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Abstract.

A recent characterization of core turbulence carried out with a Doppler
re�ectometer in the optimized stellarator Wendelstein 7-X (W7-X) found that
discharges achieving high ion temperatures at the core featured an ITG-like
suppression of density �uctuations driven by a reduction of the gradient ratio
ηi = Ln/LTi

[D. Carralero et al., Nucl. Fusion, 2021]. In order to con�rm the
role of ITG turbulence in this process, we set out to establish experimentally
the relation between core density �uctuations, turbulent heat �ux and global
con�nement. With this aim, we consider the scenarios found in the previous
work and carry out power balance analysis for a number of representative ones,
including some featuring high ion temperature. As well, we evaluate the global
energy con�nement time and discuss it in the context of the ISS04 inter-stellarator
scaling. We �nd that, when turbulence is suppressed as a result of a reduction
of ηi, there is a reduction of ion turbulent transport, and global performance
is improved as a result. This is consistent with ITG turbulence limiting the
ion temperature at the core of W7-X. In contrast, when turbulence is reduced
following a decrease in collisionality, no changes are observed in transport or
con�nement. This could be explained by ITG modes being combined with TEM
turbulence when the later is destabilized at low collisionalities.
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1. Introduction

Optimized stellarators are regarded as a potential
pathway for fusion reactors in which the general ad-
vantages of the stellarator approach (such as station-
ary pulses, absence of disruptions, etc.) are conserved
while neoclassical (NC) �uxes, that traditionally dom-
inate transport in stellarators, are reduced to accept-
able levels. The most advanced device of this kind is
currently Wendelstein 7-X (W7-X), which started oper-
ation in 2016 [2], and has recently achieved 200 MJ dis-
charges and complete detachment in the island divertor
[3]. While the results of the �rst experimental cam-
paigns con�rm that NC transport in W7-X has been
reduced with respect to non-optimized stellarators [4],
comparison of NC predictions with experimental mea-
surements of the total energy transport implies that,
at least under a wide range of scenarios, turbulence ac-
counts for a large fraction of the total transport, even
in the core [5, 6]. As a result, plasma performance
has been below expectations from simulations which
assumed mostly NC transport [7, 5]: ion temperature
at the core, Ti,core remains "clamped" to a value of
Ti,core ≤ 1.7 keV regardlesss of heating power or con-
�guration [8] and energy con�nement time, τE , falls
typically below the scaling [9] when compared with the
stellarator ISS04 database [10]. Fortunately, a num-
ber of scenarios have been reported during the diver-
tor campaign in which these limitations were overcome.
The most relevant of them is the so called "High Per-
formance Regime" (HP) in which plasma density is
rapidly increased in a ECRH discharge by means of
a series of injected pellets [11]. In this scenario, tur-
bulence is suppressed [12, 13], and transport drops to
NC levels, thus achieving high central temperatures
Ti,core ≃ Te,core ≃ 3 keV and improved con�nement
levels, τE/τISS04 ≃ 1.4. Core ion temperatures ex-
ceeding the clamping value have also been reported in
other regimes involving the use of NBI [14, 15] or the
injection of impurities in the plasma [16, 17]. What
all these scenarios have in common is the formation
of a steep density peaking leading to the suppression
of turbulence and improved performance. This kind
of scenario is not unique to W7-X: the HP regime is
reminiscent of the "optimized con�nement"[18] found
on its predecessor, W7-AS, and similar regimes have
been reported from other stellarators such as LHD [19]
or Heliotron-E [20]. As well, the equivalent "pellet-
enhanced performance" in tokamaks is almost univer-

sal and has been identi�ed in almost every major ma-
chine (for some examples on this, see the references
listed in the Introduction of [11] or [13]).

A widely accepted explanation for these enhanced
regimes is based on the destabilization mechanism of
ITG turbulence [21], which is often related to a thresh-
old on the gradient ratio ηi = Ln/LTi , where Lα is
the local radial gradient scale length of the parame-
ter α, 1/Lα = −∂rlnα. Therefore, the build-up of a
strong density gradient would reduce the ηi parame-
ter, thus stabilizing the ITG mode, which is typically
expected to dominate transport in the ion-scale. This
e�ect has been recently described in W7-X in a re-
cent work which carried out a systematic characteri-
zation of microturbulence in the core of the machine
[1]. In it, a database was created of ion-scale turbu-
lence measurements carried out with Doppler re�ec-
tometry (DR) in the standard con�guration [22], in-
cluding data representative of most relevant scenarios
accessible to the DR during the last experimental cam-
paign, as well as a number of examples in which high
Ti,core was achieved. The density �uctuation ampli-
tudes were then compared with local measurements of
gradients, �nding that core density �uctuations drop
substantially when ηi drops below a certain value. This
ηi-driven suppression of core turbulence was found in
all the analyzed scenarios in which Ti,core exceeded the
clamping value, suggesting a link between the reduc-
tion of �uctions and the enhanced performance. How-
ever, this point remained mostly speculative as no at-
tempt was made to relate the amplitude of density �uc-
tuations and turbulent transport. In this work we aim
to close that gap by analysing global turbulent trans-
port studying its relation to �uctuation amplitude in
the di�erent regimes reported in previous work. The
purpose of this is twofold: In the �rst place, to con�rm
the ηi stabilization of ITG turbulence as the mecha-
nism leading to the enhanced performance in W7-X.
On a more general level, to investigate the relation (or
lack thereof) between core microturbulence, turbulent
transport and plasma global performance. We ordered
the remaining of this paper as follows: In Section 2,
we review the main core turbulence regimes previously
investigated. In Section 3 we estimate global NC and
turbulent transport values at the core for the di�erent
regimes and compare them to the �uctuation levels.
Finally, we analyze the relation between core �uctua-
tion levels and global performance in Section 4 and dis-
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cuss the main implications of these results in Section 5.

2. Core �uctuation regimes

As already outlined in the Introduction, core density
�uctuations have been recently characterized in the
core of W7-X by means of a DR [13, 1]. As explained in
detail in these references, this diagnostic launches a mi-
crowave beam into the plasma and measures the power
backscattered, Pscat, at the cut-o� layer, which under
certain approximations is roughly proportional to the
squared amplitude of density �uctuations, Pscat ∝ ñ2

[23, 24]. To a good degree of approximation, this
power backscattering typically happens at a certain,
well known radial position, and is caused by density
�uctuations of a certain wavenumber, k⊥. This means
that the �ux surface and the wavenumber of the mea-
sured turbulence can be narrowly selected by setting
the proper microwave beam wavenumber and incidence
angle. In particular, these were set to probe the plasma
core 0.5 < ρ < 0.75 and to remain in the ion scale
k⊥ρi ≃ 1, where ρ ≡ (Ψ/ΨLCFS)

1/2 is the radial mag-
netic coordinate de�ned using the toroidal �ux through
a given magnetic surface, Ψ, and ρi is the ion gyro-
radius. Measurements were carried out with the V-
band DR system installed in the AEA-21 port of W7-
X (toroidal angle ϕ = 72◦) [25, 26] with the �xed-
angle antenna below the equator. This system over-
looks the outer midplane of the elliptical section of the
plasma, where curvature terms are strongest and there-
fore ITG modes are expected to be most unstable [27].
The characterization was carried out by constructing a
database of discharges selected to cover most of the op-
erational space accessible to the diagnostic. With this
aim, three main groups of discharges were analysed
in the standard con�guration: �rst, the bulk of the
data consists of ECRH gas pu�-fuelled shots, which
was by far the most common operation mode of the
campaign. For this kind of discharges, data points
cover the whole density and heating power paramet-
ric space compatible with DR core �uctuation mea-
surements and were divided into low and high density
subgroups ("LD ECRH" and "HD ECRH" in the fol-
lowing), following the discussion in [1]. As explained
in that reference, ion temperature at the core as mea-
sured by CXRS and XICS, Ti,core, remains below the
clamping for all those discharges. On top of these
data, discharges from two scenarios with Ti,core exceed-
ing the clamping value were analyzed: �rst, a number
of ECRH, pellet-fueled high performance discharges
("HP" in the following). Second, an NBI-improved
scenario comprising a phase heated with both ECRH
and NBI power ("ECRH+NBI" in the following) with
Ti,core still below the clamping, and a NBI-dominated

phase ("NBI" in the following) in which ECRH heating
was reduced to around 0.5 MW and higher Ti,core val-
ues were achieved. More details on the scenarios and
examples of particular discharges can be found in [1].
In total, the database consisted of over 150 points from
18 di�erent discharges.

The main results from the turbulence characteri-
zation are summarized in Figure 1, in which discharges
from the di�erent scenarios are represented using dif-
ferent symbols. On the left plot, discharges are rep-
resented as a function of ηi and electron normalized
collisionality ν∗e := νeffτo, where νeff := νeR/a is
the e�ective collision frequency of trapped electrons,
τ−1
o ≃ ϵ1/2vth,e/R is the typical trapped electron or-
bit time, vth,e is the thermal velocity of electrons and
ϵ = a/R is the inverse aspect ratio. A color code is used
to indicate the amplitude of �uctuations, measured in
the 0.5 < ρ < 0.6 radial region using the Pscat proxy.
As can be seen, points can be classi�ed in three main
groups: discharges featuring both high ηi and collision-
ality values display strong density �uctuations. Then,
�uctuations seem to be suppressed below two threshold
values: one for the gradient ratio and another for the
collisionality, with critical values around ηi ≃ 4 and
ν∗e ≃ 1/3 respectively. On the right plot of Figure 1,
the evolution of Ti,core with �uctuations is displayed
for the same scenarios. In it, two di�erent trends can
be seen: in the cases when �uctuations are reduced
along with a low ηi value -the "ηi pathway"- such re-
duction leads to an increase of Ti,core, which can go
above the clamping value (indicated in the �gure as a
dashed line). Instead, in the LD ECRH case ηi remains
unchanged and �uctuations are reduced along the colli-
sionality -the "ν∗e pathway". In this second case, Ti,core

does not improve signi�cantly and remains below the
clamping value. It must be pointed out that, although
the light/dark blue color used to indicate respectively
LD ECRH and HD ECRH scenarios is lost on the left
plot, each of them corresponds roughly to the clouds
of points below/above the ν∗e ≃ 1/3 threshold, as the
lower densities also correspond typically to higher Te

values. These results were interpreted in [1] as follows:
HD ECRH and NBI+ECRH discharges would fall in
the "baseline" scenario, in which ITG turbulence would
dominate transport due to the high ηi values, leading
to the observed high Pscat, degrading con�nement and
limiting the value of Ti,core. When ηi is reduced be-
low the threshold -as in NBI and HP discharges-, ITG
turbulence would be stabilized and this would explain
the reduced �uctuations and improved performance.
In these two cases, the high values of ν∗e would keep
TEM turbulence stable. However, when ν∗e < 1 values
are achieved, these modes could be destabilized (see eg.
[28] for the description of a similar e�ect in tokamaks).
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Figure 1: Summary of core turbulence regimes. Left) Measured scattered power, Pscat ∝ δn2, is represented by
colorcode as a function of the temperature to density gradient ratio ηi and the normalized electron collisionality
ν∗e . Right) Core ion temperature is represented as a function of Pscat. In the right plot, colors and symbols
stand for the di�erent regimes. In the left plot, the same symbols are used to indicate the three main groups of
scenarios. In both cases, the high a/Ln/low collisionality pathways for reduced �uctuations are highlighted using
black/blue arrows. These �gures correspond respectively to Figure 14 and 15 in [1], where further details can be
found.

Since bad curvature regions do not overlap with trap-
ping regions in quasi-isodynamic stellarators like W7-X
to the extent they do in tokamaks (see [29] for details),
it can be expected that TEMs are destabilized in a
di�erent toroidal region than ITG modes (namely, in
the triangular section, where trapped particle popula-
tion is higher). One possible outcome of this would be
that, due to the interaction of TEM and ITG modes,
the strongest �uctuations would no longer be found
at the elliptical section, thus moving away from the
region probed by the DR while not necessarily a�ect-
ing global transport. It must be pointed out that this
mechanism remains a working hypothesis, as its con�r-
mation would require turbulence measurements in dif-
ferent sections of W7-X, which are planned for future
campaigns but not currently available. This picture
would be consistent with the observed drop in Pscat

while Ti,core still seems to be bounded by the clamping.
However, as already pointed out in the Introduction,
since the DR can only measure local density �uctua-
tions and not heat �uxes, this interpretation remained
speculative. In order to support it, it would be required
to show how the reduction of �uctuations along the ηi
pathway corresponds to a reduction of turbulent trans-
port in the same �ux surfaces. Similarly, if the TEM
destabilization hypothesis is correct, the reduction of
�uctuations along the ν∗e pathway should lead to no

substantial changes of transport instead.

3. Evaluation of core heat transport

In order to evaluate local turbulent transport, we resort
to a power balance analysis. This technique, already
applied in W7-X [11] and other stellarators [30, 31],
provides the �ux surface-averaged heat �ux, Qα for
a given species α by assuming a stationary state and
integrating source and sink terms in the energy conser-
vation equation inside said �ux surface. This total heat
�ux is considered to be the combination of neoclassical
and turbulent transport. Neoclassical transport, QNC ,
can be calculated from plasma density and tempera-
ture pro�les using numerical models [32], so turbulent
transport can be estimated as the remaining part of
total transport, Qturb

α = Qα −QNC
α .

In this analysis, we take a subset of the discharges
included in the DR measurement database presented
in [1], including examples of the previously introduced
HD ECRH (#180920017), LD ECRH (#180920013),
HP (#180918041), NBI+ECRH (#180919039, t ≃
3.5s) and NBI regimes (#180919039, t ≃ 4.5s). For
each of them, we calculate neoclassical transport using
both Neotransp code (using tabulated mono-energetic
coe�cients from DKES [33]) and KNOSOS code [34,
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Figure 2: Heat �ux pro�le comparison for electrons (left) and ions (right). As in Figure 1, color indicates
scenario. Dashed/solid lines stand for. turbulent/neoclassical �ux.

35] (which recalculates coe�cients in order to take
properly into account the tangential magnetic drift in
the low collisionality cases [36]), both of which pro-
vide similar results in the analysed cases. Then, en-
ergy source terms are calculated for each of the heat-
ing systems: In the case of ECRH, Travis code [37]
is used to determine the microwave power deposition
pro�le. In the case of NBI, this is calculated with the
BEAMS3D code [38, 39]. Once these source terms are
known, a simpli�ed power balance can be calculated
at the �ux-surface simply by integrating them along
with the electron-ion collisional thermalization term,
which is typically the only remaining sink/source rele-
vant at the plasma core. This simpli�ed analysis has its
limitations, however: in the �rst place, there are sev-
eral sink terms which may become relevant as the edge
is approached (such as radiation losses in electrons or
CX in ions). As well, the reliability of the calculated
QNC values depends on the quality of the density and
temperature gradient measurements used as an input,
which tends to deteriorate close to the plasma center.
Furthermore, while the stationary plasma hypothesis
is typically appropriated, in some cases (namely, the
HP scenario) the evolution of pro�les is signi�cantly
faster than typical energy transport times, and may
thus play a relevant role. As a result, the results of
this simpli�ed calculation are only valid for a limited
radial range, which will limit the scope of the discus-
sion. A conservative estimation, based in more detailed
analysis of the topic presented in [11], would yield a ra-
dial valid range of 0.2 < ρ < 0.7. Finally, a word of
caution is in order regarding the NBI scenario: in this
case, Ti ≃ Te for most of the pro�le. However, di�er-
ences of the order of tens of eV are within the error

bars of the diagnostics which, given the strong colli-
sionality of this high density scenario, would lead to
unreasonably high interspecies heat transfer, particu-
larly for the outer mid-radius. Following the discussion
in [15], where this problem is examined in greater de-
tail, Qi is assumed to be properly bounded by assuming
QNC

i < Qi < Qt
i, where Qt

i is the heat �ux obtained
assuming thermalization and no inter-species heat ex-
change. These bounds substitute diagnostic errorbars
(less conservative) for the NBI scenario in Figures 2
and 3.

The results of the analysis are represented in Fig-
ure 2, where QNC and Qturb are represented for both
electrons and ions in each of the discussed scenarios.
As can be seen, electron transport is dominated by
the turbulent contribution for the whole radial pro-
�le, with the neoclassical contribution well below it in
all cases. Interestingly, the NBI case features low Qe

values at the core (as only 0.5 MW of ECRH power
is injected), followed by a monotonous increase up to
the separatrix (NBI power is deposited on both species
across the whole radius): Since ions and electrons are
likely close to thermalization -as discussed before- the
large reduction of Qe as a result of the transfer to the
ions in the HD/LD ECRH or NBI+ECRH scenarios is
not observed in this case. Regarding the ions, a sim-
ilar picture is observed in the valid radial range for
the ECRH and NBI+ECRH scenarios. Similarly, the
NBI case displays a much slower increase of Qi, re�ect-
ing the reduced transfer from the electrons. Turbulent
transport dominates over neoclassical at an outer ra-
dial position than in the ECRH and NBI+ECRH sce-
narios (0.35 ≤ ρ ≤ 0.65), although a precise determina-
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Figure 3: Transport coe�cients. Top) Ionic and total pro�les of turbulent transport coe�cient χturb. Bottom)
χturb is represented as a function of the local amplitude of �uctuations measured by the DR.

tion is not possible due to the large errorbars. Finally,
turbulent transport is strongly suppressed in the high
performance case [11], which features NC levels of Qi

up to ρ ≃ 0.6.

In order to better quantify the importance of
turbulent transport, these pro�les are used to calculate
the �ux-surface averaged turbulent heat transport
coe�cient,

χturb,α = −2

3

Qturb
α

nα∂rTα
. (1)

This can then be compared to the local DR
measurements of scattered power in the radial region
0.35 < ρ < 0.65, which can be taken as a proxy
for density �uctuations as Pscat ∝ ñ2, as already
explained. The results are displayed in Figure 3,

where the relevant region is highlighted by the dashed-
dotted black box: As can be seen, the ion transport
coe�cient roughly mirrors the already described trends
for Qturb

i : NBI and HP scenarios display substantially
reduced coe�cients. When both ions and electrons
are considered together, a similar picture is obtained,
although the di�erences are strongly smoothed. This
is consistent with the results displayed in Figure 2
and indicates that the main di�erences in transport
between scenarios are related to the ion channel.
When the resulting coe�cients are compared to
�uctuations, two di�erent trends can be observed
in the data: when HD ECRH, NBI+ECRH, NBI
and HP scenarios are considered, the reduction of
�uctuations �which was linked to a reduction of ηi
and to enhanced performance in the previous study
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[1]- leads to a clear reduction of the ion turbulent
transport coe�cient. When the transport of both
species is considered the same trend is observed,
although the e�ect is considerably weaker, indicating
again that this e�ect does not a�ect electrons (or
at least, a�ects them considerably less). This result
is in qualitative agreement with recent numerical
results from gyrokinetic simulations, which show lower
turbulent heat �ux and turbulence amplitude as ηi
is decreased by increasing the density gradient. In
particular, �ux tube simulations show the reduction
of turbulent ion heat �ux from the standard ECRH
to pellet-fueled enhanced con�nement [40]. Also,
order-of-magnitude reductions in the amplitude of
the potential �uctuations were found with increasing
density gradient [41]. Instead, when the evolution
between HD and LD ECRH discharges is considered,
the decrease of turbulence amplitude is not related
to a variation of the �ux surface-averaged turbulent
transport in either species. A �nal note regarding
the NBI scenario is in order: Given the previously
discussed problem with error estimation for Qi in these
shots, there is no lower bound for Qi,turb. As a result,
while the central values of the observations suggest that
χturb(i) is higher in the NBI scenario than in the HP
one, this can not be stated with certainty within the
error bars. In any case, this is unlikely to a�ect the
qualitative trend relating χturb(i) to Pscat, which seems
to hold in a any case for χturb(e+i) (total transport
does not need to take into account inter-species heat
transfer and is therefore properly bounded also in the
NBI scenario).

4. Impact on global performance

Once the relation between local �uctuations and trans-
port has been established at the �ux-surface level, this
analysis can be complemented by evaluating the im-
pact of core �uctuations on global con�nement. For
this, the density �uctuation proxy Pscat measured at
the previously discussed 0.5 < ρ < 0.6 radial region is
compared to the global energy con�nement time, τE ,
calculated over the duration of the DR frequency ramp.
While most of the data points are stationary over this
interval, that is not always the case: as previously dis-
cussed, HP discharges undergo fast changes in pro�les
(and therefore in the stored energy, Wdia) over this
period, thus yielding large error bars. In this sense,
the HP points must be regarded as a conservative esti-
mation of τE , with values potentially lower than those
achieved at the time of maximum Wdia (which would
be closer to the upper value of the errorbars). Since
the detailed power balance calculation required in the
previous section to evaluate χ is no longer necessary,
all the discharges in the data base could be included
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Figure 4: Global performance as a function of measured
�uctuation amplitude. Energy con�nement time, τE, is
represented o as a function of core density �uctuations.
Colors and symbols stand for the di�erent scenarios, as
in Figure 1.

for this. The results, displayed in Figure 4, are con-
sistent with the picture provided in the previous sec-
tion: when lower �uctuations are achieved reducing ηi
and thus core turbulent transport, global con�nement
is improved. Instead, when �uctuations drop following
a reduction in collisionality, neither turbulent trans-
port nor global con�nement are improved. This ob-
servation is also consistent with the relation between
Ti,core -which was advanced in [1] as a proxy for global
con�nement- and the amplitude of core turbulence, as
seen in Figure 1. However, Figure 4 presents an overly
simpli�ed picture, as it is potentially ignoring general
dependencies of con�nement on other plasma param-
eters, such as heating power or density. For example
a degradation in con�nement is observed for the LD
ECRH and NBI+ECRH scenarios with respect to the
HD ECRH, all of which displayed similar transport co-
e�cients in Figure 3, but feature rather di�erent den-
sities.

In order to disentangle the impact of turbulence
with other parameters potentially a�ecting τE , it has
been normalized using the ISS04 stellarator scaling,
which for a given W7-X con�guration can be stated
as

τE,ISS04 ∝ n̄0.54
e P−0.61

h , (2)

where n̄ is the line averaged density and Ph is the
heating power. This is represented on the left plot of
Figure 5: in it, the usual clear improvement of the
HP scenario is conserved and the normalized con�ne-
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left/right plot. Colors and symbols stand for the di�erent scenarios, as in Figure 1. On the right plot, the
con�nement degradation typically associated to density (see [9]) is highlighted as a dashed line.

ment of the ECRH phases decreases now with �uctu-
ation amplitude, which suggests that the reduction of
con�nement of the LD ECRH scenario in Figure 4 is
probably explained by the density dependency of τE .
However, LD ECRH and NBI scenarios now seem to
increase similarly with the reduction of �uctuations,
while the NBI+ECRH scenario still stays below the HD
ECRH for similar �uctuations. This apparent inconsis-
tency can be explained by taking into account the pre-
viously mentioned work on the subject [9], which has
shown that typical values of τE/τE,ISS04 ≃ 0.8 can be
found for low and intermediate densities, with the ra-
tio degrading down to τE/τE,ISS04 ≃ 0.6−0.7 for high
plasma density, depending on the level of radiation.
Indeed, this picture is recovered when τE/τE,ISS04 is
represented as a function of density, as in the right
plot of Figure 5: in it, all gas-pu�ed scenarios using
ECRH align roughly as in the mentioned reference (the
trend is marked in a dashed line). However, the NBI
and particularly the HP scenarios stand out of that
trend achieving higher τE/τE,ISS04 values despite their
high density. Once again, when the ηi pathway is fol-
lowed, the reduction of �uctuations leads to a clear
improvement in global con�nement with respect to the
usual scaling. Instead, when it is achieved following
the ν∗e pathway, performance seems to remain unaf-
fected. Note that the right plot in Figure 5 contains less
points than the left one, as the later sometimes includes
several Pscat values for each τE/τE,ISS04 value, corre-
sponding to all DR measurements in the 0.5 < ρ < 0.6
radial range for that scenario.

5. Conclusions

In summary, we have been able to establish a clear
link between core microturbulence amplitude, turbu-
lent transport and global performance in the optimized
stellarator W7-X. In particular, in discharges with high
Ti,core values, the formation of strong density gradients
leads to the reduction of the ITG-driving gradient ratio
ηi, causing a clear suppression of density �uctuations
in the k⊥ρi ≃ 1 ion scale. In this case, a strong re-
duction of the ion heat transport coe�cient, χturb

i , is
observed and the global con�nement rises over the val-
ues typically reported for similar densities. All these
�ndings are consistent with the hypothesis of ITG tur-
bulence limiting Ti,core and thus performance. On the
other hand, it is also found that, while such reduc-
tion in core �uctuations seems to be a necessary con-
dition for high performance, it is not a su�cient one:
this is exempli�ed by the LD ECRH scenario, in which
the drop in �uctuations is associated to a drop in ν∗e
rather than to ηi, and has thus no e�ect in χturb

i nor
in con�nement equivalent to the turbulence reduction.
This di�erent global e�ect is consistent with the pro-
posed hypothesis of a change in the dominant turbu-
lent modes that would now include a contribution from
TEMs, which would be destabilized by the low colli-
sionality. In this case, the observed reduction in �uc-
tuations would be mostly instrumental (as the unstable
region would move away from the DR beam) and thus
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not necessarily a�ect transport. Whether this combi-
nation of TEM and ITG modes could drive turbulent
transport without signi�cantly a�ecting χturb or τE , re-
mains an open question and will be addressed in future
work. Beyond W7-X, by this result is of great impor-
tance for the future understanding of the fundamental
physics of turbulence, as it indicates how global gyroki-
netic codes being used to describe turbulent transport
can be properly validated by local measurements of
�uctuations.
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