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In this work, the radial transport of tracers in an H-mode run in the CUTIE code [A. Thyagaraja
et al., Phys. Plasmas 12, 090907 (2005)] is analyzed globally. Several techniques are applied to the
study of the trajectories performed by the tracers, measuring the degree of self-similarity in the
motion and searching for long range spatial and temporal correlations. The results are compared to
those of an L-mode run [G. Sdnchez Burillo et al., Phys. Plasmas 16, 042319 (2009)] in order to
highlight the changes between L and H. The analysis of self-similarity parameters of the motion
reveals that changes, if any, are slight, although the reliability of the results is limited. Nevertheless,
the study of the mean step size indicates that transport is more local (or rather less global) and the
anomalous diffusion contribution is less dominant. Namely, the variance of the radial distribution of
tracers is smaller in H-mode and the strong asymmetry in the positive/negative steps performed by
the tracers vanishes. © 2010 American Institute of Physics. [doi:10.1063/1.3392290]

I. INTRODUCTION

The analysis of the trajectories of test particles (tracers)
is a powerful tool for characterizing transport in complex
systems, including anomalous transport in tokamaks. In Ref.
1, this technique was used to study radial transport in the
turbulence code CUTIE (Ref. 2) in an L-mode simulation. In
the present work, this study is expanded to an H-mode simu-
lation, and a comparison is made between transport param-
eters in the two plasma states.

The analysis performed here applies the same basic ap-
proach as other works.”™ The novelty here is that CUTIE
provides a full-tokamak simulation of turbulent transport. In
Sec. II, we briefly describe the methods used, in Sec. III we
present the results, and in Sec. IV we provide a discussion
and some conclusions.

II. METHODS
A. The continuous time random walk

Anomalous transport in magnetic confinement devices is
only partly understood. It has been suggested that the anoma-
lous component of radial transport (i.e., the part not pre-
dicted by neoclassical estimates, which is often a significant,
if not dominant, fraction of the total transport) can best be
modeled in the framework of the probabilistic continuous
time random walks'®"" (CTRWs) since long range correla-
tions in both space and time appear to play a significant part.
In a CTRW model, particle motion is described by an alter-
nating succession of (instantaneous) “steps” and “waiting
times,” during which the particle does not move. While the
formalism is quite general, it is common to assume that the
probability distribution functions (pdfs) of steps, p(Ax), and
waiting times, (Ar), are independent.12 A generalized mas-
ter equation (GME) can then be derived for the time evolu-
tion of the particle density.n’14 It is also common to assume
that the mentioned steps and waiting times refer to mesos-
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copic processes, which are the result of the sum of indepen-
dent and random microscopic processes. In this case, the
generalized central limit theorem'® applies so that p(Ax) and
#(Ar) must be stable Lévy distributions. Typically, p(Ax)
will be a symmetric (not necessarily Gaussian) Lévy pdf and
(At) a fully asymmetric (not necessarily exponential) one.
These distributions have a large-scale behavior given by
p(Ax)oc Ax~1= and Y(Ar)<Ar'A where 0<a<2 and
0<pB<1, while the cases a=2 and B=1 are special and
correspond to the Gaussian and exponential distributions, re-
spectively. Subject to the cited assumptions, the GME tends
to a so-called fractional differential equation in the fluid
limit,16’17 and can be identified with the standard diffusion
equation when a=2 and B=1.

Several techniques are available to determine «,f and
H=p/a from particle distributions and trajectories}6 The
determination of these parameters then allows classifying the
transport and deciding whether the effective transport is stan-
dard (diffusive), subdiffusive, or superdiffusive, or some
combination.

B. Simulations using CUTIE

CUTIE is a full-tokamak, quasineutral, two-fluid code in-
corporating electromagnetic turbulence.”'®!" Here, the pa-
rameters are chosen to match the COMPASS-D tokamak
(now operating at Praguezo). The geometry of the system is a
periodic cylinder (here r is the radial, @ is the “poloidal,” and
¢=z/R is the “toroidal” coordinates), although toroidicity
effects are included.

The code computes the following fields: electron and ion
temperatures (T, and 7;, different in general), density (using
quasineutrality, we take the number density n=n,=Zmn;),
ion velocity (v;), electrostatic potential (®), and vector po-
tential (¥).*'> Consequently, the dynamics in CUTIE in-
cludes several unstable (ideal and viscoresistive) modes.
Mesoscale physics are modeled, and profiles and turbulence
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FIG. 1. (Color online) L-H-mode transition.

coevolve self-consistently. Therefore, the code seems suited
for the mesoscale analysis offered by the method described
above, while the coevolution of turbulence and profiles leads
one to expect nontrivial results associated with self-
organization.

C. The cuTiE H-mode

In CUTIE, the mean density is controlled by a straightfor-
ward feedback mechanism and an externally imposed target
density 71y, Whenever the calculated line-average density
is such that /7 <71, the source is activated with a general
form S, S(r/a)(ityeee—7), Where S(r) is a fixed profile
peaking at 7/a=0.95. For a low value of the feedback control
density (7=1.8X 10" m™), the code is in L-mode. When
the feedback density is set to 7=5.3 X 10'* m3, the fuelling
rate increases by one order of magnitude. As the density is
raised, the plasma makes a transition to a state that bears
some similarity to an H-mode. For simplicity, we will refer
to this state by this term in the remainder of the paper.

As important as the feedback mechanism is the particle
sink in the region r/a>0.95. This fact together with the
particle source enhances the density gradient just inside the
“separatrix,” which has been suggested to be the responsible
for the transition.**

The radial profile of the poloidal velocity reflects the
formation of a typical H-mode shear layer near p=0.85, as-
sociated with an external transport barrier (ETB). Reynolds
stress plays an important role in the formation of this barrier
by driving the poloidal flow significantly above neoclassical
levels. In addition, temperature and density profiles show the
typical H-mode pedestal (Fig. 1). These changes occur
within a few microseconds after increasing the feedback den-
sity 7. On the other hand, the safety factor profile does not
change significantly. 10-15 ms later, quasiperiodic edge re-
laxations (pedestal) set in. At this time, we consider that the
full L-mode to ELMy (i.e., with ELMs) H-mode transition
has been completed, and this final state will be subjected to
analysis in the following.

Note that the input electron cyclotron resonant heating
power is kept constant. Thus, the strong increase in density
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FIG. 2. (Color online) Quasiperiodic oscillations of (n,) and dn/ny(r/a
=0.9), reflecting the ELM frequency and their wave form (plotted at 40 us
intervals).

leads to a concomitant decrease in electron temperature. In-
side the pedestal region (r/a<0.8), the profiles are not much
affected by the edge localized modes (ELMs) but the line-
averaged density fluctuates slightly as a consequence of
these relaxations. See Fig. 2.

From Fig. 2 one may deduce that the ELM period is
approximately 7y~ 0.36 ms. The radial profile of the po-
loidal E X B velocity reflects the impact of the ELMs on the
ETB. See Fig. 3.

The effect of the ELMs is clearly seen in the local den-
sity oscillations. Figure 4 shows that the H-mode oscillations
are strongly enhanced in the edge region during the ELMs,
as compared to the L-mode case, characterized by quasiperi-
odic oscillations of much smaller amplitude and without a
clear shear layer.

In the midradius region (0.4 <<r/a<0.7, approximately)
the radial propagation of the edge-induced oscillations is ob-
served in both cases. However, in L-mode, these fluctuations
propagate faster (vy=14.5 m/s and v;=19.2 m/s). An-

30 T
pre-ELM ——
ELM —

20

v, (km/s)
(=]

-10 b

30 I I I I

r/a

FIG. 3. (Color online) ETB relaxation during ELMs: E X B poloidal velocity
40 s before the ELM and during the ELM.
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FIG. 4. (Color online) Electron density fluctuations in units of 10! cm™,

other important difference is the deeper penetration of the
H-mode oscillations that propagate down to r/a=0.4, while
in L-mode they only reach r/a=0.6.

In view of Fig. 4, one may distinguish different radial
regions in the simulation, indicating different local underly-
ing physics. For instance, in the plasma edge there is a trans-
port barrier at r/a~ 0.9, and immediately inside there is a
wide radial range where density perturbations appear to
propagate ballistically. Intuitively, a transport barrier might
be expected to cause subdiffusive transport,8 while ballistic
transport might be associated with superdiffusion. However,
such intuition may be misleading, and the current work will
attempt to shed some light on this issue. While the existence
of radial regions with distinct transport characteristics might
seem to be incompatible with a global description of trans-
port in terms of a CTRW, the effective global transport might
still be modeled in terms of Lévy distributions, depending on
the distribution of such zones and the microscopic behavior
of tracer motion. Indeed, in the L-mode reference case, this
clearly seemed to be the case.' Further details on the L-H
transition and the H-mode in CUTIE can be found in Ref. 24.

D. Tracers in CUTIE

In this study, the injected tracers move according to the
local fluid velocity. The tracers are ideal, i.e., they have nei-
ther mass nor charge. Thus, the obtained results reflect the
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FIG. 5. (Color online) Propagator in the H-mode: 4, 8, and 16 ms after
being launched at r/a=0.5.

flow lines of the fluid flow but do not reflect the motion of
realistic particles. For accuracy, the Fourier oversampling of
the three dimensional grid (3D) (in the z direction) and a 3D
spline technique are used to interpolate the velocity field.
The tracer trajectories are obtained by integrating the veloc-
ity, using an Eulerian scheme.

Once the ELMy H-mode is established, 10 000 tracer
particles are injected into the system. Tracers are launched
simultaneously at 7/a=0.5 and randomly distributed in 6 and
z. The tracers are followed for 7;,=20 ms, i.e., approxi-
mately five to seven times longer than the particle confine-
ment time, 7,~3-4 ms.

lll. RESULTS

In this section, the tracer trajectories in the H-mode are
analyzed and compared to the L-mode results.

A. The propagator

The definition of propagator P(r/a) we use here is sim-
ply the radial distribution (or histogram) of the tracers. This
simple definition only corresponds to its mathematical coun-
terpart in the limit of small times and many particles. In Fig.
5 we show the propagator at times #=4.0, 8.0, and 16.0 ms.
In Fig. 6 we plot the H- and L-mode propagators.

Figure 6 again shows significantly different behaviors of
tracers in the L- and H-mode runs (cf. also Ref. 1). (i) Drifts
are opposite: inward and outward in the H- and L-modes,
respectively. (ii) The distribution is narrower in the H-mode
than in the L-mode. If o is the variance (width) of the dis-
tribution at a given time, then o>~ 20y (iii) The ELM
relaxation ejects the tracers to locations beyond the transport
barrier at r/a=0.81, which is a nearly insurmountable ob-
stacle for the test particles in the L-mode run. Another trans-
port barrier exists around r/a=0.3, associated with the
g=1 rational surface.

Although the propagator is clearly asymmetric, part of
this asymmetry is simply due to the drift in combination
with the finite size of the system, leading to a deformation of
P. Focusing on the longest tail of the propagator (in the
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FIG. 6. (Color online) Propagator in L- and H-modes, 8 ms after being
launched at r/a=0.5.

opposite direction of the drift), one can try to determine
the decay index [assuming P(Ap)x(|Ap|~'=%), where
Ap=(r—ry)/a]. In the L-mode, this method leads to a more
or less reasonable estimate of a. However, in the H-mode,
the tail does not stand out clearly due to an apparent accu-
mulation of particles for large values of |Ap| (Fig. 7), possi-
bly due to a finite-size effect: Apparently, radial particle ex-
cursions are larger, on average, in H-mode, so that the finite-
size effect (deformation of the distribution to boundary
effects) is more prominent. This is consistent with the mean
step size values shown in Fig. 20.

In order to quantify the decay index, the distribution
should have an objective power-law decay range with suffi-
cient length. Somewhat arbitrarily, but in accordance with
custom, the power-law decay should at least be 1 decade
long in order to be considered significant. For a fit to a power
law f(x)=|x—xo|7!~® valid in the range x, <x<x,, the fit
length is defined as

10 T
L mode PDF data. t=8ms ——+—
o =1.2+/-05 ——
H mode PDF data. t=8ms ~———
| 0=0.12 +/- 0.06 ———
107 ]
x
10° ]
=9
o
[
107 1
104 i
Power-law decay ranges [
107 :
0.001 0.01 0.1 1

Ir-rgl/a

FIG. 7. (Color online) PDF fits to a power law in L- and H-modes.
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In this case, the fit length in the L-mode is larger than a
decade: Lg;=1.1, while in H-mode, it is smaller: Ly
=0.8. This is a further argument indicating that the L-mode
value, g =1.2 =0.5, although only marginally significant, is
reliable, while the H-mode value is not.

B. Step and waiting time distributions

As described in Ref. 1, the continuous motion can be
artificially decomposed into steps and waiting times, thus
allowing the computation of radial step size and waiting time
pdfs. These distributions contain all the information neces-
sary to describe the motion from the CTRW point of view.

This decomposition is based on a velocity threshold vy,.
The particle is assumed to perform a jump when its absolute
radial velocity exceeds this threshold, and else it is consid-
ered to be “trapped” (waiting). The computation of the pdfs
is straightforward but depends on the choice of the arbitrary
threshold. Therefore, a range of thresholds should be ex-
plored, and the results, if significant, should be relatively
insensitive to the precise choice of vy, in a subrange. The
value of the parameters obtained in this subrange, if it exists,
is considered to constitute a meaningful result.

In the core region, r/a=0.35, the radial velocities far
exceed those of the range 0.35<r/a<1 (by a factor of 10,
cf. Fig. 8). It is therefore necessary to treat these ranges
separately and we focus on the latter range since that is
where the majority of particles are. This is also the range
where the L-mode analysis was performed.

1. Step pdf

A sequence of step size distributions for different vy, is
shown in Fig. 9. As the threshold is increased, the tail of the
distribution rises, as expected (since large jumps become
ever more important), but no clear power-law decay region is
detected. Again, this is attributed to the fact that the mean
value of the steps is larger in H-mode so that the finite-size
effect deforming the pdf is more important.
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FIG. 9. (Color online) H-mode step size pdfs for different vy,.

In our previous work, we found that one could fit the pdf
to a power-law function in L-mode (despite the finite-size
effect). Using an ad hoc fit function consisting of three con-
nected intervals with exponential, power law, and exponen-
tial decay, and imposing continuity, the whole pdf could be
fitted satisfactorily (Fig. 10). Using v3=500 m/s, the same
fit was attempted in H-mode, yielding a=~2.00 = 0.25.

Around vy,=300 m/s, the L-mode fit result was least
sensitive to vy, while simultaneously optimizing the value of
X2 of the fit. The H-mode distribution, on the contrary,
evolves continuously as a function of the threshold param-
eter (Figs. 9 and 11): It decays exponentially for low vy,
while an exponential-algebraic-exponential fit is reasonably
successful for v =500 m/s, but for higher thresholds the
finite-size effect dominates, and in addition the pdf peaks at
Ap~0.06-0.07, and it is not possible to perform a fit using
such simple functions.

In summary, there is no threshold range where the de-
pendence of « on vy, vanishes. Due to the cited evolution
with a and the onset of finite-size effects, we cannot deter-
mine a reliable value for « using this method.
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107 ]
107 ,
Q
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FIG. 10. (Color online) Best fits in L- and H-mode step size pdfs.
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FIG. 11. (Color online) H-mode steps pdfs and fits: exponential and power
law.

2. Waiting time pdf

The waiting time distribution is shown in Fig. 12, also
for different thresholds. Note the peak at Ar=0.4 ms, asso-
ciated with the ELM period. Again, the tail rises as the
threshold is increased.

The aim of this technique is to fit the distribution to a
power-law function y(At)>Ar'=#, with 0<B<1. In this
case, there seems to exist a Az range where, for large vy, the
fit is feasible, see Fig. 13.

The L- and H-mode results are quite similar: By
~(0.59=0.03, B.=0.51*0.04. However, the fit in the
L-mode case is more robust, as is evident from simple in-
spection of the data. In order to quantify this, we note that
the fit length [cf. Eq. (1)] is longer in L-mode (Lg; =2.0)
than in H-mode (L 5=0.9).

C. Radial velocity correlations

The Lagrangian velocity of the tracer particles can be
studied by means of the rescaled range (RS) and structure
function (SF) diagnostics. These techniques measure the

10 v V=100 m/s ————
# V=300 m/s

10" L * = « g V=500 m/s —x—i |
*x 28 F V=600 m/s —s—

Vip=1000 mfs

FIG. 12. (Color online) H-mode waiting time pdfs for different vy,.
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FIG. 13. (Color online) L- and H-mode waiting time pdfs and fits.

Lagrangian correlation and the so-called Hurst exponent
H=pg/a.

1. RS

The RS analysis25 is applied to the radial velocity of the
tracers. There is a “mesoscale” time range (longer than the
decorrelation time of turbulence but shorter than the confine-
ment time) where the RS function is expected to scale as
RS(7) o 1. This diagnostic can be used with every single
particle, see Fig. 14.

The RS function is calculated for each of the 10 000
tracers. The dots are fitted to a curve consisting of two con-
nected power laws. At large values of 7 the curve saturates,
but these values are not taken into consideration since the
statistics are very poor in that region. For low values of 7,
H=1 (the “ballistic” region, associated with deterministic
motion prior to the onset of randomization). The interesting
part of the curve occurs for intermediate values of 7 (the
“inertial” region), which is where we compute H. Averaging
over the tracers we obtain (H)=0.55+0.06. This is, within
the error, a diffusive result and quite similar to the L-mode
result ((H)=0.54 = 0.05).

R/Stracer1 -+
fit: H=0.59
R/S tracer 2 x
25 F fit: H=0.48 Zof i
R/S tracer 3 * x
fit: H=0.57 P
R/S tracer4 © xx >
2+ fit: H=0.55 ~ x X B
>
C
wv
Ee L5+ —
=
£
1k i
05 k
0 L L L L L L L
0.5 1 1.5 2 25 3 35 4 4.5

log 4T(ks)

FIG. 14. (Color online) Examples of RS for single tracers and fits.
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FIG. 15. (Color online) Type I SFs for a single tracer, with different v’s and
fits.

The time 73, being the time of the first slope change,
is 73~30 us, while in L-mode it is much higher,
7.~ 100 ws. This is an indication that the turbulence deco-
rrelation time is much shorter in H-mode.

2. SF

The SFs SF, for different v orders were also computed.
In a certain range of 7 values (the inertial or mesoscale
range), we expect SF,(7) o« #1727 See Fig. 15.

The best fit is obtained focusing on the intermediate
range and discarding the initial (low 7) and final ranges (high
7). H~1 is expected for times smaller than the decorrelation
time of the turbulence, while H~ 0 for times of the order of
the confinement time. Again, the intermediate value of H is
the interesting one.

However, the SFs of some specific tracers have a peak
around 7=10 wus (Fig. 16), corresponding to approximately
one period of the fast oscillations observed in the region
r/a<0.35 (see above). Therefore, we can distinguish two
classes of tracers and their corresponding SFs. Type I corre-
sponds to tracers that do not enter the core region

40 T
v=1.0: H=0.57 ——
v=2.0: H=0.54 —
35 | v=3.5:H=0.51 —— B
v=5.0: H=0.48 —— Y
30 B
R KR
25 B
u-‘>
E20 - B
<
&
= 15 i
10 B
5L i
0 L L L L L L L
0.5 1 1.5 2 2.5 3 35 4 45

logq T(us)

FIG. 16. (Color online) Type II SFs for a single tracer, with different »’s and
fits.
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FIG. 17. (Color online) H, as a function of v. Type I and II SFs are
considered.

r/a<<0.35, and in this case the SF has the expected three
well separated and differentiated intervals, while the interme-
diate region has H~0.5. Type II corresponds to tracers that
enter the core region, if only for a small part of their trajec-
tory. There, they experience large amplitude and strongly
oscillating radial velocities. This fact is reflected in the SF
that shows the mentioned peak at small 7, and does not pos-
sess the initial 7 range with Hy~ 1.

The measured Hurst exponent of the intermediate range
of type I and II SFs is approximately the same. The average
H, value decays slightly with v (Fig. 17). If significant, this
might indicate some degree of multifractality. However, we
consider that H,, is constant within the error. In the H-mode,
we obtain (H)=0.494+0.007, very similar to the L-mode
result, (H)=0.452=+0.019.

For type I SFs (for which the slope change can be more
clearly appreciated), the transition from the initial ballistic
time range to the intermediate mesoscale range occurs for
7> 3=30 us, the same value as found using the RS analy-
sis (see above). Again, this value is smaller than the L-mode
result by a factor of 3.

3. Cumulative velocity

Finally, we test the presence of long range correlations
by studying the distribution p(d) of the total displacement d
in a given time 7. For long enough time intervals 7, p(d) is
expected to decay in a similar fashion as the step size pdf. If
the latter is non-Gaussian Lévy with decay index «, then
pld)=d =2

We have computed this pdf for different values of 7.
Figure 18 shows how the tail of the distribution becomes
heavier as 7, increases. The tail of the distribution is only
observed toward the outside because of the transport barrier
at r/a=0.3 and the inward drift. By comparison, note that
the L-mode curve peaks toward positive values of A(r/a),
while the tail is observed inwards'® due to the opposite drift.
The shape of the propagator (Fig. 6) in L- and H-mode cor-
responds closely to the pdf of the displacements.
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FIG. 18. (Color online) L- and H-mode cumulative velocities pdf.

The best fits of a power law in both L- and H-modes are
shown in Fig. 19. The curves are displaced so that they peak
at A(r/a)=0.0, and a power law appears as a straight line.

In this case, the fit length [cf. Eq. (1)] for the L-mode is
almost a decade L =0.75. In the H-mode, depending on
79> Ly varies from 0.39 to 0.47, which we consider insuf-
ficient for drawing a conclusion.

D. Tracer motion

It is immediately clear that the transport of tracers in the
L- and H-modes is qualitatively different.

1. Step asymmetry

The first evidence for this is obtained when quantifying
the mean step size of positive and negative steps according
to radius (Fig. 20). For the calculation method, refer to
Ref. 1.

In the L-mode case, a strong asymmetry is observed,
which can be understood if transport is strongly nonlocal in
the sense that the local asymmetry of the step distribution

H mode, 1y=6ms

L mode, 1,=5ms x
=107 47-0.11 ——
oy =1.10 +/-0.20 —

s
Power-law decay ranges [ I —— %

]0—6 L L . L
0.01 0.1 1

A(r/a)

FIG. 19. (Color online) L- and H-mode cumulative velocities and fits
(log-log).
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FIG. 20. (Color online) Positive and negative mean step size profiles.

depends on conditions (such as boundary conditions) that are
not strictly local. This asymmetry almost completely disap-
pears in the H-mode, where the mean positive and negative
steps have practically the same value. We interpret this in the
sense that transport in the H-mode is much more local in
nature, and randomization is more pronounced (i.e., turbulent
eddies, if present, have a reduced size, and streamers, if
present, are less important in the H-mode).

2. Step size profiles

Here we show (Fig. 21) the mean square displacement
profiles in the L- and H-mode runs. Note how, in both plots,
the increase in (Ap?) is accompanied by a decrease in the
number of steps. As expected, in the plasma regions where
steps are small, the number of tracer steps is higher. L- and
H-mode (Ap?)(r/a) profiles have several differences. The
mean square displacement is longer in H-mode, by a factor
of around 10. However the number of steps is reduced by the
same factor of 10, being the H-mode curve much more scat-
tered than the L-mode curve. In H-mode, (Ap?) peaks at
r/a~0.6. In L-mode it keeps constant while it is far enough
from the transport barrier in r/a=0.8.

3. Trapping time profiles

We have also computed the mean trapping time as a
function of the radial position in L- and H-modes (Fig. 22).
This quantity and (Ap?)(r/a) behave similarly: The maxi-
mum peaks at r/a~0.6 in H-mode, while it increases dra-
matically at r/a~0.7 in the L-mode run, with very few
events. The waiting times are longer in H-mode, excepting
the outer region.

0.050 L 610>
A p2
Numjevents 1 | 5
0.040 4 510
% (b) H mode 410 é
'5 0.030 3
RS F 310" 3
ié <0.020 4 , 8
E F210% §
Z Z
‘ 0.010 L 1102
‘ 0-10°
0 02 04 06 08 1 0 02 04 06 08 1

r/a r/a

FIG. 21. (Color online) Profiles of the L- and H-mode mean square dis-
placements, and number of displacements.
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FIG. 22. (Color online) Profiles of the L- and H-mode mean trapping times,
and number of displacements.

4. Fractional diffusion coefficient

In the fractional diffusion scenario, with nonstandard «
and S values, the role of the diffusion coefficient is played
by D, g=Ax"/ A" In L-mode the tracer diagnostics
worked rather well, being the fractional parameters o =1,
BrL=1/2, and Hy = 1/2. In H-mode, only Hy=1/2 can be
considered to be robust. Assuming By = 1/2 (see below), we
conclude that the fractional parameters do not change signifi-
cantly across the L-H transition. Using these values, we have
computed the corresponding effective diffusion coefficient in
the L- and H-modes (Fig. 23).

In the region of interest (remember that the L-mode
analysis is valid mainly in 0.35=<7r/a=<0.8, while in H-mode
it is restricted to the range 0.35<r/a<1) D, decreases
monotonically with r/a in L-mode, while it shows a non-
trivial structure in H-mode, peaking at r/a~ 0.6, where the
number of events is low. Apparently, in H-mode, there
are two “privileged” radial positions where tracers tend to
linger, corresponding to the D,z minima at r/a~0.4 and
rla~0.8.

5. Impact of ELMs

Another interesting feature of the tracer motion in the
H-mode is their behavior in the pedestal zone, where ELMs
dominate (Fig. 24). Inside the pedestal zone (r/a<0.85, in-
dicated by the blue zone), the tracer motion can be recog-
nized as a random walk (see below). However, in the pedes-
tal zone, motion is dominated by the quasiperiodic ELM
relaxation phenomena (with approximate period g y,), be-
tween which the particles are virtually motionless (radially).
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D, B(r/a) D, B(r/a)
3.00 Num.events =1 [ 4103 Num.events 1 [ 4102
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s \ 35 25
2 2.00 A 41075 41075
$1.50 31002 31072
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£ E
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!
| il |
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0 02 04 06 08 1 0 02 04 06 08 1
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FIG. 23. (Color online) Profiles of the L- and H-mode fractional diffusion
coefficients, and number of events.
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Test particle analysis in L- and H-mode simulations
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FIG. 24. (Color online) Radial trajectories of two tracers in the ELMs
region.

IV. DISCUSSION

Several analysis techniques for the detection of long
range/long time correlations and Lévy distribution param-
eters have been applied to the study of L- and H-mode simu-
lations in CUTIE. It is the first time such a comparison is
attempted using these techniques.

Transport in the L- and the H-modes is known to be
significantly different; in particular, anomalous transport is
known to be less dominant in H-mode. However, not much is
known about the behavior of the anomalous transport param-
eters (a, B, and H) across the confinement transition, and this
is the subject of study of this paper.

One problem we have encountered is the distortion of
the distributions due to finite-size effects, complicating the
analysis. The propagator is distorted by particle drift and
transport barriers in both the L- and H-modes, but in the
latter case the distortion is such that it becomes impossible to
determine a precise value of «, in spite of the fact that we
have attempted to use a variety of techniques to extract this
number. However, results for 8 and H, together with the
relationship a=£/H, indicate that the transport parameters
are quite similar in L- and H-modes as Table I shows. Note
that the L-mode parameters in the table have been derived
from different independent techniques, while the H-mode «
value is inferred from its relationship with the other outputs:
Bx% and H= %; thus a= 1. Note, however, that the quality
of the fits is better in the L-mode than in the H-mode for all
diagnostics used. Furthermore, the value ,BH%% rests on the
application of a single diagnostic (the waiting time pdf),
unlike the L-mode results' that benefit from the mutual

TABLE I. Compilation of results.

L-mode H-mode
@ 1.3 1
B 172 172
H 172 172
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confirmation among a number of diagnostics. The H-mode
result for H is more robust, as it is confirmed by two differ-
ent diagnostics.

Apart from the measurement of «, B, and H, we have
observed some significant differences between the two cases.

(1) The mean step size is larger in the H-mode. This ex-
plains the problems associated with the finite size of the
system and the distortion of the pdfs. However, this does
not mean that the diffusion is larger in the H-mode.
Rather, it was found that the rate of increase in the
square width of the tracer pdf (the effective diffusion
coefficient) is smaller in the H-mode by a factor of 2.
This is interpreted as being due to the increased impor-
tance of particle trapping, thus impeding spreading,
while allowing large excursions between the successive
trappings.

(2) The mean step size, strongly asymmetric for positive/
negative steps in L-mode, is rather symmetric in the
H-mode. We interpret this to mean that transport is more
local in the H-mode. This would be consistent with the
idea of radially localized trapping regions that serve to
disconnect remote regions, and thus make transport
less subject to influences across long distances. The
same is suggested by the presence of two separate
plasma regions where the effective diffusion coefficient
is small. Further work would be needed to confirm this
hypothesis.

(3) The inward propagation of the quasiperiodic events,
with a higher velocity in the L-mode than the H-mode,
suggests that the L-mode profile is stiffer—although the
reduced depth of the propagation indicates that the stiff
region is wider in the H-mode. This seems to be in ac-
cord with the fact that nonlocality is more important in
L-mode than in H-mode (at least, in the stiff zone) and
with the existence of (minor) transport barriers or trap-
ping regions in the H-mode. In any case, the transport is
influenced but not dominated by the quasiperiodic
events since transport is not ballistic (which would yield
H=1).

(4) The RS analysis shows that the separation point between
the first and second logarithmic slopes for the H-mode,
Ty, 1S three times smaller than the same quantity in
L-mode, 7;. The same conclusion is obtained studying
the SFs, although only type I SFs allow obtaining the 7
time. This was interpreted as a reduction in the turbu-
lence decorrelation time in H-mode, in accord with
many experimental and theoretical results obtained
previously.

Finally, we have also shown what the effect of the ELMs on
the tracer trajectories is (cf. the peak at Ar=0.4 ms= 7g
in Figs. 12 and 13).

V. CONCLUSIONS

The radial transport of tracer particles in our H-mode
simulation with CUTIE has been studied with different analy-
sis techniques. Finite-size effects imposed restrictions on the
precision of the determination of the self-similar scaling
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parameters. However, within the error bars, no significant
differences were found between the scaling parameters of the
H-mode and those of the L-mode studied previously. This is
the first time such a comparison is made based on these
techniques.

In spite of the above, the L- and H-mode simulations do
show important differences in other respects. In the H-mode,
the mean step is larger, and yet the effective diffusion coef-
ficient is smaller. This apparent contradiction is resolved by
the observation that the turbulence decorrelation time is re-
duced in the H-mode, and that the H-mode step distributions
are much more symmetric (with regard to positive/negative
steps). These observations are consistent with the hypothesis
that the L-mode profile is stiffer, as suggested by the in-
creased propagation velocity of perturbations, and therefore
more nonlocal.

We note that these observations are consistent with the
observation made in another plasma simulation that the
transport gradually becomes local as the plasma beta
increases.”’ In the latter reference, the increase in beta is not
accompanied by an L-H transition.

In CUTIE, the plasma beta also is slightly increased after
the transition: The density increases while the decrease in
electron temperature is partially compensated by the increase
in ion temperature (while n,=n;); the net effect is that the
plasma beta rises from Bjumar=~0.55 in L-mode to
Bplasma,u =~ 0.75 in H-mode.

In all, interesting insight into the complexity of transport
is gained using these techniques. We believe that it would be
very useful to extend these analyses to other types of trans-
port codes (e.g., gyrokinetic codes) in order to improve the
understanding of anomalous transport. Also, more realistic
particles could be used (with mass and charge) in order to
compare simulation results with actual measurements of,
e.g., impurity transport.
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