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Streamers in the JIPP T-llU Tokamak Plasmas
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It is shown that the low-density Ohmically heated tokamak plasmas have streamerlike eddies at the
outer region at normalized minor radius of about 0.7 and high-frequency zonal flows of large amplitudes in
the core. The amplitudes of the eddies e ~�=kTe and ~ne= �ne are of order of 0.5, similar to that of blobs in the
tokamak plasma boundary. The waveforms are featured by pulses of complex shape with sharp fronts,
similar to the results of streamer simulations by Garbet et al.. The time constant of the fronts is also in
agreement with the simulation. The radial span of the eddies is estimated to be much larger than the
poloidal span.
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The regulation or suppression of plasma turbulence by
sheared poloidal flow is regarded as one of the key issues of
plasma confinement [1,2]. It is theoretically and numeri-
cally pointed out that the sheared poloidal flow can be
generated by the nonlinear interaction of plasma turbu-
lence itself and regulates the turbulence [3–11]. There
are two extremely different types in the sheared poloidal
flow, zonal flow and radially elongated eddy (streamer).
The sheared zonal flow is characterized by small poloidal
wave number (kp � 0) and large radial wave number (kr),
while the streamer is characterized by small radial and
large poloidal wave number. Streamers can cause large
plasma transport, while the zonal flow will reduce the
turbulent transport.

The streamer, as well as zonal flow in the toroidal de-
vice, is therefore a very challenging subject for the con-
trolled fusion research since it is expected to have a large
effect on the confinement of the high temperature plasma.
Several experiments on low-frequency and high-frequency
zonal flows have been reported using various diagnostics
[12–19]. There is, however, only one experimental paper
of the streamer up to now, in spite of its importance in the
understanding of plasma confinement in toroidal devices
[20]. One of the most powerful diagnostics for the study of
these phenomena may be a heavy ion beam probe (HIBP)
since it is possible to determine small-scale plasma flows
(eddies) with slow velocity of order of diamagnetic drift
velocity, through fast, local, and multipoint measurement
of plasma potential (�) and basic plasma motion of E=B
(� �r�=B), using HIBP [12,16–18].

Recently, correlation analysis of potential and density
fluctuations measured by HIBP was conducted in the wide
region of the plasma cross section of JIPP T-IIU tokamak
plasmas [18]. It showed that the potential fluctuations of
the core plasma inside the region of r=ap � 0:5 are domi-
nated by the m � 0 large oscillations in the geodesic
acoustic mode (GAM) frequency range [21], with radial
correlation length of 1–2 cm. In this Letter, we present the
first experimental evidence of the streamer phenomena in
the hot tokamak plasma at about normalized minor radius
of 0.7, about 7 cm inside the LCFS (last closed flux
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surface) as possible origins of blob phenomena and try to
show how the regions of zonal flow and streamers are
separated in the tokamak cross section.

The experiment was carried out in JIPP T-IIU tokamak
plasma with a nearly circular cross section and with the
major and minor radii of 93 and 23 cm, respectively [22].
The main diagnostics are a Thomson scattering of YAG
(yttrium-aluminum-garnet) laser light with 28 spatial mea-
surement points and 100 Hz repetition rate to obtain de-
tailed profiles of plasma density and electron temperature,
an 8-channel electron cyclotron emission (ECE) polychro-
mator, a 6-channel FIR interferometer, and a charge re-
combination spectrometer using neutral beam injection
(NBI) to obtain ion temperature profiles.

The HIBP for the JIPP T-IIU tokamak facilitates the
injection of a 50–500 keV thallium (Tl�) beam of a few
tens of microamps, and the detection of the secondary
thallium beam (Tl2�) ionized in the plasma [12,18,23].
The change of the energy of the Tl2� beam and its intensity
correspond to the local plasma potential and plasma den-
sity, respectively, where the ionization takes place (sample
volume). The position, size, and the direction of alignment
of 6 sample volumes (SVs) used in this experiment are
shown in Fig. 1(a). They are specified by three parameters,
i.e., primary beam energy (j � A, B, and C, for 450, 300,
and 250 keV, respectively, under toroidal magnetic field of
3 T), poloidal injection angle (k � 1–6), and input slit
number of an energy analyzer (l � 1–6). The beam energy
is fixed during one plasma discharge. The injection angle is
swept in steplike operation, stays for 5 ms at one angle and
stays at different angle for another 5 ms, and so on. It is
sometimes swept continuously by applying sawtoothlike
voltage on the sweeper. A partial line designated by a
combination of these 2 labels like A2, shall be called a
‘‘step’’ in this Letter. Figures 1(b) and 1(c) show an ex-
panded view of how SVs look like at step A4 and step C2,
respectively. The SVs are cylinders of about 2– 4 mm in
diameter, cut in slant angle with a side view of parallelo-
gram. The length (longer diagonal of the parallelogram) is
about 5 to 15 mm along the beam trajectory, depending on
the three parameters. The frequency bandwidth of the
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FIG. 2. (a) Correlation coefficient function (CCF) of density
fluctuations at C2 and A4 (dotted line). (b) CCF of potential
fluctuations at C2 and A4 (dotted curves). (c),(d) Time-expanded
raw data of potential (c) and local density fluctuations (d) at A4.
(e),(f) Raw data for potential (e) and density fluctuations (f) at
C2. Correlation was taken between signals at SV1 and SVj [j �
1–6 for density (c) and j � 1–4 for potential measurement]. CCF
for functions u and v, ��u; v; �d�, is defined by ��u; v; �d� �
C�u; v; �d�=

p
C�u; u; 0�=

p
C�v; v; 0�, where C�ui; vj; �d� �R

�T
�T ui�t�vj�t� �d�dt. T is chosen as 2 ms in this analysis.

Multiple curves are displaced upwards to avoid the overwriting.
CCFs are displayed by shifting upwards by j�1.

FIG. 1. (a) Location and direction of alignment of 6 SVs of the
HIBP at 18 steps discussed in this Letter. Label A stands for the
beam energy of 450 keV, label B for 300 keV, and label C for
250 keV. (b) Shape and positions for SVs at step A4 and (c) is for
C2. (d) The vertical profile of electron temperature across the
axis obtained by YAG Thomson scattering measurement. The
positions of SVs at various steps are shown for reference.
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detector circuit at 3 dB gain decrease is 300 kHz limited by
high-gain electric amplifiers used for the measurement of
the secondary beam. The experiments were carried out
under the following conditions [18]: The plasma current
is 200 kA with a safety factor q value around 4.3 and a
toroidal field of 3 T.

The average plasma density is low and is about 1�
1013 cm�3 in order to allow good penetration of the
beam to the core of the plasma. The vertical profile of
electron temperature across the magnetic axis measured by
28-channel Thomson scattering apparatus is shown in
Fig. 1(d). As shown in Fig. 1(d), the plasma is heated up
to 1.1 keV in the core only by Ohmic heating. Ion tem-
perature may be estimated to be less than 1=3 or 1=4,
because electrons are heated only by Ohmic heating in
these experiments and the energy transfer from the electron
to ions is small because of low plasma density.

Figure 2 shows the difference of the correlation coeffi-
cient functions and time-expanded view of fluctuations at
the core region of A4 and the outer region of C2. There is a
sharp contrast in the characteristics of fluctuations at A4
and C2. The distinct pulses with large relative amplitude of
density and potential, with sharp fronts, can be observed at
step C2 [Figs. 2(e) and 2(f)], while large potential oscil-
lations and very small density fluctuations [Figs. 2(c) and
2(d)] are observed at A4.
11500
Another large difference is that the density fluctuations
at the core region of A4 propagate in the direction of
electron diamagnetic drift, and at C2–C6 regions density
and potential fluctuations propagate at ion diamagnetic
drift [Figs. 2(a) and 2(b)]. The dominance of the fluctua-
tions propagating in the ion diamagnetic drift direction was
observed as the ‘‘edge ion mode’’ by beam emission spec-
troscopy (BES) measurement at normalized minor radius
of about 0.9 of L-mode plasmas of Tokamak Fusion Test
Reactor [24]. In our case the dominance of the edge ion
mode occurs at the normalized radius of about 0.7 in
Ohmically heated plasmas and its region tends to shrink
in NBI or ion cyclotron range of frequency heated plasmas
[23].
3-2



PRL 96, 115003 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
24 MARCH 2006
Figures 3(b) and 3(c) show another typical example of
the density and potential time behaviors at C5, where the
SVs are mainly positioned radially. The density waveforms
of Fig. 3(c) are complex and not solitary and have sharp
‘‘fronts’’ [8] or ‘‘strong gradients’’ [9,10], similar to those
obtained in the streamer simulations of simplified MHD
equations done by Garbet [8], Beyer et al. [9], and
Benkadda et al. [10]. The predicted time constant of the
fronts, 10–100 �s, is in agreement with our observation,
order of 10 �s [8]. This value is about 100–1000 times
shorter than that of the previously reported streamer mea-
sured by ECE [20].

The density and potential fluctuations tend to differ from
each other in shape. The relative amplitudes, e ~�=kTe and
~ne= �ne, are of order 0.5 as is in C2.

Figure 3(a) shows time behavior of the intensity of the
secondary beam at detector plates (Is), when SVs are swept
continuously (not in step) at the 250 keV case by applying
sawtooth voltage on the poloidal sweeper. The intensity
grows at near C1 as the SVs enter into plasma boundary
where the plasma density grows rapidly. Around C2 it
tends to grow slowly and begins to decrease because the
density slowly increases and the attenuation of the primary
beam by electron ionization begins to dominate. The rela-
tive change of local plasma density (~ne= �ne) can be ob-
served as ~Is= �Is, and we can observe very frequent sharp
pulses throughout the sweep of boundary-C1–C6-
boundary. The relative amplitude is very high around C2
to C5.

Figure 4 shows that the difference of potentials between
SV1 and SV2 and between SV3 and SV4, corresponding to
the poloidal electric fields (E�) because SVs are positioned
nearly at the same magnetic surface at C2, and the behavior
FIG. 3. (a) Time behavior of the intensity of the secondary
beam, when the beam is swept continuously through C1–C6
instead of steps. (b),(c) Time-expanded view of raw data of
density (b) and potential fluctuations (c) at C5.
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of average density of SV1 and SV2 and that of SV3 and
SV4. The pulsed E� of both curves of Fig. 4(a) is in most
cases negative when the density increases significantly.
The negative E� is for driving density out of the magnetic
surface by E=B drift. The different behaviors of the upper
and lower traces of Fig. 4(a), the fact that E� poloidal
electric field changes its phase significantly, almost 90�,
or 180� and sometimes at same phase, means that the radial
flow velocity of the eddy changes its phase within the
distance of twice the distance between SV1 and SV2, about
1 cm. Accordingly the poloidal span of these eddies may be
order of 1 cm. The maximum E� of Fig. 4(a) is about
100 V=0:65 cm � 15 kV=m. Then the radial velocity at
the eddies may be E=B � 5 km=s. The typical pulse length
of 20 �s of Fig. 4(a) means the radial span of the eddies is
order of 10 cm, similar to the depth of the layer of these
eddies.

We can also estimate the radial span by ~ne= �ne. This
value may be the product of the radial span of the eddies
and the inverse gradient length of averaged plasma density.
The position of C2 is well inside the plasma boundary
where the density gradient length is long, as is shown in
Fig. 3(a). Thomson scattering can estimate the density
gradient length to be about 10 cm. Then the radial size
may be order of 5 cm, which is larger than the poloidal
characteristic length of about 1 cm.

There is also large difference in the density waveforms
of SV1 and SV6 of Fig. 3(c). In almost all cases of
Fig. 3(c), the pulse height grows or decays from SV1 to
SV6. The radial size of the streamer is larger than the
distance between SV1 and SV6, 3 cm, or is about the order
of the distance. An accurate estimate of the size of the
eddies by density measurement is, however, difficult be-
cause of the small spatial coverage of our HIBP system.

Since the poloidal characteristic length of the eddies is
about 1 cm and is much smaller than the radial span, we are
FIG. 4. (a) Difference of potentials �C;2;1 ��C;2;2 (lower
trace) and �C;2;3 ��C;2;4 (upper trace) at C2. The dashed lines
are zero lines. (b) 0:5	~ne= �ne�SVC;2;1� � ~ne= �ne�SVC;2;2�
 (lower
trace) and 0:5	~ne= �ne�SVC;2;3� � ~ne= �ne�SVC;2;4�
 (upper trace).
The upper curves are shifted upwards.
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now able to ascribe our eddies at C2–C6 as streamers
predicted by several papers [6–11]. Streamers are observed
in C1–C6, B1, and A1, the outer region. At half-radius
region of B2–B5, the amplitude of these streamers (sharp
fronts) becomes smaller and appears only in density signals
although the figure is omitted. In the core region of A3–
A6, B3–B5, potential oscillations are dominated by GAM
oscillations. The streamer phenomena are rare at steps A1
and B1, about 1 pulse=ms. In addition, the streamers occur
much more often at C4 and C5, which are located near the
equatorial plane, compared with C2. Since A1 and B1 have
almost the same minor radii with C2, these facts mean that
streamers have strong ballooning character.

The Fourier spectra of the density fluctuation measured
at all steps are just governed by the broadband spectrum up
to a few hundreds kHz, and there is no appreciable peak of
GAM or so, in contrast to the potential fluctuations [18].

The waveforms of the pulses of a single peak at C2
shown in Fig. 2(e), as well as the relative amplitudes, are
similar to that of IPO (intermittent plasma object) observed
by the probe measurement placed near the LCFS in Dlll-D
and other tokamaks [25–27], more widely known as blobs.
The difference of IPO and streamers can be summarized in
the following way: (1) The waveforms of the potential and
density are different each other, while in IPO they are
identical. (2) As shown in Figs. 3(b) and 3(c), the pulse
is not solitary and often complex and very similar to the
waveforms of the simulations [8–10], in contrast to solitary
pulses of IPO. (3) The streamers in this Letter are observed
where SVs are at 4–8 cm inside the LCFS and the electron
temperature is about 400 eV. IPOs are observed at the
LCFS and scrape-off layer. (4) The electron temperature
measured by Thomson scattering shows large fluctuations
around 400 eV in our case. In case of IPO the electron
temperature shows large fluctuations at 150–100 eV [25].

As for the indication of streamers from other diagnos-
tics, the ECE emission from plasma around C2–C5 is too
weak to get a fast time response. The temperature profile
obtained by YAG Thomson scattering always has irregu-
larities around and outside B3, as shown in Fig. 1(d). The
profile of the intensity of the scattered light is also dis-
turbed similarly to Fig. 1(d), supporting that the large
density fluctuations are present in this area. The detailed
study of this effect will be studied in a full paper.

Throughout this Letter, ~ne= �ne is calculated by the inten-
sity of the secondary beam, neglecting change of tempera-
ture and path integral effect [23]. The effect of temperature
variation on the ionization cross section of Tl is small if the
temperature is above 100 eV. The density in these experi-
ments is very low and the beam path is vertical and in right
angle to the main direction of the streamer propagation,
this effect is estimated to be very small.

In summary, the Ohmically heated plasmas, where the
electron temperature is much higher than ion temperature,
have a streamer region around the normalized radius of
11500
0.7–1.0 and a region of high-frequency (GAM) zonal flow
in the core. The streamer is often in the bad curvature
region, i.e., ballooning characteristics. The region of half
radius has sharp fronts with small amplitude only in the
density perturbation. Potential perturbation is dominated
by GAM oscillations. The streamer region (normalized
radius of 0.7–1.0) coincides with the region, where the
density turbulence propagates in the ion diamagnetic drift
direction. The streamer has similar characteristics with the
blobs, such as relative amplitude of order of 0.5 and time
scale of 10 �s. The streamer has a feature of complex
waveform, while that of the blob is simple because it is a
circular object [25]. This finding may be brought by very
small sample-volume of HIBP (2–3 mm in diameter and
about 5 mm long as stated before) compared with that of
other nonperturbing diagnostics like BES for local mea-
surement in hot toroidal plasmas [14].
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