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Introduction

The plasma edge and the scrape off layer (SOL) are important regions in any fusion device.

They isolate the well confined core plasma from the divertor and first wall. All radial transport

has channelled through this region. To understand the transport the properties of the plasma

edge and the SOL have to be known with respect to gradient scale length of density temperature

but also the propertie of microscopic structures are of importance[1, 2]. In addition the plasma

edge and SOL are separated by a last closed fluxsurface (LCFS) where the connection length

abruptly changes from several kilometre to about hundred metre and a strong velocity shear

layer develops. Since turbulence is supposed to be affected by a shear layer the rotation v⊥-

and Er-profiles are of interest. In this paper the v⊥- and Er-profiles are studied by a Correlation

Reflectometer [3, 4] operated plasma edge of the stellarator W7-X [5, 6]. It is a stellarator

optimized for neoclassical transport wit a 5 fold symmetry.

Methodology

For the estimation of the v⊥- and Er-profiles from correlation reflectometry to requirements are

needed - (i) the measurement of the delay times from antenna combinations and (ii) a knowledge

of the radius of the measurement. The latter is obtained from Thomson scattering diagnostic [7]

and mapped to the position of the PCR system. To obtain v⊥ from a correlation reflectomter the

delay time (∆t) from different independent antenna combinations (different poloidal separation

z) is calculated. Without a shear layer the propagation is determined from the slope of the

∆t − z [8]. In case of a shear layer is crossed the measured v⊥-profile is also influenced by a

radial propagation. A radial propagation of coherent structures was observed at ≈ 10% of the

ion sound speed [9] in the SOL. In fig.1 the evolution of ∆t for 4 antenna combinations is shown

in the shear layer of W7-X. Clearly seen is the expected change in the sign of ∆t at different
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times in the discharge. The mean distance averaged for the scan which is partly shown in fig.1

is given in the figure as well. However, this happens earlier for larger poloidal distances than for
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Figure 1: Evolution of the delay times in the

vicinity of the shear layer for different anten-

nae combinations as function of time. Larger

poloidal distances show an earlier flip in the

delays compared to shorter ones.

Figure 2: Comparison of apparent and real

v⊥ during one frequency scan. The transi-

tion in the shear layer is no longer fluctu-

ating and real v⊥ is quite close to the v⊥ to

the apparent one.

smaller ones. The reason for this observation is found in the radial propagation of the structure.

Within the measured delay time the structure moves not only in poloidal direction but also

in radial direction. Assuming ∆t = 4µs yields with a radial velocity of vr = 1kms−1 a radial

displacement of 4 mm, which is already half radial resolution of the diagnostic. In contrast the

shortest distance with ∆t = 0.5µs yields a displacement of 1 mm, only. This behaviour clearly

shows that above discussed method will cause artificial large fluctuations in the shear layer. It is

therefore necessary to use a better method which works in the shear layer as well. The elliptical

model invented by Briggs [10] and Phillips [11] and applied for in the interpretation of plasma

or fluid instabilities [12] and for turbulent shear flows by He [13] based on the assumption that

iso-correlation surfaces have elliptical shape and allow to relate the cross correlation obtained

for a certain ∆t an a poloidal distance s to the auto correlation at a certain time lag τ . In this

model the propagation velocity is given as:

v⊥(x,y) =
sxy∆txy

∆t2
xy + τ2

xy

; x,y ∈ [B,C,D,E] (1)

This yields for each analysed time interval 6 values for v⊥. In fig. 2 both methods, the apparent

velocity from the linear regression of the cross correlation delays and the real drift velocity
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using equ. 1 are compared during one frequency scan. It can be seen that the estimation of v⊥

in the shear region is smoother compared to the linear regression analysis. Also away from the

shear layer the values of both methods are close to each other again.

Observation

The above method is applied for in the so called standard configuration of W7-X which is char-

acterized by an edge iota (ι = 1) and has a 5/5 island chain in the SOL. The island chain is in-

tersected by divertor plates and only small remnant island are found in the SOL. At the toroidal

position of the PCR the line of sight does not intersect with the island. However, due to (i) the

toroidal current (Ip) and (ii) additional control coils (2 per module) the edge iota changes and the

position and size of the remnant island changes.
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Figure 3: Overview of Icc-scan. [a] PECH and Prad; [b] line

averaged density; [c] plasma and control coil current. Note

the latter has an offset of 5 kA for better comparison with

Ip. PECH ,Prad,ne and Ip are shown for 20180816.18, only

for clearness.

In fig. 3 the important proper-

ties for the further discussion

of the measurement of 3 dis-

charges are shown. In fig. 3a

the heating power and the ra-

diated fraction is shown. It is

the same for all investigated dis-

charges as well as line inte-

grated density shown in fig. 3b.

fig. 3c shows the evolution of

the plasma current which is

similar for all discharges and

the evolution of the control

coil current (Icc). For discharge

20180816.11 and 20180816.12

the Icc is zero up to t = 6s There-

after it is ramped with dIcc/dt =

150As−1 up (20180816.11) and

down (20180816.12), respectively.

A third discharge (20180816.13)

is investigate where one half of

the coils have a positive and the

other half a negative current ramp

rate. The absolute current ramp
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rate is in all coils equal. As reference discharge without Icc (20180816.18) is used. In a first step

the influence of Icc on v⊥ is investigated. For this scan the mean plasma current is 〈Ip〉= 6.6kA

for all discharges. In fig. 4 the v⊥ profile around the LCFS is shown as function of the effective

radius (re f f ). The measurement is performed between the plasma edge and the inner separatrix

of the remnant island. The transition from negative to positive values of v⊥ starts just outside the

LCFS which is indicated by the dashed line. The radial range where the transition takes place

is in the range of 10 mm to 15 mm. Defining the local shearing rate as:

ω ′ =
∂v⊥

∂ r
≈

∆v⊥

∆re f f

(2)

an increased shearing rate (ω ′ = 35.8×104 s−1) is found for negative Icc and in the case with

alternating coil currents the shearing rate (ω ′ = 26.8×104 s−1) lowest, compared to the case

with positive, and no control coil current, respectively. This observations support the simulation

of the field line tracer which show in the case of alternating control coil currents a less steep

decrease in the connection length at the LCFS.

The effect of Ip is studied by a comparison of a scan in the time range 3.28 s to 3.96 s and

13.62 s to 14.3 s. The corresponding time interval averaged Ip is estimated as Ip = 1.91kA and

Ip = 6.75kA. With the increasing Ip a steeper shearing rate increased from ω ′ = 36.9×104 s−1

to ω ′ = 58.2×104 s−1.

As mentioned before a 5/5 island chain is located in the SOL for the standard configuration.

In a few cases, when the island size is small or a density peaking is observed in the remnant

island it is possible to measure the rotation profile in island. For the discharge 20180814.47

The line integrated density was that high that the PCR diagnostic could cover the remnant

island. At the island position the connection length increases and a small well defined region is

created with good confinement. In this region the propagation changes sign again [14]. Three

different scans are analysed at different Ip values to study the effect of the plasma current on

the island position. As shown in the real v⊥-profile in fig. 5 the position moves slightly inward

with increasing Ip. This is in agreement with VMEC calculations which predict an increase of

the poloidal magnetic field when Ip is increasing and therefore the ι = 1 position and the island

chain moves to smaller radii. From this measured inward shift it is possible to deduce expected

movement (∆r) as 2.5 mmkA−1 plasma current.

Beside effects of the configuration it is also of interest to study the dependence of major plasma

parameter on the shear layer and the v⊥- and Er-profile, respectively. In three low iota plasma

with similar density but different heating power (PECH) the Er-profile is calculated. In the low

iota plasmas a 5/6 island chain is expected in the SOL. However, the O-point of the island is not

14th Intl. Reflectometry Workshop - IRW14 (Lausanne) 22-24 May 2019 O.310___________________________________________________________________________



Figure 4: Comparison of v⊥-profiles for dif-

ferent settings of the Icc-current. A clear ef-

fect on the shearing rate with Icc is observed.

In case of alternating Icc the shaering rate is

lowest

Figure 5: Effect of Ip on the position of

the remnant 5/5 island. With increasing the

island is shifted more inside due to the

increased poloidal magnetic field. Colored

coded arrows denote the island position.

intersected by the PCR line of sight. In all investigated discharges the line of sight is in the vicin-

ity of the island X-point.

Figure 6: Radial electric field for low iota

and different PECH . A clear steepening of the

shear layer and an outward shift is observed.

For the comparison discharges are selected

which have similar electron density. As in the

standard configuration the shear layer is found

outside the LCFS at re f f = 0.513m as calcu-

lated from the filed line tracer. As shown in fig. 6

the Er in the SOL does not change with heat-

ing power and is in the range of 2 kVm−1 to

3 kVm−1. However, a clear dependence on (i)

the shear layer and (ii) the shearing rate is ob-

served. For low PECH the shear layer is closer

to the expected calculated value and the shear

layer position is shifted outward with increasing

PECH . Regarding the shearing rate an increase

with PECH is found from ω ′ = 12.7×104 s−1 at

PECH = 2MW to ω ′ = 24.2×104 s−1 at PECH =
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5MW. The shearing rate for equal PECH is higher in the standard configuration compared to the

low iota configuration.

The LCFS is a narrow region where (i) the connection length decreases abruptly and the prop-

agation velocity changes sign. The LCFS acts as a barrier for turbulent transport due to the ve-

locity shear. It is assumed that the low wave number (k) turbulence decreases at the shear layer.

A measure for the decrease of the low k-turbulence is the shearing rate. In case the turbulence
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Figure 7: v⊥-profile for 20171109.56 show-

ing the shear layer and the remnant island

in the SOL. Colored × denote the position at

which the coherence spectra are calculated.

Figure 8: Coherence spectra for positions

from . A clear decrease in the broad band

turbulence is seen when passing the shear

layer.

de-correlation time (τdc) exceeds the inverse shearing rate it will effectively suppressed. The

PCR diagnostic is in general sensitive to low k-turbulence up to k ≈ 4cm−1 and the measure-

ment are performed in the shear layer. The measured coherence spectra of all combinations can

be analysed and frequency regions can be identified where the coherence drops when approach-

ing the shear layer. As a first example the coherence spectra for the discharge 20171109.56 are

analysed for the antenna combination DE. In fig. 7 the v⊥-profile is shown. It shows the LCFS

as vertical dashed line and the shearing region. with a measured ω ′ = 24.2×104 s−1. Outside

the shearing layer evidence for a remnant island at re f f = 0.58m is found. For 5 different posi-

tions marked by coloured X the coherence spectra are estimated and shown in fig. 8. It is seen

clearly that the coherence for a position inside the LCFS is broad and shows 2 quasi coher-

ent modes at f = ±25kHz [15]. For the other positions a decrease of the spectral intensity is

observed but, the quasi coherent peaks are still visible and change its frequency a little. The

most obvious change in the spectra happens when crossing the LCFS. A bit more quantitative
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analysis has been done by trying to decompose the coherence spectra. Each component has a

Gaussian shape. In general 4 components can be identified (i) a broad band turbulence com-

ponent, (ii) two quasi coherent modes with quite narrow width and (iii) a dc component. The

whole spectrum can be described as:

S( f ) =
n

∑
i=1

Aiexp

(

−
( f − fi)

2

σ 2
i

)

(3)

where Ai denotes the amplitude of the component, fi the centre frequency and σI the half width

of the component. As shown in fig. 9 for the two extreme cases from fig. 8 the measured spec-

tra can be nicely described by several Gaussians. For each spectra the Gaussian components

(dashed lines) are shown. Whereas the spectrum in the plasma edge has a strong broad band

component it is missing completely in the shear layer. The quasi coherent modes components

are shown as well. In contrast the quasi coherent modes do not undergo a strong change in

amplitude. This decrease of the broadband turbulence can be taken as an evidence for the low

k-turbulence suppression in the shear layer.
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Figure 9: Decomposition of 2 spectra into quasi

coherent and broad band turbulence (dashed

lines). Each spectrum has one central broad

band turbulence component and 2 quasi coher-

ent components. In the spectrum which is ob-

tained in the shear layer the broad band turbu-

lence vanishes completely and the quasi coher-

ent mode is left, only.

Summary

During the inertial cooled divertor operation campaigns at W7-X the correlation reflectometer

has been used to measure v⊥- and Er-profiles in the plasma edge and the SOL. To take into

account the strong velocity shear in the shear an elliptical model has been applied for the esti-

mation of v⊥. With this model strong non-physical fluctuations in the shear layer are avoided.

In the investigated plasmas the shear layer is located outside the LCFS as it is calculated. The

shear is subject to changes of the magnetic configuration (ι = 1 and ι = 0.81) and changes also

with the plasma current. The position of the remnant 5/5 island moves inward with increasing
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plasma current. Modifications of the plasma edge by the use of control coils influence the edge

iota and the shear layer as well. In the low iota plasma the shearing rate increase with the ap-

plied heating power.

Regarding the suppression of turbulence coherence spectra are analysed. A decomposition of

the coherence spectrum yields a significant decrease in the amplitude of the broad band turbu-

lence in the shear layer. This is consistent with the assumption of a suppression low k-turbulence

in the shear layer.
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