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Abstract. Near-sonic parallel flows are systematically obsdrin the far scrape-off layer (SOL) on top of the
limiter tokamak Tore Supra, as in many X-point digetokamaks when operated in the L-mode confingmen
regime. The poloidal variation of the parallel flowas measured by moving the contact point of a soaililar
plasma onto limiters at different poloidal angl@$e resulting variations of flow are consistent witie
existence of a poloidally localized enhancementadfal core-to-SOL transport concentrated near thiboard
midplane. It seems to be possible to block the ffom this localized source using modular limiteFsr
example, with modular limiters placed near the pla®n the outboard midplane, the edge plasma thgskon
top of the torus is around 2 cm and a thick vaclayer separates the plasma from the first waladtounding
contrast, when the limiters are removed, the théskncan increase up to a factor of 10 and plasoiasirved to
entirely fill all the available volume between tlast-closed flux surface and the wall. Similar effeare not
observed using the inboard bumper limiters. In ganave have identified a single simple conditibattmust be
satisfied if plasma is to be observed far from |t closed flux surface: the magnetic field limesnected to
the probe have to pass unobstructed across theaodtlmidplane. In another experiment the plasmaacon
point was placed on the bottom toroidal limiter. Theboard modular limiters were initially in contaeth the
plasma and then retracted shot-by-shot. The width@SOL increased dramatically, the parallel floeréased
to Mach 0.5 from a nearly stagnant state, andeas#ime time we began detecting large intermitterstb of ion
saturation current deeper in the SOL. The existefidmursts is correlated with the existence of whdée SOL
and the large parallel flows. This triple correlatiends credence to the hypothesis that the SO&didy long
range bursty transport events that are prefergntatated near the outboard midplane. The effegianicle
source due to this enhanced transport is resperfsibthe large flows that we observe.

1. Introduction

Mach probe measurements of parallel ion flow ingbeape-off layer (SOL) of the Tore
Supra tokamak [1] demonstrate the universality ahynphenomena that have been observed
in X-point divertor tokamaks [2] when operated ire tL-mode confinement regime. Tore
Supra [3] is a large tokamak with a plasma of daceross section (major radib®2.4 m
and minor radiu®=0.72 m) lying on a toroidal pump limiter (TPL). &maximum plasma
current and toroidal magnetic field are respecyivgt2.0 MA andBg<4 T, both are oriented
in the negative toroidal direction. The ioxBB drift is directed downward towards the TPL.
As in the JET tokamak [4], surprisingly large vausf parallel Mach number are measured
midway between the two strike zones, where one avexpect to find nearly stagnant plasma
if the particle source were poloidally uniform. bigia simple fluid model, we postulated that
the observed flow is mainly due to a particle seutlat is poloidally localized on the



2 EX/P4-9

outboard side of the torus [5]. We will presentuitss of a novel experiment that provides
direct evidence of this poloidal nonuniformity. Byoving the plasma contact point around
the poloidal section, it is possible to modify #age flows. Asymmetric flows are observed
in cases that should be symmetric from simple g&acaé considerations. The results of the
experiment are consistent with the predictionshef simple model if one assumes that the
core-to-SOL outflux, which provides a significarddtion of the particle source on open flux
surfaces, is poloidally localized near the outboardplane.

The parallel flow indicates the location of the smy but the measurements of the
density profiles also provide new information abisitnature. Plasma that is transported into
the SOL in the immediate vicinity of the outboarddpiane seems to be able to travel a
significant radial distance if its parallel motidoes not lead it to neutralize on an object. For
example, when the plasma contact point lies on mapdoumper limiters on the inboard
midplane, leaving a large volume on the low fieldes the SOL density profiles are nearly
flat and plasma is detected everywhere betweetasieclosed flux surface (LCFS) and the
edge of the vertical port in which the probe is $exi For example, in an exotic experiment
with a very small plasma placed on the inboard ennplasma was detected up to 30 cm
away from the last closed flux surface! Howevergwlhe contact point lies on the outboard
midplane on modular limiters separated by shouitla connection lengths, the SOL width
is only 2 to 3 cm, and a thick vacuum region seeardhe plasma from the wall. The
observations suggest that the wide SOL arises vibihlines with long connection lengths
are permitted to pass unobstructed across the autbuidplane. This condition appears to
favour the existence of an enhanced radial tramgpat cannot occur anywhere else around
the poloidal circumference. This behaviour is samtb what is observed in Alcator C-Mod in
double-null divertor operation [6].

In Section 2 we describe the intuitive 1D fluid nrebthat we employ to help us interpret
the parallel flow measurements. In Section 3 wecmles four experiments that were
performed in order to test the predictions of thedel. Finally in Section 4 we make our
concluding remarks.

2. Simple Fluid M odel

To interpret our measurements, we employ a conmemermalization of the simple,
1D, isothermal SOL with an arbitrary source of idsin the convection-dominated, low
recycling regime [7]. The equations of conservabbmass and momentum are

d d 2
_ = _ + =

Si=s g Yg)=0 1)
wherex; is the parallel coordinate,is the ion densityy, is the parallel flow speed, and the
sound speed is=k(Te+T))/m. We seek the solution on the domalr2<x;<L/2, whereL
corresponds to the connection length of a magregid line in the SOL. The effect of a
poloidal electric drift is neglected here becausaragnitude is small in Tore Supra [5]. The
source ternsis a free function that is in general, but notessarily, independent afandVj,.
We define a dimensionless distance as

i]'/ dx, S 2)

<s>:%j dy € 3)
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being the average source rate in the SOL. The Iphraordinate is respectively=0 and
/=1 on the ion side and electron side strike poiie. define the parallel Mach number
M=Vl cs, and enforcing the Bohm criterion at both bouresri

M, (s, =0)=-1 M,(s =1 =+1, we obtain the solution for the Mach number

N2|” =S 1 4)
MZ2+1 2

A measurement of the parallel Mach number therefives an indication of the position of
the probe with respect to the source, which hasamgins: ionization of recycled gas near the
strike points and the cross-field transport of ipkes from the core plasma into the SOL. The
stagnation poinM,=0 lies at the center of the source distributigs0.5. The link between
the source distribution and the local flow speeds warified experimentally by massive
injections of gas at different poloidal locatioreadling to predictable modifications of the
Mach number [8].

3. Experiment

In Tore Supra the plasma usually lies on the botidPh. The reciprocating Mach
probe, located in a top port, is roughly half wastvireen the two strike zones. If half of the
recycling occured near each strike zone, and ipthleidal distribution of radial outflux from
the core were uniform, one would expect to measaeely stagnant ion flow. However, large
values are always measuréd,;=0.5. Eq. 4) suggests that the probe is locateg=&t 1, that
is, 90% of the SOL particle flux originates betwebe probe and the low field side strike
zone. A special experiment was performed in ordeest this hypothesis. Ideally one would
like to measure the flow at many poloidal locatiotie poloidal gradient of the flow profile
would yield valuable information about the sourdgtribution. That is not possible in Tore
Supra, so instead we made a small plasma of radid$5m and moved its contact point to
four locations around the chamber (Fig. 1). Thetfivas on six discrete inboard bumper
limiters at the midplane (referred to hereafter'ld6S" contact); the second was the usual
bottom configuration on the TPL ("BOT" contact)getthird ("LFS" contact) was on a set of
six modular limiters on the outboard midplane (hr€RH antennae at toroidal angles 40°,
100°, and 280° respectively, two LH antennae af 32 340° respectively, and the antenna
protection limiter APL at 140°); in the fourth cagiration the plasma contact point was on
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Fig. 1. From left to right these four panels shole tmagnetic configurations used in the

experiment. Both the LCFS and the flux surface liciwl/e of the LCFS density was measured in
each case are drawn. The postulated paths of ticjgaoutflux from the core are indicated by

arrows. The sign of the parallel flow is definedke positive when its poloidal projection is

directed in the positive poloidal direction (clodke in the R-Z plane). At the probe location

positive flow is directed from the high field sidgvards the low field side.



4 EX/P4-9

top of the outboard modular limiters at a poloidalgle approximately 30° above the
midplane ("TOP" contact). Because the HFS, LFS, @@ contact points are made on
discrete limiters , we ran the experiment at higge=safety factog=6. That way all field
lines in the SOL strike some object before crossiregmidplane, so we can assume that the
modular limiters act effectively like a continuaasoidal limiter.

The location of the probe relative to the four @mtpoints is illustrated in Fig. 2a. If
the core-to-SOL outflux were poloidally uniform omeuld expect to measure large negative
flow (for HFS contact), roughly zero flow (BOT), arge positive flow (LFS and TOP). The
measurements of parallel Mach number in Fig. 2ipelgrconfirm the prediction of the model
in the far SOL if one assumes that the outflux astly ejected across the outboard midplane,
as indicated by arrows in Fig. 1. In contrast te #ignificant difference in connection
schemes between HFS and BOT, the flow is moressrtlee same. The invariance of the flow
implies that the parallel flux on top of the toiaged from the low field side. The difference
between LFS and TOP is astounding. The connectiberses are identical; the probe is very
close to the low field side strike zone in bothesasHowever, moving the plasma slightly
above the outboard midplane from LFS to TOP appsafficient to allow the outflux to
escape towards the bottom, flow all the way araitwedpoloidal circumference, past the probe
on top, and finally neutralize on one of the modlaiters. This singular behaviour is further
illustrated in Fig. 2c where the dimensionless aralistances, derived from the Mach
number is shown. The curves would be very simitarthose in Fig. 2a if the source
distribution were poloidally uniform.

I_HFS / I_TOT

0 50 100 150 0 50 100 150
r-a [mm] r-a [mm]

Fig. 2. (a) Connection length between the probe tirdinboard strike zone divided by the total
connection length between the two strike zones (Hf#8les; BOT - squares; LFS - up triangles;
TOP - down triangles). The ratio is calculated gsthe reconstructed magnetic equilibrium, and
is plotted as a function of the radial distancenfrthe LCFS. (b) Parallel Mach number profiles
measured for each configuration. Those for BOT HifE contact are inverted for the sake of
comparison. (c) Dimensionless parallel distancarfrthe simple model, Eq. (4). (d) Measured
electron density in each configuration.
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Further information about the nature of the loadizource is obtained from the density
measurements, as shown in Fig. 2d. In the HFS a@d Bonfigurations, when a large
clearance exists between the LCFS and the moduiéets, plasma can be detected all the
way to the edge of the vertical port in which thehe is housed. In the LFS and TOP
configurations the density profiles are steep alick vacuum region separates the plasma
from the wall. In Fig. 1 the flux surface corresdomg to the first density decay length is
plotted along with the LCFS in order to emphasize significant difference between the
density profiles. It is especially interesting tamgare HFS and LFS. Apart from geometrical
effects due to toroidicity, the two configuratica®e symmetric. However, in HFS the flow is
large and the density decay length is aroNgell20 mm, whereas in LFS the flow is small
andA,=30 mm. One is led to speculate that the net radiakport is much stronger near the
midplane than at other poloidal angles. In LFS,pglasma is transported across the LCFS into
a region of very short connection length, only & faetres, and the particles flow along field
lines to neutralize immediately on the side of aiethe modular limiters; the parallel
transport time is so short that the plasma doeshaot sufficient time to undergo any
significant radial transport. On the other hand,HRS contact, the parallel transport is
unhindered, allowing the plasma to expand out ¢éovthll before leaving the midplane region.
In general, in order to have strong radial transpooducing a fat SOL, it appears to be
necessary to have long field lines passing unotduthrough the outboard midplane.

Variations of the SOL thickness can be caused Hgrdnces in radial transport for
constant connection length, or vice versa. If theial transport coefficients were poloidally
uniform, one would need the connection lengths FSHonfiguration to be more than an
order of magnitude longer than in LFS, but in faleg total HFS connection length is nearly
twice as short as LFS! Clearly, the differencehia tlecay lengths can only be explained by a
poloidal nonuniformity of the radial transport. $hidea is not new, but until now even
assuming strong ballooning-type dependencies fertthansport coefficients (~1/R or even
~1/R?) does not allow 2D fluid codes to produce sucrkstalifferent density profiles. These
measurements indicate that the nonuniformity ishmsioonger than previously guessed.

An experiment was performed on shot #35230 in aimlestimate the poloidal extent of
the region of enhanced radial transport. The plasamdisplaced from the bottom to the top
of the modular limiters in 10° steps of poloidalgkn (Fig. 3). Despite nearly identical
magnetic connections in all cases, the parallel Bahibits spectacular reversal depending on
whether the field lines sampled by the probe armeoted to the outboard midplane via the
positive or negative poloidal direction. The fariS@ow was large and negative when the
contact point was below the midplane due to thdwumoving upwards from the outboard
midplane towards the top of the torus; it was srfalithe 3 and 4" intermediate positions,
and reversed for the upper positions (Fig. 4). Exigeriment allows us to estimate that the
region of enhanced radial transport is limited seator around 30° in poloidal extent roughly
centered near the outboard midplane. If we makecthde assumption that the wide decay
length in HFS configuration is due to strong dsffre radial transport in a 30° poloidal
sector, while that the short decay length in LF8us to weaker transport over a full poloidal
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Fig. 3. Magnetic measurement of last closed flutase as the plasma strike point is displaced
upward along the outboard modular limiters. Theaws indicate the direction of flow past the
Mach probe assuming that most of the SOL sourcerisentrated near the outboard midple
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turn, we find that the ratio of the two effectiv
diffusion coefficients would be around 200. " ' ' '

Further evidence of the poloide ' ;
nonuniformity of the SOL particle sourc os|
comes from a toroidal array of four fixe
Langmuir probes that are mounted at t
entrance of pumping throats under the TPL
the high field side Fig. 5a. These probes : o 1
located 6 cm vertically below the surface 10 ‘ ‘ ‘ ‘
the TPL and aR=2.282 m. Two shots were O Arm 0"
compared. In both cases the plasma curr
was ramped slowly from 0.4 to 1.0 MA witl
toroidal fieldBg=2.5 T to vary the edge safet
factor, 6.4%,>2.5, Fig. 5b. In the first sho
(34587) that served as a reference case, all
outboard modular limiters were fully retracted. Tgeerallel ion current density was the same
at all four toroidal positions, confirming toroidaymmetry, Fig. 5c. On the second shot
(34588) the APL alone was inserted almost to th&%Cln contrast to the LFS and TOP
configurations described above, the APL acts likeaalular limiter in this case, rather than a
continuous toroidal limiter, because the safetydiacs low, and the other limiters remain
retracted. The APL casts a narrow magnetic shatiatvis seen as a decrease in ion current
on the probe to which it is connected. As the gafiettor varies, the shadow moves around
the TPL and is detected sequentially by each prétieen the probe is not shadowed, it
measures practically the same flux as when the i&Pétracted.

The particle flux collected by a given probe is ihiegral of the source on the field line
that the probe intercepts. The insertion of an d@bjemewhere upstream interrupts the flow
of particles, thus only the source between the abbged the probe can contribute to the

0,0

Mach number

Fig. 4. Measured Mach number profiles on
top of the torus for the seven magnetic
configurations shown in Fig. 3. Postive flow
is directed from inboard to outboard.
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Fig. 5. (a) Poloidal cross section for shots 345@th the APL retracted (1) and 34588 with the
APL inserted (2). The location of the toroidal ayraf Langmuir probes is indicated by the dot
under the TPL. (b) The safety factor on the LCHRSugetime for shots 34587 and 34588. (c) The
parallel ion current density measured by two fixeshgmuir probes toroidally separated by 180°
during both shots. The thick lines were measureghmt 34587 (the values are the same due to
toroidal symmetry, so we do not distinguish the@r). shot 34588 the movement of the APL's
shadow around the toroidal circumference is mangesby the periodic decrease of the ion
current measured by the probesgaB2° (open triangles) ang=262° (full circles).
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measured ion current. The ratio of the ion curianthe shadow to the unperturbed value,
which is equivalent to the definition sf (see Eq. (2)), is observed to decrease to 0.3 Thi
implies that only 30% of the flux is created betwélee probe and the APL on a field line that
is 83% of the total connection length, as recowstal from magnetic flux loop data. The

effect of the shadowing is much stronger than opelaestimate from simple geometrical

arguments, demonstrating that there must be agstamalization of the source on the low

field side of the torus.

In order to exclude the possibility that the obs#éions could be due to complicated
changes in magnetic connection schemes ratherftimaamental transport characteristics, a
special experiment was conducted in order to eitlyliand unambiguously determine the role
of the outboard limiters. The plasma contact paias placed on the bottom TPL, which was
positioned higher than usual, Zt-0.66 m. The outboard modular limiters were itiigian
contact with the plasma and then retracted shahwoy; maintaining the magnetic equilibrium
invariable. The clearance between the LCFS anabtitieoard limiters was set t5=0 cm, 1
cm, 2 cm, 4 cm, and finally 8 cm. The width of tB®L increased dramatically (Fig. 6a) as
the limiters were retracted. Concurrently, a lapgeallel flow appeared in the far SOL (Fig.
6b) and at the same locations we began detectigg iatermittent bursts of ion saturation
current (Fig. 6¢). This triple correlation lendedence to the hypothesis that the far SOL is
fed by long range bursty transport events thatpmederentially created near the outboard
midplane. The effective particle source due to #nbkanced transport is responsible for the
large flow and wide SOL that we observe on topheftbrus when there are no parallel losses
to outboard limiters.
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Fig. 6. (a) Radial density profiles measured on ¢dphe torus by the Mach probe for five values of
outboard clearance, (b) the corresponding profidgparallel Mach number, and (c) the skewness of
the probability distribution function of ion saturan current flowing to the probe from the low diel
side.

4. Conclusions

Near sonic parallel flows are systematically obedrin the SOL of the limiter tokamak
Tore Supra, as in many X-point divertor tokamakswloperated in L-mode. Based on a
simple 1D fluid model, we assume that the paraifieich number directly indicates the
fraction of the SOL particle source located betweaach side of the Mach probe and the two
plasma strike zones on the limiter. The poloidalateon of the Mach number of the parallel
flow was studied by moving the contact point ofraa$f circular plasma onto limiters at
different poloidal angles. The resulting variatiariglow are consistent with the existence of
an enhanced core-to-SOL outflux, strongly concéedranear the outboard midplane. If no
object obstructs the parallel motion of the plagh®t gets ejected onto open magnetic flux
surfaces, which is the case when the contact pigiston the inboard midplane, the SOL
expands to fill all the available volume betweea HCFS and the wall. The mechanism that
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causes this spectacular expansion appears to baré/by the existence of long field lines
that pass unobstructed across the outboard midplEmrs is demonstrated by moving the
plasma from HFS to LFS contact : the SOL becomeg tren and a thick vacuum region
separates the plasma from the wall.

These results, obtained in a limiter tokamak wittiraular plasma cross section, seem
to be similar to what is observed in X-point diwertokamaks, perhaps indicating the
universality of the phenomenon. A candidate medmario explain the enhanced transport is
the net outward convection of discrete transpoenés; or "blobs" [9,10]. In Tore Supra, we
have begun to characterize the bursty transportteva these moving plasma experiments.
We find that they are initiated in the vicinity tie last closed flux surface and can be
detected quite far away in the SOL if the moduiarters are retracted from the outboard
midplane [11]. Two-dimensional fluid simulationscinding anomalous convective transport
concentrated on the outboard side are able to dapeobasic features of the measurements in
divertor tokamaks [12]. Recent simulations of thteel Supra experiments using the TECXY
code show the same result [13]. Our findings prewsdnificant new information about the
strong poloidal localization of the region wherelis are created.
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