we have computed several more cases, varying only
the total fueling rateS0 . Figure 5 shows the density peaking
factor n(0.5)/̂ n& vs S0 . At low values ofS0 , the peaking
factor is small~flat central profile!, and the peaking factor
increases rapidly withS0 until it saturates at a value of about
1.85. The same figure also shows the size of the central sub-
critical region. The pointxc is defined as the value ofx for
which the density gradientu]n/]xu attains the critical value
(]n/]x)crit for the first time, starting from the center atx
50.5. Thus,uxc20.5u is the half width of the central sub-

critical region. When the subcritical region encompasses the
fueling location~at ux20.5u50.2), the profile peaking is low
since fueling is done in a subcritical region, while profile
peaking becomes important as soon as the fueling takes place
in a region that is locally critical.

Equation~2! is linear inS, which means that a multipli-
cation ofS by a factorC leads to a multiplication ofn by the
same factorC, provided the dependency onn inside the
functional specification ofp is adjusted accordingly. In other
words, whenS and (dn/dx)crit are both multiplied byC, the
corresponding steady-state profile isC n(x), and the profile
has the same shape. Thus, the above experiment, in whichS
was lowered by a factor of 4 while (dn/dx)crit was held
constant, is equivalent to an experiment in whichS is kept
constant while (dn/dx)crit is raised by a factor of 4. The
experimentally observed difference in steady-state profiles
with off-axis fueling can thus either be attributed to a differ-
ence in fueling levels~as in the example given! or to a dif-
ferent value of the critical gradient.

The model response to off-axis fueling does not only
depend on the ratio between the fueling rate and the critical
gradient, but also on the ratio of the scales~s! of the diffu-
sive ~Gaussian! to anomalous~Lévy! step size distributions.
To illustrate this behavior, we have increased the diffusive
transport channel by increasings2 . Figure 6 shows the sys-
tem response as a function ofs2 , with off-axis fueling as
above (S050.2). SinceD5s2

2/tD for the diffusive~Gauss-
ian! transport channel, this is equivalent to scanning the dif-
fusion coefficientD while keeping the anomalous transport
parameters@s150.04 and (dn/dx)crit550] constant.

As s2 increases, Gaussian diffusion starts to dominate,
lowering the gradients so that the system becomes more sub-
critical. This is reflected by the gradients ats250.04, which
are mostly well below the critical value~compare with the
profile ats250.02, which exhibits critical values of the gra-
dient in most of the system!, except immediately outside the
fueling position, where the drive is sufficient to maintain a
locally supercritical gradient. The anomalous character of the
system can be seen from the central bulge, which should be
absent in a purely diffusive system~since the sourceS is zero
in the core region!. The bulge is due, of course, to particles
originating in the supercritical zone which take long steps.

FIG. 4. Density profilen(x) with off-axis fueling: Generalized master equa-
tion (S050.05).

FIG. 5. Density peaking factorn(0.5)/̂ n& ~left axis! and half-width size of
the central subcritical regionuxc20.5u ~right axis! vs S0 with off-axis fuel-
ing.

FIG. 6. Density profilen(x) with off-axis fueling as a function of the dif-
fusive transport parameters2 .
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Finally, at s250.06 nearly the whole system appears to be
subcritical or diffusive, and the response to off-axis fueling is
rather similar to that expected from a Gaussian diffusive
model.

B. Interpretation in terms of standard diffusion

A more detailed analysis reveals that the system re-
sponse is fundamentally different from that of any ordinary
diffusive model. The local fluxG(x) is defined through
]G(x)/]x5S(x)2]n/]t, whereG(0.5)50 due to symme-
try. In steady state,]n/]t50, so ifS(x)>0, G(x) is a mono-
tonically increasing function ofx. In Fig. 7 we showG vs
]n/]x for the above three cases~data shown forx>0.5). In
a simple diffusive transport model@given by Eq.~1!# there
should always exist a single-valued relation between the gra-
dient and the flux, since a diffusive model is always local in
nature. It is evident that in none of the cases such a single-
valued relation exists. Furthermore,G does not vanish for
]n/]x50, which is incompatible with Fickian transport.
Thus, no simple diffusive model can reproduce these results
accurately.

Ignoring for the moment the possibility of convective
contributions to transport, the ratioG/(]n/]x) defines an ef-
fective diffusion coefficientDeff . Figure 8 shows this quan-
tity for the cases250.02. Interestingly, the central value of
this effective diffusion coefficient takes on a very small

value, and increases rapidly when crossing the fueling loca-
tion from the center to the edge. Such behavior could easily
be misinterpreted as the existence of an internal transport
barrier.

If we insist in modeling the system diffusively, clearly
more terms are needed in the diffusion equation, e.g.,

]n

]t
5D~x!

]2n

]x2 1v~x!
]n

]x
1S~x! ~5!

@whereD(x)>0 is a diffusion coefficient andv(x) a con-
vective term#. The gradient]n/]x can be obtained in steady
state (]n/]t50) by integrating this equation overx. The
convective termv(x) permits modeling the observed non-
monotonic behavior of]n/]x, but such an analysis does not
yield any insight into the causes of the variations ofv(x), as
explained below. Furthermore, below we will proceed to
show that in this particular parameter scan~in which onlys2

or D was varied!, no single choice ofv(x) can model all
three situations; in other words, the determination ofv(x) in
one case does not provide any predictive information for a
situation with another value ofD.

In Ref. 24 it was shown how the model equation, Eq.
~2!, can be approximated using a Taylor expansion ofn(x,t).
This yields a description involving commonly used transport
coefficients:

]n

]t
'

1

tD
F @m0~x,a,s!21#n2m1~x,a,s!

]n

]x

1
m2~x,a,s!

2

]2n

]x2G1S~x!. ~6!

Here,m2/2 can be identified with the diffusion coefficientD
and 2m1 with the convective velocityv. The coefficients
appearing in this equation can be evaluated as follows:

E
0

1

p~x2x8,x8!dx85m0~x,a,s!,

E
0

1

~x2x8!p~x2x8,x8!dx85m1~x,a,s!,

E
0

1

~x2x8!2p~x2x8,x8!dx85m2~x,a,s!. ~7!

We have computed these coefficients for the three cases of
the scan ofs2 discussed above. Figures 9–11 show the re-
sulting values of these coefficients. Naturally,m2 is observed
to increase globally as a function ofs2 , which just reflects
the fact that by increasings2 , the diffusive transport coeffi-
cient D increases accordingly. On the other hand, bothm0

andm1 show very complex radial behavior. When the system
is mostly critical (s250.02,0.04), m0,1 in the fueling
zones@whereS(x).0], while m0.1 in the core. This re-
flects the net movement of particles from the fueling zone to
the core region.

Even though in this numerical experiment the anomalous
ingredients of the model are not varied, and only the diffu-
sive component of the transport is modified, the convective
term is seen to be very different from one case to the next.

FIG. 7. FluxG(x) with off-axis fueling as a function of the diffusive trans-
port parameters2 . Data shown forx>0.5 only. The vertical dashed line is
the critical gradient.

FIG. 8. The effective diffusive transport parameterDeff for s250.02.
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The reason for this surprising fact is that a convective term is
not a good description of the actual particle motion underly-
ing the model.

IV. DISCUSSION

A. Experimental evidence for the model ingredients

The probabilistic transport model contains two essential
ingredients: Le´vy step probability distributions and a critical
gradient. Direct experimental evidence for Le´vy distributions
is scarce at best,25,30 and more effort should be invested in
their detection~using, e.g., particle tracking methods!. Nu-
merical turbulence simulations do produce such
distributions,26 and more simulations should be checked for
their presence. Even so, we argue that there is ample circum-
stantial evidence that such distributions must be relevant: the
Bohm/gyro-Bohm scaling of confinement,24 nonlocal phe-
nomena in which the system responds globally to local
changes,2–7 and uphill transport~this paper! all fall in this
category.

The concept of critical gradients is widely accepted in
the fusion transport community. Indeed, there is considerable
experimental evidence that the critical parameter that fixes
the consistent temperature profiles in tokamak plasmas is the
gradient scale length, i.e.,LTe

5(¹Te /Te)
21 ~Refs. 8 and

19! or LTi
5(¹Ti /Ti)

21.18 In the framework of the transport

model proposed here, in which transport is controlled com-
pletely by length scales~i.e., the width of the particle step
size distributions!, it is intellectually pleasing that the criti-
cal quantity for transport may also be a length scale (LT) and
not some other quantity~e.g., a gradient!. The appearance of
two length scales as the fundamental parameters of transport
suggests that a dimensionless quantity~e.g.,s/LT) should be
introduced, which we take to be a candidate for a universal
critical parameter for transport.

A comparison of experimental temperature profiles be-
tween many tokamaks has led to the suggestion that the
quantityR/LT may in fact be universal, i.e., take on the same
value in different machines.8 This interesting observation, as
yet not understood, may find its explanation in the frame-
work of the current model. If Le´vy distributions actually do
play an important role in transport, then the effective trans-
port scale lengthseff should be proportional to a power of
the machine size:seff}Ra, with a'1. And if, as suggested
above, the universal critical transport parameter iss/LT ,
then evidentlyR/LT must be approximately constant. Thus,
the reported universality ofR/LT can be understood as an
indication that Le´vy distributions are important.

The current model uses a critical gradient (dn/dx)crit to
control transport. However, according to the cited experi-
mental evidence, the use of a critical gradient scale lengthLn

might be more appropriate. The current model can easily be
adapted to accomodate this idea, which would immediately
result in profile shapes more similar to actual~tokamak! pro-
files, while conserving the essential features of the transport
as discussed here.

B. Off-axis heating experiments in tokamaks

Off-axis fueling experiments of tokamak plasmas mostly
involve heating of the electrons, and measuring the corre-
sponding response of the electron temperature profile.8,20,21

Generally, what is found is that the temperature profile
peaks, which is incompatible with a model such as Eq.~1!.
So, a convective term is added to this model to remedy this
problem. The problem with such a convective term is that it
could not be taken to be present always, since other experi-
ments~e.g., central heating! did not require it. So the ques-
tion became what mechanism activates the convective term

FIG. 11. System response to off-axis fueling as a function of the diffusive
transport parameters2 : Momentm2 .FIG. 9. System response to off-axis fueling as a function of the diffusive

transport parameters2 : Momentm0 .

FIG. 10. System response to off-axis fueling as a function of the diffusive
transport parameters2 : Momentm1 .
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during off-axis heating. No clear answer to this question has
been forthcoming and the mystery has remained unsolved.

The dilemma is nicely illustrated by the careful experi-
ment by Petty and Luce.11,12 They make a very strong case
for important inward transport during off-axis heating, i.e.,
uphill transport—this being very difficult to reconcile with
any diffusive transport model as they so poignantly point out,
even admitting nonlinear parameter dependencies in the
model equations.

However, this result can be understood in the framework
of the current model. All that is needed is to assume that the
plasma around and outside of the heating position is critical,
which is certainly suggested by its conformity with the pro-
file consistency shape. According to the ideas outlined here,
transport outside the heating position would involve Le´vy
distributions, generating large particle steps, which would
allow the profile inside the heating position to fill up, in a
manner similar to the model calculation presented here. Ac-
cording to our model, the rate at which the profile peaks
would be of the order of the confinement time, which is in
agreement with Ref. 12. Also, the region of inward directed
transport would be determined by the heating position~cf.
Fig. 8!, in accordance with observation.11 Thus, we feel jus-
tified to reinterpret their result and conclude that these~and
similar! experiments provide highly suggestive evidence that
Lévy distributions ~and the associated long-range correla-
tions! are actually operative in fusion plasmas.

Futher evidence is provided by the scan in collisionality
neff carried out at the ASDEX upgrade tokamak.31 This scan
is equivalent to the scan ofs2 shown in Fig. 6. The experi-
ment shows a reduction in profile peaking as the diffusive
transport channel is enhanced, similar to what happens in the
model presented here, suggesting the possible relevance of
the model for this experimental situation.

From this study, one may observe that the model given
by Eq. ~2!, simple as it is, produces very complex behavior
when interpreted in terms of a standard diffusion equation
such as Eq.~6!. However, we consider the latter interpreta-
tion to be misleading and obfuscate rather than clarify the
interpretation of the phenomena that are taking place. This is
particularly true because, in the traditional interpretation,
there are no obvious candidates for physical mechanisms that
generate sufficient convection. In the framework of the cur-
rent model, however, all that is needed is a combination of
Lévy step distributions and critical gradients.

C. Off-axis heating experiments in stellarators

Off-axis heating experiments in stellarators have not al-
ways produced the same results as tokamak experiments,
leading mostly to flat central profiles.21,22 Below, we will
discuss the case of the W7-AS stellarator.

According to Ref. 32, the value ofR/LTe
at W7-AS is

above the universal critical value. Note, however, thatR may
not be the best quantifier of the system size. SinceLTe

is a
radial scale length, it seems more natural to usea, the minor
radius, instead ofR. When computinga/LTe

for various ma-
chines as in Ref. 8, W7-AS aligns much better with the to-
kamak data. In any case, it is suggested that W7-AS plasmas

are to some important degree ‘‘subcritical,’’ and profile con-
sistency does indeed not hold generally for W7-AS. This
situation is consistent with the observation that the incremen-
tal electron heat diffusivity is approximately equal to the
power balance heat diffusivity at W7-AS:xe

inc'xe
PB ~Refs.

22 and 20! ~for a definition of these quantities refer to the
cited papers!. Thus, W7-AS would behave mostly as a diffu-
sive system without convective terms~for which xe

inc

5xe
PB), particularly in the core region.
It has been pointed out many times that heat transport in

the W7-AS stellarator does not support a local transport
model,20–22 in the sense of a local electron heat diffusivity
xe(Te ,¹Te). A direct dependence ofxe(r ) on the total heat-
ing powerP(r ) deposited inside the flux surface with radius
r was found to provide the best fit to the experimental data.20

It should be realized that a direct dependence onP(r ) is
equivalent to a direct dependence on the local transport flux
G(r ). An increase ofP(r ), which immediately enhances the
local flux, might activate Le´vy driven transport on turbulent
time scales~‘‘immediately’’ ! in the edge region if at least the
edge region were critical, causing the observed immediate
global reaction of the electron temperature to the variation of
P(r ), over distances much larger than would be expected
from diffusive transport. A further argument in favor of a
critical edge is provided by the simple fact that power deg-
radation is observed.

On the other hand, whenparticle transport is considered,
on-axis profile peaking does occur with off-axis fueling at
W7-AS.13 The particle diffusion coefficientD11'0.2 m2/s is
much smaller than the typical electron heat diffusivityxe

'10 m2/s, implying a smaller typical step size (s2 in our
model! for particle diffusion than for heat diffusion. As seen
from the example presented in Fig. 6, this fact may be related
to the peaking phenomenon.

Thus, we expect that a global description of heat trans-
port in W7-AS requires a diffusive core and a critical edge
region ~although a different situation may apply for particle
transport!. By contrast, typical tokamaks would be critical
over most of their radius, leading to profile shapes in accor-
dance with profile consistency, and leading to a stark dis-
agreement betweenxe

inc and xe
PB : xe

inc being much larger
because of the Le´vy component of transport, which responds
sensitively to power modulations and creates transport over
large distances due to the long-tailed Le´vy distributions.

V. CONCLUSIONS

We have shown that a single model can both produce
on-axis peaking or flattening of the profile when off-axis
heating is applied, depending on the system state. To get
peaking, most of the system must be critical; to get flatten-
ing, at least the core of the system must be subcritical. This
situation is reminiscent of the observed response to off-axis
heating experiments, where tokamaks typically show tem-
perature profile peaking, while stellarators show
flattening,20–22which is consistent with the idea that the sys-
tem size scaling~in L mode! is typically Bohm~tokamak! vs
gyro-Bohm ~stellarator!—since Bohm scaling implies a
higher level of criticality than gyro-Bohm scaling. The
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model clearly suggests that profile consistency need not be a
permanent feature, but may depend on heating~or fueling!
levels, background diffusion and instability thresholds
~which may in turn depend on local plasma parameters!. This
is consistent with actual observations, where profile consis-
tency is absent or can be overcome under certain
conditions.20,33

A fundamental ingredient of the proposed model is the
assumption that radial particle motion may involve non-
Gaussian~Lévy! probability distributions. Although we be-
lieve there is ample circumstantial~and some direct! evi-
dence to support this hypothesis, as stated above, we suggest
more effort should be invested in the direct experimental
verification of this issue.

Furthermore, the qualitative statements we have made
regarding transport in tokamaks and stellarators should of
course be substantiated by quantitative estimations of the
parameters appearing in the transport model. We would like
to suggest that the experimental observations of ‘‘strange’’
phenomena, such as uphill transport, be subjected to a re-
analysis based on these ideas, in order to check to what de-
gree the observed phenomena can be modeled without in-
voking ‘‘pinch’’ or convective terms and without nonlinear
dependencies of the transport coefficients on the plasma pa-
rameters~except of course the nonlinearity appearing due to
the critical gradient!. The transport parameters@s1 , s2 , and
(]n/]x)crit ] may depend onx, but should be taken invariant
in time. We believe the model should be capable of repro-
ducing the gross features of the phenomena. A fine adjust-
ment may require the extension of the model to at least two
fields (n andT) and taking the coupling between those into
account. This problem will be addressed in future work.

The analysis of transport in terms of probability distri-
butions represents somewhat of a paradigm shift with respect
to the usual analysis methods, which are based on determin-
ing diffusion coefficientsD and convection velocitiesv. If
Lévy distributions do indeed play a fundamental role in
plasma transport phenomena, the determination ofD and v
in a system of sizeL ~and with given fueling levels! does not
permit predicting whatD and v will be in a system with
another sizeL8 ~and other fueling levels!.24 Furthermore, in
this paper we have shown that a given experimental situation
in which only the diffusion coefficientD is changed, the
corresponding convective velocityv changes in complex
ways. In other words, the usual transport analyses do not
permit reaching a full understanding of the phenomena or
predicting the behavior of transport in other situations. If
Lévy distributions are important, the only way to obtain
transport parameters that permit predicting the outcome of
future experiments is determining the underlying probability
distributions.
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