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Plasma Potential Well and Velocity Shear Layer at the Edge of Reversed Field Pinch Plasmas

V. Antoni, D. Desideri, E. Martines, G. Serianni, and L. Tramontin

Consorzio RFX, corso Stati Uniti 4, 35127 Padova, Italy
(Received 30 June 1997

The first evidence of an electrostatic potential well at the edge of plasmas confined in a reversed
field pinch configuration is reported, based on measurements made on the RFX experiment. The
radial width of the well decreases with plasma current, whereas the potential drop is a few times the
electron temperature at the edge, almost independent of plasma current. The resulting radial electric
field points inward at the edge and this behavior has been related to finite Larmor radius losses as
in tokamaks. Because of the spatial structure of the plasma potential, a naturally occurring double
velocity shear layer has been identified at the edge with a shear value comparable to that of tokamaks
and stellarators. [S0031-9007(97)04797-2]

PACS numbers: 52.55.Hc, 52.35.Ra, 52.40.Hf, 52.70.Ds

In recent years, the structure of the radial electric field abf other mechanisms of nonambipolar transport, the radial
the edge of tokamaks and stellarators has been investigatadchbipolar electric field is related to the electron tempera-
to establish the stabilizing effect on the transport driverture (7,) and densityn,.) gradients by
by electrostatic fluctuations [1]. Since in most reversed T. /Vn vT
field pinch (RFP) experiments [2] the particle transport is E, = ——e< £+ e). (1)
driven mainly by electrostatic fluctuations [3—6], there is €\ e 2T,
nowadays a growing interest on the structure of the plasmiis worth mentioning thatin REPUTE 1, where the plasma
potential and of the radial electric field at the edge to studyotential in the plasma core has been measured, the radial
the possibility of achieving enhanced confinement regimeslectric field is outward directed inside the toroidal field
also in RFPs. reversal surface, confirming that the magnetic field is fully

A common feature of tokamak and stellarator experi-stochastic [13].
ments is a radial electric field pointing inward right in- It is still an open question if the outer region, between
side the last closed flux surface (LCFS) and outward irthe toroidal magnetic field reversal surface and the wall, is
the scrape off layer (SOL) generated by limiters (see, foalso stochastic. On one hand, the inward directed radial
example, [7]). In tokamaks, this radial behavior has beemrlectric field found at the edge could be interpreted as a
interpreted with different mechanisms, including ion lossegroof of a nonstochastic behavior of the magnetic field
due to finite Larmor radius (FLR) effects [7,8]. As a re- lines. On the other hand, in some experiments the presence
sult, a naturally occurrinf X B velocity shear layer, with  of superthermal electrons at the edge has been interpreted
thickness~5-10 mm, has been identified in tokamaks andas a proof of the extension of this stochastic region up to
stellarators in the region across the last closed flux surfacéhe wall [9,14,15].
with velocity shear~10°-10° s~!'. In tokamaks, nonam- In this Letter, we report the edge structure of the plasma
bipolar ion losses near the plasma periphery are also prgotential in the RFX reversed field pinch experiment
posed as a possible mechanism for the establishment @8 = 2 m, a = 0.457 m) [16]. Our results suggest that
transport barriers at the edge with scale lengths compdhe negativeE, at the edge is due to FLR losses. As a
rable to the poloidal gyroradius [1]. In RFPs, the structureconsequence, it appears to be a general property of mag-
of the plasma potential at the edge, measured in differemetically confined plasmas, not related to magnetic field
devices, reveals that the radial electric field is directed outstochasticity.
ward in the SOL [3,9] and inward right inside the plasma In RFX the structure of the electric field at the extreme
surface [5,9-11]. edge was measured in the past/at~ 500 KA and a

This behavior was already pointed out to exhibit afirst indication of a change in sign of the electric field
surprising analogy to that found in tokamaks and stelat the edge was reported, based on the behavior of the
larators [11], despite the different physics expected in glasma flow direction [11] and on the inversion of impurity
RFP configuration. In fact, the large magnetic fluctua-drift velocity measured by the Doppler shift of different
tion level (b/B ~ 1%) and the wide spectrum of unstable ionization state impurity lines [17]. In [11], the velocity
MHD modes characteristic of this configuration result inshear value at the extreme edge was also reported. This
a wide stochastic region where the higher electron diffuvalue was found comparable to that reported for tokamaks
sivity should give rise to an outward directed radial am-and stellarators [7].
bipolar electric field to restrain the electrons. According New measurements of electron temperature, ion satu-
to the theory [12], in a completely stochastic plasma withration current(/,), and floating potentia{V) have been
Maxwellian electron distribution function in the absenceperformed in RFX hydrogen plasma discharges using
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Langmuir probes mounted on three different diagnostic 00— T T T
systems inserted through a port in the equatorial plane. v )

One of the systems has already been described [11]; for sp | = 1s0200kA A ]
the purpose of the present Letter, it is worth mentioning 1 e I I %
that the second one is an equipment analogous to that in i /f.ﬁ’“mﬁ
[11] with the protecting head made of boron nitride in- 0 A'.: -

stead of graphite and the third one is a small size fast ! 1 13 K
insertion arm. The discharges had currents ranging be- - b e——4Fo

tween 300 and 650 kA, and at all plasma currents the val- Sor “\T/“ o L1

ues of the pinch paramet&@ and reversal parametét I Jf

were between 1.4 and 1.5 and betweef.2 and —0.1, qoolm o b NP
respectively, kept constant at different currents. As a con- 0.8 085 0.9 0.95 1 1.05

r/a

sequence, the toroidal magnetic field reversal surface was

located at/a =~ 0.85-0.9, independent of the plasma cur- FIG. 1. Plasma potential plotted as a function of the normal-

rent. In discharges with, = 500 kA (referred to as high ized radius for three ranges of plasma current. Each point is
. b =

. . . . an average over multiple measurements. For each curve a typi-
current discharges in the following) a graphite mushrooms g b B

=L . ; | cal error bar is plotted, which gives the standard deviation of
shaped limiter equipped with Langmuir probes was useghe data.

[18] and temperature and density profiles were obtained

up to 10 mm inside the first wall. The maximum inser-
tion was limited in order to protect the equipment from

the high energy fluxe$~100 MW/m?) in long pulses

normalized radius-/a for three different plasma current
ranges. The-/a = 1 surface has been identified as the

. ; ; : . location where the probe is at the same potential of the
(~100 ms). The floating potential up to 40 mm insertion all, that is, wheré/, = 0, which represents the transition

was measured in high current discharges by a reciprocatin bint from the SOL to the confined plasma. This choice

Langmuir probe diagnostic, made of carbon fiber, whic I ) W files for disch hich
sweeps the plasma in some tens of milliseconds minimiz2'OWs comparnison ol,, profiles lor discharges whic

ing the thermal load on the graphite and the plasma pertuFlad slightly different plasma col'umn horizon_tal shift. The
bation. The plasma potential at high current has thus bee dge electron temperature profiles for the different plasma

derived from direc?; measurements and from tifig pro- current regimes are shown in Fig. 2, showing that the

files extrapolated from the temperature gradient in the exemperature gradient rises with plasma current. Data from

treme edge region. At low plasma current, in the rangénterferometer and Langmuir probes show that the density

of 150-400 kA, a boron nitride head has been inserteﬁ)mﬁl.e s flat in the p'?‘sm?‘ core [9], so that the pressure
up to 60 mm inside the first wall.T,, I;, and V; have gradient dev_elop_s mainly in the edge region. .
been simultaneously measured by Langmuir probes oper—I The data '?hF'fg' % shlcl)wf thelpresenc? |nt_tr|1e cl(l)nf$1hed
ated in single probe configuration with a sweep frequenc as:[rﬁa ?etﬁr e I:ﬁvwa IO a tp asdma podentla fwel : €
of 1 kHz. The local plasma perturbation during these meazcP O the we , aimost independent ot plasma

surements has been already discussed in [11]. Indeeﬁ?rrent’ has an average value(dis = 0.4)T,, whereT,
since the head was kept floating, ho major perturbatioﬁs the electron temperature measured at the bottom of the

on the plasma potential structure is expected. The faéi?Otem'"le well, as shown in Fig. 3. The distanke of the
that measurements at the extreme edge at 500 kA made

with all three systems, including the fast insertion probe, 30 — —
show similar values supports this argument. It should be = T.[VI ¢ 1 ]
pointed out that the measurements at the lowest currents 2 i i ]
(150-200 kA) are taken during the final part of decaying o 1 8 ]
discharges with 300—400 kA of peak value. The values % o % a5 ]
of the reversal parametét and of the pinch paramet€r 15 . | o] 8 7 s ]
(which describe the internal distribution of the magnetic I . o
field [2]) were constant also during the current decay. 10 S =
All of the measurements were made keeping the probe e 150-200 kA &
protected from the superthermal electron flow [9], that SET T Rp0kA ]
is, where the electron energy distribution function was 01‘ — ]
not distorted. The plasma potential was derived/gs= 0.8 085 0.9 095 1. 105

Vs — aT,., whereV; is the floating potential. The factor _
a, calculated by neglecting secondary electron emissioR!G- 2. Electron temperature plotted as a function of the

d taking i he diff llecti £ normalized radius, for three ranges of plasma current. Each
and taking into account the different collection surfaces,sint is an average over multiple measurements. For each

for electrons and ions, i& = —2.5 [9]. The resulting curve a typical error bar is plotted, which gives the standard
V, profiles are shown in Fig. 1 as a function of the deviation of the data.
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FIG. 3. Depth of the potential well normalized to the edgeFIG. 4. Distance of the potential well bottom from the first
electron temperature at the well bottoedV,, /T, plotted as  wall Ax normalized to the hydrogen Larmor radipg plotted

a function of plasma current. Each point is an average oveas a function of plasma current. Each point is an average over
multiple measurements. Error bars give the standard deviatiomultiple measurements. Error bars give the standard deviation
of the data. of the data.

potential minimum from the wall is of the order of a few sheath formed right in front of the first wall would require
centimeters in the explored current range, and is almoshe solution of the Poisson equation taking into account
inversely proportional to the plasma current. This resulthe ion density depletion caused by FLR losses as well
proves thatAx is not related to the location of the toroidal as the ion orbit squeezing originated by an electric field
magnetic field reversal surface, which was constant. Iith a radial characteristic variation length comparable to
is worth noting that the dependence &%, on 7; and the ion Larmor radius. At present, the structure of the
the value ofAx show remarkable analogy with tokamak plasma potential deeper inside the plasma, in the negative
results in the region across the last closed flux surface [8radient region, has not a clear analogy to tokamaks. Such
Concerning the plasma potential profiles measured ipehavior could be interpreted as an indication that this
RFX in the region right inside the last closed surfaceregion is dominated by losses of electrons streaming along
where the radial electric field is negative, a possiblethe stochastic magnetic field lines.
interpretation is that FLR effects cause an increased ion The consequence that can be drawn is that in RFPs, as in
loss to the wall, inducing the formation of a negative other magnetic confinement configurations, the presence of
electric field to preserve ambipolarity. In order to makea negative radial electric field in the plasma region across
a proper comparison, it is worth noting that in RFPs theand right inside the LCFS is a natural feature occurring be-
ion Larmor radius is 1 order of magnitude larger than incause of ion FLR losses to the wall. As a consequence, no
tokamaks of comparable size and plasma current, since thgnclusions concerning the edge magnetic field stochastic-
magnetic field at the edge is mainly poloidal. An obviousity can be drawn from the simple observation of a negative
consequence is that the ion Larmor radius changes with
plasma current. On the other hand, while in tokamaks

the banana orbit width is the dominant parameter for T T 1
determining direct wall losses, in RFPs neoclassical effects 6 2.4
hardly matter [2] and the ion Larmor radius is the relevant . . " ]
guantity. Since in tokamaks the negati®eregion has an . P |
amplitude comparable to the ion banana orbit width, it is g 2 T\ o a :
reasonable to expect for RFPs a width of this region of the Z 0 e ] ’-.,_ /ﬁ“ﬂu
order of the ion Larmor radius. w \,KA'A;_ £

The ratio of Ax to the hydrogen Larmor radiug, N g ]
derived from the temperaturg’ is shown in Fig. 4. A T e T
The ratio is independent of plasma current, and has an 6 [ .a- 500 KA £
average value 0D.2 = 0.5. This result supports the i S el -
interpretation described above, even if the ratio turns out to 08 08 09 095 Vo 1o

be somewhat higher than expected from tokamak results. _ o )
Possible explanations could be higher ion temperature ar[dC: 5. Radial electric field plotted as a function of the

. . o .._normalized radius for three plasma current ranges. Each point
carbon impurity dilution at the edge due to the graphites” 3, ayerage over multiple measurements. For each curve a

first wall of RFX. It must also be pointed out that an typical error bar is plotted, which gives the standard deviation
accurate and self-consistent treatment of the cross fielof the data.
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T T T The role of the double velocity shear structure in the

i N stabilization of electrostatic fluctuations through radial
20 f 5 ] decorrelation, as well as the comparison with the veloc-
%\m a® ﬁ 1 ity shear layer in tokamaks, are presently under investi-

-0
SRR 1S gation. As in other toroidal configurations, the complete
[\/*—If—v&“‘g ¥/ characterization of the plasma potential structure and of
bt the electrostatic fluctuation properties at the edge opens
\ T ] the possibility for an active control of the particle confine-
T phaka - ment. The similarities with tokamaks and stellarators in
s SO0 KA ] terms of electric field radial structure and velocity shear
-60 | ] layer suggest the possible existence of enhanced confine-

0.8 0.85 0.9 095 1 105 ment regimes yet to be explored, which could be achieved

r/a
through plasma edge biasing.
FIG. 6. E X B flow velocity plotted as a function of the
normalized radius for three plasma current ranges. Each point
is an average over multiple measurements. For each curve a
typical error bar is plotted, which gives the standard deviation

Vs [km/s]
[

-20
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