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Abstract 

Wendelstein 7-X (W7-X) was operated successfully with the first divertor plasma in the operation phase 1.2a (OP1.2a). A new 
combined probe head, developed and installed on the multiple-purpose manipulator, is able to measure the edge plasma profiles 
(𝑇", 𝑛", 𝜙&,𝑀∥), variation of magnetic field, poloidal and radial turbulence structures. The scrape-off layer (SOL) plasma 
parameters in two magnetic configurations (standard and high mirror) are in good agreement with the magnetic island structure 
and the field line connection length calculated by the field line tracer. In both the standard and high mirror configurations, the 
radial turbulent heat flux and particle flux have strong dependence on the local magnetic topology, revealing two distinct 
transport patterns: a broadband turbulence dominant region in the outer SOL and a low frequency dominant region in the inner 
SOL. In the standard divertor configuration, the broadband turbulence with a frequency range of 40-120 kHz is located near 
the island center along the probe path, leading to outward transport. These broadband fluctuations propagate with a velocity of 
2.3-4.6 km/s poloidally along the ion diamagnetic drift direction in the plasma frame, with 𝑘*𝜌, close to 0.1. The large radial 
transport induced by the broadband turbulence is accompanied by a steep electron density gradient. The low frequency (0-30 
kHz) dominant transport exhibits obvious intermittent structure. Some statistical techniques are applied to the characterization 
of the intermittent transport. 

 

1. Introduction 

The edge cross-field transport in fusion devices is considered 
to be driven by turbulence, such as anomalous transport which 
is much larger than neoclassic transport [1]. Usually drift wave 
turbulence is proposed to drive the anomalous transport, 
which has been investigated in both theory and experiment [2-
4]. The turbulence can be classified by the dimensionless 
parameter 𝑘-𝜌,, where 𝑘- is the perpendicular wavenumber 
and 𝜌, is the ion sound Larmor radius. The ion temperature 
gradient (ITG) turbulence is expected to have 𝑘-𝜌, ≈ 0.1 −
0.5, and to propagate with phase velocity close to the ion 
diamagnetic drift velocity in the plasma frame. The ITG 
instability can be excited when the inequality 𝜂5 ≡ 𝜕8ln𝑇5/
𝜕8ln𝑛5 > 𝜂=85>  is satisfied, with 𝜂=85>~1. The collisionless 
trapped electron mode (TEM) is driven by the electron 
pressure gradient, with 𝑘-𝜌,~1  and propagating in the 

electron diamagnetic drift direction in the plasma frame. 
When the wavenumber of TEM increases to 𝑘-𝜌, > 1, the 
TEM transits into the electron temperature gradient (ETG) 
instability. The ETG can be triggered when 𝜂" ≡ 𝜕8ln	(𝑇")/
𝜕8ln(𝑛") > 𝜂=85>~1, and is expected to induce fine-grained 
turbulence with 𝑘-𝜌,~1 − 10  and propagate along the 
electron diamagnetic drift direction in the plasma frame [3]. In 
the plasma edge and the scrape-off layer (SOL), intermittent 
events are also considered to play an important role in the 
cross-field transport due to its large scale and large fluctuation 
amplitude. The intermittent transport, also named as blobs, 
filaments or eddies, has been measured by several diagnostics 
in many fusion devices, such as the gas puff imaging (GPI) in 
NSTX, Alcator C-Mod, TEXTOR and EAST [5-9], beam 
emission spectroscopy (BES) in DIII-D and KSTAR [10, 11], 
and Langmuir probes in W7-AS, LHD, TJ-K, JET, ASDEX 
Upgrade, HL-2A and DIII-D [10, 12-18]. As measured by 
different machines, the blobs typically have a size of 1–3 cm, 
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radial velocity about 0.5–2 km/s. In TJ-K stellarator, the blobs 
are demonstrated that they occur in the SOL region with 
negative mean normal curvature and reveal field-aligned 
structures, which leads to a significant fraction of the turbulent 
SOL transport [17]. The blob generation and its radial 
propagation has been interpreted by the interchange model 
[19]. In stellarators, the edge transport is largely determined 
by the 3D magnetic topology. In LHD, the stochastization of 
magnetic topology not only changes the plasma profiles but 
also causes the toroidal flow damping and influences the 
transport [20, 21]. During a magnetic well scan experiment in 
TJ-II, the high frequency Alfvénic mode, middle frequency 
and low frequency oscillations (10-20 kHz) depend on the 
magnetic topology intensively, and the low frequency 
oscillation may be induced by the magnetic island rotation 
[22]. In W7-AS, the electron density fluctuations and plasma 
confinement are extremely sensitive to the edge rotational 

transform 𝜄D which can be modified by either external coils 
or plasma current [23].  

In Wendelstein 7-X (W7-X), the turbulence characteristics 
also exhibit a strong dependence on magnetic topologies, as 
measured by a combined probe head in operation phase 1.1 
[24, 25]. During the first island divertor experiment in 
operation phase 1.2a (OP1.2a), the edge magnetic island 
structure and radial transport properties have been obtained by 
a new combined probe designed to measure edge profiles and 
turbulence structures. The rest of paper is organized as follows. 
The experimental setup is described in section 2. The 
turbulence structures and their magnetic topologies are shown 
in section 3. The radial transport induced by turbulence in 
standard divertor configuration is presented in section 4. 
Turbulent transport in high mirror configuration is given in 
section 5. Section 6 is the summary. 

 
Figure 1. The sketch of the new combined probe used in OP1.2a. (a) A typical island divertor configuration in the poloidal 
plane of probe, and the red line denotes the probe path. (b) The projection of the probe head viewed along the toroidal 
direction. (c) The arrangement of all probe pins. 
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2. Experimental setup 

W7-X is a new optimized stellarator to accommodate a variety 
of 3D magnetic configurations, with a major radius of 5.5 m 
and a minor radius of about 0.5 m [26]. A multiple-purpose 
manipulator (MPM) has been developed and installed on W7-
X in 2015, which is located under the outer midplane with 
𝑍 = −167 mm [27, 28]. The manipulator has a maximum 
plunge length of 35 cm for the fast movement, maximum 
acceleration of 30 m s-2, and a maximum speed of 2.5 m s-1. A 
new combined probe head, which consists of Langmuir probe 
pins, a Mach probe, an ion sensitive probe (ISP), a differential 
coil and a tri-axial pick-up coil, is developed and installed on 
the MPM in OP1.2a. With this new combined probe head, it 
is able to measure the edge plasma profiles (𝑇", 𝑛",𝜙&,𝑀∥), the 
variation of magnetic field, poloidal and radial turbulence 
structures. The sketch of the new combined probe is shown in 
Figure 1. A typical Poincaré plot of an island divertor 
configuration in vacuum case is shown in Figure 1(a), with the 
red line signifying the probe path which passes through the 
magnetic island in the SOL. As shown in Figure 1(b), the 
probe front surface is shaped to align on the local flux surface, 
consequently the probe pins are able to measure the plasma 
information on the same flux surface. Figure 1(a) shows the 
arrangement of probe pins, with pin 1, 4, 5, 6, and 7 measuring 
the floating potentials 𝜙&I, 𝜙&J, 𝜙&K, 𝜙&L and 𝜙&M. Pin 2 
and pin 3 are connected through a biasing voltage of 280 V, 
forming a four-tip triple probe together with 𝜙&I and 𝜙&J to 
measure the electron density and temperature. The Mach 
probe consists of pin 8 and 9, giving the parallel flow velocity. 
There are two ion sensitive probes (ISP) on both sides of the 
middle stage, with pin 10 (12) as guard and pin 11 (13) as ion 
current collector. When both the guard and collector are biased 
with a sweeping voltage, it is able to measure the ion 
temperature [29-31]. The height and voltage difference 
between the guard and collector are two key parameters for 
the ISP. Besides the probe pins on the front surface, there is a 
tri-axial pick-up coil and a differential coil, while the magnetic 
variation along three directions (𝐵O , 𝐵P, 𝐵Q) can be obtained 
by the former coil and the local poloidal magnetic flux (i.e., 
local plasma current) is measured by the latter coil. Note that 

the distance between the center of the differential coil and the 
front probe tip is 43 mm, and this distance for the 3D coil is 
39 mm. This new combined probe head is designed to study 
the edge turbulence structure and transport. The turbulence 
poloidal structure can be derived from the combination of two 
pins among the pins 𝜙&I , 𝜙&J , 𝜙&M  (or the pins 𝜙&K  and 
𝜙&L ), and different poloidal distance for each combination. 
The radial structure is calculated by pin 𝜙&J and 𝜙&K (or pin 
𝜙&L and 𝜙&M). With this probe arrangement we can measure 
the radial heat and particle flux and the Reynold stress at the 
same time, and characterize the SOL turbulence structure and 
transport. 

3. Turbulence structures in the SOL with magnetic 
island 

Two magnetic configurations, EJM+252 and KJM+252, have 
been used for most experimental programs in OP1.2a, where 
EJM+252 is the standard configuration, and KJM+252 is a 
high mirror configuration [32, 33]. Two discharges with good 
measurements of the new combined probe have been selected 
to illustrate the SOL structures and turbulence behaviours in 
the two configurations, as listed in Table 1, including the 
current setting of the non-planar coils, planar coil and trim 
coils, as well as the toroidal plasma current during the plunge 
of the MPM. Figure 2 gives the plasma parameters of the two 
discharges. The heating power of electron cyclotron resonance 
heating (ECRH) is about 1-2 MW, for the sake of making a 
deep plunge of MPM and measuring the profiles of the whole 
SOL magnetic island in a lower heat load environment. The 
plasma density is measured by a central channel of the 
Thomson scattering due to the lack of interferometer data in 
KJM+252 configuration, around 1-3× 10IS𝑚UK. The electron 
temperature from the Thomson scattering is about 3-4 keV, 
and the plasma energy is almost constant during the plunge of 
the probe, with the radial position of probe shown in Figure 
2(e). Compared with the high-performance discharges, both 
shots here have lower heating power and line averaged density 
and stable plasma parameters during the plunge, which is 
beneficial to the characterization of the SOL properties.  

Table 1. The parameters of the two configurations. 

Configuration Shot No. Non-planar coil (A) Planar coil (A) Trim coil (A) Toroidal 
current (A) 

EJM+252 

Standard 

20171026.38 13067, 13066, 13067, 
13067, 13067 

-699, -699 -84, 17, 96, 41, -67 1200 

KJM+252 

High mirror 

20171017.56 12960, 13213, 13994, 
12048, 10920 

-749, -749 -95, 1, 95, 59, -60 700 
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Figure 2. The plasma parameters for the two magnetic configurations in OP1.2a. (a) ECRH heating power. (b) Core electron 
density measured by Thomson scattering. (c) Core electron temperature measured by Thomson scattering. (d) Plasma energy. 
(e) Toroidal plasma current. (f) Radial position of the new combined probe. 

 
Figure 3. The Poincaré plot of the two configurations of OP1.2a on the poloidal plane of MPM. Panels from left to right are 
EJM+252 and KJM+252, respectively. 
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Figure 4. The plasma profiles measured by the new combined probe. (a-c) Floating potential, electron temperature, electron 
density; (d) Connection length; (e-g) The auto-correlation spectrum power density of 𝜙&K for the two configurations. The 
shaded region in (b) and (c) denotes the standard deviation of the measurements. 

The Poincaré plot of both configurations in the same poloidal 
projection as the MPM, and the connection length along the 
path of probe are calculated by a field line tracer with the real 
current settings in Table 1, as shown in Figure 3 [34-36]. 
When calculating the field line connection length, all the 
components of the first wall on W7-X in OP1.2a are included. 
For the standard configuration EJM+252, there is a broad 
magnetic island on the probe path, with an island width of ~5 
cm and the last closed flux surface (LCFS) located at 𝑅 =
6.026	m. In the far SOL, the connection length 𝐿|| is below 
15 m but increases sharply to over 200 m at the edge of island, 
then shows a flat region inside the island, then 𝐿|| increases 
again between the inner edge of island and the LCFS, and 
finally 𝐿|| reaches the given threshold near the LCFS. The 
high mirror configuration KJM+252 also exhibits similar 
variations for magnetic configuration and connection length, 
except that the island width is about 2 cm wider than EJM+252 
configuration and the LCFS moves inward to about 𝑅 = 6	m. 
Moreover, there is a clear stochastic region between the LCFS 
and SOL island in both EJM+252 and KJM+252 
configurations. 

The typical SOL profiles measured by the new combined 
probe for both configurations are shown in Figure 4. The left 
panels display the floating potential of 𝜙&K , electron 

temperature 𝑇" , electron density 𝑛"  and the connection 
length along the path of the new combined probe, and the right 
panels display the auto-correlation power spectral density 
(APSD). The electron temperature and density are derived 
from the four-tip triple probe, with 𝑇" = [𝜙\ − ]𝜙&I + 𝜙&J_/
2`/ ln 2 and 𝑛" = 𝐼,/]0.49𝑒𝐴"&&f𝑇"/𝑚5_, where 𝜙\  and 
𝐼,  are measured by the double-probe pin 3 and pin 2, 
respectively [37]. As shown in Figure 4 (a-c), the plasma 
profiles have strong dependence on the magnetic topology. In 
the KJM+252 configuration, 𝑇"  and 𝑛"  present a 
synchronous increase with the connection length, and 𝑛" 
peaks around the island center along the probe path (𝑅 ≈
6.052	m). When the probe continues to plunge into the inner 
side of the island, both 𝑇"  and 𝑛" decrease gradually to be 
saturated, but it is unable to form an in-out symmetric 
distribution about the island center due to a large particle 
outflow on the inner side. In the EJM+252 configuration, the 
island center along the probe path is located at 𝑅 ≈ 6.069	m. 
In this region, the floating potential becomes a negative valley, 
and 𝑇"  exhibits a near symmetric peak. When 𝑅 < 6.04	m, 
the connection length increases quickly from 345 m to several 
kilometer, and both 𝑇"  and 𝑛" start to rise significantly. For 
both configurations, their APSDs of floating potential are 
raised to a much higher level when the connection lengths 
increase. In EJM+252 configuration, there is a broadband 
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spectrum in the frequency range of 40-200 kHz at the radial 
region of 𝑅 = 6.063 − 6.075	m , but this broadband 
spectrum becomes weak or even disappears at the center of the 
island along the probe path (i.e., 6.068	m < 𝑅 < 6.07	m). 
When entering the radial region of 𝑅 < 6.06	m , the 
turbulence is dominated by low frequency fluctuations mainly 
below 30 kHz. Near the LCFS ( 𝑅 < 6.038	m ), the 
fluctuations in high frequency are enhanced but still smaller 
than the fluctuations in a low frequency. The KJM+252 
configuration also presents similar APSD radial evolution as 
the standard configuration, with the island center on the probe 
path changing to 𝑅 = 6.052	m and the broadband spectrum 
becoming weak in this region. Because the innermost point of 
the probe is 2 cm away from the LCFS, the significant rise of 
the high frequency fluctuations near the LCFS is not seen in 
Figure 4(f). It should be pointed out that in both discharges a 
very large positive floating potential (several hundred volt) 
has been observed in the island divertor topology, indicating a 
strong imbalance of ions and electrons in the upstream 
plasmas. The detailed analysis about the positive potential is 
in progress and will be reported later. 

4. Turbulence transport in standard configuration 

The SOL radial heat and particle transport in the standard 
configuration and high mirror configuration of OP1.2a will be 
presented in this manuscript. In the standard configuration, the 
smallest distance between the probe and the LCFS is 6 mm, 
which is much closer than in the KJM+252 configuration. As 
a result, the EJM+252 case will be analyzed in detail to 
illustrate the transport characteristics induced by turbulence. 
The radial particle flux and heat flux can be derived from the 
four-tip triple probe, pin 1-4, as shown in Figure 1. Usually, 
the particle flux and heat flux driven by turbulence is 
calculated from the fluctuations of density, temperature and 
electric field, as shown in the following formulas: 

Γ" = 〈𝑛l"𝑉n8〉 =
〈plqrns〉
tu

  (1) 

Q" =
K
J
〈𝑃n"𝑉n8〉 =

Kxq〈plqrns〉
Jtu

+ Kpq〈xnqrns〉
Jtu

 (2) 

 

 

Figure 5. The turbulent radial heat flux, particle flux and plasma profiles measured by the new combined probe. (a-d) floating 
potential, electron temperature, electron density and electron pressure. (e) The distribution of the turbulent radial particle flux 
in frequency space and the normalized connection length (dashed line). The pink rectangle signifies a region with flat electron 
pressure and low radial heat flux. Positive value means the particle flux is directed outward. (f) The radial turbulent particle 
flux. (g) The radial turbulent heat flux. (h) Radial electric field. 
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Where the tilde on the top denotes the fluctuation of the 
signal, the angle bracket denotes the ensemble average, 
and 𝐵P is the toroidal magnetic field, 𝐸* = ]𝜙&J − 𝜙&I_/
𝑑. In addition, the particle and heat fluxes in the frequency 
space can be obtained by the cross-correlation power between 
fluctuations of density and electric field (or temperature and 
electric field) as shown in the following formulas: 

Γ" =
J〈{|}~q��s

(&){=�,��}~q��s
(&)�〉

tu
 (3) 

Q"(𝑓) =
K
J
𝑇"Γ"(𝑓) +

Kpq〈{|��q��s
(&){=�,����q��s

(&)�〉

tu
 (4) 

 

Figure 6. The two-dimension connection length on the 
poloidal plane of MPM for the EJM+252 configuration. 

𝑃plqrns(𝑓)  is the cross power spectrum of fluctuations of 
electron density and the fluctuations of the poloidal electric 
field, 𝛼plqrns(𝑓) is the cross-phase angle between these two 
parameters, and 𝐵P  is the toroidal magnetic field. Typical 
radial turbulent transport behaviours are illustrated in Figure 
5. The electron pressure is displayed in Figure 5(d), which has 
an extremely flat profile in the radial region of 𝑅 = 6.066 −
6.07	m , as marked in the pink rectangle. The floating 
potentials in Figure 5(a) exhibit a negative basin in this region. 
Besides, both 𝑇"  and 𝑛"  have slow variations, and the 
parallel Mach number is 𝑀||~0 within this radial region. The 
radial electric field, derived from 𝐸8 = −𝑑(𝜙& + 2.8𝑇")/𝑑𝑅, 
continues to decrease with decreasing R within the pink 

rectangle. According to the Poincaré plot of the standard 
configuration in Figure 3, the magnetic island center is mainly 
located in this pink rectangle, characterized by flat profiles of 
𝑇" , 𝑛", 𝑝" , 𝑀|| and a slightly negative 𝜙&.  

The radial turbulent particle flux in the frequency space 
Γ8(𝑓, 𝑡) derived from equation (3) is shown in Figure 5(e). 
Γ8(𝑓, 𝑡) reveals a strong dependence on magnetic topology, 
i.e., it is dominated by high frequency fluctuations in the outer 
SOL but by low frequency turbulence in the inner SOL. In the 
radial region of 𝑅 = 6.06 − 6.073	m, strong outward particle 
flux is driven by a broadband turbulence within the frequency 
range of 40-120 kHz, which is consistent with the large APSD 
of the floating potential in this region, as illustrated in Figure 
4(e). However, inside the pink rectangle the particle flux is 
very weak, which also agrees well with the APSD of Figure 
4(e). When the probe goes to the near SOL, Γ8(𝑓, 𝑡) 
decreases significantly when 𝑅 < 6.06	m, and the particle 
transport is dominated by low frequency turbulence (10-20 
kHz). In this near SOL region, the turbulence transport reflects 
some intermittent structures, especially when getting close to 
the LCFS. Figure 5(f) presents the radial turbulent particle 
flux, with the blue line derived from equation (1) and the red 
dashed line calculated from ∫ Γ8(𝑓, 𝑡)𝑑𝑓. Note that Γ8 from 
equation (1) has been smoothed to signify the mean particle 
flux. The results demonstrate that both the time domain 
analysis and frequency domain analysis are in good agreement 
with each other. In the whole SOL region, the particle flux 
driven by turbulence is directed outward, and exhibits a 
minimum value in the pink rectangle region, i.e., the 
turbulence transport is mitigated in this region. In accordance 
with Figure 5(e), the radial particle flux in the whole 
frequency region inside the pink rectangle is suppressed, while 
on both sides of the rectangle there are two peaks located at 
𝑅 = 6.06 − 6.065	m  and 𝑅 = 6.07 − 6.073	m , and the 
peak value of the mean Γ8 is as large as 1021 m-2 s-1. It should 
be pointed out that this mean radial particle flux can be up to 
several 1022 m-2 s-1 in high heating power and plasma density 
discharges. Within the radial region of 𝑅 = 6.045 −
6.058	m , Γ8  drops to ~0.4 × 1021 m-2 s-1. When 𝑅 <
6.045	m , the base line of Γ8  increases gradually with 
decreasing R. There are some spikes on the profile of particle 
flux in this region, which are contributed by the low frequency 
fluctuations with a central frequency ~15 kHz. Figure 5 shows 
the radial turbulent heat fluxes calculated by both equation (2) 
and (4), which reveal similar radial variations as the radial 
particle flux with maximum Qr about 10 kWmUJ  in the 
broadband turbulence region. To sum up, a significant change 
can be found near 𝑅 = 6.06	𝑚, i.e., the dominant frequency 
for radial transport switches from the broadband spectrum (40-
120 kHz) to low frequency turbulence (10-20 kHz). 
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The two-dimension magnetic field connection length derived 
from the field line tracer which involves all the components of 
first wall in OP1.2a is shown in Figure 6. Three dot lines are 
added in the figure to illustrate the radial position of R = 6.06, 
6.065 and 6.07 m. Along the probe path, there are two light 
blue regions located at 𝑅 = 6.052 − 6.06	m  and 𝑅 =
6.066 − 6.07m, i.e., shorter connection length in these two 
regions. As measured in Figure 5, in these two light blue 
regions, the radial turbulent heat and particle fluxes reduce to 
very low levels. While the two broadband spectrum dominant 
regions are also consistent with the light green regions having 
longer connection lengths. Connection length increases to 
about 300 m when 𝑅 < 6.047m , and meanwhile the 
intermittent events dominate the radial transport in Figure 
5(e). Therefore, both the turbulence structure and the radial 
transport are sensitive to the magnetic topology in the SOL of 
W7-X. 

4.1 Turbulence transport driven by broadband 
turbulence 

In the radial region of 𝑅 = 6.06 − 6.065	m  and 𝑅 =
6.07 − 6.073	m , the radial turbulent heat and particle 
transport is driven by a broadband spectrum with frequency 
from 40 to 120 kHz. Between these two radial regions the 
radial transport is mitigated to a relatively low level, as shown 
in the pink rectangle of Figure 5(e). Meanwhile, inside the 
rectangle, there is a flat pressure profile and negative shear of 
electric field 𝜕𝐸8/𝜕𝑅, which could contribute to suppress the 
broadband turbulence and reduce the radial transport [38-40]. 

It is obvious that a steep density gradient exists in the radial 
region of 6.059 ≤ 𝑅 ≤ 6.065	m, as illustrated in Figure 5(c), 
in which the large particle flux induced by the broadband 
spectrum is also located, indicating that this turbulence 
transport could be driven by a density-gradient related 
turbulence. Figure 7 displays the APSD of ion saturation 
current and the radial cross-correlation power spectral density 
(CPSD) between two radially separated floating potential pins 
𝜙&J  and 𝜙&K , with 𝑅 = 6.064	m  for the broadband 
spectrum dominant region and 𝑅 = 6.037	m  for the low 
frequency dominant region. In the APSD of ion saturation 
current, a peak appearing at 𝑓~70 kHz is one magnitude 
larger than the APSD in low frequency region. The spectral 
density is fitted by the spectral power decay function 𝑆 ∝ 𝑓�  
in some interesting frequency ranges. In Figure 7(a), the 
APSD decreases quickly on both sides of the peak, with a 
decay factor |𝛼| > 3.8  for both EJM+252 and KJM+252 
configurations. This demonstrates that the fluctuations of 
particle flux are primarily contributed by the broadband 
spectrum centered at 70 kHz for the EJM+252 configuration. 
The radial cross-correlation between 𝜙&J and 𝜙&K in Figure 
7(c) displays a flat CPSD from 40 to 70 kHz, and then 
decreases with a factor of 𝛼 = −2.46  for the EJM+252 
configuration, signifying the radial structure of the broadband 
spectrum. Compared with the standard configuration, the 
KJM+252 configuration has a much wider flat region of CPSD 
and a smaller power decay factor of 𝛼 = −1.37, indicating 
that the broadband spectrum has a broader frequency 
distribution. 

 

Figure 7. The APSD of the ion saturation current (left panels) and the cross-correlation spectral density (CPSD) between two 
radially separated floating potential pins (right panels), for both EJM+252 and KJM+252 configurations. 
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In order to identify the propagation feature, a normalized 
poloidal cross-correlation power spectral density 𝑆(𝑘*, 𝑓) 
has been calculated through the two-point cross-correlation 
technique and shown in Figure 8 [41-43]. Note that two 
floating potential pins 𝜙&K and 𝜙&L are selected to present 
the statistical property of the poloidal turbulence structure, 
because they are positioned 4 mm closer than the four-tip 
probes. The broadband spectrum in the far SOL is extremely 
clear in Figure 8(a), located in the frequency range f = 40-120 
kHz and wavenumber 𝑘* = 0.3-2.5 cm-1. Estimated from the 
slope of 𝑆(𝑘*, 𝑓) , the phase velocity of the broadband 
turbulence is 𝑉��D," = 2𝜋Δ𝑓/∆𝑘* ≈ 4.6	km/s, propagating 
in the ion diamagnetic drift direction in the laboratory frame. 
The radial electric field in Figure 5(h) is 0-5 kV/m within the 
broadband turbulence region, in consequence the maximum 
poloidal electric drift velocity is 𝑉r×t = 𝐸8/𝐵P = 5/2.2 =
2.27	km/s  along the ion diamagnetic drift direction with 
toroidal magnetic field in anti-clockwise direction viewed 
from top. As a result, the propagation velocity of the 
broadband turbulence in the plasma frame is 𝑉��D," −
𝑉r×t ≈ 2.3 − 4.6	km/s  along the ion diamagnetic drift 
direction. When 𝑅 < 6.06	m  the 𝑆(𝑘*, 𝑓)  reveals three 
different spectral patterns, which will be discussed in the next 
section. The ion sound Larmor radius derived from 𝜌, =
f2𝑇"𝑚5/𝑒𝐵 is about 0.7-0.8 mm in the radial region of the 
broadband spectrum, which gives the local turbulence 
parameter 𝑘*𝜌, = 1	cmUI ∗ 𝜌, ≈  0.07-0.08 at the center 
frequency (70 kHz) of the broadband. The ion diamagnetic 
frequency obtained by 𝜔∗5 = −(𝑘*𝑐)/(𝑒𝐵𝑛)𝑑𝑝/𝑑𝑟 is about 

20-140 rad/kHz, and 𝑓∗5 = 𝜔∗5/2𝜋 = 5 − 20  kHz in the 
broadband region, where 𝑇5 = 𝑇" and 𝑛5 = 𝑛" are assumed 
[44, 45]. Considering the electric drift frequency, 𝑓r×t =
𝑘*𝑉r×t/2𝜋 ≈ 40	kHz for the broadband spectrum, and the 
observed frequency in laboratory frame 𝑓�D� = 𝑓∗5 + 𝑓r×t 
can be as large as 60 kHz, which is located near the central 
frequency of the broadband spectrum [46].  

Figure 9(a) gives the relative fluctuation levels of electron 
density and electron temperature with the formula 𝛿𝑥/𝑥 =
f∑(𝑥(𝑡) − �̅�)/𝑁 /�̅�, where the number of signal point N is 
set to 2048 (~1 ms). In the broadband spectrum region, 
δ𝑛"/𝑛" ≈ 1.2 , δ𝑇"/𝑇" ≈ 0.1 , and their ratio (δ𝑛"/𝑛")/
(δ𝑇"/𝑇") ≈ 10, i.e., the relative fluctuations from density are 
much larger than that from temperature. A similar relationship 
between fluctuations of 𝑛"  and 𝑇"  was measured by the 
Langmuir probes in the SOL of the TEXT tokamak, with 
δ𝑛"/𝑛" = 0.3 − 0.4	δ𝑇"/𝑇" , and the ion saturation current 
and floating potential also exhibit a broadband structure [47]. 
The normalized electron density and temperature gradient 
scale lengths are shown in Figure 9(b), with 𝑅/𝐿pq =
|(𝑅/𝑛")𝑑𝑛"/𝑑𝑟| and 𝑅/𝐿xq = |(𝑅/𝑇")𝑑𝑇"/𝑑𝑟|, where R is 
the major radius. Both parameters have large values at the 
radial region of 𝑅 = 6.06 − 6.065	m  where the radial 
transport is enhanced by the broadband turbulence. From the 
equation of Γ" = −𝐷"𝜕𝑛"/𝜕𝑟, the radial particle diffusion 
coefficient is estimated and shown in Figure 9(c), with 𝐷" ≈
1 − 2.3	mJsUI  for the broadband region 6.06	m < 𝑅 <
6.065	m.  

 

Figure 8. The poloidal cross-correlation power spectral density 𝑆(𝑘𝜃, 𝑓) at four radial positions along the probe path for 
EJM+252 configuration. 



 

 
 

 

10 

In brief, the broadband turbulence is centered at 70 kHz, 
propagates in the ion diamagnetic drift direction in both the 
Laboratory frame and the plasma frame, with 𝑘*𝜌, = 0.7 −
0.8 , (δ𝑛"/𝑛")/(δ𝑇"/𝑇") ≈ 10  and very large normalized 
gradient scale lengths 𝑅/𝐿pq  and 𝑅/𝐿xq . The effective 
particle diffusion coefficient induced by turbulence in this 
broadband region is about 𝐷" = 1 − 2.3	mJsUI . Although 
the characteristics of the turbulence mode agree with the ITG 
mode in some aspects, such as the propagation direction, 
𝑘*𝜌, and gradient scale length, it is still difficult to identify 
the mode of this broadband turbulence, because usually ITG 
has larger an ion temperature relative fluctuation level than the 
density relative fluctuation level. It will be nicer to leave the 
identification of this mode to future work with simulations. 

 

Figure 9. (a) Relative fluctuation levels of the electron density 
and temperature, and their ratio (𝛿𝑛"/𝑛")/(𝛿𝑇"/𝑇") . (b) 
Normalized gradient scale length of electron density and 
temperature. (c) Electron diffusion coefficient induced by 
turbulence. 

4.2 Intermittent transport in the near SOL 

The radial transport is sharply reduced when R < 6.06 m and 
the dominant frequency changes from the 40-120 kHz 
broadband spectrum to the 10-20 kHz intermittent structures. 
As seen in Figure 5 and Figure 6, the radial evolution of radial 
transport and the 2D field line connection length are consistent 
with each other. In the short connection length region 𝑅 =

6.053 − 6.059	m , it is a quiet region without intermittent 
events; during the radial region of 𝑅 = 6.047 − 6.052	m, the 
connection length becomes longer, at the same time the 
intermittent events start to appear but with lower amplitudes 
than the inner region; when the probe enters the radial region 
of 𝑅 = 6.036 − 6.046	m, the connection length continues to 
increase more and more quickly, and the intermittent transport 
gets more and more stronger and also the base line of the heat 
and particle fluxes. When 𝑅 < 6.036	m , the connection 
length increases rapidly and over 800 m, and only the two 
floating potential pins 𝜙&K and 𝜙&L have measurements due 
to their inner positions. Figure 7(b) shows the APSD of the ion 
saturation current at the innermost point of the probe. The 
peak of the broadband spectrum disappears, instead, a low 
frequency turbulence centered at 15 kHz has the highest power 
density. In the CPSD of two radially separated floating pins at 
the innermost point, the flat region of the broadband spectrum 
also disappears and exhibits a power decay factor of 𝛼 =
−2.34. The maximum of the CPSD is clear at 𝑓 = 15 kHz, 
indicating the radial propagation of the low frequency 
fluctuations. In Figure 8 (b-d), there are three entirely different 
distribution of 𝑆(𝑘*, 𝑓). In the radial region of 𝑅 = 6.043 −
6.053	m , 𝑆(𝑘*, 𝑓)  is concentrated at 𝑘* ≈ 0	cmUI  and 
symmetric about 0. Note that the power spectral density in the 
low frequency is enhanced. In the radial region of 𝑅 =
6.034 − 6.041	m, the power density below 20 kHz gets much 
larger, and the broadband spectrum in 𝑓 = 30 − 100	kHz is 
directed to the electron diamagnetic drift direction with a 
group velocity about 𝑉§8�¨� ≈ 5	km/s  in the laboratory 
frame. As seen from Figure 5(h), the radial electric field is 
about 0-6 kV/m when 𝑅 = 6.034 − 6.041	m , and the 
induced drift velocity 𝑉r×t = 0 − 3.8	m/s directed in the 
ion diamagnetic drift direction. Consequently, the propagation 
velocity of this broadband spectrum is roughly 5-8.8 km/s 
along the electron diamagnetic drift direction. However, the 
contribution to the radial particle flux from this broadband 
spectrum is much smaller than that from the low frequency 
turbulence, as shown in Figure 5(e). In the innermost point, 
𝑅 = 6.032 − 6.033	m, the broadband spectrum above 30 kHz 
becomes very weak and can be ignored, while most of the 
power density is concentrated in the low frequency turbulence 
that is centered at 15 kHz. The radial evolution of 𝑆(𝑘*, 𝑓) is 
consistent with the variations of the radial turbulent transport, 
and has a strong dependence on the local magnetic topology. 
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Figure 10. (a-b) Raw signal of the ion saturation current. The red crosses in (b) and (e) means that these spikes are selected by 
the conditional averaging procedure. The green line in (b) signifies the signal filtered by a 20 kHz low-pass filter. (c) The 
conditional-averaged ion saturation current in the time period of t = 2.45-2.47 s, i.e., R = 6.036-6.038 m. (d-e) Raw signal of 
radial turbulent particle flux. (f) The conditional-averaged radial turbulent particle flux in the same time period as (c). 

 

 

Figure 11. The probability distribution function (PDF) for the ion saturation current and the radial turbulent particle flux at two 
different radial positions. The skewness and kurtosis of the distribution are labelled in each panel. The red lines denote the 
Gaussian fitting for the PDF, and the green dashed lines denote the Laplace fitting. 
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Figure 12. The radial plasma profiles, radial turbulent heat flux and particle flux of the high mirror configuration. The 
description is the same as Figure 5. 

The properties of the intermittent transport are analyzed with 
a conditional averaging procedure which has been widely used 
in the analysis of intermittent events [48-50]. Totally 40000 
points in the time slice 𝑡 = 2.45 − 2.47	s are used for the 
conditional averaging, and the selected window of each fast 
event is set to 40 µs. A threshold of 2 times of the standard 
deviation of signal is used for this analysis. As shown in 
Figure 10(a), the raw signal of ion saturation current reveals 
strong intermittent events in the time period of 𝑡 = 2.44 −
2.48	s, i.e., 𝑅 < 6.04	m. Figure 10(b) gives an example of the 
data selection procedure, with the red cross denoting that the 
fast event is chosen in the ensemble for averaging. The green 
line shows the components of the signal below 20 kHz. A clear 
oscillation can be found on the green line, around a frequency 
of 10-20 kHz. During one circle of this oscillation, there are 
some spikes, such as the red crosses on the green hills. Figure 
10(c) is the conditional averaging 𝐼, , having an amplitude 
about 1.4 A and the full width at half maximum (FWHM) is 
about 13 µs . The radial turbulent particle flux is also 
processed with the same conditional averaging method, as 
shown in Figure 10(d), (e) and (f). The maximum value of the 
radial particle flux is as high as 40 × 10JImUJsUI during the 
eruption of intermittent event. The conditional averaging Γ8 
peaks at 11 × 10JI	mUJsUI and has a FWHM of 3 µs. The 

probability distribution functions (PDF) of the ion saturation 
current and radial turbulent particle flux are illustrated in 
Figure 11 [51]. Note that 𝜎(𝐼,) and 𝜎(Γ8) are the standard 
deviation of 𝐼,  and Γ8 , respectively. In the broadband 
dominant region ( 𝑅 = 6.062 − 6.066	m ), the PDFs of 
(𝐼, − 𝐼,̅)/𝜎(𝐼,) almost agree with the Gaussian fitting except 
that the points on the edge of two sides are located slightly 
below the fitting curve, with skewness of -0.11 and kurtosis of 
2.71. The Gaussian distribution 𝑓(𝑥) = 𝑎𝑒U�¬  has a 
skewness of 0 and kurtosis of 3, which is similar to the PDFs 
of (𝐼, − 𝐼,̅)/𝜎(𝐼,)  in Figure 11(a); while the Laplace 
distribution 𝑓(𝑥) = 𝑎𝑒U�|¬| has a skewness of 0 and kurtosis 
of 6. In the intermittent transport region ( 𝑅 = 6.036 −
6.04	m), PDFs of 𝐼, reveal elevated tails on both sides which 
are located between the curves of Gaussian fitting and the 
Laplace fitting, with skewness of 0.12 and kurtosis of 3.72. 
Based on the modelling of Hasegawa-Wakatatti turbulence, 
the PDFs of small events are well approximated by the 
Gaussian distribution, while the large events often exhibit a 
Laplace distribution [52]. The PDFs of (𝐼, − 𝐼,̅)/𝜎(𝐼,) in the 
broadband region are due to small scale turbulence, which is 
consistent with the observation in Figure 7(a) and Figure 
11(a); while the PDFs in the near SOL are contributed by both 
small scale and large scale events, in consequence the elevated 
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tails appear in Figure 11(b). The PDFs of Γ8/𝜎(Γ8) display a 
strong asymmetry, with a large positive skewness 𝑆 = 2.17 
for 𝑅 = 6.062 − 6.066	m and 𝑆 = 3.84 for 𝑅 = 6.036 −
6.04	m , indicating the intermittent transport is mainly 
positive. In the outer region, the PDFs on the left side agree 
very well with the Laplace fitting, but on the right side the 
points are located significantly above the Laplace fitting. In 
the inner region, the PDFs on both the left and right sides have 
much higher tails than that in the inner region, with a kurtosis 
~38. The PDFs indicate the extremely large amplitude of an 
outward radial turbulent particle flux. 

 

Figure 13. Two-dimension field line connection length for the 
KJM+252 configuration in the poloidal plane of probe. 

5. Turbulent transport in high mirror configurations 

In the high mirror configuration (KJM+252), the distance 
between the innermost point of probe and the LCFS is 𝑑𝑅 =
6.022	m − 6	m = 22	mm, which is much larger than that in 
the standard configuration. The heat and particle fluxes in high 
mirror configuration are shown in Figure 12. Since the width 
of the SOL island is distinctly wide in the KJM+252 
configuration, the broadband spectrum in Figure 4(f) covers a 

wide radial region, and also contributes to the outward radial 
turbulent particle flux, as presented in Figure 12(e). In the 
region of 𝑅 = 6.047 − 6.073	m, the radial particle flux is 
dominated by a broadband turbulence from 40 kHz to 160 
kHz, and highlighted in the region of 𝑅 = 6.06 − 6.063	m. 
When 𝑅 < 6.051	m , the intermittent transport starts to 
appear and gets much clearer when probe plunging deeper. 
The smooth radial turbulent particle flux Γ8 calculated from 
equation (1) peaks at 𝑅 = 6.061	m and 𝑅 = 6.057	m with 
the maximum value about 15 × 10JI	mUJsUI , which is in 
good agreement with the ∫Γ8(𝑓, 𝑡)𝑑𝑓 derived from equation 
(3). The radial turbulent heat flux calculated from equation (2) 
is also consistent with that from equation (4), peaking at the 
same radial positions with a maximum value of 0.24 MWm-2. 
It should be pointed out that the radial particle and heat fluxes 
without smoothing can be up to 90 × 10JI	mUJsUI and 1.7 
MWm-2 during the eruption of fast events, respectively. In the 
broadband dominant region, the electron density, temperature 
and pressure have a steep gradient, as shown in Figure 12 (b-
d). For the highlighted region (𝑅 = 6.06 − 6.063	m), 𝑛", 𝑇"  
and 𝑃" have a steep gradient. While for the second highest 
peak region (𝑅 = 6.056 − 6.059	m ), only the 𝑛"  and 𝑃" 
have a large gradient. However, in this highlighted region, the 
radial electric field is almost constant about 10 kV/m. 
Compared to the 2D field line connection length in Figure 13, 
the connection length L|| jumps from 25 m to 250 m at 𝑅 =
6.063	m, simultaneously the radial heat and particle fluxes 
reach their maximums. When the connection length has a drop 
at 𝑅 = 6.053	m, the intermittent events start to appear, and 
the profiles of 𝑛" , 𝑇"  and 𝑃"  enter a region with slow 
variation. Near 𝑅 = 6.04	m there is a protuberance on the 
connection length, then L|| is raised to a level with longer 
length, meanwhile the intermittent turbulence is predominant 
and the broadband spectrum disappears. The integrals of 
particle flux in the frequency range of 0-30 kHz and 40-160 
kHz are calculated and shown in Figure 14(c). The ratio of 

∫ Γ8(𝑓, 𝑡)𝑑𝑓
I®¯°
L¯° /∫ Γ8(𝑓, 𝑡)𝑑𝑓

M¯¯°
¯  from the broadband 

turbulence possesses 60-80% of the total radial turbulent 
particle transport in the radial region of 𝑅 = 6.05 − 6.08	m. 

While the ratio of ∫ Γ8(𝑓, 𝑡)𝑑𝑓
K¯°
¯ /∫ Γ8(𝑓, 𝑡)𝑑𝑓

M¯¯°
¯  from 

the low frequency turbulence occupies more than 45% of the 
total radial turbulent particle transport in the radial region of 
𝑅 < 6.04	m. Similar to the relative fluctuation amplitudes of 
electron density and temperature in the standard 
configuration, the ratio of (δ𝑛"/𝑛")/(δ𝑇"/𝑇") is around 10-
14 in the broadband dominant region, as shown in Figure 
14(b). In Figure 7, the APSD of the ion saturation current in 
the KJM+252 configuration reveals similar features as the 
EJM+252 configuration, except that the broadband spectrum 
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has a wider frequency distribution at 𝑅 = 6.06	m and the 
peak of the APSD is shifted to a smaller frequency slightly at 
𝑅 = 6.026	m. These two features are also clear in the CPSD 
of 𝜙&J and 𝜙&K. The relative fluctuation amplitudes of the 
fast events in the intermittent transport region of the high 
mirror configuration are not as large as that in the standard 
configuration, because the probe is still far away from the 
LCFS in the high mirror configuration. However, the statistics 
of the intermittent events exhibits similar characteristics in 
PDFs, skewness and kurtosis. 

 

Figure 14. (a) Relative fluctuation levels of electron density 
and temperature. (b) Normalized gradient scale length of 
density and temperature. (c) Radial turbulent particle flux, the 
ratio of particle flux contributed by 0-30 kHz turbulence to the 
particle flux of the whole frequency, and the ratio of Γ8 from 
40-160 kHz to the total particle flux. 

6. Discussion and conclusion 

A new combined probe designed to measure the edge plasma 
profiles and turbulence structures has been developed and 
used in OP1.2a on W7-X. The plasma profiles, turbulence 
structure and radial transport are measured by this probe head 
for the standard and high mirror configuration. The plasma 
profiles and the radial variations of the auto-correlation power 
spectrum are in good agreement with the magnetic topology, 
including the SOL magnetic island structure and the 
connection length calculated by a field line tracer. Both the 
standard and high mirror configurations reveal two distinct 
turbulence transport patterns in the SOL: the first one located 
in the outer region is contributed by a broadband turbulence; 
the second one in the near SOL is induced by low frequency 
turbulence. In the standard configuration the probe has the 
deepest plunge with a distance of 6 mm to the LCFS, therefore 

the transport behavior in the EJM+252 configuration is 
analyzed in detail. 

In the standard configuration, the radial turbulent heat flux and 
particle flux are calculated by two methods, i.e., one from the 
time domain analysis and the other from the frequency domain 
analysis. The results from both methods are in quite good 
agreement with each other. The radial turbulent particle flux 
is driven by a broadband turbulence with a frequency range 
between 40-120 kHz in the radial region of 𝑅 = 6.06 −
6.065	m and 𝑅 = 6.07 − 6.073	m. Note that between these 
two radial regions the broadband turbulence is mitigated and 
also the radial transport. In the APSD of ion saturation current, 
the broadband spectrum highly peaks at the frequency about 
70 kHz. The relative fluctuation amplitude of the electron 
density is about 1.2 in the broadband dominant region, but the 
relative fluctuation amplitude of the electron temperature is 
only 0.1, giving a ratio (δ𝑛"/𝑛")/(δ𝑇"/𝑇") ≈ 10 . In this 
region the electron density normalized gradient scale length 
𝑅/𝐿pq  is also large. The particle effective diffusion 
coefficient estimated for the broadband turbulence is about 1-
2.3 m2s-2. From the statistical poloidal correlation power 
spectrum 𝑆(𝑘*, 𝑓), the propagation velocity of the broadband 
turbulence is about 4.6 km/s along the ion diamagnetic drift 
direction in the laboratory frame, and about 2.3-4.6 km/s in 
the same direction in the plasma frame. The important 
turbulence parameter 𝑘*𝜌, ≈ 0.07 − 0.08, which is close to 
0.1. The radial heat and particle fluxes in the high mirror 
configuration are much larger than those in the EJM+252 
configuration due to higher heating power, and also exhibit 
strong dependence on the local magnetic topology. However, 
the primary features of radial turbulent transport in the 
KJM+252 configuration are consistent with those in the 
EJM+252 configuration. The principal characters of the 
broadband dominant transport can be listed as follows. (1) The 
smooth radial heat and particle fluxes driven by turbulence are 
directed outwards. (2) The frequency range of the broadband 
spectrum is from several tens of kHz to more than 100 kHz. 
(3) The broadband turbulence propagates along the ion 
diamagnetic drift direction with a velocity about 2.3-4.6 km/s 
in the plasma frame. (4) The poloidal wavenumber near the 
central frequency of the broadband spectrum is ~1 cm-1 and 
𝑘*𝜌, is close to 0.1. (5) The high radial turbulent transport 
region is accompanied by a steep electron density gradient. (6) 
The relative fluctuation amplitude of the electron density is 
about 10 times larger than that for the electron temperature. In 
addition, the ion diamagnetic frequency in the laboratory 
frame is about 60 kHz which is close to the central frequency 
of the broadband turbulence. As we know from the drift wave 
turbulence theory and experiment, terms (2-4) match the 
conditions of ITG drift wave instability, but usually ITG has 
much larger fluctuations in temperature than the fluctuation in 
density [3, 4, 53]. Furthermore, there is no ion information in 
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our measurements. It would be better to leave the 
identification of the mode mechanism to future work. In 
consequence, we prefer to present the experimental results in 
this manuscript and shed more light on the investigation of the 
SOL turbulence in the new optimized stellarator  
Wendelstein 7-X. In future experiments, the new combined 
probe head will be collaborated with other diagnostics (e.g., 
retarding field analyzer (RFA)) to measure the information of 
both ions and electrons.  

The intermittent transport behavior is analyzed with some 
statistical techniques. In both the standard and high mirror 
configurations, the intermittent transport is located at the 
radial position between the broadband spectrum and the 
LCFS. The conditional averaging method is used to illustrate 
the properties of fast events on the ion saturation current and 
radial turbulent particle flux. The conditional averaging of 𝐼, 
has a FWHM of about 13 µs, which is similar to the time scale 
of blobs in some fusion devices [54, 55]. Besides these fast 
events, an obvious oscillation around 10-20 kHz is 
accompanied with the fast events, and the turbulence within 
this frequency range dominates the radial transport as shown 
in the frequency distribution of Γ8(𝑓, 𝑅). The PDFs of the 
fluctuations of the ion saturation current obey the Gaussian 
distribution in the broadband turbulence dominant region, 
while elevated tails between the Gaussian distribution and the 
Laplace distribution in the intermittent transport region are 
revealed. However, in both radial regions the PDFs of Γ8 are 
mainly on the positive side, with skewness larger than 2.  

To sum up, the SOL turbulence structure and transport exhibit 
a strong dependence on the local magnetic topology in W7-X. 
It is important to investigate the topology effects on radial heat 
and particle transport, which will directly influence the heat 
load on the divertor plates. In this paper, the preliminary 
experimental results about the turbulent transport in the first 
divertor configuration campaign on W7-X are introduced and 
discussed, which could be beneficial to the edge turbulence 
simulation and comparison among different fusion devices. 
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