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Abstract

In this paper the results of the investigation of the edge turbulence performed in RFX by a set of Langmuir probes

and a homodyne re¯ectometer are reported. The electrostatic turbulence exhibits large ¯uctuation amplitude and broad

band features in frequency and wavenumber. The e�ect of the spontaneous E ´ B velocity shear layer observed at the

edge is addressed in order to identify decorrelation e�ects on the turbulence. Similarities with tokamaks and stellarators

are discussed. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The role of electrostatic turbulence in the energy and

particle transport in plasmas con®ned in reversed ®eld

pinch (RFP) con®guration is an outstanding issue in the

study of the anomalous transport in these experiments.

This study is aimed at understanding the mechanism and

obtaining transport reduction at the edge via boundary

plasma control as performed in tokamaks and stellar-

ators [1]. Electrostatic turbulence has been demonstrated

to drive most of the particle transport at the edge as in

tokamaks and stellarators. Recently, regimes of im-

proved con®nement have also been observed in RFPs

and interpreted as being related to a change of the E ´ B

velocity shear at the edge [2]. At the edge of RFX it has

been found that a spontaneous double E ´ B velocity

shear layer occurs [3] and that the shear value is close to

that required for turbulence decorrelation [4]. This paper

aims to characterize the edge turbulence in the experi-

ment RFX (R� 2 m, a� 0.457 m) and to the study of

the e�ect of the velocity shear on the ¯uctuation prop-

erties.

2. Experimental set-up

The data reported in this paper refer to an experi-

mental campaign at low plasma current I� 300±400 kA.

It is worthy to note that in the RFP con®guration the

magnetic ®eld at the edge is mainly poloidal, so that the

toroidal direction is mainly perpendicular to the mag-

netic ®eld and the Larmor radius typically an order of

magnitude larger than in tokamaks with comparable

plasma current. The reversal of the toroidal magnetic

®eld, which typically takes place at r=a � 0:85±0:9,

identi®es an outer region, where the toroidal ®eld has a

direction opposite to that in the core. It is worth noting

that in this region, since the safety factor q crosses zero,

the magnetic ®eld shear is much higher than that in to-

kamaks and stellarators. The experimental equipment

consists of Langmuir probes and a homodyne re¯ecto-

meter. The probes are housed in a boron nitride head

whose dimensions are 60 mm height and 100 mm width.

The head is inserted through an equatorial port by a

system which allows linear translation and rotation

around the symmetry axis. The probe electrodes are

graphite pins ¯ush with the head surface, with a diam-

eter of 2 mm. The head and the probes have been moved

in between the shots to scan the edge region up to 60 mm

insertion. The pin surface is oriented at 45° with respect

Journal of Nuclear Materials 266±269 (1999) 766±770

* Corresponding author. Tel.: +39-049 829 5033; fax: +39-

049 870 0718; e-mail: antoni@igi.pd.cnr.it

0022-3115/99/$ ± see front matter Ó 1999 Elsevier Science B.V. All rights reserved.

PII: S 0 0 2 2 - 3 1 1 5 ( 9 8 ) 0 0 8 4 2 - 3



to the magnetic ®eld. A diagram of the head and probes

is shown in Fig. 1. The pins closer to the unperturbed

plasma are located 2.2 mm right behind the head tip.

The pins have been aligned in the toroidal direction so as

to have the same poloidal positions. At the time of

measurement of the data presented here, two ¯oating

potential measurements (Vf ) and an ion saturation cur-

rent (Is) measurement were used to study the electro-

static ¯uctuation properties and the electrostatic radial

particle ¯ux. One of the two Vf measurements was ob-

tained from two electrically connected pins located on

either side of the pin measuring Is, so that the Vf and Is

measurements can be considered to be taken at the same

location (Fig. 1). The two Vf measurements were 44 mm

toroidally apart. It is known that the ®nite perpendicular

separation between the pins can induce a phase delay

error equal to cos(2kd) [5] where d is the distance be-

tween the pins and k the perpendicular wave vector. In

the present case d is 5 mm whereas k, as reported in the

following, is typically in the range 10±30 mÿ1, so that

even in the worst case the relative phase error results less

than 5%. The distance between the pins measuring the

¯oating potential has been changed from 44 to 88 mm

(using VfB instead of VfC of Fig. 1) in order to test the k

resolution. In the latter con®guration aliasing features

occurred in the S(k, f) spectra so that the former ar-

rangement is preferable to resolve the smallest wave-

lengths (highest wavenumbers) which are present in the

edge of RFX.

Data have been transferred via ®bre optic link to

avoid ground loops and reduce noise pick-up. The

¯uctuation data have been measured with a bandwidth

dc < f < 500 kHz and have been analysed in the time

and wavenumber±frequency domain. For the frequency

analysis the signal has been divided into many (~100)

time slices which have been treated as independent re-

alisations. Only ¯uctuations during the RFP sustain-

ment phase have been considered. All the measurements

were made while keeping the probes on the head side

protected with respect to the unidirectional superther-

mal electron ¯ow which is found in the edge of RFP

plasmas.

The microwave re¯ectometer operating on RFX is a

frequency modulated continuous wave type with ho-

modyne detection [6], upgraded to operate at ultrafast

sweeps rate (up to 4 GHz/ls) in the Ka band [7]. At such

high sweep rates, fringe jumps caused by density ¯uc-

tuations are removed and the detected signal is clear

enough to obtain separate phase and amplitude mea-

surements. Plasma measurements were taken using two

di�erent modulation schemes, alternated every 250 ls

during the same discharge. One scheme uses a frequency

range between 34 and 38 GHz (critical electron densities:

1.4 ´ 1019±1.8 ´ 1019 mÿ3), swept in 1 ls with a repeti-

tion rate of 1.25 ls, in order to measure the electron

density gradient and the re¯ected power level at di�erent

frequencies. The second scheme is aimed to obtain a

more detailed time evolution of the phase and power

signals by means of a shorter sweep of 250 ns in the

range 35.5±36.5 GHz, corresponding to densities in the

range 1.56 ´ 1019±1.65 ´ 1019 mÿ3. In both cases the

re¯ectometric signal at the detector is sampled at 250

Msamples/s.

3. Results

As pointed out in the introduction, a double E ´ B

velocity shear occurs in the edge region of RFX, ex-

tending, for the present range of plasma current, in the

region 0.92 < r=a < 1.02. In this region, the normalised

root mean square amplitude of the ¯uctuation of the

¯oating potential Vf and ion saturation current Is are

typically edVf=Te � 1:5 and dIs=Is � 0:5±1. It has been

already reported [2] that in all RFPs these ¯uctuations

have an amplitude comparable to that measured in to-

kamaks and stellarators. The normalized amplitude at

the edge is plotted in Fig. 2 as a function of the nor-

malized radius. In the same ®gure the radial extent of the

two velocity shear layers measured in the same set of

discharges is shown. The relative amplitude of the Is

Fig. 1. Diagram of the head equipped with Langmuir probes

and diagram of the electric connections.
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¯uctuations, which mainly represent the density ¯uctu-

ations, has a clear minimum in the middle of the second

velocity shear layer, i.e. the more internal one, whereas

the Vf ¯uctuations are slightly a�ected. Vf=Te ¯uctua-

tions decrease sharply in the ®rst velocity layer close to

the wall. This behaviour could be related to the presence

of the wall as reported below for the di�usion coe�cient

which manifests the same behaviour. An example of

spectral power density S(k, f) [8] for Vf is shown in

Fig. 3. As in tokamaks and stellarators the electrostatic

turbulence exhibits broadband features as reported be-

low. The spectrum displays on average a linear rela-

tionship between frequency and wavenumber, which

gives a phase velocity of the order of 104 m=s and which

can be mainly attributed to the Doppler e�ect caused by

the E ´ B plasma rotation. The power spectrum of the

re¯ectometric phase signal has a clear fÿ2 behaviour

which does not depend on the underlying ¯uctuation

structure, as expected when ¯uctuation levels are above

a certain threshold [9]. On the other hand the power

spectrum of the re¯ected microwave power has an

identi®able structure. In Fig. 4 this spectrum and the

spectrum of the ion saturation current of Langmuir

probes are plotted for comparison. The two spectra are

similar with the re¯ectometer signal spectrum shifted in

frequency by a factor two. A similar behaviour has been

reported in some cases comparing the phase signal

spectrum with the re¯ected power signal spectrum [10].

In particular both spectra show a power law decay for

f >100 kHz, with a decay exponent equal to ÿ2.5. A

similar decay is found also on the Vf power spectrum.

The average wavevector ákñ, de®ned as in [8], is equal to

10±20 mÿ1 as shown in Fig. 5. The spectral width rk [8],

also shown in the same ®gure, is comparable to ákñ so

that the relative spectral broadening rk/ákñ is almost

unity independent of the velocity shear. The same rela-

tive broadening is found for the average frequency áfñ
and the relative spectral width rf . Fig. 5 shows that in

the region of high velocity shear, in proximity of the

point r=a � 0:94, ákñ reaches a minimum. This can be

interpreted as an indication that in this region a mech-

anism is acting which suppresses the highest wavenum-

bers. A similar behaviour is observed for the radial

Fig. 2. Radial behaviour of normalised amplitude of ¯oating

potential and ion saturation current ¯uctuation. In the same

®gure the radial extension of the double velocity shear layer is

also depicted. The radial position is normalized to the minor

radius.

Fig. 3. Spectral power density S(k, f) for ¯oating potential

¯uctuations.

Fig. 4. Power spectrum of ion saturation current ¯uctuations

and re¯ected power.

Fig. 5. Average k and spectral width rk vs r/a.

768 V. Antoni et al. / Journal of Nuclear Materials 266±269 (1999) 766±770



pro®le of the power weighted frequency, which has a

minimum in the same region.

The range in k corresponds to a range in toroidal

periodicity 20< n <40 similar to that observed in other

RFP experiments [2]. As in tokamaks and stellarators [1]

the perpendicular wavelength is larger than the Larmor

radius rL, being typically krL� 0:05±0:1.

The radial correlation length has been measured by

the re¯ectometer. It is known that in this ¯uctuation

regime the measurement of the radial correlation length

obtained from the phase signal gives wrong values [9].

However to get an estimate the radial correlation it is

still possible to use the re¯ected power level [11].

To determine the radial correlation length, the cross

correlation between couples of re¯ected microwave

power signals Pi(t) and Pj(t), obtained at di�erent

probing frequencies fi and fj, is calculated as a function

of the di�erence of probing frequencies Df� fi ÿ fj, to

which corresponds a di�erence in density Dn:

C�Dn� � hPni�t�Pnj�t�i��������������������������������
hPni�t�i2hPnj�t�i2

q � exp ÿ Dn
N

� �
The radial correlation length is calculated dividing

the correlation density N by the density gradient in that

region, D�N=(dn=dr). Finally since the sampling of

power signals is not strictly simultaneous, a correction is

made to take into account the introduced decorrelation

[4].

The radial correlation length D measurement ob-

tained by the re¯ectometer in the middle of the second

velocity shear layer, at r=a� 0.94 results in D� 12 mm,

with a standard deviation of 5 mm. The characteristic

density scale length, de®ned as Ln� n=Ñn, with the

density gradient Ñn� 6 ´ 1020 mÿ4 almost constant in

the edge region, varies, in the region 0.86< r=a <1 from

60±10 mm. Thus comparing with the local Ln~20 mm at

r=a � 0:94, D is shorter than Ln.

The results reported above indicate that the velocity

shear seems to a�ect some of the properties of the

electrostatic ¯uctuations. As pointed out in Ref. [4], the

velocity shear layer is, within the error bars, close to the

condition required for the BDT decorrelation mecha-

nism to apply on the electrostatic turbulence [12]. Indeed

the shearing frequency xs, which can be estimated as

xs� ákñD dvE � B=dr, where dvE � B=dr is the radial de-

rivative of the E ´ B velocity, in the region of high ve-

locity shear (r=a � 0:94), results xs� (1.6 � 0.9) ´ 105

rad=s, i.e. close to the ambient turbulence

Dxt� (3.3 � 0.3) ´ 105 rad=s. The xs value has been

derived from the experimental data of the quantities

entering in the de®nition: dvE � B=dr� (1.1 � 0.4) ´ 106

sÿ1, ákñ � 12 � 2 mÿ1 and D� 12 � 5 mm.

It has been reported [4] that the perpendicular par-

ticle ¯ux driven by electrostatic ¯uctuations Ces, com-

puted neglecting the temperature ¯uctuations, is

comparable to the total particle ¯ux. This result, com-

mon to other RFPs, constitutes, together with the ob-

served velocity shear layer at the edge, one of the most

remarkable similarities with tokamaks and stellarators.

In Fig. 6 the frequency resolved particle ¯ux C(x), ob-

tained at r=a � 0:96 where it is maximum, is shown.

Particle transport peaks close to 100 kHz, and is mostly

concentrated below 300 kHz. The coherence between the

signals entering in the ¯ux estimate, Vf and Is, is high,

with values ranging from 0.4 to 0.6 over the whole ex-

plored frequency range, and decreases in the more in-

ternal velocity shear layer, whereas their average relative

phase, almost independent of frequency, does not. It has

been found that the particle ¯ux has a maximum at

r=a � 0:97 and decreases in correspondence to the more

internal velocity shear layer [4]. An e�ective perpendic-

ular di�usion coe�cient Des has been derived assuming a

Fick's di�usion law, i.e. Ces�ÿDesÑn with the constant

density gradient reported above. The resulting di�usion

coe�cient is plotted in Fig. 7. Following the Ces be-

Fig. 6. Power spectrum of the particle ¯ux.

Fig. 7. E�ective di�usion coe�cient and Bohm estimate vs r=a.

On the same ®gure the radial extension of the double velocity

shear layer is also shown.
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haviour, it decreases in the second velocity shear layer

region to a value which is almost half of the maximum at

r=a � 0:97, where the shear vanishes. The decrease of

Des towards the wall tracks the reduction observed for

Ces and is a common feature of other devices [13]. This

has been interpreted as due to parallel losses to the wall,

an e�ect which is expected to be even more important in

RFPs because of the larger magnetic ¯uctuations. For

comparison, in the same ®gure, the Bohm di�usion co-

e�cient estimated with the experimental edge electron

temperature is also shown. The two estimates are con-

sistent within a factor two. A more detailed study of the

edge di�usivity is reported in Ref. [14] where the di�u-

sion coe�cient derived from local particle balance is

compared with the e�ective value from electrostatic

turbulence.

4. Discussion and conclusions

Edge turbulence at the edge of RFX shares many

remarkable similarities with turbulence in tokamaks and

stellarators such as broad band features and large nor-

malised amplitude.

The velocity shear seems to a�ect the particle trans-

port, which is mainly driven by these ¯uctuations, and

then the di�usion coe�cient, by decreasing the ¯uctua-

tion average wavenumber and frequency, the ion satu-

ration current normalized amplitude and the coherence

between ion saturation current and ¯oating potential.

Methods based on polarised electrodes are under

investigation to modify the radial electric ®eld at the

edge to study and possibly further enhance these e�ects

on the electrostatic turbulence.
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