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Abstract. A quasi-coherent mode (QCM) near the plasma edge is characterized

experimentally by measuring the density fluctuation via a poloidal correlation

reflectometer (PCR) in Wendelstein 7-X. This QCM frequency descends from 25 kHz

near the separatrix to 10 kHz as the cutoff position penetrates toward the core. A

similar mode structure is also observed in the spectra of ECE edge channels and Mirnov

coil signals, which shows a clear correlation with respect to the PCR measurement.

The mode evaluation yields a range for the poloidal mode number of 8 ≤ m ≤ 25,

and for the normalized mode scale k⊥ρs ≤ 0.1, which suggest a drift type instability.

The QCM structure appears in the standard and narrow-mirror configurations (both

with the rotational transform ι = 5/5 in the boundary), but is absent in the high-ι

configuration (boundary ι = 5/4). The impact of plasma parameters on the QCM is

discussed. It is observed that the QCM frequency and amplitude can be affected by

the edge magnetic topology and plasma parameters. The fmode shifts upward during

the negative and non-stellarator-symmetric control coil current scans, which may be

attributed to the effect of the E× B shear, Er, and ne in the plasma edge region.
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1. Introduction

Turbulence has been proved to play a sig-

nificant role in the edge cross-field heat and

particle transport in magnetic confinement

devices[2]. The turbulence can be driven by,

for instance, density gradients[3], energetic

particles[4], or plasma current[5]. Character-

ization of the turbulence regime is advanta-

geous for a better understanding of its impact

on the overall energy confinement[6]. The so-

called ’quasi-coherent mode’ (QCM) is identi-

fied as a distinct peak appearing in the tem-

perature, density, and/or magnetic fluctua-

tion spectrum. In general, the QCM cen-

tral frequency covers a bandwidth from tens

to hundreds of kHz, and has been observed

in a wide range of core and edge regions in

many tokamaks[7, 8, 9] and stellarators[10,

11, 12, 13]. For instance, the electromagnetic

mode at fmode ≈ 26.5 kHz observed in the

pedestal region of EAST tokamak is respon-

sible for an outward particle transport in the

low wavenumber range (k⊥ < 3 cm−1) [14].

Also in the TJ-II stellarator a quasi-coherent

electrostatic mode at f = 20 ∼ 120 kHz

was observed to contribute to a small frac-

tion of the turbulent particle flux for kθ <

3 cm−1[15]. From the modeling point of

view, the coupling between ion drift waves

and electron drift-acoustic waves implies an

important destabilization effect for a drift-

ballooning mode, which might be related to the

quasi-coherent edge instabilities at the H-mode

pedestal[16]. In Wendelstein 7-X (W7-X) stel-

larator, a three-dimensional geometry of mag-

netic field is designed for a quasi-isodynamic

equilibrium at high plasma beta. The mag-

netic configuration has been confirmed to con-

trol bootstrap currents and collisional trans-

port by mean of changes in the magnetic mir-

ror ratio in the first experimental campaign of

W7-X[17]. The neoclassical transport induced

by the bounce-averaged radial drift of trapped

particles is strongly reduced. The magnetic

field strength and the local curvature κ are

shifted with respect to each other, and the

turbulent structure can be distinguished be-

tween the ion-temperature gradient (ITG) and

trapped-electron mode (TEM) by examining

the scale length of the turbulence[18].

In the first W7-X campaign with the

limiter configuration, rotations and radial

electric fields are evaluated and compared

with the neoclassical calculations by mea-

suring the poloidal propagation of density

fluctuations[19]. An electromagnetic coherent

mode at f ≈ 7 kHz in the plasma edge is anal-

ysed by means of both the poloidal correla-

tion reflectometer (PCR) and the Langmuir

probes[20]. The CAS3D simulation suggests

that the coherent fluctuation is attributed to

the stable MHD mode and Alfvén wave[21].

The existence of the mode relies on the heating

power, indicating a dependency of the electron

temperature and pressure profiles.

In the island-divertor configurations, tur-

bulence transport in the scrape-off layer has

been proved to be influenced by the magnetic

topology[22]. A broadband turbulence in a fre-

quency range of 40 to 120 kHz is observed near

the island centre. In the edge density gradient

region, a QCM structure at fmode = 10 to 25

kHz is also observed recently. In this paper,

the mode behavior is investigated by analysing

the cross-correlation spectrum via the density

fluctuation measurement of PCR. Results indi-

cate that the QCM may be ascribed to a drift

type instability, and the mode frequency can

be modulated by the edge magnetic topology.

The remaining of this paper is outlined here:

a brief introduction to the experimental setup

is in section 2. The experimental observation

of the QCM structure is presented in section
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3. Then the mode behavior is characterised in

section 4. The upward shifting of the QCM

frequency is described in section 5 followed by

a summary in section 6.

2. Experimental setup on W7-X

The PCR diagnostic has been installed on

W7-X for the purpose of investigations on

turbulence behavior at the interface between

core and edge plasmas[23]. The transmitted

wave covers a frequency range from 22 to 40

GHz in an ordinary polarization (O-mode),

which corresponds to a cut-off density range

of ne,cutoff = 0.6 ∼ 2 × 1019 m−3. The output

waveform is controlled remotely to realize an

either constant or hopped frequency scan.

The front-end of PCR is installed in the

highly elongated bean-shaped cross section in

W7-X. The PCR’s antenna array consists of

five pyramidal horns, which are integrated

onto a 1.5 m long plug-in module. Figure 1

shows a Poincaré plot of magnetic field lines at

the cross-section of the PCR in the standard

reference configuration (so-called EJM), where

all modular coil currents are the same, and the

boundary rotational transform is ι = 1 with a

5/5 island chain. The launcher horn (labeled

as A) is positioned at R = 6.5 m, z = −0.157

m, and the other four receiver horns (labeled as

B, C, D and E) surrounds the launcher. All the

antennas have a joint focus point with respect

to the sight line of antenna A at (R, φ, z) =

(6.0 m, 71.05◦,−0.104 m). A broad radiation

pattern of the antennas has been included in

their design in order to compromise the slight

toroidal and poloidal shifts for the reflection

points. Therefore the four receiver horns

can collect the reflected wave with a poloidal

discrimination at the corresponding cutoff

layers. The radial-temporal characteristics of

the rotation velocity and the radial electric

field (Er) can be achieved based on this

poloidal array of receivers[24]. The PCR

system has been operated successfully and

routinely since the first W7-X campaign with

the limiter configuration. The turbulence

activities in the scrape-off layer (SOL) and

plasma core have been studied[25]. The

perpendicular velocity (v⊥) and radial electron

field (Er) profiles in the vicinity of magnetic

islands have been measured successfully via

PCR [26] and compared well with the

combined probe[27].

The PCR measurement is related to the

cutoff density, which can be calculated. To

obtain the radial position of the cutoff density,

a density profile is needed. In W7-X the

density profile is measured by the Thomson

Scattering (TS) diagnostic[28]. Concerning

the toroidal angle between PCR and TS,

the ne profile needs to be mapped to the

effective minor radius (reff) coordinate. Here

the reff is defined as reff = aLCFS

√
s, with the

minor radius of the LCFS (aLCFS), and the

normalized toroidal flux s, which is normalized

to the toroidal flux enclosed by the plasma

boundary ΦLCFS. The magnetic surfaces as

well as the LCFS are calculated using the

VMEC code[29] whose major assumption is

that the equilibrium region is described by

nested closed flux surfaces, i.e. there are

no islands or stochastic regions. If islands

of a main resonance are used to form a

separatrix limiting the plasma by intersecting

the islands with divertor structures, the

VMEC-calculation has to be restricted to

the good flux surface region. Mapping of

diagnostic information outside the VMEC-

domain is in this case not possible, first

because there are no VMEC-flux surfaces and

second because the island structure and the

SOL-plasma can no longer be described so

simple as the core plasma. In our case we take
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the local TS measurements outside the LCFS,

and extend the reff by adding the differential

of the two adjacent TS volume in the open-

field line region to the reff coordinate. This

implies an uncertainty for the reff estimation

outside the LCFS. However, this uncertainty

is accepted for a better intuitive presentation

of profiles. The TS density profile shape is

approached using an exponential function:

ne(reff) = ne0exp(−a1r2
eff − a2r4

eff − a3r6
eff)

The ne profile is averaged within each of the

PCR sweeping cycles. The TS ne values

are cross-calibrated with the interferometer

measurements[30].

The magnetic equilibrium is obtained by

taking planar and non-planar coil currents to

find the reference equilibrium. The VMEC

configuration with the most similar coil current

setting can be selected in the database. The

locations of the LCFS and the island are

sensitive with respect to the edge magnetic

topology, which can be adjusted via, e.g. the

main coil current, the control coil currents, and

the plasma β. Nevertheless, the shear layer

region can be inferred from the change of the

sign in the Er profile, and the QCM is visible

inside the LCFS.

3. QCM observation

In W7-X OP1.2 campaign with the island-

divertor configuration, a QCM structure at the

frequency range of 10 to 25 kHz is frequently

observed via several diagnostics. Figure 2

shows a discharge with the QCM observation

in the EJM configuration, where the ECRH

heating power PECRH = 3 MW, and the line-

integrated density
∫

nedl ≈ 3 ×1019 m−2.

In figure 2(c) of the cross-power spectrum

using receiver E-C combination, the QCM

appears repeatedly when the transmitted

frequency exceeds 36 GHz in each scan, which

corresponds a cutoff density of 1.6× 1019 m−3.

The mode frequency initiates at f ≈ 25 kHz ,

and gradually decreases to 10 kHz as the cutoff

position moves toward the core. The QCM

bandwidth is δf/f ≈ 0.25.

Figure 2(b) is the time trace of turbulence

delay time (τ) between E and C receivers.

Here, τ is related to the time at which

a turbulent structure propagates along the

distance between the reflection points of

two receivers on the cut-off surface[31]. It

can be calculated via the peaking point in

the cross-correlation function (CCF) τ =

arg(maxδt(|E1 ?E2|)(δt)). |E1| and |E2| denote

the time series of fluctuations from the two

receivers. In each individual scan, as the

transmitted wave penetrates toward the core,

the change of sign in τ implies a transmitted

wave passes through the shear layer by

assuming that the direction of the turbulent

flow is opposite in between. Therefore the

shear layer region can be identified near the

corresponding positions where τ = 0 µs.

This QCM structure can be seen in the

cross-power spectrum of each two receiver

combinations of PCR. The mode amplitude

becomes strong in the density gradient region

inside the LCFS. A magnetic fluctuation at the

frequency range of f ≈ 10 ∼ 25 kHz can be

seen in the auto-power spectrum of the Mirnov

coil signal in figure 3(a), which is in the same

frequency range of the QCM. Due to a missing

radial localization of the measurement of the

magnetic fluctuation in the Mirnov coil signal,

it is impossible to see the mode frequency

shifting along the radial position. The cross-

correlation coefficient is calculated by taking

the signals of the E receiver and the Mirnov

coil. A clear correlation coefficient at f ≈
10 kHz is obtained as is shown in the figure

3(c), which shows an evidence that the QCM

is an electromagnetic mode.
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A similar mode structure is also observed

in the radiation temperature (Trad) fluctuation

spectra among the edge channels of the

electron cyclotron emission (ECE) diagnostic.

Figure 4 (a) shows a Trad spectrum at the

high-field side (HFS) plasma edge, where the

ECE emission frequency is 155 GHz. The

mode appears from t = 0.2 s and keeps

at f ≈ 15 kHz constantly. By calculating

the Trad spectra of ECE in the same time

window where the QCM is observed in the

PCR, the mode frequency is compared among

ECE signals. The ECE frequency is inversely

proportional to the major radius (fECE ∝
1/R), the corresponding cutoff position moves

toward core as the ECE frequency decreases

from the HFS. In figure 4(b), the ECE signal

at fECE = 155 GHz is located at several

centimeters inside LCFS. It is observed that a

radial distribution of the mode from the edge

to the half radius, and the mode frequency

descends along with the fECE moves from the

edge. In figure 4(c) of the cross-correlation

coefficient between receiver B and ECE signal,

a weak peak at f ≈ 14 kHz can be seen, which

indicates that the mode in ECE spectrum

could be the same one that we observed in the

PCR signal.

4. Characterization of the QCM

Figure 5 shows the cross-phase and wavenum-

ber calculations using the receiver E-C combi-

nation at the ne,cutoff ≈ 1.6 × 1019 m−3. The

corresponding cutoff position is reff ≈ 0.51 m,

and the poloidal separation of the E-C antenna

is δs = 1.15 cm. As shown in figure 5(a), the

mode central frequency is at fmode ≈ 23 kHz

with a bandwidth of ∆f = 6 kHz and the

∆f/f ≈ 0.28. In the figure 5(b), the cross phase

at −50 kHz < f < 50 kHz yields a negative

slope. By linear fitting the cross-phase, the de-

lay time can be evaluated from the slope of the

fitted cross-phase, which is τ = (dφ/df)/2π ≈
−1.92 ∼ −2.09 µs. This value is consistent

with the τ -value obtained from the CCF cal-

culation in figure 2(b). The wavenumber spec-

tral density (S(kθ, f)) can be calculated via a

two-point cross-correlation technique[32]. It is

found in figure 5(c) that the poloidal wavenum-

ber of the QCM is kθ ≈ −0.22 cm−1 at fmode =

23 kHz. The negative kθ value reveals an elec-

tron diamagnetic drift direction of QCM in the

laboratory frame. The perpendicular velocity

is deduced to be v⊥ = ω/k ≈ 6.5 km/s. Here,

the v⊥ is the perpendicular velocity of the tur-

bulence, which is a contribution from both the

E × B velocity (vE×B) and the phase velocity

(vphase) of the turbulence. Experimentally in

the delay time estimation, v⊥ can be measured

via v⊥ = δs/τm, where the δs denotes the dis-

tance of the two receivers at the correspond-

ing cutoff layer, and the τm is the maximum

delay time in the CCF. In order to calculate

the δs, one needs the knowledge of the mag-

netic field pitch angle α, i.e., the tilting angle

of the magnetic field line, which is defined to

be α = arctan(Bp/Bt), the ratio of the polo-

dial magnetic filed (Bp) and the toroidal one

(Bt). It can be obtained via tracing the mi-

crowave ray and the geometric simulations[33].

We learn from figure 5(b) that vphase can be ne-

glected in the range of −50 kHz ≤ f ≤ 50 kHz,

therefore we assume v⊥ = vE×B in the follow-

ing analysis.

The QCM behaviors are further character-

ized by calculating its poloidal mode number

(m), the normalized gyroradius (k⊥ρi), and the

effective correlation length (leff), results are de-

picted in the figure 6. The poloidal mode num-

ber is calculated to be m = k⊥s/2π with the s

the circumference at the corresponding cutoff

position of the PCR. By extracting the QCM

frequency from the figure 2(c), the poloidal
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mode number for the QCM is obtained to be

8 ≤ m ≤ 25.

The electron temperature at plasma edge

is Te ≈ 30±10 eV in the TS measurement. The

normalized gyroradius is then estimated to be

ρs = 2π
√

Temi/eB ≈ 0.23 cm by using the

edge toroidal magnetic field from VMEC and

assuming the Ti = Te. Thus, the normalized

mode scale is derived to be k⊥ρi ≤ 0.1, which

is shown in the figure 6(b). According to

the drift-wave turbulence theory, the frequency

for the drift wave is in the range of ω ∼
k⊥vdrift, and the turbulent size scale is in a

range of k⊥ρs < 0.1[34, 35]. Here k⊥ is the

perpendicular wavenumber of the turbulence,

vdrift is the diamagnetic drift velocity, and the

ρs is the drift-wave gyroradius parameter. The

result shows that the experimental estimation

of k⊥ρi is quantitatively consistent with the

drift-wave size scale. The effective correlation

length is defined to be leff = |v⊥τa| with τa

the auto-correlation time. In W7-X, the τa can

be measured via the auto-correlation function

of the PCR receiver in the laboratory frame.

Experimentally, we take the average τa value

from all the four receivers, and assume its

standard deviation as the errorbar. The result

yields a τa in the range of τa ≈ 4.7 ∼ 6.9 µs

near the separatrix. Thus the leff spans from

2.1 cm to 4.2 cm, as is shown in the figure 6(c).

A linear distribution of the m, k⊥ρi, and leff

is mainly due to the QCM frequency shifting

radially, which can be seen from the mode

radial structure in the figure 6(d). The radial

size of QCM is ∆reff ∼ 3.5 cm, which covers the

density gradient region in the plasma edge.

In the W7-X operation phase with the

island-divertor configuration, the appearance

of QCM prefers a certain parameter range.

As an example, the figure 7 compares the

cross-power spectrum using the receiver E-C

combination to show how the QCM structure

evolves with respect to the PECRH and the

toroidal plasma current Itot. In the discharge

#180731008 with a constant PECRH, the QCM

can be seen during the increase of Itot.

However, in the discharge#180801021, the

PECRH changes from 2 MW up to 4 MW, while

the Itot keeps increasing and slowly saturating.

A clear QCM structure appears in the first

ECRH step, its amplitude becomes weaker

gradually in the second power step. After 5 s,

the QCM becomes invisible, where both PECRH

and Itot are high.

Moreover, this QCM is only observed

in the EJM and the narrow-mirror (KKM)

configurations, both of which have a boundary

iota ι = 5/5, there is no QCM observed in the

high-iota configuration (FTM, boundary ι =

5/4). In W7-X, the magnetic configurations

are achieved by adjusting the coil current

setting of the non-planar coils, planar coils

and trim coils. The magnetic topology has an

influence on the turbulence transport in the

SOL region, which has been measured by the

combined probe in W7-X[22]. Our observation

indicates that the magnetic topology as well

as the plasma parameter can influence the

turbulence structure near the separatrix.

5. effect of control coil currents on

QCM

The edge magnetic island can be adjusted via

a set of control coil currents (Icc) in W7-X.

This set consists of ten stellarator symmetric

control coils, two in each period, which can

either enlarge the magnetic island size by

applying both positive currents, or reduce the

island size with both negative currents[36].

The non-stellarator-symmetric Icc setup, i.e.

with inverted currents in two neighboring

half modules, is capable to sweep the island

position poloidally, i.e. the island phase. The
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effect of Icc has been shown to influence the

heat load on the divertor targets[37]. Here

we observe that an Icc scan can modulate the

QCM frequency too. In the figure 8, the

mode frequency evolutions in three different

Icc setups are compared. All these three

discharges have similar plasma parameters. in

the discharge #11 (figure 8(c)) after 5.5 s,

Icc starts to ramp up to 1.4 kA, while the

QCM frequency keeps constant at fmode ≈
18 kHz. However, in the discharge #12,

where Icc is set to ramp negatively with an Icc

ramping rate |dIcc/dt| ≈ 155 A/s, the QCM

frequency ascends from 18 kHz to 24 kHz. In

the discharge #13 with the non-stellarator-

symmetric Icc scan, the QCM frequency also

raises to 22 kHz.

During the Icc scans, we observe that the

QCM frequency shift is accompanied by a

fluctuation modulation in the frequency range

of f < 10 kHz, as can be seen in the figure 8(d)

and (e). The turbulence decorrelation time

(τdc) is defined, within the laboratory frame

of reference, as the time where the envelope of

all the CCF combinations has reduced to the

1/e-level[33]. It is estimated to be τdc ≈ 4.5 µs

at the QCM location, whose inverse absolute

value is comparable with respect to the E ×
B flow shearing rate ωE×B = |∂V⊥/∂reff | ≈
210 × 103 s−1 at the same location. This

low frequency turbulence modulation may be

attributed to the E × B flow shear effects[38].

It is found that the E × B shear can also

alter the turbulence drive and spreading in

the edge region, which has been measured

quantitatively in the TJ-II stellarator [39].

Unfortunately it is not possible to investigate

the QCM’s radial propagation based on the

present PCR measurement, since the radial

velocity fluctuation is required to estimate the

turbulence drive and spreading rates. This

issue will be addressed in the future W7-

X campaigns since then a radial correlation

reflectometer will be developed for W7-X.

Figure 9 (a) and (b) show the comparison

of the ne and Er profiles in the three different

Icc scans. Before the Icc ramps, both ne and Er

profiles are in the similar level for all the three

discharges, which are depicted by the black

triangles. Taking one individual PCR scan in

the time window of 13.6 to 14.3 s where the Icc

ramps up to 1.2 kA non-stellarator-symmetric

(#11 and #12) or symmetric (#13), the ne

and Er profiles evolve differently. The edge ne

remains unchanged in the case of the positive

Icc scan (#11), and the Er profile stays steadily.

In the negative Icc scan (#12), the two of the

edge TS measurements between reff = 0.45 m

and 0.51 m increase, which leads to an outward

moving of the PCR’s cutoff position. It can be

seen in the Er profile (the red curve in figure

9(b)), and the Er shear becomes stronger in

the shear region. In the symmetrical Icc scan

(#13), the edge ne measurements also increase

inside the LCFS, it is comparable to the one in

the negative Icc case. Meanwhile, the Er shear

becomes weak, and the shear region moves

outward by ∼ 1.5 cm.

6. Summary

To summarize our work, a QCM structure

near the plasma edge has been studied

experimentally in W7-X, which behaves as

a drift wave with its frequency decreasing

from 25 kHz near the separatrix to 10 kHz

toward the core. The QCM structure shows

a preference on the magnetic configuration,

implying a dependence of the edge magnetic

topology effect. Furthermore, it is observed

that in the cases of symmetrical and negative

non-stellarator-symmetric Icc scans, the QCM

frequency ascends along with the increase of

the coil current. This might be attributed
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to the effects of the Er shear in the shear

region. Nevertheless, this observation points

towards that the turbulence structure could

be dominated by the topology effects, which

will directly influence the turbulence transport

at plasma edge region. The observation

in this paper may shed the light, from

the experimental point of view, on the

turbulence transport near the separatrix in

the 3D magnetic field line geometry, and will

be investigated further in the future W7-X

campaigns.
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Figure 1. (a) Poincaré calculations at the cross-section of PCR’s port (AEA21) in a standard configuration.

The locations of PCR’s launcher and receivers are marked as the colored triangles. The sight’s line of launcher

is labeled by the black line. (b) Zoomed view of the PCR’s antenna array.

Figure 2. Time traces of (a) the contoured density profile with the PCR’s cutoff position as marked by the red

crosses, (b) the delay time evolution in the antenna E-C combination, and (c) the cross power spectrum of E-C

combination. The incident frequency of PCR is indicated as the blue crosses.
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Figure 3. Auto-power spectra of (a) the magnetic fluctuations measured by the Mirnov coil, and (b) the auto-

power spectrum density in the PCR receiver-E. (c) The cross correlation coefficient between antenna E of PCR

and Mirnov signal.

Figure 4. (a) The auto-power spectrum density of ECE edge channel, where the ECE frequency is 155 GHz.

(b) The averaged power spectral density within the time window of t = 2 ∼ 2.5 s. Both the core and edge ECE

channels are overlapped with colored lines. (c) Cross-correlation coefficient between PCR receiver-B and ECE

signal in fECE = 155 GHz.

.
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Figure 5. (a) The cross-correlation coefficient in PCR receiver E-C combination. The incident frequency in

this time window is f = 36 GHz. (b) The cross-phase profile at the same time window. (c) The frequency-

wavenumber spectral density (Sk,f). The distance at the corresponding cutoff layer is δs = 1.15 cm, and the

negative wavenumber indicates an electron diamagnetic drift direction.
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Figure 6. Calculations of (a) the poloidal mode number (m), (b) the normalized gyroradius k⊥ρi, (c) the

effective correlation length leff , and (d) the radial distribution for the cross-power spectrum of E-C combination.
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Figure 7. The time traces of (a) PECRH and (b) Itot in two discharges, which are indicated as the blue

(#180801021) and the red (#180731008) color respectively. The cross-power spectrum using the receiver E-C

combination in (c) #180801021 and (d) #180731008.

Figure 8. Time traces of (a) Line-integrated density overlapped with the PCR sweeping frequency. (b) and

the total current. Figure (c, d, e) are the cross-power spectra of PCR in each sweeping cycle. The sub-figures

(f) to (h) indicate the time trace of control coil currents (Icc) respectively.
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Figure 9. (a) The electron density profiles at different Icc scans, the profiles are measured via TS of data

version 8. The vmec reference index is ”vmec-ref-168” for a plasma β = 0% in the standard configuration.

(b) The Er profiles whose colors and symbols are related to the same time window of figure (a). The LCFS is

indicated by the vertical black dash line individually.
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