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The effect of sheared E × B flow on the blob dynamics in the scrape-off layer (SOL) of
HL-2A tokamak has been studied during the plasma current ramp-up in ohmically heated
deuterium plasmas by the combination of poloidal and radial Langmuir probe arrays. The
experimental results indicate that the SOL sheared E × B flow is substantially enhanced
as the plasma current exceeds a certain value and the strong sheared E × B flow has
the ability to slow the blob radial motion via stretching its poloidal correlation length.
The locally accumulated blobs are suggested to be responsible for the increase of plasma
density just outside the Last Closed Flux Surface (LCFS) observed in this experiment.
The results presented here reveal the significant role played by the strong sheared E × B
flow on the blob dynamics, which provides a potential method to control the SOL width
by modifying the sheared E × B flow in future tokamak plasmas.
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1. Introduction

Plasma transport in the scrape-off layer (SOL) has been widely accepted to be governed
by the radial motion of blobs, which are characterized by a density higher than that of
the background plasma and they extend along the magnetic field line (Krasheninnikov
2001; D’Ippolito, Myra & Krasheninnikov 2002; Zweben et al. 2003). The blobs provide
a channel for the convective radial transport of particles and heat in the SOL region. (Terry
et al. 2003; Garcia et al. 2007a; D’Ippolito, Myra & Zweben 2011). Therefore, studying
how blob behaviour affects or determines the SOL width and peak heat load in fusion
devices is important.

In recent years, blob generation (Bisai et al. 2005; Furno et al. 2008; Happel et al.
2009; Cheng et al. 2013), birth region (Myra et al. 2006a; Xu et al. 2009; Fuchert et al.
2016), radial propagation (Xu et al. 2005; Katz et al. 2008; Tsui et al. 2018) and the
resultant convective transport (Garcia et al. 2004; Myra, Russell & D’Ippolito 2006b;
Russell, Myra & D’Ippolito 2007; Offeddu et al. 2022) have been active research topics.
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Earlier simulation work demonstrated that the sheared E × B flow plays a crucial role in
the turbulence transport (Burrell 1998) and can also stop the blob radial motion within
the shear layer (Ghendrih et al. 2009). Recently, several theoretical studies (Halpern et al.
2017; Fedorczak et al. 2019; Giacomin et al. 2021) have derived models for the density
or power decay widths in SOL, however, they do not explicitly include the effects of the
sheared E × B flow. The experiments performed on TCV tokamak indicated that the main
reason for the reduction of the blob radial velocity in the far-SOL region is the sheath
dissipation with increasing plasma current (Garcia et al. 2007b). The multi-device (AUG,
TCV and MAST) experimental results demonstrated that the variation of SOL width is
related to the blob radial velocity characteristics (Kirk et al. 2016; Vianello et al. 2019), but
the effects of the sheared E × B shear flow on the blob dynamics have not been explicitly
evaluated. The recent work on AUG showed that the external generated sheared E × B flow
via the radio-frequency heating enables the stretching, distortion and splitting of blobs
in far-SOL regions (Zhang et al. 2019). The splitting and tilting of turbulent structures
were observed in the strong E × B flow region in TEXTOR plasmas using gas puffing
imaging (Shesterikov et al. 2012). However, the interplay between the E × B shear flow
and turbulence is still not completely understood and requires further investigation.

In this work, we report the effect of sheared E × B flow on the blob dynamics during
plasma current ramp-up in HL-2A ohmically heated deuterium plasmas. The experimental
results illustrate that (i) the sheared E × B flow in the near-SOL region is significantly
enhanced as plasma current exceeds a certain value; (ii) the blob radial motion is
remarkably reduced due to the sheared E × B flow. The rest of this paper is organized
as follows. Section 2 describes the experimental set-up. Section 3 presents the experiment
results, including the experimental characterization of turbulence in the near-SOL region
during the plasma current ramp-up. Finally, § 4 presents the conclusions and discussion.

2. Experimental set-up

Experiments were performed in the ohmically heated deuterium discharges of the
HL-2A tokamak with limiter configurations. The typical experimental parameters were
as follows: plasma current Ip = 130–170 kA, toroidal magnetic field Bt = 1.7–1.8 T and
line-averaged density nel = (1.1–1.4) × 1019 m−3. The two combined Langmuir probe
arrays, illustrated in figure 1, were utilized to study the dynamical interactions of the
sheared E × B flow and blobs during the plasma current ramp-up. The array A, localized
approximately 21 mm below the mid-plane, is comprised of ten tips aligned in the poloidal
direction (numbered 1–10 from the top to the bottom, the poloidal separation between
adjacent tips being �d = 4 mm). The arc-shaped poloidal array A was designed to make
the tips align along the magnetic flux surface as much as possible. Radial arrays B and C,
localized approximately 52 mm above and below the mid-plane, respectively, were used
to measure the radial profiles of floating potentials and plasma density ∼Is). A standard
four-tip array (Lin et al. 1992; Tsui et al. 1992) with a biased voltage −180 V was specially
placed at the SOL shearing layer region to measure blob potential and radial velocity, etc.
In our experiment, the measured position of the four-tip probe is �r =+10 mm, where
the positive and negative signs of �r denote the outside and inside of the Last Closed
Flux Surface (LCFS), respectively. The approximate position of the LCFS was identified
using an equilibrium fitting code (EFIT) with an accuracy of 5 mm. The plasma geometry,
LCFS position and Grad–Shafranov shift remained almost unchanged during the plasma
current ramp-up. The flux expansion along the flux surfaces was negligible in the poloidal
range covered by array A during the discharge. The major and minor radii slightly varied
throughout the discharge. The black arcthick line shown in figure 1(c) denotes the poloidal
limiter. The data acquisition frequency was fs = 1 MHz with a resolution of 12 bits.
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(a) (c)

(b)

FIGURE 1. (a) Bird’s eye view of Langmuir probe arrays in the toroidal direction; (b)
schematic illustration of the poloidal and radial arrays of probes; (c) equilibrium configuration
reconstructed by the EFIT code and the location of probe measurement (the thick solid black
line represents the poloidal limiter).

The results presented herein are well reproducible. Figure 2 displays the time traces
of the discharge parameters for one typical discharge (no. 12234) during the plasma
current ramp-up from Ip = 135 to 172 kA within 900 ms, wherein the line-averaged
density (nel) increases from 1.1 × 1019 to 1.4 × 1019 m−3, approximately 25 %, and the
corresponding Greenwald fraction was approximately unchanged, nel/nG = 0.43–0.45,
where nG = Ip/πa2, where a is the mirror radius. The electron temperature, density and the
radial electric field were measured by the 4-tip probe localized at �r = +10 mm. It was
observed that both electron temperature and density obviously started to increase from
t = 850 ms, while the radial electric field accordingly changed its sign from positive to
negative as the plasma current exceeded Ip = 150 kA (black dashed line in figure 2). The
plasma horizontal displacement represents the distance of LCFS away from the reference
position at the middle plane, which was measured using two horizontal flux loops that
were symmetrically arranged in the vacuum of the middle plane, ensuring the reliability
of the probe measurement in this experiment. During this phase the plasma horizontal
displacement was less than 3 mm.

3. Experimental results
3.1. Spatio-temporal evolution of SOL parameters during plasma current ramp-up

Figure 3 shows the time traces of the plasma current together with the spatio-temporal
distribution of skewness, mean E × B shearing rate and the inverse scale of plasma density
during the plasma current ramp-up (rise rate of 0.04 kA ms−1). Skewness describes the
asymmetry of the probability distribution function or the degree of deviation from a
Gaussian distribution. Here, the skewness is calculated as S = 〈x̃3〉/〈x̃2〉3/2, where x̌ is
the time series of the ion saturation current signals and is given in figure 3(b). It was seen
that the sign of skewness is always positive in the SOL and is significantly reduced after
t = 850 ms, suggesting the blob behaviour was dramatically suppressed. The mean E × B
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(a)

(b)

(c)

(d )

(e)

FIGURE 2. Time traces of the plasma current (a), the line-averaged density (b), the electron
temperature and plasma density (c), the radial electric field (d) measured at �r = +10 mm and
the plasma horizontal displacement (e).

shearing rate is estimated as

ωE×B(i) ≈ 1
Bt

∂2Vf

∂2r
= [Vf (i − 1) − Vf (i + 1) + 2Vf (i)]/(Bt�d2), (3.1)

where i represents the probe number in the radial array (i = 2–9), Vf represents the floating
potential and �d denotes the radial separation of neighbouring tips. It should be pointed
out that the radial electric field here was calculated by the derivative of the floating
potential, neglecting the effect of the electron temperature gradient, due to the fact that
the change in the electron temperature gradient is less pronounced in the SOL and the
floating potential profiles were very nearly the same as those for the plasma potential in
similar discharges. On the other hand, the inverse scale of the density gradient is expressed
as

L−1
ne = −∇ne/ne = −∇(Is

√
Te)/(Is

√
Te) = L−1

Is − 0.5L−1
Te . (3.2)

The above formula can be rewritten as

L−1
ne

L−1
Is

= 1–0.5
L−1

ne

L−1
Is

= 1–0.5ζ, (3.3)

where L−1
ne and L−1

Is represent the inverse scale of the density and ion saturation current,
and ζ = L−1

Te /L−1
Is is approximately 0.12∼0.16 in HL-2A near-SOL region (�r = 5–15

mm), i.e. L−1
ne /L−1

Is ≈ 0.92–0.94 ≈ 1. Therefore, the estimated L−1
Is could be considered

as the proxy of L−1
ne in this region. Figure 3(c) shows the spatio-temporal distributions
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(a)

(b)

(c)

(d )

FIGURE 3. The temporal evolutions of the plasma current (a), the spatio-temporal distributions
of skewness (b), E × B shearing rate (c) and the inverse scale of density gradient (d).

of the E × B shearing rate, where it is seen that a 10 mm-width E × B shearing layer
is significantly formed just outside the LCFS as the plasma current exceeds 155 kA at
t = 850 ms, meanwhile, the local density gradient also obviously rises, as seen in
figure 3(d). The observed results indicate the presence of a potential relation between
the strong sheared E × B flow and localized density gradient. Similar experiment results
were reported in the EAST H-mode plasmas (Yang et al. 2015).

To further clarify the underlying physics, we compared the radial variations of the
skewness, the inverse scale of the density gradient, the E × B shearing rate and ion
saturation current (a proxy of density, Is ∝ ne) in two scenarios with low (Ip = 155 kA)
and high (Ip = 170 kA) plasma currents and the results are presented in figure 4. As shown
in figure 4(a), the skewness measured at near-SOL region (denoted by the shaded area)
substantially decreases in the high Ip case (Ip = 170 kA) compared with that in low Ip
case (Ip = 155 kA), implying the intermittent blob behaviour is significantly suppressed
in the high current case. Meanwhile the E × B shearing rate dramatically rises, as seen in
figure 4(b), reflecting the presence of the local E × B shearing layer. In addition, the local
density gradient also increases in the region where the E × B shearing layer was formed,
as illustrated in figure 4(c). Here, note that SOL turbulence is dominated by intermittent
blobs, which might play a significant role in SOL density profile (Garcia et al. 2007c;
Carralero et al. 2015; Militello & Omotani 2016; Vianello et al. 2019). These observed
results therefore indicated that the enhanced E × B shear flow may play a predominant
role in blob behaviours and the resulting density profile in the SOL.

3.2. Dynamics of blob behaviours in the near-SOL region
3.2.1. Blob stretched by the strong sheared E × B flow

The cross-correlation function (CCF) was utilized to reconstruct a two-dimensional
(2-D) coherent structure depending on the significant long-range correlation along the
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(a)

(b)

(c)

(d )

FIGURE 4. Comparison of radial profiles of skewness (a), E × B shearing rates (b), the inverse
scale of density gradient (c) and ion saturation current (Is ∝ ne) (d) (the vertical line represents
the approximate position of the LCFS).

same magnetic field line (Grulke et al. 2001; Cheng et al. 2013). A region with
poloidal–radial dimensions of 36 × 36 mm2 was established with the combined poloidal
(array A) and radial (array B) probe arrays that were toroidally separated by Lϕ =
2100 mm. The CCF was computed from two types of ion saturation signals: the reference
signal Sx(i) was obtained from the poloidal array A (1 ≤ i ≤ 10) and Sy(i) was obtained
from the radial array B (11 ≤ j ≤ 20), where i and j denote the probe positions in the
poloidal and radial probe arrays, respectively, as sketched in figure 1. The correlation
coefficient of the CCF was estimated at zero time lag and placed at the point in the
matrix, i.e. γmax(i, j). Following this method, the contour of the correlations was obtained.
The calculated matrix displays a contour for the 2-D image of the coherent structure.
Figures 5(a)–5(c) display the 2-D images of the coherent structure with different sheared
E × B flows. The blob poloidal correlation length for the three different E × B shearing
rates was roughly estimated as 0.5 cm, 1.1 cm and 1.5 cm by the e-folding decay
spatial scale of the CCF, which is qualitatively consistent with the results estimated
by two-point correlation method (Beall, Kim & Powers 1982) Lc = 1/〈σk〉, where
〈σ 2

k 〉 = ∑
f [

∑
k [k − k̄( f )]

2 · s(k|f )], s( f ) denotes the spectral density, f and k denote the
frequency and wavenumber, respectively. It was found that the blob poloidal correlation
length was increased by approximately three times whereas the radial correlation length
has less pronounced change as the E × B sheared flow rises from ωE×B = 0.12 × 105 to
1.08 × 105 s−1, implying that strong E × B shear flow has an ability to stretch coherent
structures. A similar experimental result has been reported in other devices (Carter &
Maggs 2009). Here, we compare theoretical predictions of critical velocity shear with
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(a)

(b)

(c)

FIGURE 5. Contour plot of the coherence between array A and array B toroidally separated
by 2100 mm for different E × B shearing rates ωE×B = 0.12 × 105 s−1 (a), ωE×B = 0.48 ×
105 s−1 (b) and ωE×B = 1.08 × 105 s−1 (c).

experimental observations reported in this work. According to the theoretical prediction
(Yu & Krasheninnikov 2003), the magnitude (Φcrit) of critical potential was calculated
as Φcrit = Te · Φcrit

nor /e, where Te represents electronic tempreture, e is elementary charge
and Φcrit

nor means the normalized magnetite of potential related to the critical velocity shear,
which could be addressed as Φcrit

nor = (δs/2ρs)
3(δb/L), where ρs ≈ 0.046 cm, connection

length L ≈ 2.1 × 103 cm, blob size δb ≈ 1.6 cm and width of E × B shear layer δs ≈
1.0 cm, where ρs is Larmer radius. Using the plasma parameters Te ≈ 18 eV Φcrit

nor ≈ 0.98,
the estimated magnitude Φcrit was about 17.6 V, which is very close to the experimental
observation ≈15 V.

The statistical distribution of the blob poloidal correlation lengths against the blob
amplitudes with different E × B shearing rates was analysed and presented in figure 6.
It was clearly seen that the blob poloidal correlation length monotonically rises with
increasing E × B shearing rate for different blob amplitudes. An interesting observation
here is that the maximum variation of the poloidal correlation length for large blobs
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FIGURE 6. Statistical analysis of blob poloidal correlation length as a function of blob
amplitude for the different E × B shearing rates ωE×B. The probe measurement is localized at
�r = +10 mm.

(3.5σ) occurred in the strong E × B sheared flow case (ωE×B = 1.05 × 105 s−1). Here,
it should be pointed out that the estimated E × B shearing rate is slightly lower than
the blob decorrelation rate 1/τc ≈ 1.1 × 105 s−1 (where τc represents the blob lifetime
inferred from the full width at half-maximum magnitude), concluding that blobs were not
torn up by the E × B flow (only stretching blobs). A similar experimental result on the
blob stretched by the radio-frequency induced sheared flow in far SOL has been reported
by (Zhang et al. 2019). In fact, a strong enough sheared E × B flow via biasing can
directly split the edge turbulent eddy structure and consequently cause the confinement
improvement evidenced in TEXTOR (Shesterikov et al. 2012).

3.2.2. Blobs deceleration due to the poloidal elongation
Conditional average was widely used to extract coherent structure from a turbulent

signal in fusion plasmas and is generally defined as

ycond(τ ) = 1
N

N∑
i=1

[y(ti + τ)|x(ti) = φc], (3.4)

where x(t) is the reference signal and y(t) is the analysed signal. When the pre-set
condition is met, the time t, becomes the reference time τ = 0, and a subset from the
analysed signal is taken around τ = 0, from −τmax to τmax. After searching the full
reference signal for N occurrences of the condition, φc, a set of N waveforms from the
analysed signal are assembled. This set is then ensemble averaged to give the conditional
average for the condition φc (Filippas et al. 1995). In our analysis, the threshold +2.5σ is
used to detect the blobs. In cross-conditional average (CCA) analysis, the ion saturation
current (as a proxy of plasma density) was routinely chosen as the reference signal. The
conditional average was obtained by recording 120 data points (window length) around
the maximum of each burst event, i.e. [−60 μs, +60 μs], and then accumulating and
averaging the selected events.
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Blob radial motion is widely accepted to be driven by the E × B formed within blobs
(Krasheninnikov 2001), which is expressed as

Ṽblob
r = Ẽθ,blob/Bt = (Ṽf ,blob/Lcθ,blob)B−1

t , (3.5)

where Ṽf ,blob represents the interior potential difference within the correlation length
Lcθ,blob. The blob radial velocity (Ṽblob

r ) was estimated with the reference signal (Is)

based on the CCA with > 2.5σ thresholds. Furthermore, it is generally observed that
the floating potential in the blob has a dipole structure. Here, �Vf ,blob and Lcθ,blob are both
key parameters for determining blob radial motion, and they are affected by numerous
factors (Labombard et al. 2001) such as collisionality, spin and the sheared E × B flow.
To clarify the inherent physics governing the blob dynamics, we computed the radial
velocity and floating potentials of blobs (>2.5σ ) measured at �r =+10 mm, where
the E × B shearing rate ωE×B changes from 0.15 × 105 to 1.0 × 105 s−1 and internal
potential compared has less change in figure 7. It was found that the blob radial velocity
gradually decreased from 1.63 km s−1 to 0.82 km s−1, whereas the potential difference
inside blobs stayed almost unchanged when the local E × B shearing rate was increased,
as sketched in figure 7(b). Here, the plasma collisionality was estimated to be v∗

ei ≈ 20–23
(v∗

ei=L‖/λei ≈ 10−16L‖neT−2
e , where L‖ denotes magnetic correlation length) during the

plasma current ramp-up from 155 to 175 kA, the less prominent variation of v∗
ei reflects

that the effect of plasma collisionality on the potential could be negligible. These observed
results indicate that the reduction of the blob radial velocity is mainly due to its poloidal
elongation (Lcθ,blob). This is direct experimental evidence of the significant role played by
the sheared E × B flow in blob radial motion via the poloidal elongation.

3.3. Localized density gradient possibly effected by blob radial motion
To study the potential effect of blob radial motion on the localized density gradient, we

present the time trace of the E × B shearing rate together with the normalized density
fluctuation, the blob radial velocity as well as the density gradient in figure 8. The
four-tip probe localized at the outer-mid plane (�r ≈ +10 mm) was used to measure the
normalized density fluctuation and blob radial velocity. Each point was estimated with
approximately 20 ms data, and the red shaded area denotes the error bar calculated with the

standard deviation as (i) =
√

(1/(N − 1))
∑N

i=1 (xi − x̄)2, were xi denotes the time series
of the signal. It was found that the significant change of the E × B sheared rate occurs
at about t = 850 ms, however, the normalized density fluctuation has a less pronounced
variation as compared in figure 9(a), suggesting that the increased E × B sheared flow
has no significant effect on the ambient turbulence in this region. On the other hand, the
localized density gradient actually starts to dramatically rise from t = 850 ms, while the
blob radial velocity accordingly reduces. These observed results reveal the crucial role
played by the blob radial motion in the localized density gradient.

To obtain the statistical relation between localized density gradient and blob radial
velocity, we have chosen a series of discharges with different SOL E × B shearing rates.
All the discharges were ohmically heated plasmas with similar parameters including Bt
and the line-averaged density (nel). The probe measure position is localized at the near
SOL, �r = +10 mm. Figure 9 plots the blob radial velocity (Ṽblob

r ) and the inverse scale
of density gradient (L−1

ne
) against the E × B shearing rate (ωE×B). It is seen that the Ṽblob

r
monotonically decreases, whereas the density gradient increases as the SOL localized
E × B shearing rate gradually rises from 0.6 × 105 to 1.1 × 105 s−1. These observations
suggest that a strong E × B sheared flow has a pronounced impact on slowing the blob
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(a)

(b)

FIGURE 7. Comparison of blob radial velocity (a) and its internal potential (b) with amplitude
>2.5σ estimated by CCA in the scenarios with different E × B flow shearing rates ωE×B. The
measured radial position is at �r = +10 mm.

radial motion, which was suggested to be related to the increased density observed in this
experiment.

4. Conclusions

In summary, the effect of strong sheared E × B flow on the blob dynamics in the SOL
of HL-2A tokamak has been studied during the plasma current ramp-up by combined
Langmuir probe arrays. The experimental results demonstrated that a localized sheared
E × B flow is dramatically enhanced as plasma current exceeds a certain value and it has
the ability to slow the blob radial motion via stretching its poloidal correlation length. The
localized accumulation of abundant blobs was believed to be responsible for the increase
of plasma density just outside the LCFS. To our knowledge, this is direct experimental
evidence of the interaction between the localized strong sheared E × B flow and blobs
in the SOL. This study provides a potential method for controlling the SOL width by
modifying the E × B flow in tokamak plasmas.
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(a)

(b)

(c)

FIGURE 8. The time traces of the E × B flow shearing rate together with normalized density
fluctuation (a), the blob radial velocity (> 2.5σ) (b) and the inverse scale length of density
gradient (c), The probe measurement position is approximately localized at �r = +10 mm.

FIGURE 9. Blob radial velocity and density gradient against the E × B shearing rate. The
measure radial position is at the normalized radial position at �r = +10 mm.

However, some issues remain to be discussed. First, the radial electric field outside
the LCFS might be determined by the sheath potential or other factors, the formation of
the SOL shear layer and its possible dependence of the plasma current threshold has not
yet been well understood, which is left for future study. Second, the SOL collisionality
has less pronounced variation, as demonstrated in our experiment during the plasma
current ramp-up, mainly due to the simultaneous increase of the plasma density and
plasma current, we therefore ruled out the role of collisionality in the blob dynamics in
this shearing flow layer region. It is not clear whether the collisionality has a significant
effect on the blob radial motion in the far SOL. The detailed physics of the blob dynamics
affected by the localized sheared flow will require study in future experiments.
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