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Abstract.

We present evidence showing that the statistical properties of turbulence in the
scrape-off layer (SOL) are not modified in a high-confinement mode (H-mode) in-
between edge-localized modes (ELMs) with respect to a low confinement mode (L-
mode). The plasma being in the upper-single null magnetic configuration, the
reciprocating probe around the bottom X-point is used characterize in the same
discharge the low and the high-field scrape-off layer. In H-mode in-between ELMs,
the average value and the standard deviation of the ion saturation current are found
very close to values in L-mode. The normalized standard deviation is found to have
the same values as in L-mode independently of the probe position. The probability
distribution function is found similar in the two regimes reflecting the two transport
processes, diffusion and convection, are not modified with respect to each other. The
power spectra were found similar as well indicating the same distribution of the
turbulence intensity among the scales in L and H-mode. The plasma profiles in the
SOL, determined using the lithium beam diagnostic, were found to have the same
shape as a function of the radial position also reflecting the non-modification of the

transport properties in L and H-mode.



1. Introduction

Even after almost three decades of discovering the high confinement mode (H-mode)
on the ASDEX tokamak [1], the role of turbulent transport is still ambiguous. It was
postulated that the transition from a low confinement mode (L-mode) to H-mode might
be caused by the radial electric shear [2]. However, this has not been firmly confirmed
in toroidal fusion devices and remains an open issue. Much of the interest was and is
still focused on the fluctuations during edge localized modes (ELMs) [3] which can be
interpreted as caused by turbulent fluctuations [4,5]. The understanding of the behavior
of turbulence in-between ELMs is motivated by various fundamental and engineering
aspects. The fundamental aspects can be summarized in the nature of H-mode and the
reason behind the profiles steepening inside the separatrix. From the engineering point
of view, it is important to accurately assess the particle fluxes on the first walls not only
during ELMs but also in-between. It can be shown, as for example hereafter, that the
plasma flux on the vessel walls for high density discharges during ELMs may not be
that different from the ELM-free phase.

Recently, a series of investigations were made mainly in low confinement (L-mode)
plasmas to understand the transport across the scrape-off layer (SOL). It was shown that
intermittency is caused by convective large-scale structures that are called avaloids [6] or
blobs [7]. Moreover, this transport has a universal character caused by similar properties
of turbulence on various devices [8]; this was confirmed by additional investigations [9—
11]. Convective transport that denotes large-scale structures with large radial velocities
was studied on linear devices where it was shown that avaloids can be associated with
small poloidal mode numbers [12]. At the same time, models and numerical simulations
were developed to simulate convective transport showing good agreement with the
experiment [13-15]. Most of the experimental results were done in L-mode plasmas,
but the few investigations in H-mode suggested that neither the level of turbulence nor
the skewness and flatness factors are modified [5,16,17]. Results from the Thomson
scattering on ASDEX upgrade have shown the existence of local maxima and minima in

the temperature and density in-between ELMs leading to a rather large and systematic



variations in the plasma profiles [18,19].

This letter compares the statistical properties turbulence in the SOL in L and H-
mode. It is found that turbulence in-between ELMs in upper-single null H-mode plasmas
is very similar to L-mode where both the diffusive and convective transport processes are
unaffected. Moreover, the distribution of the fluctuations among the turbulent scales,
reflected in the power spectrum, is not modified. These facts hold for both the high and
the low field sides.

2. The Experimental Setup

The experiment is performed on the ASDEX Upgrade tokamak [20] where the main
plasma properties for four discharges used hereafter are shown in Fig. 1. The discharges
21284 and 21285 are selected because the average density in the H-mode phase (6 >
t > 3.5) is low leading to a significant time interval between ELMs simplifying the
comparison to L-mode. The shots 20356 and 20357 are used because they have the
same plasma parameters (magnetic field —2 Tesla, plasma current 0.8 MA, shape and
especially the Greenwald density) except for the 5 MW neutral beam heating in the
second whereas 20356 is only ohmically heated. In the four discharges, the plasma is in
the upper-single null (USN) magnetic configuration allowing the the X-point Demokritos
probe [21], located at the bottom of the tokamak, to perform its reciprocations without
having to be in the proximity of the separatrix. The radial position of the lower X-point
is about 1.5 m. Four reciprocations are performed two in L and two in H-mode for each
discharge. The probe first goes into the low-field SOL, then around the lower X-point
into the high-field SOL and back. The probe travel on the low-field side maps a distance

between 2 and 3 cm at the mid-plane.
3. The Ion Saturation Current in the SOL of L and H-mode Plasmas

In Fig. 2(a) is shown the ion saturation current Iy, as a function of time for two
discharges 21284 and 21285 in L and H-mode. The upper limit of the y-axis in H-mode
was reduced cutting up the ELMs contribution in order to highlight the plasma behavior

in-between ELMs. A zoom on the time in-between ELMs is done in (b) where one can
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visually realize that not only the absolute values of I, in L. and H-mode are close but
also the level of turbulence and the nature of the fluctuations.

A detailed statistical analysis shows that, while both the absolute value and the
level of fluctuations are slightly higher in H than in L-mode in consequence of the
higher average density in H-mode, the relative level of fluctuations is the same in both
discharges. This is shown Fig. 4(a) where the normalized level of fluctuations is plotted
and the result is in agreement with Ref. [16,17]. Furthermore, Fig. 4(a) shows that the
relative level of fluctuations in the two operational regimes is very close not only on the
high- but also on low-field sides.

In Fig. 2(c) is plotted the same thing as in (a) but for the discharges 20356 and
20357 where the average density is the same along with the other plasma parameters.
As plasma turbulence depends strongly on the average density [22], the main point here
is to use discharges with the same average density to compare H (in-between ELMs) to
L-mode. Here also, I, is roughly the same in both discharges and a detailed analysis
revealed that the level of fluctuations is the same for all probe positions (high and low-
field sides). The zoom in (d) clearly shows that the average and the level of fluctuations
are very close in-between ELMs and in L-mode.

Fig. 2 offers yet the most direct comparison of turbulence behavior in L. and H-mode

simultaneously on the low and the high-field sides.
4. Statistical Properties and the Behavior of Turbulence in L. and H-mode

The statistical properties of turbulence in the SOL are investigated using the probability
distribution function (PDF) and the power spectra (P;). The same number of points is
selected in L and H-mode and [ is calculated by subtracting its average value, determined
over a period of 10 ms, from I,,; and then normalizing the result by the standard
deviation. In Fig. 3(a) is illustrated the PDF of I in L-mode and in-between ELMs
in H-mode where the probe is in the low-field SOL. The two curves are very similar
and agree well with the PDFs that were published in L-mode plasmas on other fusion
devices [8]. Negative fluctuations of I has a parabolic shape which reflects a Gaussian

distribution. This is interpreted as the contribution of turbulent diffusion with a rare
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presence of coherent structures. The PDF for positive I’s, on the other hand, is far from
Gaussian possessing an exponential tail. This part is dominated by the contribution of
the intermittent bursts that were shown to be caused by large-scale and large radial
velocity events in L-mode. The determination of the flatness and skewness factors as a
function of the probe position was performed and plotted in Fig. 4(b) and (c). Excellent
agreement is found for all the probe positions in H and L. modes; a similar result was
obtained on DIII-D for the low field side [17]. The fact that the two PDF's agree so well
reflects that, the amplitude of the fluctuations, their distribution and their probability
of occurrence are very close in the two operational modes.

In Fig. 3(b), we illustrate the power spectra of I in L and H-mode and here again the
agreement is excellent. As for L-mode, the power spectra have only one scaling region
with an exponent about —1.6. This comparison was performed for all probe positions
as it scans the low and the high field sides and the same agreement was obtained
indicating that the spectra shape are not modified in the two regimes. Accordingly, the
power distribution among the turbulent scales is unchanged in H (in-between ELMS)
when compared to L-mode. In other words, the small scales are affected at the same

level as large ones, if any, in the L. to H transition and this hold for the low as well as

the high field sides.
5. Average Profiles Behavior

To address the issue of the SOL properties at the mid-plane we use the lithium beam
diagnostic to obtain the average radial profile of the density. If the above results were
accurate, the profiles shape must be unaffected in L. and H-mode. For the shots 20356
and 20357 plotted in Fig. 5(a) the profiles are almost identical. We recall that their
average core density is the same. For 21284 and 21285 plotted in Fig. 5(b), the profiles
are different reflecting the difference in the average density. However, as the two profiles
are normalized to the density at the separatrix (Fig. 5(c)), they end up having the same
radial profile. Accordingly, this is an independent and additional argument that the
processes that underlines radial transport at the edge are unchanged by the L to H

transition. We emphasize, that time-averaged profiles are not ‘real’ plasma profiles as
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turbulent fluctuations exist leading to systematic statistical variations as it was shown
in Ref. [18] and as one can see in Fig. 5(c) where Thomson scattering profiles of density
at the mid-plane is included. Moreover, Fig. 5(c) suggests that the level of fluctuations

of the density is unaltered in the L to H transition in agreement with the probe data.
6. Conclusion

It was shown in a rather straightforward fashion that the statistical properties of
turbulence are not modified in H-mode when compared to L-mode SOL. The underlying
mechanisms of transport, that are turbulent diffusion by eddies and convective transport
by avaloids (or blobs), are thus not modified. In other words, they are unchanged in
terms of relative intensity and probability of occurrence as it was shown using the
probability distribution function. Furthermore, since the power spectra are unchanged
in the two regimes, one can rather safely deduce that the distribution of fluctuations
among the turbulence scales is not modified. In this case, large scales are not more
affected than smaller ones or vice versa. In addition, we have shown that neither the
level of turbulence in the SOL nor the mid-plane profiles are modified in the shots studied
here. Transport modification during the L to H transition, if any, is thus done on equal
footage between large and small scales, diffusive and convective transport, on the low
and high-field sides. Consequently, this paper shows that suppression or modification
of turbulence in the SOL is neither a necessary nor a sufficient condition to achieve
H-mode in tokamaks. However, we believe that the above analyses should be applied
to other types of H-modes in order to have a more precise idea about the behavior of

turbulence in the SOL during H-mode
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Figure 1. (a) shows the plasma parameters of two discharges 21284 and 21285. The
probe position is Ry plunging at 2.2 and 4.5 s. In (b) is illustrated the main parameters
of the two discharges 20356 and 20357 where the probe plunges at 2.6 s. Note that
the neutral beam heating was shut down 300 ms before the probe plunges in 20357.
The right-hand plot shows a magnetic reconstruction graph of shot 21285 where we
inserted the positions of the lithium beam and the Demokritos probe.
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Figure 2. (a) illustrates the ion saturation current (Is4:) from the Langmuir probe

for the two discharges 21284 and 21285; The dashed line illustrates the probe plunge
as a function of time in arbitrary units. (b) is a zoom on (a) where the probe is on
the low-field SOL. In (c), we represent the same plot as in (a) but for the shots 20356
and 20357. In (d) is shown a zoom on the I, signals of (c).
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Figure 3. (a) and (b) represents respectively the PDF and the power spectrum (Py)
of I in L (solid) and H-mode (dashed) for shots 21284 and 21285.
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Figure 4. (a) the relative level of fluctuations (61squt/(Isat)) as a function of the probe
position (Rx) in L-mode (o) and H-mode (*) from shots 21284 and 21285. §ls4 is
the standard deviation of the fluctuations and the symbol () represents time average.
In (b) and (c) are plotted respectively the skewness ((I®)/(I%)3/?) and the flatness
((I*)/(I?%)?) factors as a function of Ry.
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Figure 5. In (a) and (b) we plot the average density profile as a function of r/a
using the lithium beam diagnostic. In (c) is shown the profiles of (b) normalized by
the density at r/a = 1. In (d), we plot the profiles of the Thomson scattering of
shots 21284 and 21285 when the plasma is in L-mode (right-hand side) and H-mode

(left-hand side).



