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The boundary turbulence and transport in density scanning experiment were investigated using a fast reciprocating

Langmuir probe in the HT-7 tokamak. With the increase of the central line averaged plasma density, an enhanced shear

of the radial electric field was observed at plasma edge, which could account for the reduction of edge transport and

the improvement of global particle confinement. The reduced particle transport was demonstrated by the increase of

the particle confinement time and the decrease of the perpendicular diffusion coefficient. The features of the ionization-

and-radiation-driven turbulence, ’f’e/Te ~ fie/ne and O_Teﬁe ~ 7, were found in the plasma edge region, which suggests

the importance of the ionization and radiation in the turbulence driving.
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It is generally accepted that anomalous trans-
port in a magnetized hot plasma is due to plasma
turbulence.l!!’ However, the dominant free energy
source responsible for the turbulence in the plasma
boundary region has not yet been fully identified. It
is now recognized that more than one single mecha-
nism would be needed to explain all the experimental
observations of turbulence in the plasma boundary re-
gion. Particular attention has been paid to the under-
standing of the impact of atomic physics processes on
turbulence in recent years.[2l Atomic processes such as
radiation and ionization can be drivers of instabilities
that might cause anomalous transport in the plasma
edge region. There are several experimental observa-
tions showing the important role of atomic processes
in modifying the edge turbulence and flows.34 In-
creasing the plasma density by feedback of gas puff-
ing will increase the neutral influx, which influences
the recycling, the impurity content and the boundary
molecular and atomic physical processes. These pro-
cesses are important in the plasma boundary region,
and can affect plasma turbulence through turbulence
driving and damping.?l Sheared flow has been found
to be important in explaining the suppression of tur-

bulence and the reduction of transport.[®:6! The role of

sheared flow in ohmic confinement scaling is an unre-
solved question. The confinement in ohmicly heated
plasmas normally falls into ALCATOR scaling. In
the linear ohmic confinement (LOC) region, both the
energy confinement and the particle confinement are
linearly improved with the increase of plasma density.
These phenomena have been reported in most toka-
maks, however the physics behind the phenomena is
not fully understood. The results presented in this
paper indicate that the enhanced shear of radial elec-
tric field possibly accounts for the reduced turbulent

transport at a higher density.

HT-7 is a circular poloidal limiter superconduct-
ing tokamak!”! with a major radius Ry=122 cm and a
minor radius a=27cm. Doped graphite with SiC gra-
dient coating is used as limiter material. The liner is
made of stainless steel with a radius of 33cm. This
experiment was conducted in ohmicly heated deu-
terium plasmas under the similar discharge conditions:
toroidal magnetic field B4=2.0T, plasma current I, =
140kA. There was very weak sawtooth and Mirnov ac-
tivity. The plasma discharge duration was typically 1s
in a current flat top range of 200-800ms. A velocity
shear layer naturally occurred at the plasma edge, re-

sulting in a steeper pressure profile; however, the con-
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finement was still low and fell into ALCATOR scaling.
In the velocity shear layer, fluctuation correlation was
suppressed and turbulent transport was reduced.
The fast reciprocating Langmuir probel® was
mounted on the top of the tokamak along the cen-
tral line. It was driven by a pneumatic system and
can rapidly scan over 8cm in 80ms. A square array!®!
(with each side being 2mm) of four identical tips was
used as a triple probe to measure the time-averaged
and fluctuating electron densities (n., 7.), electron
temperatures (T, Te) and plasma potentials (¢, (;;p).
Each probe tip was made of tungsten wire, 2mm in
length and 0.5mm in diameter. The probe tips were
carefully orientated off the magnetic field lines to avoid
the tips shadowing one another. Two toroidally sepa-
rated tips were used as a double probe and biased at
180 volts. These two tips measured the ion saturation
current I and positive biased potential ¢;. Neglect-
ing the electron temperature fluctuation effect,!10—13!
the fluctuation of the poloidal electric field Ey was
deduced from two floating potentials ¢¢; and ¢¢; mea-
sured with two tips poloidally separated by Ay =
2¢/2mm (i.e. Ey = (<£f1 —(gm)/Ag). The electron
temperature was derived as T, = (¢4 — ¢¢)/In2, where
¢1=(¢s1 + é12)/2 represented the floating potential at
the middle point of the two tips. The plasma poten-
tial was estimated from the formula ¢, = o1, + ¢,

where a=2.5 [14:15]

was applied in this experiment.
The particle flux driven by turbulence was calculated
as I, = (f.Ep)/ By, where (---) denoted an ensemble
average.['8] The data were digitized at 1 MHz with
12-bit resolution using a multi-channel digitizer.

In this experiment, we increased the central line
averaged plasma density by feedback of gas puffing.
Feedback control ensured that the plasma current was
With the rise of plasma

density, the electron density in the plasma bound-

fixed at a certain value.

ary region increased accordingly, as shown in Fig.1(a),
and the electron temperature decreased, as shown in
Fig.1(b).
profiles of floating potentials (Fig.1(c)). The electron

An enhanced shear was observed on the

pressure profile was steepened at the plasma edge, as
displayed in Fig.1(d), which demonstrated the reduc-
tion of edge transport at a higher density. In Fig.2,
the radial electric fields were calculated as the radial
gradient of plasma potential ¢,. From this figure, one
can see that with the increase of density, the shear of
the radial electric field was enhanced at the plasma
edge. This is consistent with the prediction of shear

suppression theory. [5.6]
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Fig.1. The radial profiles of (a) electron density, (b)
electron temperature, (c) floating potential and (d)
electron pressure in four central line averaged plasma
density cases ne=1, 1.5, 2, 2.5x101%m3.
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Fig.2. The radial profiles of the radial electric field in
four central line averaged plasma density cases ne=1,
1.5, 2, 2.5x1019m—3.

The electron density and temperature at the last
closed flux surface (LCFS) are plotted in Figs.3(a)
and 3(b) respectively. The electron density increased
with the central line averaged plasma density, while
the electron temperature decreased. The enhanced
radiation is expected to account for the decrease of
temperature at the plasma edge. The radial gra-
dient of electron density at the LCFS increased, as
shown in Fig.3(c), which indicates the improved par-
ticle confinement. In Fig.4, the relative fluctuation

levels of electron temperature T, /Te, electron density
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fie/n. and plasma potential eép /Te are displayed to-
gether. These relative fluctuation levels were mea-
sured at r=25.5cm, about 1.5cm inside the LCFS.
From this figure, one can see that the Boltzmann re-
lation 7. /ne — e(gp /T was not satisfied at the plasma
edge. The temperature fluctuations increased with
density and reached the level of density fluctuations
at a higher density. The relationship 7, [Te — Tie /M
was approximately satisfied, especially in the higher
density region. This is consistent with the predic-
tion of the ionization-and-radiation-driven turbulence

models.
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Fig.3. (a) The electron density, (b) the electron tem-
perature and (c) the radial gradient of electron density
at the LCFS plotted as a function of the central line
averaged plasma density.
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Fig.4. The relative fluctuation levels of electron tem-
perature TE/TE(O), electron density fic/ne (A) and
plasma potential edp/T.(V) measured at 7=25.5 cm.
The horizontal axis represents the central line aver-

aged plasma density.

In Fig.5 (a), the e-folding decay lengths (L,) of
electron density were derived from the exponential fit-
ting the density profiles in the SOL. It dropped with
the increase of density, which denotes that the density
gradient increased in the SOL. Figure 5(b) presents
the turbulent particle fluxes close to the LCFS, which
were calculated from probe fluctuation signals follow-
ing the equation I'y = <ﬁeE9> /Bg. The particle flux
driven by turbulence shows an increase trend with
density but it is much slighter than that of the in-
crease of density, so the calculated particle confine-
ment timel® increased, as shown in Fig.5(c). For
comparison, the particle confinement time estimated
from Ha/Da emission signalsl'”! is also plotted in
this figure. It has a similar relationship with den-
sity. This result indicates that the global particle loss
could mostly be accounted for by the electrostatic tur-
bulence induced particle transport. Assuming that
the turbulent transport measured at the top of toka-
mak could represent the poloidal averaged value of
flux surface and this turbulent transport dominated
the particle loss at the plasma edge, the effective per-

pendicular diffusion coefficient due to the turbulent

transport can be estimated at Dy = L Fig-
on/or

ure 5(d) shows the Dy, measured at the location of
LCFS. For comparison, the Bohm diffusion coefficient
Dgohm = Ts/16By and the perpendicular diffusion co-
efficient Dgor1, = CSLﬁ /2L from a simple SOL trans-
port model'8:19 were calculated at the LCFS and are
displayed in the same figure. L. is the connection
length and Cs = \/m is the ion acoustic speed.
Despite the uncertainties in the model and measure-
ment they are the same in both magnitude and trend.
These results indicate that, under such discharge con-
ditions, the diffusion of Bohm type characterizes the
edge confinement. The transport driven by electro-
static fluctuations plays an important role in parti-
cle confinement. The particle confinement improved
with the increase of density was demonstrated by the
increase of the particle confinement time and the de-
crease of the perpendicular diffusion coefficient.

The phase angle 6_T.n, between the tempera-
ture fluctuation and the density fluctuation was calcu-
lated using the correlation analysis technique (29 and
a phase difference close to - in the whole frequency
range was observed in different density cases, as shown
in Fig.6, where the phase difference 8_Ten, is plotted
as a function of frequency. The measurements were

carried out at r=25.5cm, about 1.5cm inside the
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Fig.5. (a) The e-folding decay lengths (Ly) of electron den-
sity in the SOL, (b) the turbulent particle flux at the LCFS,
(c) the particle confinement time estimated from Ha/o emis-
sion signals (A) and from Langmuir probe signals (O), (d)
the Bohm diffusion coefficient Dgohm (M), the effective per-
pendicular diffusion coefficient due to the turbulent transport
Dyurb (O) and the perpendicular diffusion coefficient from a
simple SOL transport model Dsor(A). The horizontal axis
represents the central line averaged plasma density.

LCFS. The results indicate there seems to be no influ-
ence of the density on the phase difference 8_T.n.. The
approximate -7 phase difference between the electron-
temperature fluctuation and density fluctuation and
their close fluctuation levels (T./T: — fe/ne) are two
main features of the ionization-and-radiation-driven
turbulence theory.[?1] Although the results presented
here cannot fully support the theory, they at least in-
dicate the possible importance of the ionization and
radiation to the edge turbulence in the HT-7 tokamak.
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Fig.6. The phase difference spectra between the elec-

tron temperature fluctuations and the electron den-

sity fluctuations 0_Tene in four cases: central line

averaged plasma density, (a) ne=1x101"m=3, (b)

Nne=1.5x1019m3, (c) ne=2x10""m~3, and (d) n. =

2.5%10'°m~3. The measurements were conducted at

r=25.5 cm.

In conclusion, the boundary turbulence and trans-
port in density scanning experiment were investigated
using a fast reciprocating Langmuir probe in the HT-
7 tokamak. With the increase of the central line av-
eraged plasma density, an enhanced shear of the ra-
dial electric field was observed at plasma edge, which
could account for the reduction of edge transport and
the improvement of global particle confinement. The
reduced particle transport was demonstrated by the
increase of the particle confinement time and the de-
crease of the perpendicular diffusion coefficient. The
features of the ionization-and-radiation-driven turbu-
lence, T, /T.—1ie/n. and _T.71, ~ 7, were found in the
plasma edge region, which suggests the importance of

the ionization and radiation in driving the turbulence.
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