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Electrostatic Turbulence and Transport in the Velocity Shear Layer
of a Reversed Field Pinch Plasma
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Consorzio RFX, corso Stati Uniti 4, 35127 Padova, Italy

(Received 14 November 1997)

The electrostatic turbulence in the edge plasma of the RFX reversed field pinch experimen
been studied using Langmuir probes and a homodyne reflectometer. The radial particle flux d
by electrostatic fluctuations has been measured in the region where a doubleE 3 B velocity shear
layer occurs. It is found that almost 100% of the particle flux at the edge is driven by electros
fluctuations. The naturally occurringE 3 B velocity shear has been shown to be close to that requi
by the Biglari-Diamond-Terry criterion for turbulence radial decorrelation. [S0031-9007(98)06091

PACS numbers: 52.25.Fi, 52.35.Ra, 52.55.Hc, 52.70.Ds
o
e
e
a
n
d

e

,4
b
a
o
o

e

I
X

g
o

s
u

y

t
n
e
in
m

e
e

-
ly

to
the
ncy
al

uc-
x.
o
in

a-
ts

cted
on

ld

c-
nd

g
s).
c-
ed

[5].

ob-

n
on
Plasmas confined in reversed field pinch (RFP) config
rations are self-organized systems characterized by str
magnetic and electrostatic fluctuations, which are believ
to determine the anomalous transport of particles and
ergy. In particular, the particle flux in the edge region h
been found to be mainly driven by electrostatic fluctuatio
in most RFP experiments [1]. This evidence was alrea
noted to bear some analogies with results from tokama
and stellarators [2]. The analogy with tokamaks and st
larators has been recently reinforced by the observation
a naturally occurring velocity shear layer at the edge [3
similar to that observed in those configurations [5], and
the spontaneous occurrence of regimes of improved p
ticle confinement, possibly associated to modifications
this velocity shear [6]. These observations suggest the p
sibility of a turbulence decorrelation mechanism induc
by E 3 B velocity shear [7], like that playing a role in
theH mode observed in tokamaks and stellarators [8].
this Letter the electrostatic particle transport in the RF
reversed field pinch experiment is addressed and the
lationship with theE 3 B velocity shear discussed. It is
found that the naturally occurring velocity shear at the ed
is close to that required for turbulence radial decorrelati
and affects the fluctuation properties.

RFX is a reversed field pinch device with major radiu
R ­ 2 m and minor radiusa ­ 0.457 m. The results
reported herein have been obtained at a reduced pla
current of 300–400 kA and core electron density of abo
3.5 3 1019 m23. The electron density profile in the
plasma core is generally flat or hollow at higher densit
with a strong gradient at the edge.

A set of Langmuir probes has been used to measure
radial profiles of plasma potential and electron density a
the properties of the electrostatic fluctuations. The syst
consists of a boron nitride head equipped with graphite p
flush with the head surface, having a diameter of 2 m
The pin surface is oriented at 45± with respect to the mag-
netic field. In this campaign 5 pins were used, all locat
2.2 mm right behind the head tip. The pins were align
in the toroidal direction and at the same radial and poloid
0031-9007y98y80(19)y4185(4)$15.00
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positions. It is worthwhile to remind that in the RFP con
figuration the magnetic field at the edge is approximate
poloidal, so that the toroidal direction is perpendicular
the field, opposite to what happens in tokamaks. One of
pins was used as a single probe with sweeping freque
of 1 kHz, and the other four gave two floating potenti
measurements (Vf) and an ion saturation current (Is) mea-
surement, which were used to study the electrostatic fl
tuation properties and the electrostatic radial particle flu
One of the twoVf measurements was obtained from tw
electrically connected pins located on either side of the p
measuringIs, so that theVf andIs measurements can be
considered to be taken at the same location. The twoVf

measurements were 44 mm toroidally apart. The fluctu
tion data were sampled at 1 MHz. All the measuremen
were made keeping the probes on the head side prote
with respect to the unidirectional superthermal electr
flow which is found in the edge of RFP plasmas [9].

The plasma potential, from which the radial electric fie
was derived, is obtained asVp ­ Vf 2 aTe whereTe is
the electron temperature. The factora, calculated neglect-
ing the secondary electron emission and taking into a
count the different collection surfaces for electrons a
ions has been estimated to bea ­ 22.5 [10]. Figure 1
shows the plasma potential and the correspondingE 3 B
velocity as a function of the normalized radiusrya (the
rya ­ 1 surface is identified as that where the floatin
potential measured with respect to the first wall vanishe
As described elsewhere [3] two naturally occurring velo
ity shear layers can be identified. The first one is locat
across the plasma boundary, atrya . 0.97. The shear
is of the order of106 s21, similar to that found in toka-
maks and stellarators across the last closed flux surface
The second velocity shear is more internal, atrya , 0.97.
This second shear has been already noticed to remind
servations of tokamak plasmas inL or H mode [8], and to
increase with plasma current, being typically106 s21 at a
plasma current of 300 kA [3]. This Letter is focused o
the role of this second velocity shear in the decorrelati
of the electrostatic turbulence.
© 1998 The American Physical Society 4185
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FIG. 1. Radial profiles of plasma potential andE 3 B drift
velocity. Each point is an average over multiple shots.
typical error bar is plotted, which gives the standard deviati
of the data.

The radial particle flux induced by the electrostatic tu
bulenceGes has been evaluated from two-point measur
ments according to the usual expression [11]

Ges ­
2
B

Z `

0
k'svdñsvdf̃svdgnfsvd sinanfsvd dv ,

(1)

whereB is the mean magnetic field,ñ andf̃ are the square
root of the auto power spectra of density and plasma pot
tial fluctuations,gnf is the coherence between density an
plasma potential,anf is their relative phase, andk' is the
transverse wave number of the plasma potential fluct
tions. Fluctuations of ion saturation current and floatin
potential have been assumed to represent the fluctuat
of density and plasma potential, thus neglecting tempe
ture fluctuations. The coherence betweenVf andIs is high,
with values ranging from 0.4 to 0.6 over the whole e
plored frequency range. The floating potential fluctuatio
amplitude is typicallyedVfyTe , 1.5.

The dots in Fig. 2 show the measuredGes radial profile.
The maximum, found aroundrya ­ 0.97, is in agreement
with the hydrogen influx measured on a chord viewing t
edge plasma in the outer equatorial region, which, in tu
by averaging on the whole plasma surface, gives a part
confinement time of the order of 1 ms. Thus, like in mo
RFP devices, in RFX the particle flux at the edge is fou
to be driven by electrostatic fluctuations, at least at lo
plasma current. The consistency between the electrost
particle flux obtained with the approximations reporte
above and the particle flux derived fromHa measurements
confirms that the contribution of temperature fluctuatio
can be neglected. The flux measurements have been
compared with a model which simulates the ionization
hydrogen neutrals coming from the first wall [12]. Th
curves depicted in Fig. 2 show the computed source
hydrogen ions and the related particle flux. The cod
which takes as inputs the experimental temperature a
4186
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FIG. 2. Radial profile of the particle flux driven by electro
static fluctuations (black dots). Each point is an average o
multiple shots, with error bars showing the standard error.
the same graph two curves are shown which represent the
ticle flux and the related source term predicted by a numeri
model.

density profiles, gives results in substantial agreement w
the experimental data. The good agreement also in te
of particle flux radial profile offers further support to th
approximations made in evaluating the particle flux.

For completeness, it must be noted that the particle fl
decay in the regionrya . 0.98 is similar to that found
in other experiments [2]. It can be attributed to relativ
position uncertainties between probe tips and last clo
flux surface or to the wall proximity, which affects th
particle balance by parallel losses to the wall due to plas
column shift, field errors or MHD instabilities.

The density profile, measured in the same dischar
with a single Langmuir probe is shown in Fig. 3. Fro
the density gradient=n ­ 6 3 1020 m24, almost constant
in the region0.86 , rya , 1, it is straightforward to
calculate the particle diffusion coefficientD assuming a
Fick’s diffusion law, i.e.,Ges ­ 2D=n. It is found that
D ø 20 m2ys in the region where the particle flux has

FIG. 3. Profiles of electron densityne and ion saturation
current fluctuation leveldIsyIs. Each point is an average ove
multiple shots, with error bars showing the standard error.
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peak, whereas it is between 5 and10 m2ys for 0.86 ,

rya , 0.94.
The results of the numerical simulation shown in Fig

indicate that, due to the high density gradient in the ou
plasma, the source term is concentrated in the outer 2
of the minor radius. Thus the decrease of the particle fl
at rya # 0.94 depends mainly on the source reductio
Nonetheless, the comparison of the diffusion coeffici
profile with the E 3 B velocity shown in Fig. 1 leads
to the observation that the particle diffusion is maximu
where the velocity shear is small, and decreases go
deeper into the plasma, in the region of the second velo
shear. The question arises whether theE 3 B velocity
shear can actually play a role in the transport reduction
rya # 0.94.

In order to investigate the influence of the velocity she
on the flux and diffusion coefficient profiles, other featur
of the electrostatic turbulence have been studied.
ion saturation current fluctuation leveldIsyIs is plotted
in Fig. 3 as a function of the normalized radiusrya. A
minimum is found atrya ­ 0.94, in the middle of the
second velocity shear region. Indeed, theory predicts
a velocity shear can decrease the fluctuation level if i
strong enough to decorrelate the turbulence [7]. In
same region the relative phase betweenVf andIs does not
change significantly, whereas their squared coherenceg2

(averaged over the particle flux power spectrum) is fou
to decrease as shown in Fig. 4. These observations sug
that the shear flow could be an important mechanism
edge turbulence [13]. It is worth noting that also thek'

spectrum seems to be affected. Indeed, thek' averaged
over the Vf power spectrum is minimum around th
position rya ­ 0.94, where it is equal to12 m21. This
estimate is reliable since the phase velocity is differ
from zero, even where theE 3 B velocity vanishes.

Since there are some elements suggesting a possib
fect of the second velocity shear layer on the electrost
turbulence, a quantitative test has been attempted in o

FIG. 4. Squared coherence betweenVf and Is averaged over
the particle flux power spectrum. Each point is an average o
multiple shots, with error bars showing the standard error.
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to check if the velocity shear is strong enough to indu
such an effect. According to the Biglari-Diamond-Terr
(BDT) model [7], the turbulence can be radially deco
related by the velocity shear if the shearing frequen
vs (vs ­ k'DrtdyE3Bydr, where dyE3Bydr is the
radial derivative of theE 3 B velocity andDrt is the
ambient turbulence radial correlation length) is larg
than the ambient turbulence spectrum widthDvt. Such
decorrelation is expected to yield a reduced turbulen
level and a decrease in the associated transport. The B
model has been applied to the region of high veloc
shear (rya ­ 0.94). In this regiondyE3Bydr is equal to
s1.1 6 0.4d 3 106 s21. The values ofk' andDvt, com-
puted as averages over the floating potential power sp
trum, are s12 6 2d m21 and s3.3 6 0.3d 3 105 radys,
respectively. These numbers imply that, for the veloc
shear to be strong enough to decorrelate the turbulen
the ambient radial correlation length should be larger th
s2.5 6 1.0d cm. In making the comparison it is importan
to bear in mind that the measured radial correlation len
Drm should be lower than the ambient valueDrt, if the
decorrelation process is indeed in action. The measu
ment of Drm has been made with the reflectometer,
described in the following.

The microwave reflectometer operating on RFX is
homodyne type with a single horn antenna [14] and h
been recently upgraded to obtain an ultrafast sweep
(up to4 GHzyms) in the Ka band. The reflectometer ha
been operated in O-mode, sweeping the range 34–38 G
in 1 ms (corresponding to densities between 1.4 and1.8 3

1019 m23), with a repetition rate of1.25 ms. To deter-
mine the radial correlation length, the reflected microwa
powerPni at different probing frequenciesfi is obtained
from the intermediate frequency signal. Although th
sweeping rate is very high, a correction is needed to
count for the decorrelation introduced by the differe
times at which the measurements for different frequenc
are made. The autocorrelation timet for a given density
has been measured using sequences of sweeps made
reduced frequency span (35.5–36.5 GHz) with a repetit
rate of 250 ns, alternated by the measurements at full ra
sweep. Typical values oft have been found in the rang
0.5–0.8ms.

The apparent radial correlation densityN 0, estimated
directly from the decay of the correlation between coup
of reflected power signalsPniPnj for different density
intervals Dn ­ ni 2 nj, can be approximated by an
exponential:

C0sDnd ­
kPnistdPnjstdlq
kP2

nistdl kP2
njstdl

­ exp

µ
2

Dn
N 0

∂
. (2)

Upon assuming that the correlation function for bo
time and density intervals may be written as

CsDn, Dtd ­ exp

µ
2

Dn
N

2
Dt
t

∂
, (3)
4187
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FIG. 5. Histogram showing the distribution of the measure
values of the density fluctuation radial correlation lengthDrm.

the effective correlation densityN can be found by means
of the relationship

N ­ N 0

µ
1 2

N 0

tdnydt

∂21

(4)

where the instrumental factordnydt (0.4 m23yms) is the
reflectometer sweep rate in the given density range.
nally, the radial correlation length is calculated dividin
the radial correlation density by the density gradient me
sured from Langmuir probes:Drm ­ Nysdnydrd. It must
be noted that, according to some authors [15], the corre
tion length determined in this way could be underestimat
by a factor around 1.5.

The distribution of the radial correlation length mea
surements obtained with the technique described abov
the region aroundrya ­ 0.94 is shown in Fig. 5. The av-
erage value is 1.2 cm, with a standard deviation of 0.5 c
The obtained value is, within the error bars, close to t
condition required for the BDT decorrelation mechanis
to apply. As pointed out above, the value in the absen
of velocity shear could be greater than this. It can thus
concluded that in RFX at low plasma current the natura
occurringE 3 B velocity shear is close to that require
for radial decorrelation of the electrostatic turbulence.

For completeness, it must be mentioned that the sec
derivative (curvature) of theE 3 B velocity can have a
stabilizing effect [8]. In the present case, such an effec
negligible in the second velocity shear layer, aroundrya ­
0.94, where the BDT criterion has been applied. On th
4188
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other hand, curvature induced stabilization could be s
nificant around the minimum of theyE3B profile srya ­
0.97d, and will be the object of future investigation.

In conclusion, the work presented herein shows for t
first time that the particle flux at the edge of RFX is main
driven by electrostatic fluctuations, as found in tokama
stellarators and most of RFP experiments. Furthermo
a decorrelation process related to the naturally occurr
E 3 B velocity shear has been inferred to be acting
close to apply to these fluctuations, since in the sh
layer theIs fluctuation level and the coherence are reduc
and so is the related particle diffusivity. The analog
with the same mechanism acting in the tokamakH mode
suggests the possibility for RFPs of achieving regimes
improved particle confinement by enhancing the plas
rotation through external means.

The authors wish to thank Dr. D. Gregoratto and Dr.
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