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Abstract. Results are presented from probe measurements at the aiitbwhplane scrape-
off layer region of TCV current scan experiments. It is shawat with decreasing plasma
current, or increasing magnetic connection length, thatgarticle density profile becomes
broader and the fluctuation levels and turbulence driveiaracinsport increases. In the
far scrape-off layer the fluctuations exhibit a high degrésetatistical similarity. Together
with previous TCV density scan experiments, this strongtlicates that plasma fluctuations
and radial transport increases with plasma collisionalBuch a collisionality dependence
is consistent with a recent theory for radial blob motion,ickhsuggests that filamentary
structures become electrically disconnected from theetasigeaths at large collisionality and
thus experience less sheath dissipation. This increasamdial convective transport and is
likely linked to the discharge density limit.
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1. Introduction

The inherently fluctuating nature of the scrape-off layeDI(y in magnetically confined
plasmas has been known ever since the first electric probsureaents and has been found
to prevail in virtually all magnetic geometries and confirestates [1-5]. Recent progress
in experimental measurements and theoretical modellidigate that the turbulence driven
transport is largely mediated by filamentary structurescilare elongated along the field
lines and appear as blobs of excess particles and heat wdsad/in the plane perpendicular
to the field lines [6-10].

Probe measurements from a number of tokamak experimengsdeswronstrated that as
the line-averaged plasma densityincreases, the radial particle density profile in the SOL
becomes broader and plasma—wall interactions increasd $11The particle density profile
exhibit a two-layer structure. Close to the separatrix mgb-called near SOL it has a steep
exponential decay and moderate fluctuation levels. Beybisdrégion, in the so-called far
SOL, the profile has a much more gradual exponential decay dludtuation level of order
unity. As the discharge density limit is approached, thekngoint moves radially inwards
such that at the highest attainable plasma density, theQar@Bofile extends all the way to
the magnetic separatrix [11-15]. Recent measurements dhhBZe demonstrated a high
degree of statistical similarity in the region with broadgha profiles. In particular, the
radial variation of the relative fluctuation level, skewsasd flathess moments of the plasma
fluctuations and the temporal correlations are similar loradues of the line-averaged plasma
density [16—20].

Associated with the broadening of the particle density f@afie large fluctuation levels
and turbulence driven radial transport. This is generaéilielbed to be due to increased
plasma collisionalityy, defined by = L, /Aej, Wheregi is the mean free path for electron—
ion collisions. The plasma collisionality increases lirigavith the plasma density and the
magnetic connection length,, which in the experiments are readily controlled through th
line-averaged plasma density and the plasma cutgenBuch a collisionality dependence
of radial convective transport is likely linked to the emgad discharge limit, indicating that
there is a maximum line averaged particle density and a mimirmplasma current for which
the frequency of disruptive terminations increases rgqkil—25].

In this paper, an analysis of probe measurements at the angtinoidplane region from
a plasma current scan experiment on TCV is presented. Theasumements demonstrate
a broadening of the radial particle density profile and iaseal fluctuations and turbulence
driven transport as the plasma current decreases. Sinildretdensity scan experiments,
the fluctuations are found to exhibit a high degree of stasissimilarity in the far SOL
region. The experimental findings support the conjectuasiefdr large plasma collisionality,
filamentary plasma structures become electrically diseotau from the sheaths at the
divertor targets. This results in a substantial enhancéwfahe radial convective transport.
Interchange motions of plasma filaments thus appear as lieatsanechanism underlying
main chamber recycling, and the collisionality dependesicialitatively consistent with the
plasma density and current scaling of the discharge dismpnit.
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In the following section the physical mechanism for radialbomotion and the effect of
sheath dissipation is described. In section 3 the expetahereasurements are presented, and
finally a discussion of the results and the conclusions difasm them are given in section 4.

2. Radial interchange motion of plasma filaments

Interchange motions driven by the non-uniform magnetidfiels long been considered as a
candidate mechanism to explain the large fluctuation leveltarbulence driven transport in
the SOL. Recent analytical and numerical work have dematestrthat an isolated blob-like
structure can propagate a radial distance many times ttaligize at large velocity [6—10].
The collective plasma motions are governed by the vorteityation, which to lowest order
can be written as
2
pm<ﬂ+vE~D)@+16x(x+mln8).DP:D.J,, (1)
ot B B

where pn, is the plasma mass density, the plasma pressur& = (B- D)B the magnetic
field curvature vector antl the unit vector along the magnetic field. The first term on the
left hand side of this equation describes plasma inertiautin polarization currents. This
predominantly involves the rate of change of the curl of tleeteical drift Vg = b x /B,
where@is the electrostatic potential. The second term on the keftrside describes electric
charge polarization due to guiding center drifts causedhieyrton-uniform magnetic field,
while the right hand side describes the effect of paralketteic currents),.

In the absence of parallel currents, the left hand side o&gu (1) predicts an inertial
velocity scaling for isolated blob-like structures given b

Co [20AP\Y? )
2~(77) ”
whereCs = (I‘I/pm)l/2 is the acoustic speed based on a homogeneous backgrousdrpres
M, ¢ is the structure size in the plane perpendicular to the ntagfield, AP/ is the
relative amplitude of the blob structure, aRdls the magnetic field radius of curvature. Two-
dimensional numerical simulations of the dynamical evoluof a blob-like structure initially
at rest in a homogeneous plasma have demonstrated a fadtaadgleration, formation of
a steep front and a trailing wake, and radial motion over tade many times the initial
structure size [9, 10]. An example of this is presented inrégl, showing the temporal
evolution of the radial center of mass velocity. The sigeabrded by a probe located at the
symmetry axis a distance of Bn front of the initial blob position, also shown in figure 1,
reveals the presence of a steep front and a trailing wakes Silmulation was performed for
the experimentally relevant parameters-R2C2¢3/uxR = 10° and Pr= p/x = 1, wherep
andy are the kinematic viscosity and thermal diffusion, respebtt. The variation of the
maximum radial center of mass velocity with collisionalgipation for Pr= 1 is presented in
figure 2. For Ra larger than 4€nhe inertial velocity scaling given by equation (2) presadnd
collisional transport across field lines does not signifilyaalter the transient radial motion
of blob structures. Further description of the model andugtions can be found in [9, 10].
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Parallel currents will generally reduce the rate of cha@eanzation by magnetic guiding
center drifts. For the special case of a collisionless ptagarfectly field-aligned filamentary
structures will be effectively connected to sheaths whaeefield line intersect material
surfaces. At these surfaces the well-known sheath bourmdagition prevails,

J =—-enG [1—exp<—?r—(p)} fi-b, (3)

e

wheren is the surface unit normal vector. Linearizing the expoia¢fiinction and averaging
the vorticity equation along magnetic field lines, the ciimition of parallel currents yields
the conventional sheath dissipation term,

enG e(g)
(0-30) = LT (4)
In the vorticity equation this sheath dissipation acts gm&ftially on large spatial scale
lengths, and results in a strong reduction of the maximurocigl and radial transport of
filamentary structures. This is clearly demonstrated inrég2; which presents the scaling
of the maximum radial center of mass velocity with respedh® non-dimensional sheath
dissipation coefficienth = 2Cs¢? /yL, p2. Herey = (2C2/¢(R)Y/? is the ideal interchange rate.
For typical TCV SOL plasma parameters and a blob size of 1 adnrelative amplitude of
0.5, the dimensionless sheath dissipation paramfeterof order unity. Under collisionless
conditions, sheath dissipation is thus expected to sgvstelv down the radial motion of
plasma filaments.

The presence of ballooning in the fluctuation level and ftdadr@ulence driven transport
has been demonstrated in several tokamak experimentsqPBs3 consequence, particles
and heat enter the SOL predominantly on the outboard midplkegion, and are subsequently
transported along the field lines to the divertor targets aobss field lines to the main
chamber walls. This poloidally asymmetric transport isegatly believed to be the cause
of field-direction independent parallel flows in SOL plasrf28-32]. Due to this ballooning,
filamentary plasma structures have a strong modulatiorgaio® magnetic field lines with
amplitudes peaked at the outboard midplane. Electric ehpajarization, driven by the
magnetic guiding center drifts, is therefore also localipa the low field side. Collisional
friction impedes parallel particle transport and, due tioeaing, therefore also the electrical
connection of filamentary structures with the electrostatieaths at the targets. The role
of sheath dissipation is thus expected to diminish with @asing plasma collisionality.
Although the effect of collisional friction is not explityttaken into account in the present
model, figure 2 clearly shows that sheath dissipation sabatly limits the radial velocity of
filamentary structures and hence the convective transport.

3. TCV current scan experiments

A list of the TCV pulse numbers for the current scan experim@nesented here are given
in table 4. This comprises five pulses with the plasma curranging from 220kA to
380KA in steps of 40kA. All measurements were performed anexdveraged density of
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approximatelyfie = 4.2 x 10°m~3 and an axial magnetic field 0of43T. The plasma shape
was similar for all currents, with a lower single null divertgeometry. The separatrix—
main chamber wall distanceso at the outer midplane varied from approximately 19 mm
at the lowest to 27 mm at the highest current. For the purpbgeesenting the results, a
normalized radial coordinaie= (r —rsep)/AsoL is defined, which takes the values 0 and 1
at the separatrix positiaepand the wall intersection point of flux surfaces mapped froen t
probe location to the outside midplane. The fast recipioggirobe with a 5-tip head enters
the plasma poloidally approximately halfway between tfespia midplane and the X-point,
and measures fluctuations in the ion saturation currenttenfidating potential at a sampling
rate of 6MHz. A combination of floating potential measuretsednom two pins separated
poloidally by 1 cm yields an estimate of the poloidal elecfreld and thus the radial electric
drift. Further information about the experimental setud areasurement techniques can be
found in [16-20].

The average value of the down-stream and up-stream coaneetigths and the plasma
collisionality at the near SOL positiom= 0.25 are given in table 4. In the estimate for the
plasma collisionality, a particle density of= 1.5 x 101°m~2 and electron temperature of
Te = 15eV have been used, which are characteristic values apaisison for all pulses in
the current scan. The connection length and the plasmaiooiility changes by more than
a factor of two in these experiments. The radial profile oftthree-averaged particle density
presented in figure 3 shows that as the plasma current desrehe profile becomes broader
and there is a substantial increase of the particle denisibyeavall radius. The profile scale
length in the far SOL changes from approximately 2cm at thgelst to 4cm at the lowest
plasma current. The relative fluctuation level, also presgm figure 3, is roughly the same
for all plasma currents, increases in the near SOL, and ieappately constant in the far
SOL with broad profiles. The plasma fluctuations are charaet by large-amplitude bursts
as demonstrated by the positive values of the skewness d@ndskamoments presented in
figure 4. These moments are defined such as to vanish for a hdistrédbution. The similar
radial variation of these higher order moments across theicuscan further demonstrate the
universality of plasma fluctuations in the TCV SOL [16-20].

The radial profile of the time-averaged floating poter¥igpresented in figure 5 shows
a very dramatic change with,. At high currents, the radial variation of the potential
is qualitatively similar to that expected from the sheatlirmary conditions described by
equation (3). In a simple one-dimensional equilibrium withelectric currents, the potential
will have the same radial variation as the electron tempegaivhich is a monotonically
decreasing function of the radial coordinate. Howeventarmediate and small currents there
is a local maximum of the floating potential in the SOL. Theiahtbcation of the peak value
shifts radially outwards and the width becomes gradualbater with decreasing plasma
current. The potential profile is clearly not determined bg sheath boundary conditions
alone at small plasma currents. From figure 5 it is also searitie standard deviation of the
estimated radial electric drift decreases with increasljal coordinate and plasma current.

The significant increase in the plasma and radial velocitgtdlation levels with
decreasing plasma current also leads to larger turbuleneendradial particle fluxes, as
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shown in figure 6. The particle flux density decreases withatambordinate for all but the
highest plasma currents. The nearly flat flux profiles in theSfaL indicate that the radial
turbulence driven particle flux dominate over parallel &sssThis is likely to be the cause of
the broadening of the particle density profile seen in figur&V&hin the standard transport
paradigm, the turbulence driven particle flux is often paetarized in terms of an effective
diffusion coefficient, defined bDet = Anl /N, where), is the scale length of the particle
density profile. However, this effective diffusivity hasdseshown to be a strongly depend on
radial coordinate ann, for density scan experiments. This is also the case for thremtscan
experiments considered here. A parameterization in tefnas @ffective radial convection
velocity, defined byes = /N, yields more robust and interesting features. As seen from
figure 6, the effective convective velocity increases walial coordinate for high plasma
currents and is roughly constant as function of radius ferstimallest currents. In the far SOL
with broad particle density profiles the effective velodiyapproximately 100 g for all
currents.

Fluctuations in the particle density, the radial velocibdahe turbulence driven radial
particle flux in the far SOL of TCV exhibit universal propedi across a broad parameter
range. The rescaled probability distribution function Bf the particle density at the
wall radius, presented in figure 7, collapse to a common skapell values ofl,. The
rescaled distribution is positively skewed and flatteneith &n exponential tail, reflecting the
abundance of large amplitude bursts in the time series. dtter lis further demonstrated by
the conditionally averaged particle density signal, alesented in figure 7. Large-amplitude
events in the particle density signals have an amplitudewdmly four times the root mean
square value above the mean and a duration of approximafgly. 2 The wave form is
characterized by a steep front and a trailing wake, quaigigtsimilar to that presented in
figure 1. The PDFs of the estimated radial velocity also dig@ universal shape at the
wall radius. As seen in figure 8, the rescaled distributiaisdn top of each other, and
have slightly positive skewness and flathess moments. Aitondl average of the estimated
radial velocity, with an amplitude threshold on the paeidensity given byi—n > 2.5nys,
reveals an outwards directed velocity associated withetgelamplitude bursts. As seen from
figure 8, this velocity increases with decreasing plasmeeotr

4. Discussion and conclusions

The results from TCV current scan experiments presentezidt@w a remarkable similarity
to previous density scan experiments. This includes a lerad of the radial particle density
profile and a similar radial variation of the relative fludioa level, the skewness and the
flathess moments in the far SOL region with broad profiles. h&t wall radius both the
rescaled PDFs and conditional averages of the particleitgehsctuations collapse into a
common curve for all plasma currents. These rescaledllisivhs and wave forms presented
in figure 7 are in fact indistinguishable from the correspongcturves for the density scan
experiments [20]. The fluctuations are dominated by largeliwmde bursts, resulting in
positively skewed and flattened distributions. There issymametric wave form with a steep
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front and a trailing wake which is associated with outwandgppgating blob-like structures.
Interchange motions of plasma filaments thus appear asitfie of the anomalous cross-field
transport in the SOL [16-20].

Probe measurements at the outboard midplane SOL region‘éfifidicate that plasma
fluctuations and radial transport increase with plasmaistofiality. The collisionality
Vg is proportional to the plasma density and the connectiogtlenand hence inversely
proportional to the plasma current. Recent theories faatagterchange motions of plasma
filaments provide a plausible interpretation for the callslity dependence or the radial
convective transport. Due to strong ballooning, plasmaniats appearing in the SOL
are modulated along magnetic field lines with a peak ampitatdthe outboard midplane.
Since parallel motions are impeded at large collisionathig structures will be electrically
disconnected from the target sheaths at large plasma @sresiid small plasma currents. The
correspondingly reduced sheath dissipation implies faiathal propagation, which is driven
by the magnetic guiding center drifts primarily at the owtwbmidplane. This is consistent
with the substantial increase in the conditionally avedagelial velocity associated with large
amplitude events in the particle density at the wall radiuth \decreasing plasma current,
presented in figure 8. It should also be noticed that the standeviation of the estimated
radial velocity increases with decreasing plasma curterughout the SOL, and that the
floating potential does not follow the radial temperatuneateon as expected from the sheath
boundary conditions at small currents.

In summary, experimental measurements and theoreticlsssaf plasma fluctuations
and transport in SOL plasmas strongly indicate that inemge motions of blob-like
structures is the cause of broad particle density profileslamge relative fluctuation levels.
Electrical disconnection from the target sheaths at lagjksmnality leads to a substantial
increase of the radial convective transport, which enhapt@sma—wall interactions and is
likely linked to the discharge density limit.
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TABLES 9

Pulse number 1, [KA] L.(p=0.25) [m] vi(p=0.25 Symbol

28218 220 28 160 A
28217 260 22 130 |
28221 300 18 105 ®
28222 340 15 85 L 4
28223 380 13 75 v

Table 1. A list of the TCV pulses considered in this paper, showingghése number, the
plasma current, the averaged connection length, the plashisionality, and the plot symbol
and color code used in the subsequent figures.
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Figure 1. Temporal evolution of the maximum radial center of mass sigldor an isolated
blob structure (left) and the pressure perturbation remirdy a probe located radially
outwards by 5 times the initial structure size (right).
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Figure 2. Scaling of the maximum radial center of mass velocity forsmidted blob structure
as function of the effective bouyancy over collisional giasion (left) and sheath dissipation
(right).
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Figure 3. Radial profile of the average particle density (left) andriative fluctuation level

(right).
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Figure 4. Radial profile of the skewnesS;, (left) and the flatness$;,, (right) moments of the
particle density fluctuations.
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Figure 5. Radial profile of the average floating potential (left) anel telative fluctuation level
of the estimated radial electric drift velocity (right).
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Figure 6. Radial profile of the estimated radial turbulence drivertiplar flux density (left)
and the effective convection velocity (right).
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Figure 7. The PDF (left) and the conditionally averaged signal (fidgbt the particle density
fluctuations at the wall radius.
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Figure 8. The PDF (left) and the cross-conditionally averaged si@rgiht) of the estimated
radial electric drift velocity.



