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The mechanism for blob generation in a toroidal magnetized plasma is investigated using time-resolved
measurements of two-dimensional structures of electron density, temperature, and plasma potential. The
blobs are observed to form from a radially elongated structure that is sheared off by the E�B flow. The
structure is generated by an interchange wave that increases in amplitude and extends radially in response
to a decrease of the radial pressure scale length. The dependence of the blob amplitude upon the pressure
radial scale length is discussed.
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In a variety of magnetic confinement devices, such as
tokamaks [1–3], stellarators [4], reversed field pinches [5],
and linear devices [6–8], intermittent cross-field transport
of particles and energy are associated, at least in part, with
the propagation of plasma blobs. These are poloidally
localized regions extending along the field lines where
the plasma pressure is enhanced compared to the surround-
ing plasma. How blobs are generated remains an open
question.

In this Letter, we investigate experimentally the dy-
namics of blobs and identify a generation mechanism
on the TORPEX toroidal device [9]. In TORPEX, blobs
are observed to originate at the crest of a coherent inter-
change wave [10]. A simple magnetic configuration is
used with both toroidal and vertical field components.
Low temperature and density plasmas allow measure-
ments of local parameters with high spatial and temporal
resolution across the entire plasma cross section. The
generation mechanism is studied using time-resolved
two-dimensional (2D) profiles of electron density and tem-
perature, plasma potential, and E� B velocity, which are
conditionally sampled over many blob events. Blobs are
observed to form from radially elongated structures that
are sheared off by the E� B flow. These structures de-
velop from an interchange wave that increases in amplitude
and extends radially in response to a decrease of the radial
pressure scale length. We discuss the dependence of the
blob amplitude upon the pressure radial scale length. These
results detail a fundamental phenomenon in plasmas and
can be used to validate theories and numerical simulations
of blob dynamics [11]. Similarly to the tokamak scrape-off
layer (SOL), the magnetic configuration features open field
lines, a rB, and magnetic field curvature. Blobs in
TORPEX exhibit universal statistical properties with
strong similarities with observations in the tokamak SOL
[12]. Thus, the observed dynamics may shed light on the
blob ejection mechanism in tokamaks, where there are

strong indications that blobs result from interchange insta-
bilities in the SOL [13].

In the TORPEX (major radius R � 1 m, minor radius
a � 0:2 m) experiments investigated here, hydrogen plas-
mas are produced and sustained by microwaves in the
electron cyclotron range of frequencies [14]. A microwave
power of �400 W is used in a toroidal magnetic field of
76 mT on axis and a vertical magnetic field Bz � 2:3 mT,
which results in a vertically elongated plasma configura-
tion. The plasma source is localized on the high field side
(HFS), with negligible plasma production for r � 5 cm
[14]. Figure 1 shows 2D profiles of the time-averaged
(indicated by the overbar symbol) electron pressure �pe �
�ne �Te, plasma potential �Vpl, and the E� B velocity, �vE�B,
obtained from Langmuir probe measurements. The plasma
potential is computed from �Vpl � �Vfl �� �Te=e, where �Vfl

and �Te are floating potential and electron temperature, and
the coefficient � � 3:1� 0:6 is determined experimen-
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FIG. 1 (color). 2D poloidal profiles of the time-averaged
plasma pressure (a), plasma potential (b), and E� B velocity
(c) from Langmuir probe measurements. Dashed lines indicate
the position of (a) maximum j �L�1

pe j and (b) maximum of the
radial gradient of the plasma potential.
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tally [14]. The E� B velocity is evaluated from �vE�B �
��r �Vpl � B	=B2.

The profiles of pressure and plasma potential peak in the
HFS region and decrease toward the low field side (LFS).
The �vE�B field in Fig. 1(c) is almost vertical for r * 0 with
a z component, �vz;E�B, which is radially sheared. The
inverse radial pressure gradient scale length j �L�1

pe j �

jrr �pej= �pe has a maximum on a vertical line at r �
1 cm; see Fig. 1(a). Within the experimental uncertainty,
this corresponds to the position of the maximum j �vz;E�Bj,
represented by a dashed line in Fig. 1(b). On this line at the
midplane, �ne � 8� 1015 m�3, �Te � 3:7 eV, j �L�1

pe j �

15 m�1, and �vz;E�B � 1200 ms�1. The �vE�B shear is
maximum on a vertical line at r � 3 cm, where
j@ �vz;E�B=@rj � 3� 104 s�1 at the midplane.

In this configuration, similarly to the scenario investi-
gated in Ref. [10], we identify two distinct poloidal regions
with different plasma dynamics: (1) a main plasma region
for r & 5 cm, where the plasma source is localized, domi-
nated by a coherent interchange wave for�5 & r & 5 cm;
(2) a LFS region for r * 5 cm with negligible plasma
production and broadband fluctuation spectra, dubbed
source-free region, characterized by the propagation of
blobs.

In Figs. 2(a) and 2(b), we illustrate the nature of the
fluctuations in the two regions using 2D profiles of skew-
ness S and kurtosis K (normalized third and fourth order
moments of the probability density function) of ion-
saturation signals. In the main plasma region for �5 &

r & 5 cm, fluctuations are characterized by coherent os-
cillations at a frequency of 
3:9 kHz as shown by an ion-
saturation signal in Fig. 2(c). In Fig. 2(a), the 2D profile of
the spectral power in the range f � 3:9� 1 kHz peaks
around the position of maximum j �L�1

pe j, where such range
represents approximately 50% of the total spectral power
of the fluctuating signal. At this position, S
 0 and K 
 2,
consistently with the presence of coherent oscillations. A
vertical wave number kz � 30:6� 3 m�1 and an upper
bound for the parallel wave number kmax

k
� 0:046 m�1 �

kz are measured using a two-point correlation technique
[15]. The wave propagates upward with a velocity of

1200 ms�1, consistent with the time-averaged �vE�B pro-
file in Fig. 1(c). The wave is identified as an interchange
mode by solving a linearized Hasegawa-Wakatani model
[16], taking the magnetic field curvature and gradient into
account together with the measured time-averaged density
and �vE�B profiles. This mode is found to be unstable, with
fastest growth rate for kk � 0. For kz � 30:6 m�1, the real
frequency of the mode is 
4 kHz, in agreement with the
experimental value.

In the source-free region, the fluctuation spectrum is
broad and exempt from coherent modes. The skewness is
positive (S
 1) indicating the occurrence of intermittent
bursts as shown in Fig. 2(d). Figure 2(e) shows the mean
velocity field of positive structures identified by the con-
dition Isat � �Isat > 4:5 mA and lasting between 40 and

200 �s, as evaluated by a spatiotemporal pattern recogni-
tion method [17]. The velocity pattern is not sensitive to the
choice of the parameters used to identify the structures.
The pattern suggests that the bursts are associated with the
presence of blobs that originate in the main plasma region
and propagate outward into the source-free region as indi-
vidual coherent structures over distances of the order of the
minor radius.

To investigate the mechanism for blob generation, time-
resolved 2D profiles of ne, Te, Vpl and velocity fields are
required. These are obtained by performing a conditional
sampling [18] over many blob events of the I-V character-
istic of a Langmuir probe in a time window centered
around the blob detection. The Langmuir probe voltage is
swept at 1 kHz frequency and signals are acquired at
250 kHz. A reference probe, located at r � 14 cm, z � 0
and toroidally displaced by 90� from the Langmuir probe,
measures a reference ion-saturation signal Iref . We perform
a selection of blobs over eight different classes of ampli-
tudes defined by the conditions �1� j=2	� 
 ~Iref 

�1:2� j=2	� with j � 0; 1; 2; . . . ; 7, where ~Iref �
Iref � �Iref is the fluctuating signal (in the following all
fluctuating quantities are denoted by the overtilde symbol)
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FIG. 2 (color). Poloidal profiles of (a) skewness and
(b) kurtosis of ion-saturation signals. In (a) the profile of spectral
power in the frequency range 3:9� 1 kHz is shown in white and
localizes the interchange wave. Contours correspond to 90%,
60%, 30%, and 10% of the maximum spectral power. The
generation mechanism is investigated in the rectangle in (b).
(c),(d) Ion-saturation signals at the two locations indicated in (b)
show coherent fluctuations in the main plasma region (blue
cross) and intermittent bursts at the edge (green cross).
(e) Mean velocity field of positive structures and histogram (in
color) of trajectory counts.
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and � is its standard deviation over the whole discharge
with �= �Iref � 0:45. As detailed below, this is used to
investigate the link between the blob amplitude and the
pressure scale length. Since blobs are not synchronous with
the sweeping signal, the full conditionally sampled I-V
probe characteristic can be reconstructed [14,19] which is
then used to extract ne, Te, and Vpl. The upper bound of the
overall uncertainties for these quantities is estimated as
30% using error propagation analysis. By moving the
probe between discharges over a 25� 20 cm2 section in
the r-z plane, Fig. 2(b), we obtain 2D profiles with 1 cm
radial and 1.8 cm vertical resolution, from which the E�
B velocity profile is reconstructed.

For the class of blobs defined by 4:5� 
 ~Iref 
 4:7�,
Fig. 3 illustrates the results of the conditional sampling of
� 600 blobs over three identical 2.7 s long plasma dis-
charges. Figure 3(a) shows the time evolution of ~ne in the
mode region (red) and in the source-free region (black).
Figures 3(b)–3(e) show 2D profiles of ~ne at four different
times during the ejection of the blob together with the total
E�B velocity field. The coherent structures in Figs. 3(b)
and 3(c) are identified with the interchange wave, based on
their spatiotemporal properties.

The dynamics of blob formation and ejection from the
interchange wave is captured by frames (c)–(e). A radially

elongated density structure forms from the positive cell of
the wave, Fig. 3(c). The formation of this structure follows
from the convection of plasma by the E� B flow in a
corridor that extends radially over several ion sound radii
(�s � 0:3 cm), Fig. 3(c). In this corridor, the velocity is
mainly in the radial direction and is dominated by the E�
B velocity. In Fig. 3(e) for t � �6 �s, the elongated
density structure is convected upward in a sheared velocity
field that moves HFS and LFS parts of the density structure
with different vertical velocities. A relative displacement
between them is obtained, Fig. 3(d). Eventually, the origi-
nal density structure breaks into two parts, Fig. 3(e), and
the new structure on the low field side forms a plasma blob.

The role of the E�B flow in shearing off the density
structure can be quantified by computing the shearing time
[21] 1=�sh � �kzLr=2�	@vz;E�B=@r, where Lr is the radial
width of the shear layer and kz is the wave number in the z
direction. Both Lr and vz;E�B are estimated by averaging
the instantaneous values over the trajectory of the positive
cells. For the data set considered here, using Lr � 0:03 m,
kz � 30:6 m�1, and �@vz;E�B	=@r � 3� 104 s�1, we find
�sh � 200 �s. The shearing time �sh is of the same order of
the transit time �tr � 2�=�kzvz;E�B	 � 200 �s during
which a density structure moves upward by 2�=kz. These
estimates confirm that the E� B flow can shear the den-
sity structure that forms from the wave.

In Fig. 4, we illustrate the mechanism driving the elon-
gation of the density wave crest. In Fig. 4(a), a zoomed
view of the instantaneous pattern of the fluctuating ~vE�B is
shown together with the total pressure contours. The inter-
change mechanism that exchanges a zone of high plasma
pressure with a zone of low plasma pressure is clearly at
play. The local radial pressure gradient driving the inter-
change instability is maximum in the region where the
pressure negative wave crest is localized, Fig. 4(a). The
time evolution of jL�1

pe j in the wave frame at the position of
maximum intensity is shown in Fig. 4(c) together with that
of the mode amplitude, Fig. 4(b). The latter is evaluated at
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FIG. 3 (color). Plasma dynamics from the conditional sam-
pling technique. (A full animation is provided in Ref. [20].)
Shown are (a) time history of ~ne, including uncertainties, in the
mode region (red) at r � �1 cm, z � �5 cm and in the source-
free region (black) at r � 13 cm, z � �5 cm. Note that the
latter is multiplied by two for clarity. (b)–(e) 2D profiles of ~ne
at different times during blob ejection. The arrows show the
instantaneous vE�B profile.
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FIG. 4. (a) A zoomed view of the instantaneous fluctuating
E�B velocity field at t � �184 �s shows the convective cells
interchanging zones of high and low plasma pressure. Solid gray
lines represent equispaced pressure contours with �pe �
1016 m�3 eV. Time evolution of (b) mode amplitude and
(c) inverse pressure gradient length jL�1

pe j at the point of maxi-
mum observed intensity, indicated by the square in (a).
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each time step as
����������������������������������P
kr j~ne�kr; kz0	j

2
q

, where ~ne�kr; kz0	 is

the 2D spatial Fourier transform evaluated for the domi-
nant mode kz0 � 30 m�1 and kr is the radial wave num-
ber. During a first period, �600 �s< t <�350 �s,
both mode amplitude and jL�1

pe j remain approximately
constant. Later in time, jL�1

pe j is observed to increase at t �
�350 �s from jL�1

pe j � 40 m�1 to a maximum value
jL�1

pe jmax � 110 m�1 at t � �260 �s. This is followed
by an increase of the mode amplitude which leads to a
larger radial vE�B and to the elongation of the positive
wave crest.

In order to investigate the link between the blob ampli-
tude and the pressure scale length, we perform the condi-
tional sampling analysis over the eight different classes of
blob amplitudes previously defined. For each class, the
temporal evolution of jL�1

pe j and mode amplitude is similar
to Fig. 4. Figure 5 shows the dependence upon the blob
amplitude of jL�1

pe jmax and of the averaged values of jL�1
pe j

in a 200 �s time window centered, respectively, 400 �s
before and after the blob event. These values correspond to
a stationary gradient before and after the blob ejection and
do not show a strong dependence upon the blob amplitude.
This suggests that the blob removes the excess of gradient
and brings the profile back to the starting condition. A
monotonic and faster than linear dependence of jL�1

pe jmax

upon the blob amplitude is found, showing that the ejection
of blobs is preceded by an increase of the pressure gradient
that leads to blobs with larger amplitude for larger
jL�1

pe jmax.
In summary, we have identified experimentally a mecha-

nism for blob generation from interchange waves in a
simple, magnetized toroidal device. The results show that
when a blob is generated the following sequence of events
occurs: (1) the local pressure gradient length decreases,

providing an increase of the drive for the interchange
mode; (2) the mode increases in amplitude and radially
expands; (3) the radially elongated structure is sheared off
by the E� B flow, forming the blob.

The present results represent an important test bed for
validating both theoretical models and simulations of blob
dynamics. In tokamak geometry, a link between a local
increase of the radial pressure gradient and the blob for-
mation has recently been predicted for the edge region
[22]. The identification of the blob generation mechanism
may open new venues for controlling edge turbulent
transport.
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