
Scale-selective Turbulence Reduction in H-mode Plasmas in the TJ-II Stellarator

T. Happel1,∗ T. Estrada, E. Blanco, C. Hidalgo, G. D. Conway1, U. Stroth1, and the TJ-II Team
Laboratorio Nacional de Fusión, Association Euratom-Ciemat, 28040 Madrid, Spain and

1Max-Planck-Institut für Plasmaphysik, Association Euratom-IPP, 85748 Garching, Germany

Wavenumber spectra of density turbulence in L- and H-mode plasmas have been measured in
the TJ-II stellarator by means of Doppler reflectometry. A pronounced suppression of the density
fluctuation level is observed in H-mode close to the radial position of maximum radial electric field
(Er) shear. Furthermore, intermediate scale density turbulence is reduced preferentially. This effect
can be interpreted within the framework of vortex stretching feeding energy through Reynolds stress
into zonal flows, while shear decorrelation of turbulent structures might not play a central role in
TJ-II. Moreover, it is shown that in both L- and H-mode, the phase velocity of density fluctuations
does not depend on the structure scale.
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I. INTRODUCTION

Since more than a quarter century the H-mode plasma
regime [1], characterized by a bifurcation-type transition
to improved confinement and reduced turbulence level,
is known. Although significant progress has been made
in describing the dynamics of the transition, the physi-
cal mechanism triggering the H-mode has still not been
clearly identified. The reduced turbulence levels in H-
modes are normally accompanied by strong radial elec-
tric field (Er) shears [2–6]. However, how exactly the
interplay between Er shear and turbulence is, has also
not been fully clarified yet.

Shear decorrelation has been put forward to explain
reduced transport by the tearing apart of turbulent ed-
dies [7]. For the shear decorrelation mechanism to be
effective, the so-called BDT-criterion [7] must be ful-
filled (for a review, see [8]), which states that if the
poloidal plasma velocity shear (e.g. due to a shear in
Er) is strong enough compared to the structure scale
and turbulence growth rate, the structure can be torn
apart, reducing its radial extent. Shear decorrelation is
most pronounced if characteristic structures are radially
elongated and poloidally small. In the DIII-D tokamak,
beam emission spectroscopy data from an L-mode plasma
shows signatures of shear decorrelation [9].

It is argued that the physical mechanism responsible
for the L-H transition might be the zonal flow (ZF),
which is fed by the turbulence itself through Reynolds
stress [10–12]. If fluctuations are isotropic, the Reynolds
stress is zero. However, if vortices are tilted by sheared
flows, they become non-isotropic and thus an energy
transfer channel from the turbulence into the ZF is estab-
lished, decreasing the turbulence energy. More recently,
it has been observed both in experiment [12] and simu-
lation [13] that predominantly small scales feed energy
into the (large scale) ZF, and it has been argued that a
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tilting and stretching out of turbulent structures can be
sufficient to reduce the turbulence energy [12–15].

Scale-resolved turbulence studies are necessary in or-
der to understand the underlying physics processes and
their potential interactions [16, 17]. First wavenum-
ber spectra were measured in the mid-70’s with electro-
magnetic wave (infrared and microwave) scattering tech-
niques [18, 19], followed up by measurements on a variety
of machines [20–23]. Doppler reflectometry and far in-
frared scattering have been employed on the Tore Supra
tokamak to identify turbulence scales and investigate
the collisionality dependence of density turbulence spec-
tra [24–27]. However, as of today, the scale-dependence
of the turbulence reduction in H-mode plasmas has not
been addressed thoroughly, although preliminary work
has been presented [28–30]. Furthermore, the impor-
tance of the investigation of small-scale turbulence has
gained increased attention due to the prediction of high
anomalous transport by electron temperature gradient
(ETG) turbulence [31]. In particular, recently investiga-
tions of a large wavenumber range have been conducted
in the DIII-D tokamak in order to identify turbulence
mechanisms in plasma scenarios with dominant electron
cyclotron resonance heating (ECRH) [32].

Experiments in the TJ-II stellarator [33] have shown
that, at the L-H transition, Er becomes more negative
and a pronounced Er shear develops together with an
abrupt reduction in plasma turbulence close to the ra-
dial position of maximum Er shear [34]. The time evo-
lution of both, Er shear and density fluctuations, in-
dicates that the reduction in density fluctuations pre-
cedes the increase in the mean Er shear but is simul-
taneous with the increase in the low frequency oscillat-
ing sheared flow [35]. These observations, together with
the amplification of long-range correlations in the po-
tential fluctuations [36], are consistent with L-H transi-
tion models predicting plasma bifurcations triggered by
ZFs [10, 11]. Further experimental evidence support-
ing the central role of ZFs has been recently observed
in experiments carried out close to the transition thresh-
old conditions: a coupling between flows and turbulence
is measured which reveals a characteristic predator-prey
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FIG. 1: Schematic drawing of oblique incidence of a mi-
crowave beam in a slab plasma with a corrugated cutoff layer.

behaviour [37].
In this paper we report on the scale-selective reduction

of turbulence close to the transport barrier in H-mode
plasmas of the TJ-II stellarator. The employed diagnos-
tic technique is Doppler reflectometry, which is relatively
new (∼ 10 years), but used on several tokamaks and stel-
larators worldwide [38–44].

This paper is organized as follows: section II intro-
duces the TJ-II Doppler reflectometer and the measure-
ment technique, section III presents radial electric field
profiles and analyzes the scale-resolved turbulence reduc-
tion, while section IV discusses the findings and presents
conclusions.

II. DOPPLER REFLECTOMETRY

Figure 1 shows the principle of Doppler reflectometry
in slab geometry. A microwave beam is launched under
the angle θ0 with respect to the normal of the plasma
vacuum surface. If the cutoff layer is not smooth but
corrugated, due to turbulent density fluctuations, the
microwave beam is scattered at the cutoff layer. The
antenna is used as a transceiver thus that it selects the
Bragg backscattering in the order m = −1. The inten-
sity of the wave backscattered under θ0 depends on the
spectral Fourier component of the density fluctuations
with a wave vector perpendicular to the magnetic field
k⊥ following Bragg’s law

k⊥ = 2k0 sin θ0, (1)

where k0 is the microwave vacuum wavenumber. In
addition, the Doppler shift fD of the spectrum of the
backscattered signal is related to the velocity of density
fluctuations u⊥ and their perpendicular wavenumber k⊥

FIG. 2: Schematic of the TJ-II Doppler reflectometer. For
details refer to Ref. [43].

through fD = u⊥k⊥/2π. Hence with the measurement of
the Doppler shift fD and the knowledge of the perpendic-
ular wavenumber k⊥, the perpendicular velocity of the
plasma can be calculated. The formula for the plasma
slab (1) is not valid for plasmas with curved cutoff-layers
as for most confined plasmas. In these cases ray or beam
tracing has to be used to calculate both radial position of
backscattering and probed turbulence wavenumber k⊥.

The perpendicular velocity u⊥ is composed out of the
plasma background E × B velocity vE×B and the phase
velocity of turbulent fluctuations vph:

u⊥ = vE×B + vph. (2)

When the phase velocity of turbulence is small com-
pared to the E × B velocity, vph ≪ vE×B, the radial
electric field can be deduced from Er = u⊥B, where B
is the magnetic field strength. Comparison of Er from
Doppler reflectometry with Er obtained with a heavy
ion beam probe at TJ-II showed good agreement [35].
Furthermore, comparisons with Er from spectroscopy in
W7-AS [40] and with Er from a Ball pen probe in ASDEX
Upgrade [45] have also shown that vph ≪ vE×B holds. In
DIII-D, Er from beam emission spectroscopy and charge
exchange recombination spectroscopy measurements also
confirm the above statement [9].

In TJ-II, a Doppler reflectometer is installed [43] which
can operate in the whole range of magnetic configura-
tions available, and in different plasma scenarios. A
sketch of the system is shown in Fig. 2. The possi-
bility to steer the beam with the ellipsoidal mirror al-
lows for the measurement of density turbulence scales
between k⊥ = 3 and 15 cm−1. Although the u⊥ mea-
surement with Doppler reflectometry is rather straight-
forward, the investigation and reliability of wavenumber
spectrum measurements depend particularly on the spec-
tral resolution of the Doppler reflectometer [46–49]. Dur-
ing the design of the TJ-II Doppler reflectometer, partic-



3

-2000 -1000 0 1000 2000
f [kHz]

-100

-90

-80

-70

-60

-50

-40
S

(f
) 

[d
B

]

fD

S(fD)

∆fD

fD

S(fD)

∆fD

r/a = 0.77
k⊥   = 6.8 cm-1

r/a = 0.76
k⊥   = 12.7 cm-1

∼n2(k⊥ ) ∝  ∆fD⋅S(fD)

u⊥  ∝  fD

#23024,
f0 = 37 GHz, θ0 = 13°

#23016,
f0 = 42 GHz, θ0 = 21°

FIG. 3: (#23016, #23024) Example Doppler shifted spectra
measured at different k⊥. Since for higher k⊥ the turbulence
level decreases, the Doppler peak amplitude is lower.

ular attention was paid to the microwave beam shape in
the plasma in order to optimize the system to the given
requirements [50].

Figure 3 shows two Doppler shifted spectra measured
at roughly the same radial position (ρ = r/a = 0.76
and 0.77, a the minor plasma radius) from comparable
neutral beam injection (NBI) heated plasmas in TJ-II.
The Doppler peaks are at around 570 and 1050 kHz for
low and high k⊥, respectively. As pointed out above,
the Doppler shift fD gives the perpendicular velocity of
density fluctuations u⊥ and the area under the Doppler
peak reflects the density fluctuation level ñ2, which is
roughly two orders of magnitude lower for the higher k⊥
case. To obtain the properties of the Doppler shifted
peak, a Gaussian is fitted to the spectrum, which yields
the Doppler shift fD, the width ∆fD and the ampli-
tude S(fD), as shown in Fig. 3. As pointed out above,
fD ∝ u⊥ and ∆fD · S(fD) ∝ ñ2, which is proportional
to the area under the Gaussian. The Doppler shifts in
Fig. 3 correspond to velocities of 5.3 (k⊥ = 6.8 cm−1)
and 5.2 km/s (k⊥ = 12.7 cm−1). The zero-order com-
ponent centered around f = 0 in the k⊥ = 12.7 cm−1

case is measured because for high k⊥, the backscattered
power is low and consequently a high fraction of the mi-
crowave beam power is reflected and reaches the vessel
wall. After reflection at the wall, it returns to the plasma,
is reflected again and goes back into the antenna. Since
the Doppler peak amplitude is low for high k⊥, this zero-
order component can become stronger in amplitude than
the Doppler peak. However, since for high k⊥ measured
Doppler shifts are strong and thus the zero-order reflec-
tion and the Doppler peak are well separated, this does
not cause a significant problem in the data analysis.

To localize the Doppler reflectometer measurement po-
sition ρ and to infer the turbulence wavenumber k⊥, the
three-dimensional ray tracing code Truba [51] is used.
To estimate uncertainties in the measurements, two ad-

ditional rays are launched in parallel to the central ray,
separated by one beam waist (where the beam power is
a factor 1/e2 of the central beam power). This method
gives a turning point for each ray, yielding an estimate
of the uncertainty in the radial localization of the mea-
surement, which is added to the uncertainty in the AM
reflectometer profile reconstruction (∆ρ = 0.01). The
values of k⊥ and B at the individual ray turning points
are then extracted and give the respective uncertainties,
∆k⊥ < 2 cm−1 and ∆B < 25 mT for all measurements
shown here. The uncertainty in the extraction of the
Doppler shift is around 20 kHz. The resulting error in
the radial electric field estimation is ∆Er < 1 kV/m.
The numerical extraction of the density fluctuation level
is very robust with an estimated error ∆S(k⊥) < 1 dB.
However, since the power output of the microwave os-
cillator and the throughput of active microwave compo-
nents are frequency-dependent, a careful calibration of
a Doppler reflectometer is necessary in order to extract
the signal power. To this end the launching and receiv-
ing waveguides were disconnected from the antenna and
joined by a 180◦ turn which included a variable attenu-
ator to avoid system saturation. In this way, the emit-
ted power is transferred directly into the receiving part
of the system. The antenna and mirror frequency de-
pendences are not considered with this method. How-
ever, the antenna directivity varies only by about 2.5
dB in the whole frequency range, which is small com-
pared to the dynamic range of the system (∼ 50 dB).
Furthermore, two dimensional full-wave simulations for
the mirror show power losses of less than 1% at different
frequencies and tilt angles. With the above calibration,
for each microwave frequency a calibration factor is ob-
tained, which is later used to normalize the measurement.
From a physics point of view, two-dimensional full-wave
simulations have shown that the wavenumber spectrum
reconstruction is most reliable in the linear turbulence
regime, while in the non-linear regime, turbulence levels
could be slightly underestimated (few dB) [48]. In the
context of the present work, the H-mode measurements
show considerably lower turbulence levels than the L-
mode measurements, hence the turbulence reduction in
H-mode is more likely to be even underestimated. Since
trends in the turbulence reduction – which is more than
10 dB – are considered, this effect does not present a
problem here.

III. EXPERIMENTAL RESULTS

Experiments were carried out in neutral beam injection
(NBI, PNBI = 370 kW) co-heated plasmas pre-heated by
off-axis ECRH (two gyrotrons, PECRH = 2 × 230 kW).
Line-averaged densities were 〈ne〉L = 2.3×1019 m−3 and
〈ne〉H = 2.7× 1019 m−3 for L- and H-mode, respectively.
Electron temperatures Te in the measurement region of
this paper were between 100 and 180 eV. A total of
33 comparable discharges were performed, during which
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FIG. 4: (a) Density profiles in L- and H-mode measured by
Thomson scattering (dashed) and AM reflectometry (solid).
(b) Radial Er profiles in L- (squares) and H-mode (circles).
The k⊥ value used to infer Er is color-coded.

both turbulence scale and radial measurement position of
the Doppler reflectometer were varied on a shot-to-shot
basis.

A. Radial Electric Field in L- and H-mode

Figure 4(a) shows density profiles measured during L-
and H-mode phases of the discharges. Dashed lines in-
dicate measurements by the Thomson scattering (TS)
system [52] and solid lines are obtained from an AM re-
flectometer [53]. Since the AM reflectometer profiles are
measured in the edge plasma (up to a cutoff density of
ne ≈ 1019 m−3), it is only used for the outer region.
For the inner part of the profile, a linear extrapolation is
used which is aligned to the Thomson scattering measure-
ments. The resulting density profiles are used as input
profiles for the ray tracing code Truba.

In Fig. 4(b), the radial Er profiles in L-mode (squares)
and H-mode (circles) are shown. The turbulence scale
k⊥ measured to obtain Er = 2πfDB/k⊥ is color-coded.
Note that the inferred Er does not depend on k⊥. This
can either mean that vph ≪ vE×B or that vph does not
depend on the value of k⊥, conclusions of particular im-
portance not only for Doppler reflectometry, but also for
turbulence investigations. In general, in turbulence the-
ory, vph does depend on k⊥. In drift wave turbulence
the wavenumber dependence of the phase velocity is due
to the polarization drift, in particular for small struc-
tures k⊥ρs > 1. The above supports the conclusion that
vph ≪ vE×B in TJ-II, already seen for ECRH and NBI
L-mode plasmas [35].

In L-mode, Er is rather flat with values around −4 to
−6 kV/m. The measurement positions for the H-mode
plasma are further outside due to the higher edge density.
In H-mode, the Er profile develops a pronounced gradient
leading to a strong shear layer located at ρ ≈ 0.83, which
is important to the subject of this paper. From this po-
sition towards the edge plasma, the Er values are similar
to those measured in L-mode. However, from the shear
layer towards the center, a radial electric field strength of
up to −14 kV/m is obtained. Further inside (ρ < 0.78),
Er starts to decrease again, hence a well is formed as ob-
served in the transport barriers of both stellarators and
tokamaks [5, 6, 35, 40, 41, 54, 55].

The strong Er shear at ρ ≈ 0.83 is not due to the
pressure gradient, which shows no pronounced changes
at this radial position. A possible explanation could be a
large-scale flow driven by turbulence, which has recently
been observed in several experiments, such as TJ-II [56],
NSTX [57], ASDEX Upgrade [58] and DIII-D [59].

B. Turbulence Spectra L- and H-mode

For clarity, the Er profiles from Sec. III A are repeated
in Figs. 5 for the L- (a) and H-mode (c) phases. The
lower parts of the Figs. (b, d) indicate the available data
in the k⊥ − ρ space, both k⊥ and ρ are calculated from
Truba. From this, four different radial regions can be
used to estimate wavenumber spectra. In L-mode, the
radial range is divided into four intervals of ∆ρ = 0.05,
as indicated in Fig. 5(a) by the vertical dotted lines. This
gives about 15 points for each k⊥ spectrum, except for the
inner one (ρ = 0.64 – 0.70), where seven measurements
are available (see Fig. 5(b)). For fixed θ0, the probed
perpendicular wavenumbers increase towards the plasma
center, because f0 (hence k0) increases (cf eq. 1). An
additional effect can be attributed to the fact that the
angle of incidence of the microwave beam with the cutoff
layer normal increases as the beam enters more to the
plasma center. See Fig. 2(b) for an illustrative example.
The tilt angle scan spans the wavenumber space in the
other direction, as indicated by the arrows in the upper
right corner. In the outer part of the measured region,
wavenumbers from around 3 to 10 cm−1 are scanned,
while further inside, the wavenumber range increases and
is between 4 and 15 cm−1. The labels (a, b, c, d) at
the bottom of the plot identify the wavenumber spectra
plotted in Fig. 6.

In case of the H-mode, the Er profile must be clas-
sified in four different sections from a physics point of
view. They are marked in Fig. 5(c,d) by the vertical
dotted lines and labeled as the edge region (ρ = 0.84 –
0.89), the shear region with strong Er shear (ρ = 0.82 –
0.84), the Er well region (ρ = 0.78 – 0.82), and finally
the core region (ρ = 0.75 – 0.78), where Er starts to de-
crease towards the plasma center. As for L-mode, in the
edge, the accessible k⊥ values are slightly lower than fur-
ther inside, resulting in wavenumber spectra for slightly
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larger scales. For the innermost region only few points
are available. The labels (a, b, c, d) at the bottom of
the plot identify the wavenumber spectra plotted below
in Fig. 7. For both L- and H-modes the corresponding
normalized wavenumbers are in the range k⊥ρs ≈ 0.5 –
2.5 (ρs = 0.1 – 0.2 cm), where ρs =

√
2miTe/eB is the

ion Larmor radius evaluated at electron temperature.

In Fig. 6, the L-mode wavenumber spectra for the ra-
dial regions defined in Figs. 5(a, b) are plotted. The hor-
izontal dashed line at −20 dB serves to guide the eye. In
all plots, k⊥ρs = 1 is marked as a dotted vertical line and
the Er profile is shown as an inset where the respective
measurement region is indicated by a gray stripe. From
(a) to (d), the probed region moves from the plasma edge
towards the plasma center. A general observation is that
from large towards small scales (all scales smaller than
the system size, k ≈ 0.3 m−1) the density turbulence level
decreases, which is observed also in 2D and 3D neutral
fluid turbulence [60]. Furthermore, a power law behavior
can be identified. Beginning with the outermost spec-
trum (a), there is a flat region from k⊥ = 3 to 5 cm−1,
where the spectral fall-off starts. The spectral index is
α = −2.0 ± 0.5. Further inside ((b) and (c)), in the k⊥
range between 4 and 9 cm−1, spectral indices with values
of α = −1.8 ± 0.2 and −2.4 ± 0.4 are found. A fall-off
at higher k⊥ at around k⊥ = 9 cm−1 becomes appar-
ent. The spectral index of the high k⊥ power law in (b)
is α = −10.2 ± 1.0. Due to the lack of data in the k⊥
spectrum (d) , no conclusions are drawn apart from the
spectral fall-off towards small scales.

In the H-mode (Fig. 7), the turbulence level decreases
with decreasing structure size as in L-mode. In the edge
k⊥ spectrum (a), a power law with α = −2.6 ± 0.3 can
be identified followed by a pronounced spectral fall-off
towards higher k⊥ with α between −9 and −13 (large
data scatter). In the shear region (b), the spectral index
is α = −3.1 ± 0.8, and the turbulence level has dropped
by about one order of magnitude in comparison with the
edge measurement and also in comparison with the L-
mode spectra. The spectral index of the high k⊥ region
is α = −5.7 ± 0.6, which is lower than the high k⊥ spec-
tral index in L-mode (cf Fig. 6(b)), indicating that tur-
bulence reduction is most effective at intermediate tur-
bulence scales. In the Er well region (c), the turbulence
level is also reduced (and lower than in L-mode). How-
ever, it increases slightly with respect to the shear layer
measurement (b). The power law shows a spectral index
of α = −2.4± 0.5, comparable to the edge measurement.
Note the spectral index in the shear region is smaller than
the one in both the edge and Er well regions in H-mode
and also all the power laws in L-mode, hinting that not
the largest, but intermediate turbulence scales are prefer-
entially suppressed. Also note that in all spectra, except
the one in the Er shear region, the knee-point is at around
k⊥ ≈ 9 cm−1 and to the right of the k⊥ρs = 1 line. In
the Er shear region, the knee is at k⊥ ≈ 6 cm−1 and to
the left of k⊥ρs = 1, which could hint that turbulence
characteristics have changed substantially at this radial
position. For the core region (d), the turbulence level is
higher than in all spectra towards the edge.
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FIG. 6: (#23013-51) L-mode wavenumber spectra for different radial regions indicated in the inset Er profile at the bottom
left of each plot. The dashed line at −20 dB serves to guide the eye. For details refer to the text.

These measurements compare well to existing litera-
ture: far-infrared measurements in a tokamak plasma
(Mictrotor tokamak) were made in 1980 by Semet et al.

and yielded α = −3.5 in the range 6 cm−1 < k⊥ < 20
cm−1 [61]. Devynck et al. investigated k⊥ spectra in
1993 in the Tore Supra tokamak with collective infrared
laser scattering and obtained spectral indices α = −3
at k⊥ > 6 cm−1 [24]. These results were confirmed by
Zou et al. through the first k⊥ spectrum measurement by
Doppler reflectometry in 1999 for the k⊥ > 4 cm−1 range,
where α = −2.8 was measured [39]. Hennequin et al. ob-
served a stronger spectral index at high k⊥ > 15 cm−1,
measurements recently extended by Vermare et al. by
studying the collisionality dependence of the wavenum-
ber spectra [27]. The measurements referred to have been
obtained exclusively in L-mode plasmas. To our knowl-
edge, no systematic comparison of H-mode to L-mode

wavenumber spectra has been published yet, although
preliminary studies have been presented with spectral in-
dices between −4 and −7 [28–30].

C. Radial Fluctuation Profiles in L- and H-mode

To calculate the wavenumber spectra above, the data
were grouped into different radial regions, and the
wavenumber spectrum was plotted for each region. An-
other representation is to group the measured data into
different wavenumber ranges and plot the radial turbu-
lence level dependence, shown in Fig. 8. In the L-mode
data (a), the decrease of density fluctuation level to-
wards smaller scales is visible. However, the measure-
ments show no radial fluctuation level dependence. In
contrast, in H-mode, a strong fluctuation level reduction



7

2 3 4 5 6 7 8 910 15
k⊥  [cm-1]

-50

-40

-30

-20

S
(k

⊥
) 

[d
B

]

(a)

edge
k ⊥

ρ s
=

1

α = -2.6 ± 0.3

2 3 4 5 6 7 8 910 15
k⊥  [cm-1]

-50

-40

-30

-20

S
(k

⊥
) 

[d
B

]

(b)

shear

k ⊥
ρ s

=
1

α =  -5.7 ± 0.6

α = -3.1 ± 0.8

2 3 4 5 6 7 8 910 15
k⊥  [cm-1]

-50

-40

-30

-20

S
(k

⊥
) 

[d
B

]

(c)

Er well

k ⊥
ρ s

=
1

α = -2.4 ± 0.5

2 3 4 5 6 7 8 910 15
k⊥  [cm-1]

-50

-40

-30

-20

S
(k

⊥
) 

[d
B

]

(d)

core
k ⊥

ρ s
=

1

FIG. 7: (#23013-51) Same as Fig. 6 for H-mode.

close to the Er shear layer can be observed, as already
seen in Sec. III B. Furthermore, a stronger reduction of
intermediate scale turbulence (k⊥ = 7 – 11 cm−1, cor-
responding to k⊥ρs = 1.0 – 1.7) compared to the larger
and smaller scales can be identified, which is visible in
the more pronounced minima of turbulence level in Fig.
8(b). This confirms the conclusion obtained by interpret-
ing the power laws of the wavenumber spectrum in the
Er shear region (fig. 7(b)).

IV. DISCUSSION AND CONCLUSIONS

The fact that turbulence energy in the whole wavenum-
ber range is reduced in H-mode with respect to the L-
mode plasma in the region of maximum Er shear (and
not in the edge or at the innermost measurement posi-

tion), is a strong hint that the Er shear and the resul-
tant strong E × B shear flows play a central role in the
reduction of the edge turbulence level in TJ-II H-mode
plasmas.

If shear decorrelation of large structures were domi-
nant, the radial correlation length of large-scale struc-
tures should be reduced, and the energy of the resulting
smaller scales should be enhanced. This would result
in more density turbulence energy at higher k⊥. Then
the power at high k⊥ should increase while at low k⊥
it should decrease. This is not observed here, so either
the shear decorrelation mechanism does not play a cen-
tral role or strongly non-isotropic structures are mea-
sured. However, anisotropic turbulence has been ob-
served mainly at large scales (k⊥ < 2 cm−1), while at
smaller scales structures are isotropic [9, 19, 62, 63].

The turbulence reduction is observed to happen pref-
erentially on intermediate scales. Through the sheared
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FIG. 8: (#23013-51) Radial profiles of scale-resolved density
fluctuation level in (a) L- and in (b) H-mode. In L-mode,
the turbulence level is rather constant in the observed radial
range. In H-mode, at the Er shear location, the reduction is
strongest. Of the scales investigated, the intermediate scales
(k⊥ = 7 – 11 cm−1) are reduced most effectively.

E×B flow the structures are tilted and thus the Reynolds
stress becomes effective. The reduction of turbulence on
all investigated scales points to an energy sink which is
not provided by the shear decorrelation mechanism. A
possible explanation of the reduction of spectral power
is the transfer of energy. Large-scale structures might
not be affected by the sheared flow due to their stronger
vorticity [64]. In particular, both in simulations [13]
and also in other experiments [12], it was found that
the main contribution to ZF drive comes from smaller
scales kθρs & 0.7 and 1.0, respectively. The preferen-
tial turbulence energy reduction for the present TJ-II
measurements takes place on scales k⊥ρs ≈ 1.0 – 1.7,
consistent with these previously observed results. The
other mechanism, shear decorrelation of turbulent struc-
tures, might not play a central role here: neither are large

scales preferably reduced, nor is the energy redistributed
towards smaller scales. However, it cannot be excluded
that both mechanisms are active here.

In summary, density fluctuation wavenumber spectra
have been measured in L- and H-mode plasmas of the
TJ-II stellarator. The wavenumber spectra exhibit the
typical shape with a plateau at low k⊥ and a decay at
higher k⊥. The spectral indices in the L-mode lie between
−1.8 and −2.4. In H-mode, power laws with α between
−2.4 and −3.1 are found. Close to the Er shear layer,
the turbulence energy is decreased, and this effect is most
pronounced at intermediate scales (reduction by about
one order of magnitude in comparison to L-mode). At
smaller radii, where Er is strong but its shear moderate,
the turbulence energy is reduced as well, but not as much
as in the Er shear layer (ρ = 0.82 – 0.84). At even
smaller radii, the turbulence energy is level with the L-
mode measurement.

The preferential reduction of intermediate turbulence
scales can be explained within the framework of vor-
tex straining and subsequent energy transfer through
Reynolds stress into zonal flows, as suggested in Refs. [12,
15]. It is questionable whether turbulence decorrelation
by sheared flows plays a role in TJ-II H-mode plasmas,
although it cannot be excluded that both mechanisms are
active. Further studies, e.g. the inclusion of Doppler ra-
dial correlation reflectometry [65, 66], which measures kr

at low turbulence amplitudes and strong velocity shear –
which is the case in H-mode –, would yield information
on the degree of anisotropy of turbulent eddies, as could
fast camera measurements [67] and beam emission spec-
troscopy [9], which could thus contribute significantly to
the measurements and help to clarify the physics mech-
anisms at work.
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