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Abstract

The radial particle di�usion coe�cient D of the RFP experiment RFX has been derived from particle balance in the

local scrape-o� layer created by an instrumented limiter inserted into the edge region. The parallel particle ¯ux incident

on the limiter and its spatial decay are measured by Langmuir probes, whereas the connection lengths between the

limiter and the wall are inferred from the images of a CCD camera with a Ha and N II ®lter, and ion sources are taken

into account. The measured values of D are in the range 10±20 m2/s for plasma current in the range 300±400 kA. The

radial pro®le of D exhibits a maximum close to the wall and it decreases to lower values at r/a around 0.90. The value of

D and its pro®le at the edge appear to be consistent with those derived from the electrostatic turbulence driven particle

¯ux and from the local density pro®le. The results are discussed in terms of the di�usion mechanism in the edge plasma

and in the scrape-o� layer, by assessing the perturbation produced by the limiter insertion. Ó 1999 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Particle transport is a key issue in magnetically con-

®ned plasmas and in recent years a detailed investigation

of the mechanisms underlying this process has been

undertaken in plasmas con®ned in reversed ®eld pinch

con®guration (RFP). It has been found that in this

con®guration particle transport at the edge is anomalous

and mostly driven by electrostatic turbulence at the edge

[1]. This issue has a peculiar interest in RFP experiments

since it strongly a�ects the global particle con®nement.

RFX is a large RFP device (R� 2 m, a� 0.457 m) de-

signed to reach a plasma current of 2 MA [2]. In RFX

the density pro®les are found to be ¯at or hollow in the

core [3], with steep density gradients in the edge region,

where the ionisation source is located. The RFX device

has no protruding limiters, but an armour of graphite

tiles protecting almost 90% of the vessel surface [4]. As

in most RFPs, it has been found that the parallel energy

¯ux is non-isotropic. An asymmetry equal or larger than

a factor of two is routinely measured at the edge between

the parallel and antiparallel directions along the mag-

netic ®eld, which has been associated to a ¯ow of su-

perthermal electrons [5]. When an object is inserted into

the plasma, an electron drift side is identi®ed corre-

sponding to the direction whence superthermal electrons

come.

The horizontal position of the plasma column can be

controlled by an active vertical ®eld. In the present

campaign the toroidal shift during the current ¯at-top

has been kept at 20±25 mm outwards, so as to make the

outer region of the wall behave like a toroidal limiter.

Therefore the perturbation produced by a limiter in-

serted from the outer equatorial plane can be more

conveniently characterised by a collection length, rather

than by a connection length.

The aim of this paper is to present the di�usion

coe�cient derived from the particle balance in the

scrape o� layer (SOL) originated by an insertable limiter

and to compare it with that obtained from electrostatic
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turbulence, in order to test the anomalous nature of

particle transport. Both values are then compared with

the Bohm estimate.

2. Experimental setup

The diagnostic layout is shown in the top view of

Fig. 1. A limiter equipped with Langmuir probes has

been inserted in the equatorial plane from the outboard

side, up to 60 mm inside the plasma. A schematic view of

the limiter is depicted in Fig. 2. The insertion of this

limiter produces a local SOL which extends along both

drift sides. It is de®ned as the region outside the last

closed ¯ux surface (LCFS) determined by the plasma

limiter contact. In the RFP con®guration the toroidal

magnetic ®eld strength at the edge is about 1/5 to 1/10 of

the poloidal component, so that the SOL extends almost

along the poloidal direction, as the angle of the total

magnetic ®eld with respect to the poloidal direction is 6±

10°. Since the SOL thickness is much shorter than the

minor radius a, the volume delimited by the limiter

shadow on the ion drift side can be represented in slab

geometry, as sketched in the recti®ed poloidal section of

Fig. 2. The width and height of the limiter, w and l, and

the collection length Lc are also shown on the ®gure.

The limiter, described in Ref. [6], is equipped with

three di�erent arrays of ¯ush mounted electrodes on a

boron nitride body, which can be arranged in di�erent

Langmuir probe con®gurations. In the present campaign

two probes of the central array (Fig. 2) have been used.

They are referred to as probe 1, located at 2 mm from

the leading edge of the limiter, and probe 3, located 7

mm radially outward from probe 1. The plasma current

in this experimental campaign has been kept at values

lower than 400 kA, in order to limit the power loading.

The limiter has been oriented in such a way as to keep

the instrumented side facing the ion drift side, where no

signi®cant superthermal tail is observed.

The insertion of the limiter into the plasma was

monitored by a CCD camera located on the equatorial

plane 90° apart and equipped with an interference ®lter

with a transmission function centered on the Ha line

(656 nm) but large enough (�6.5 nm) as to include

several B I and N II lines [7]. Thanks to a stainless steel

mirror placed inside the diagnostic port, the resulting

view is wide enough so as to allow monitoring of the

radiation emission in the shadow of the limiter. The

768 ´ 576 pixels image permits to resolve roughly 2 mm

in the limiter region with the magni®cation used for

these observations. The ®eld of view of the CCD camera

is shown in Fig. 1.

In order to test the reliability of this intrusive ex-

perimental technique, a preliminary appraisal of the

perturbation has been performed by comparing two sets

of similar discharges at toroidal current of 300±400 kA,

respectively with the limiter inserted and withdrawn.

The comparison has been made in terms of power bal-

ance, electron temperature and density, as well as edge

particle ¯ux.

With the limiter inserted 60 mm inside the plasma,

the average input power during the current ¯at top rises

by less than 10%, from 17 up to 18.2 MW, so that the

fraction of radiated power in the perturbed discharges,

as measured by bolometric tomography, increases from

the standard 10% in unperturbed discharges to almostFig. 1. Scheme of the experimental setup.

Fig. 2. Schematic of the SOL in the limiter shadow in slab ge-

ometry (not to scale).
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20% of the total ohmic input. The main contribution

comes mainly from light impurities, N and B, released

from the limiter, whose content in the plasma is ob-

served to increase. The power loss increase is mainly

accounted for by a corresponding increase of the radi-

ated power. The transport power loss appears therefore

to be una�ected by the presence of the limiter, at least in

low current discharges. As far as the electron density is

concerned, the two sets show comparable values in the

core, whereas at the edge the presence of the limiter

results in a relative increase of about 5%. The electron

temperature pro®les measured by a multipoint Thomson

scattering system reveal that the on-axis electron tem-

perature is slightly a�ected, whereas the Te pro®les at the

edge indicate some plasma cooling, as shown in Fig. 3.

The observed increase in Ha, associated to the decreas-

ing of Te, gives essentially unchanged particle in¯uxes at

the wall. Thus the main e�ect on the plasma seems to be

limited to a localised increase of radiation losses in the

boundary.

The radial decay of electron density and temperature

measured by probe 1 and probe 3 in the shadow of the

limiter are shown in Fig. 4, as a function of the insertion

depth x de®ned in Fig. 2. Fig. 5 shows the radial pro®le

of the electron density radial e-folding length kn at the

edge; kn has been obtained from two-point interpolation

of the densities measured by probes 1 and 3. A maxi-

mum occurs around x � 10 mm (r/a � 0.98), very close

to the wall.

3. Di�usion coe�cient at the plasma edge

Fig. 6 is an image taken with the probe inserted 30

mm in a 300 kA discharge. The bottom of the probe

exposed to the electron drift side experiences the

strongest interaction, as indicated by the intense emis-

sion. The latter is likely to be ascribed to the boron and

to the nitrogen atoms sputtered or ablated from the

probe surface. Once ionised the atoms ¯ow downward

almost poloidally, giving rise to an emitting stripe as

large as the probe itself and covering a distance com-

patible with the estimated ionisation length of N II, that

is, with the measured edge electron temperature in the

shadow of the limiter (�10±20 eV), of several hundreds

of mm. The atoms ablated at the two lateral sides of the

probe, once ionised, ®nd their way also upward, dis-

playing the two emitting stripes that delimit a dark re-

gion on the ion drift side, which instead reveals a zone of

reduced interaction with the wall or equivalently a re-

duced hydrogen in¯ux. All of the discharges at 300 kA

show images as that shown in Fig. 6, hence the extension

Fig. 3. Pro®le of electron temperature with and without limiter.

Fig. 4. Pro®les of (a) electron density and (b) temperature in the

limiter shadow in discharges at plasma current of 300±400 kA.

Triangles refer to Langmuir probe 1; dots refer to Langmuir

probe 3.

Fig. 5. Radial e-folding length of electron density in the limiter

shadow as a function of the limiter position.
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of the SOL is con®rmed to be comparable or longer than

pa/2. This value is assumed as the collection length of

the limiter Lc.

The two nitrogen patterns appear to experience a

toroidal drift in the same direction that can be explained

in terms of the E ´ B velocity drift, which is found to be

of the order of several km/s at the edge of RFX [8] and

in accordance with the doppler shift measurement of C

III [9]. As a consequence, the SOL regions in both drift

sides do not appear to follow the geometry of the ®eld

lines, but they are slightly diverted, as illustrated in

Fig. 6, where the angle a between the local magnetic

®eld direction and the tangent to the emitting stripes is

also shown.

A particle balance can be written for the SOL region

of Fig. 2, considering the ion ¯uxes entering radially Crin

and toroidally Ct, as well as the ion ¯uxes outgoing ra-

dially Crout
to the wall and Ck � �1=2�ncs leaving the

region toward the probe surface:

Lcw Crin
ÿ Crout

ÿ �� 2Lc

Zx
0

Ct dx�
Z

VSOL

Sion d3x

� w
Zx

0

Ck dx; �1�

where cs is the ion sound speed. An ion source term due

to ionisation of neutrals
R

VSOL
Sion d3x has been included

in Eq. (1), where Sion is the ion source per unit volume.

This term includes ionisation of both slow neutrals de-

sorbed from the wall and relatively fast neutrals sput-

tered from the limiter. The latter contribution is

expected to be small, considering that the leading edge

of the limiter on the ion drift side makes an angle of 45°
with the magnetic ®eld direction (Fig. 2). As a conse-

quence, the large majority of the neutrals emitted from

the limiter are ionised well beyond the LCFS, and

therefore their contribution is not localized inside the

SOL volume. A simple estimate, based on a cosine an-

gular distribution of the sputtered and backscattered

hydrogen neutrals indicates that only about 7% of the

emitted fast neutrals are ionised inside the SOL, so that

as a ®rst approximation their contribution to the particle

balance can be ignored.

Only the slow neutrals being the dominant source,

the ion source per unit volume in the SOL can be written

as

Sion � hrminnn; �2�
where n is the local electron density and nn is the hy-

drogen neutral density. The latter can be evaluated by

assuming a perfect balance between the ¯ux of imping-

ing ions, whose density decays exponentially in the SOL,

and the ¯ux of released neutrals, as given in [10]

nnmn � D
n
kn

exp�ÿx=kn�; �3�

where D is the radial particle di�usion coe�cient at the

LCFS and mn is the average velocity of the neutral atoms

released from the wall. Using an exponential radial de-

cay of electron density in the SOL, the ion source in

Eq. (1) can be rewritten asZ
VSOL

Sion d3x � Lcw
kiz

Dn�1ÿ exp�ÿx=kn��exp�ÿx=kn�; �4�

where kiz � mn=nhrmi is the ionisation length for hydro-

gen neutrals. The images of the CCD camera indicate

that this term should not be the dominant one in Eq. (1),

since the wide darker region extending along the ion

drift side of the SOL is evidence of the local absence of

an appreciable neutral-ion transition rate. The following

parameters are assumed in the SOL: Te � 20 eV with

uniform pro®le, n � 1019 mÿ3; hrmi � 10ÿ14 m3=s [11],

mn � 5 km=s (low energy H neutrals), giving kiz � 50

mm, i.e. comparable to l, so that Eq. (4) is applicable

throughout the range of variation of x.

The radial ¯uxes Crin
, Crout

and the toroidal ¯ux Ct

can be evaluated by using Fick's law:

Crin
� Drn � D

n
kn

; Crout
� D

n
kn

exp ÿ x
kn

� �
;

Ct � Dt

n
knt

; �5�

Fig. 6. CCD images (with di�erent brightness) of the limiter

inserted 30 mm into the plasma.
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where Dt and knt are respectively the di�usion coe�cient

and the ion density decay lengths in the limiter shadow

in the toroidal direction. A rough estimate for Dt can be

deduced from the broadening of the N II ionisation

stripes along the borders of the SOL region as seen from

the CCD camera. It appears consistent with a value of

the order of 10 m2/s, i.e. of the same order of the ex-

pected value of D [8]; hence it is assumed Dt � D. An

indication about the value of knt could be drawn from

the toroidal dependence of the Ha emission, but from

the images it is rather di�cult to deduce quantitative

®gures. It appears reasonable to assume knt � kn [12].

Using Eqs. (4) and (5) and integrating, the balance

Eq. (1) can be rewritten as

LcD
1ÿ exp�ÿx=kn� � 2x

w � kn

kiz
�1ÿ exp�ÿx=kn��exp�ÿx=kn�

�1ÿ exp�ÿx=kn��

" #

� k2
ncs

2
: �6�

The term in square brackets in Eq. (6) is an analytical

function of x, which takes on values between 1.3 and 2

in the interval from 0 to 60 mm. Calling this function

M(x), the following expression for D is ®nally obtained:

D � k2
ncs

2M�x�Lc

: �7�

By using the measured kn values given in Fig. 6, the

di�usion coe�cient derived from the SOL balance is

compared in Fig. 7 with that derived from electrostatic

turbulence [6]. An e�ective perpendicular di�usion co-

e�cient Des has been deduced from the ratio between the

radial ¯ux measured via the cross-correlation between

density and electric ®eld ¯uctuations and the local den-

sity gradient [1,6]. It is found that D tracks Des with a

maximum close to the wall and a minimum in corre-

spondence to a maximum in the E ´ B velocity shear

observed at the edge [1,6]. In the same ®gure the values

derived from the Bohm estimate are also reported,

showing that in the plasma at r=a � 0:95 the experi-

mental estimate corresponds to Bohm di�usion, whereas

it seems to be larger close to the wall and smaller inside

the plasma.

The model can be applied also to the region inside the

porthole (points at x < 0 in Fig. 7), by substituting

M�x� � 1 in Eq. (7), since that region is a simple SOL.

The measured kn appear to be consistent with the values

measured inside the porthole by probes mounted in a

di�erent housing support made of graphite [13]. Using

Eq. (7), with the well de®ned connection length in the

prothole (Lc � 40 mm in this case) and kn � 5 mm, a

reasonably good matching is obtained between the

particle di�usion coe�cient evaluated at x < 0 and at

x > 0. The measured di�usivity con®rms the value of

D � 10 m2/s found for carbon impurity from Langmuir

and deposition probes [13].

4. Conclusions

The e�ective perpendicular di�usivity derived from a

simple particle balance in the SOL generated by an in-

sertable limiter in the edge of RFX is consistent with

that derived from the electrostatic transport, con®rming

that most of the particle ¯ux at the edge is driven by

electrostatic turbulence. These values are both compa-

rable to the Bohm di�usion coe�cient. Comparisons

with independent estimates derived from interferometer

measurements and particle di�usion simulation in RFX

are both in agreement with the data presented herein.

The impurity di�usion coe�cient results in the SOL of

the porthole are comparable to those of the main plas-

ma.
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