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Single large transport barrier vs successive small transport 
barriers ?
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The ExB staircase in magnetized plasmas

[Dif-Pradalier NF 2017]

Turbulence stabilization by sheared ExB flows, beneficial for confinement, role in L-H transition [Bilgari Phys. 

Fluids 1990, Burrel PPCF 1994, Hahm PoP 1995]

❑ Observed in numerical simulations
▪ Global gyrokinetic codes [Dif-Pradalier PRE 2010, Wang NF 2018]

▪ 2D fluid code [Ghendrih JoP 2018]

❑ ExB staircase features measured in experiments
▪ Corrugations in radial electric field [Hillesheim PRL 2016]

▪ Avalanche characterization [Choi PPCF 2024]

▪ Pressure corrugations [Ashourvan PRL 2019]

▪ Turbulence correlation length reductions [Hornung NF 2017]

ExB Staircase: Radial pattern of zonal flows (poloidal), 

acting as microbarriers and interspersed with avalanches.

[Dif-Pradalier PRE 2010].



Disposition : Titre et contenu

A. Jamann - 21st EFTC - 24/09/2025

OUTLINE

5

1. MOTIVATIONS

2. REFLECTOMETRY CAPABILITIES AND EXPERIMENTAL DATA

3. SYNTHETIC REFLECTOMETRY DIAGNOSTIC

4. TURBULENCE SIMULATIONS WITH ZONAL FLOWS

5. RESULTS OF ZONAL FLOWS PROBING

6. PERSPECTIVES



Disposition : Titre et contenu

A. Jamann - 21st EFTC - 24/09/2025 6

Ultra-fast reflectometry principle

▪ Reflectometry is a micro-wave diagnostic.

▪ If the wave frequency equals the cut-off frequency,

the wave gets reflected.

▪ Ultra-fast sweeping reflectometry [Clairet RSI 2017] measures electron density profiles and

electron density fluctuations from edge to core.

antennas

𝑭𝟏 < 𝑭𝟐

50 GHz
1 + 0.25 µs (800 kHz)

110 GHz
2000 

fixed

frequencies

Frequency

sweep

▪ Radial resolution ~𝟏 mm

▪ Temporal resolution of 𝟏. 𝟐𝟓 𝝁𝐬

▪ Acquisition of a complex signal
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Turbulence measurements by reflectometry

❑ Coherence

❑ Turbulence frequency power spectrum

❑ Cross-correlation

with           and                       , the cross and auto power spectra in the frequency domain.

❑ Correlation anisotropy
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ExB Staircase observation on Tore-Supra

[Hornung NF 2017]

Frequency averaged Coherence.

Frequency averaged coherence length

equivalent to a radial correlation length.

Shear layers at the staircase steps (𝑺𝟏, 𝑺𝟐, 𝑺𝟑), 

associated with radial contractions of the 

coherence.

Cross-correlation tilting on each side of the shear 

layer.

Correlation anisotropy.
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Spectral features observed on experimental data
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Synthetic reflectometry diagnostic

Synthetic 

reflectometry 

diagnostic

Simulated turbulence 

maps

(gyrokinetic, fluid…)

Comparisons to 

experiments

Full-wave code: ‘‘FeDoT’’ [Glasser PPCF 2025] simulates the

propagation of a reflectometer wave with Finite Difference Time

Domain (FDTD) technique [Yee IEEE 1966].

▪ 2D Cartesian grid (radial, poloidal). X-mode or O-mode.

▪ Standard reflectometer (normal incidence) OR Doppler 

reflectometer (oblique incidence).

▪ Towards a user-friendly code for ITER applications.

Wave propagation 

simulation

(Full-Wave code)
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▪ Turbulence is frozen for the probing wave one full-wave simulation per

turbulence snapshot. (number of full-wave runs = 𝑁𝑠𝑛𝑎𝑝𝑠ℎ𝑜𝑡𝑠 × 𝑁𝑓𝑟𝑒𝑞𝑠).

Full-wave simulation illustration

Spatial distribution of an electric field 

propagating in a gyrokinetic (GYSELA) 

turbulence snapshot.
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Characterizing flows using Hasegawa-Wakatani
turbulence

[Varennes NF 2025]

Adiabaticity parameter 𝑪. Curvature (or gravity) parameter 𝒈.

-> Generation of steady and finite mean poloidal flows.

▪ 500 turbulence snapshots. X-mode probing with 300 fixed frequencies. (500×300 full-wave simulations).

[Hasegawa & Wakatani – PRL 1983] 

[Sarazin PhD thesis 1997]

❑ 2 cases: Drift-wave only: 𝒈 = 𝟎 VS Drift−wave + Interchange: 𝒈 = 𝟏
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Comparative analysis probing two turbulence 
regimes

▪ Drift-wave only: 𝒈 = 𝟎, ‘‘core turbulence’’ ▪ Drift-wave + Interchange: 𝒈 = 𝟏, ‘‘SOL turbulence’’

How does the Synthetic Diagnostic (SD) will

perform in these two cases ? 
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g=0 ‘‘core turbulence’’ input quantities
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Input data:

Coherence/correlation

computed from 𝛿𝑛𝑒

▪ shear layers (dotted

black lines)

▪ Differential tilting on 

each side of shear

layers.

Turbulence structure tilt

We proceed as 

[Hornung NF 2017], 

𝜹𝒏𝒆

𝒗⊥

shear
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As in [Hornung NF 2017], 

▪ shear layers (dotted

black lines), aligned with

contractions of 

coherence.

Correlation

anisotropy

Coherence

Coherence length

Input data:

Coherence/correlation

computed from 𝛿𝑛𝑒

𝜹𝒏𝒆

𝒗⊥

shear
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g=0 ‘‘core turbulence’’ SD measurements

▪ Measured coherence

length reductions, 

not aligned with

shear layers.

▪ Differential tilting, not 

clear

𝜹𝒏𝒆

𝒗⊥

shear
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g=0 ‘‘core turbulence’’ input vs SD

▪ Turbulence coherence lengths are 

not recovered by reflectometry. (as 

already stressed in [Blanco & Estrada 

PPCF 2013]

▪ Coherence lengths measurements

used by [Hornung NF 2017], do not 

seem to be a reliable signature of 

zonal flows.

𝜹𝒏𝒆

𝒗⊥

shear
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g=0 ‘‘core turbulence’’ input vs SD

▪ However, a more direct measurement

seems to work well.

▪ PSD from amplitude signal: good match 

between input and SD.

▪ Contractions observed at the shear

layers.

Possibly a new shear layer signature.

𝜹𝒏𝒆

𝒗⊥

shear
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New shear layers signature: contractions in 
frequency spectra

▪ A metric is defined to measure the 

spectral broadening.

𝜹𝒏𝒆

𝒗⊥

shear
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❑ Correlation anisotropy / tilting of turbulent structures: ~NO

❑ Coherence lengths: NO

❑ Width of turbulent frequency spectra: YES
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What are the relevant ExB staircase signatures ?
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g=1 ‘‘SOL turbulence’’ input vs SD

▪ Smaller coherence length

than in the drift-wave only

case.

▪ Again, the coherence length is

not recovered by reflectometry.

𝜹𝒏𝒆

𝒗⊥

shear
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g=1 ‘‘SOL turbulence’’ input vs SD

▪ Again, contraction of 

frequency spectra at shear

layers locations.

▪ Slightly less clear than in the 

g=0 case.

𝜹𝒏𝒆

𝒗⊥

shear
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Spectral broadening and frequency shifts 
corrugations
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Spectral broadening:

✓ Observed by SD.

✓ Attributed to successive 

shear layers probing.

Frequency shifts:

❖ Doppler ?

❖ Yet to be verified.
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Doppler shift due to antenna misalignement

Reflectometer antenna @ z=0

7 cm below the magnetic axis

probing with oblique incidence

(like Doppler reflectometry)

How to reproduce in simulations ?

Curved plasma + misalignement

is equiv. to flat plasma + oblique incidence.

-> 3° angle (g=0 case)

antenna misalignment can be used as a 

Doppler reflectometer setup [Altukhov PoP

2018] 
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experimental data

Shear layer signature through doppler shift

SD
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✓ Good agreement 

between SD and 

experimental data.

Better flow identification 

with a misaligned

antenna.

✓ Spectral contraction 

aligned with Doppler 

shift reversal,

indicating a shear layer.
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✓ A synthetic reflectometry diagnostic has been developped to validate and support interpretation of 

reflectometry data.

✓ New shear flow signature identified through contractions of the frequency spectrum.

✓ In the case where the antenna is misaligned, Doppler shift is also a signature of a shear layer.

➢ Use more realistic cases, i.e., nonlinear gyrokinetic (GYSELA) simulations. Improve statistics.

➢ GYSELA simulations with kinetic electrons and varying distance to marginality [Diamond PoP 1995], 

[talk of G. Dif-Pradalier tomorrow].

➢ Zonal flow probing with both standard and Doppler synthetic reflectometers -> 𝐸𝑟

➢ Actualization of experimental data analysis (AUG, WEST)

➢ perform dedicated experiments for ExB staircase detection on WEST.
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CONCLUSIONS AND PERSPECTIVES
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APPENDIX: Frozen turbulence for full-wave
propagation
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APPENDIX: AUG measurements
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APPENDIX: amplitude and phase signals

Input fluctuations (r, t) 

@ midplane

SD amplitude (r, t) 

SD phase (r, t) 
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g=1 ‘‘SOL turbulence’’ input quantities

35

▪ DW + interchange.

▪ More mixing than in 

the g=0 case.

▪ Coherence lengths

are reduced.

▪ Same behavior as 

before.



Disposition : Titre et contenu

A. Jamann - 21st EFTC - 24/09/2025 36

g=1 ‘‘SOL turbulence’’ SD measurements

▪ Same behavior as before.
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g=1 ‘‘SOL turbulence’’ input vs SD

▪ Again, contraction of frequency

spectra at shear layers locations.

▪ Slightly less clear than in the g=0 

case.
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g=0 ‘‘core turbulence’’ vs g=1 ‘‘SOL turbulence’’
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Oblique incidence results

▪ Coherence

lengths not 

recovered.

▪ Frequency 

spectra computed

from the complex

signal, display 

shifts and 

broadening.
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APPENDIX: Doppler shift with antenna
misalmignement
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Fluctuation levels measurements

Waist=2cm Waist=5mm

[Mazzucato et al, RSI 1998] 


