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ABSTRACT

Some key topics in tokamak edge plasma transport and turbulence are reviewed. Multi-
device results reveal a new paradigm of scrape-off layer (SOL) transport. Radial transport is
driven by intermittency throughout the SOL, in between edge localized modes (ELMs) in
H-mode, and comprised of plasma filaments that are generated near the last closed flux
surface likely by interchange instability. The filaments travel radially at speeds of ~1 km/s
into the SOL and have a poloidal size of 1-3 cm in most devices. The radial transport in the
SOL is poloidally asymmetric, by factors of 2-5, causing a pressure peak in the low field
side. This asymmetry and other neo-classical terms, such as Pfirsch-Schluter currents, are
found to drive strong SOL flows. The intermittent particle flux is 20% of the total, including
ELMs, at low collisionality, becoming 70% of total at high collisionality. Numerical and
analytical models can reproduce the scaling of intermittency with collisionality as well as
many details of the filament dynamics in the SOL.
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1. INTRODUCTION

Knowledge of the edge/SOL plasma in toroidal devices is crucial because: (1) it is the
boundary condition for the core plasma and thus the processes determining its properties are
fundamental for the whole discharge, (2) determines the flow of particles and energy, and
thus their removal from the plasma, to the plasma facing components, and (3) mediates the
transport of impurities and helium ash between the walls and core, which affects discharge
performance.

There are two important components in the edge/boundary transport, one is the radial
transport across the last closed flux surface (LCFS) and in the scrape-off layer (SOL) and the
other is the combination of poloidal and parallel transport that redistributes heat and particles
in the SOL. The strength and distribution of these transport vehicles determine the location
and strength of the heat and particle flux to the wall, the processes of recycling, impurity
production/influx and helium ash removal. The shear layer near the LCFS creates the
transport barrier of the high confinement mode (H-mode) and the height of the pedestal
determines core parameters.

High performance tokamak discharges exhibit pulses of energy and particles (ELMs) that
result on a transient heat/particle load on the wall/divertor components and therefore ELMs
are one of ITER main concerns regarding lifetime of components and viability. A variety of
techniques are being developed to suppress and/or ameliorate the effect of ELMs however,
the inter-ELM and ELM-free plasma regimes still exhibit fast energy and particle radial
transport, The edge radial transport is turbulence-dominated, as described in various reviews
[1-8], ballooning in character and containing coherent filamentary structures that move
convectively across magnetic surfaces. This ballooning, convective radial transport interacts
with the parallel Pfirsch-Schluter (PS) mechanism and classical drifts, sinks and sources to
create the SOL transport. This paper reviews some recent results and understanding on cross-
field (including ELMs) and parallel transport in the SOL and their interplay.
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2. TURBULENT RADIAL TRANSPORT

Edge turbulence consists of density (n), potential (¢), temperature (7, ) and magnetic ( B;)
fluctuations with normalized levels that increase away from the LCFS into the SOL and in a
frequency range f ~ 10 kHz—1 MHz featuring a broad spectrum with an autocorrelation time
te ~ 2-20 us. The turbulence has a small spatial scale (~0.1-10 cm) in the cross-field plane
but many meters along the magnetic field, like filaments. Many digital signal processing
techniques [1-8] exist for turbulence and transport analysis [9], many developed for
measurements with probes, which were the earliest turbulence diagnostics and can be
arranged in arrays with varied geometry to produce a wide array of measurements [9-25].

2.1. PARTICLE FLUXES

Radial profiles of averaged and turbulent parameters measured with a fast probe [26] in
the edge of the DIII-D tokamak are shown in Fig. 1(a)—(e) for L- and H-mode. The
fluctuations are often larger (2x) across the SOL in L-mode. The relative electron density
fluctuations at the outboard midplane generally increase [Fig. 1(c)] from dn/n ~ 20% to
dan/n ~ 100% in the far SOL, increasing monotonically with radius across the last closed
magnetic surface. Similar results are seen in other toroidal devices such as the TFTR
tokamak, the ATF stellarator and the RFX RFP [27]. The plasma potential fluctuation level
normalized to T, [Fig. 1(d)] has a similar magnitude to dn/n, but as seen in TEXT and in
RFX [28], d¢/T, < ii/n, so it does not always follow the Boltzmann relation indicating the
effects of collisions, resistivity, electron inertia, viscosity or neutral interaction are at play.
Electron temperature fluctuations fulfill 87 /7, ~ (0.3-0.4) dn/n, as seen in TEXT, DIII-D,
SINP, FTU and JET [29-33]. Broadband edge magnetic turbulence in tokamaks and
stellarators, typically dBr/Bt ~ 107 to 107 [34,35], is calculated to have negligible effect
on transport. There is a clear difference between the “near-SOL”, defined as R - Ry, 2%
of minor radius (often 1-3 cm), where gradients are strong and plasma parameters vary over
orders of magnitude, and the “far-SOL”, further towards the wall [36,37], with nearly flat
average gradients. Edge turbulence in tokamaks and stellarators has a spectrum-averaged
poloidal correlation length Ly, ~ 0.5-5 ¢cm and a radial correlation length L,q ~ (0.5-1)
Lpol- The parallel structure of the edge turbulence along B has been measured with
Langmuir probes indicating L, >> L, [38,39] and is seen in the filamentary structure of edge
light emission [40—42] as expected due to the rapid electron motion along B. The radial
electrostatic particle flux, calculated from the density and potential signals [Eq. (1)], depends
not only on density or electric field fluctuations, but the phase between them:

. Egt
I =% : (1)
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This E x B particle flux, shown in Fig. 1(e), is much larger (3x) in the L-mode than in
H-mode [26], and has been measured near the outer midplane of many fusion devices using
three nearby Langmuir probes; and although it is roughly (factor of 2-8) consistent with the
total particle loss rate [2-5], some sort of asymmetry is required to fully explain the particle
balance [43]. A comparison between the total radial particle flux (inferred from H
tomography) and turbulent radial fluxes from probes and heavy ion beam probe (HIBP) was
made [44] in the TEXT tokamak and is shown in Fig. 2. The good agreement showed for the
first time that electrostatic turbulent flux could explain all the radial transport.

Attempts to account for the particle inventory and connect that to global radial fluxes
[26,44] were recently done in Alcator C-Mod [36], showing that recycling at the chamber
walls was large and increasing with density. As the discharge density was increased, the n,
profile showed increased flattening in the far SOL due to enhanced radial transport. Work at
DIII-D [16] determined that intermittent, ballistic, events in the SOL with amplitudes above
2.5% of the rms deviation were responsible for much of the turbulent transport [16,37] and
this convective flux can cause large radial transport in regions with a shallow gradient and so
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can deposit particles and energy in unexpected places. Intermittent events are seen on many
toroidal devices, such as the ADITYA, T-10, CASTOR, DII-D, MAST and Tore-Supra
tokamaks [45-47], and non-tokamaks such as W7-AS, TJ-II, TJ-K, RFX, SINP and HT-7
[48-52]. The intermittency is due to coherent, long-lived filamentary structures that exist
within the turbulence and that have been characterized by using imaging [53-55], conditional
sampling [16,25,41,45,56] and wavelet analysis [57].
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Fast digital cameras and optical arrays together with image analysis of 2D edge
turbulence data have been used to identify 2D turbulence velocity fields in DIII-D [58,59],
and also the structure and motion of intermittent coherent structures in Alcator C-Mod, TJ-II,
NSTX and W7-AS [41,53,55,60-63]. The BES diagnostic at DIII-D [64] measures ~5 x
6 cm frames every 1 us and two of them, spaced by 6 us, are én/n seen in Fig. 3 clearly
showing a poloidal cut of filaments and their 2D motion.

Measurements of intermittency in the radial turbulent particle flux extracted from the
background using conditional averaging techniques show that the intensity of the flux is
much lower in L-mode than in H-mode. Intermittent events lead to positive skewness of
signals (n,, T,, Ey) in the SOL, and negative skewness at or inside the LCFS due to negative
events (voids), as seen in DIII-D, and NSTX [16,65] due to interchange instability [66] and
also in the linear machine LAPD [67] due to centrifugal forces or neutral wind mechanisms
[68]. A density skewness profile obtained from BES at DIII-D in Fig. 4 shows that the void-
peak transition occurs at/inside the LCFS.

The radial velocity of intermittent objects, important due to its relationship to transport in
the SOL, is of the order of 1 km/s at the LCFS, slows down with increasing radius in the
SOL of DIII-D [16], but is roughly constant with minor radius in Alcator C-Mod [41]. The
driving mechanism of individual filaments was proposed [67,68] to be the B field curvature
creating a local polarization that drives the filaments by E x B motion. The models have
been refined greatly by adding interaction with the neutral background, local ionization and
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better dissipation mechanisms [69-78] and in particular, current loops and circuit paths
through the X-point or target plates. In a recent electrostatic two-region model [70], The

variation of normalized blob velocity, V', versus collisionality, A, is predicted, and shown
for two normalized blob sizes, a (a=1.3 “small” and a =10 “large”), in Fig. 5:

&:

/5 1/2
ay @R’ 5V V(R) A\ Yeila o

asx 2|’/5p;"/5 Vi Cq ers

Here ay, and V are the blob size and velocity, R is the major radius, L; is the connection
length, pg is the gyroradius, Q. is the gyro frequency, ve; is the collision frequency, and Cg
is the sound speed. Notice that at low A, large blobs are 20x faster than small blobs but at
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large A all sizes move fast. Two analytical curves representing the functional dependence
are compared to “measurements” from a turbulence simulation (dots) [70] and have been
successfully compared to experimental data [75], indicating that fair understanding of the
individual filament transport in various regimes has been achieved.

<>

Fig. 5. Intermittent filament normalized velocity

versus normalized collisionality for two initial

< 5 N filament poloidal sizes of @ = 1.3 and 10, the lines

0.1 1 10 100 1000 denote analytical calculations and the dots simulation
A results.

Evidence shows that the turbulent transport and fluctuation intensity is not uniform in the
poloidal cross-section. In-out asymmetries were observed in the CCT and CASTOR [78,79]
tokamaks, and a significantly lower relative density fluctuation level, turbulence size and
turbulent radial transport were seen on the high field side SOL of the T-10 tokamak [80,81].
In Alcator C-Mod [62,82], the relative Jg, fluctuation level in the HFS SOL was up to 10
times lower than that on the same flux surface at the LFS SOL. The source of radial transport
asymmetries is understood as magnetic curvature and X-point shear [83], and they should be
tallied in both the particle and energy inventories feeding the SOL.

A definitive scaling of edge turbulence has not yet been achieved [84] although attempts
have been made to perform scaling with local and global parameters on many devices such as
the Caltech, TEXT, Alcator C-Mod and DIII-D tokamaks [36,37,85,86] and in the W7-AS
stellarator, where little dependence was observed [1-6,85,87—89]. Recent studies in ASDEX,
TEXTOR, DIII-D Alcator C-Mod, TCV and MAST [36,45,75,77,87,90] seem to reveal a
reproducible dependence with collisionality involving local T,, N, and also L. Systematic
scans in TEXT [85] did not show a variation of dn/n with pg/L, and recent results
considering intermittency seem to contradict it. Data from DIII-D obtained during a density
scan (from 2.7 to 52x10"3 cm_3) showed a clear increase of the intermittent filament’s
density and radial flux. Newer results need to be married to older ones where the relative
edge density fluctuation level was roughly independent of /;, and edge safety factor g(a) (i.e.
L) in the ASDEX and TEXT tokamaks [85,87] and with the similarity between edge
turbulence of tokamaks and stellarators.
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2.2. TRANSPORT BARRIERS

The edge plasma sets the boundary conditions for many processes in the core, and in turn
these processes cause a change in edge parameters, thus the dynamics in the edge are quite
complex [91,92]. A velocity shear layer was identified [28] in the boundary of tokamaks and
stellarators by measuring the phase velocity of the turbulence in the poloidal direction
[28,93], which changes sign from the electron diamagnetic drift direction inside the last
closed flux surface to the ion diamagnetic drift direction in the SOL [94]. The shear layer is
correlated with the reduction of turbulence [95], effect that has been verified in many devices
[45,96-99] and can be responsible for the formation of an edge transport barrier resulting on
a spontaneous transition from low (L-mode) to high (H-mode) [100] confinement, a bifurca-
tion process. However, the process was only fully verified when H-mode-like behavior was
obtained after a velocity sheared region was introduced artificially via an externally applied
radial electric field [101,102]. Data from an electrode-biased discharge in TEXTOR is
displayed in Fig. 6, where it is shown that as the radial electric field is increased gradually,
the turbulent radial flux decreases across the LCFS, creating a transport barrier.

2.5x1016
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— 1oX Z 66118
N M g 1
E 1.0x108} AN : . , . . _
~ AR ! Fig. 6. Radial profiles of turbulent radial particle flux
= 5.0x10'5 for various applied electrode voltages (0, 100, 400 and
0 100 V) in TEXTOR. As the field grows in the shaded
0.0x10 region, and the ExB shear increases, the radial
.5.0x105 particle flux is reduced. The plasma conditions are
' 43.0 440 450  46.0 47.0 labeled as H-mode like, L-mode like and transitional

Radius (cm) (L-H or H-L).

Measurements showed a sudden decrease in fluctuations of edge potential and density at
the L-H transition [103] where density turbulence levels usually drop but often recover to
their L-mode levels later in the H-mode phase [37,104-108]. A reduction in 7 fluctuations
was associated with the shear flow in biased H-modes in TEXTOR [29] and changes have
been seen in the phase and correlation coefficient between the density and potential
fluctuations, leading to a reduction in the turbulent transport rate [99,109]. Finally, changes
were seen at the L—H transition in DIII-D in the intermittency [45], bi-spectral coupling [110]
and nonlinear dynamics [111], indicating they are all interconnected.

The mechanism of shear stabilization of turbulence and FE x B drifts has been used
repeatedly to manipulate the edge plasma and achieve H-mode-like conditions [112]. Early
work was conducted in TEXTOR, TdV and DIII-D [113-115] using limiter and divertor bias
with the main result that the SOL thickness was manipulated but little changed in core
performance. In CCT, TEXTOR and KT-5C [101,116,117], an electrode was inserted in the
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core, generating H-mode-like core conditions; however, this method is not suitable to high
power discharges. Experiments applying ergodic layers in Tore-Supra, TEXTOR and DIII-D
and W7-AS [118-120] have produced significant changes in particle transport/balance as
well as turbulence modification.

The origin of the naturally occurring shear flows has been credited to the Reynolds stress
R (R =-3v3qdvpo1), Which causes the rate of momentum transfer between the mean flow
and the turbulence [54], and there is active research in the TJ-II stellarator, the ISTTOK,
HT-6M and HT-7 tokamaks [121-124] and the H-1 heliac [125], with some measurements
verifying the Reynolds stress thesis and others not fully in agreement with it [126].

2.3. HEAT TRANSPORT

Heat transport is a crucial element for next generation devices because the heat flux to the
target plates is close to the engineering limits and strong parallel heat transport is dominant.
Although the heat deposition during Type I ELMs is the main concern, inter-ELM heat
transport must be also understood. The radial electron (i.e. not ions) heat transport can be due
to electrostatic and magnetic fluctuations, although the latter has been measured to be
negligible [127,128]. We can write [ [ is given by Eq. (1)] the electrostatic radial heat flux:

3

- 3
2 = (T, ) = EkTeFrES 4 2le

2B <kTeE6> =Oconv + Pcond > 3)
\J

Recent DIII-D measurements of electrostatic conductive and convective radial heat flux
profiles at the midplane are shown in Fig. 7 for L- and H-mode discharges. In L-mode, the
convective heat flux [Fig. 7(a)] is larger than the conductive flux [Fig. 7(b)] in the near SOL
and of the same order in the far SOL. In H-mode, both components are of similar magnitude
across the SOL. A comparison between L- and H-mode total heat flux profiles [Fig. 7(c)]
indicates that the H-mode flux is much larger than the L-mode flux but only over a very
narrow (0.5 cm) range. These measurements account for the full power balance if the flux
existed over a uniform band at the outer midplane only 1 m wide poloidally. The heat
conduction, Q.,n4. term was measured to be significant in TEXTOR [116] and measure-
ments in TEXT comparing power balance analysis to the electrostatic heat transport found
that 80% could be accounted by electrostatic convection and 20% by conduction [129].
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Fig. 7. Radial profiles of (a) convective heat flux, (b) conducted heat flux, and (c) total heat flux in L-Mode
(circles) and H-mode (diamonds and squares) DIII-D discharges. Some ELMs are indicated.
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3. ELMS

A source of energy and particles into the edge/SOL is the plasma transported by ELMs,
and is considered a critical issue for the viability of ITER since it could deposit up to 3%—8%
of the discharge energy onto the walls [130], well above engineering limits. Furthermore,
experiments have shown that ELM pulses can reach the main chamber walls and thus
become a threat to regions not previously believed to need protection. We discuss Type I
ELMs. Much of the known dynamics and theoretical understanding of ELMs has been
recently reviewed [131], highlighting JET measurements. Edge/SOL measurements of
plasma flux, 7, n. [132] and hot ion flux, are consistent with part of the ELM energy loss
being in the form of a series of field aligned filaments expelled at discrete toroidal locations
in the outboard midplane [133]. Evidence is verified by fast visible [134] and IR camera
systems in ASDEX-U and JET [134], which observed helical stripes of power deposition
during ELMs on main chamber and divertor targets. Findings are that 7, in the ELM
filament reaching the wall remains low but the plasma densities at the wall are collisionality
(i.e. ELM size) and pedestal density dependent with the result that the electron-convected
energy can also be sizable and thus heat loads at the wall can be significant. In DIII-D, SOL
profile measurements of n,, T, and n, fluctuations during L-mode and ELMing (Type I)
plasma H-mode indicate that: (1) the peak ELM density decays quickly but still maintains
about 1/4 of the original LCFS density, (2) 7, decays much faster, with roughly 1/10 of the
LCFS temperature left at the wall and (3) plasma parameters during ELMs often surpass in
values those during L.-mode.

A key finding [2,3] is that ions arrive at the SOL with energies characteristic of the
pedestal region, as expected on the basis of a new transient model of ELM filament energy
loss [3,4] which reproduces the observed trend seen in JET for larger ELMs to deposit less
energy in the divertor. Among the unexplained features are the observed target plate load
asymmetry and the heat deposited in the mid-far SOL, which does not seem to obey either
electron conduction or sheath-limited regimes. An interesting issue is that ELM-mediated
transport is traditionally assumed to overcome inter-ELM turbulent transport. However, it
has been recently demonstrated [4], and can be seen in Fig. 8 that the fraction of ion flux due
to ELMs is ~100% at low collisionality, but is reduced to ~30% at high collisionality, since
ELMs become smaller as intermittent transport increases.

General Atomics Report GA-A26173 11
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4. SOL FLOWS

Once particles and heat are exhausted from the core due to radial transport across the
LCFS, parallel transport becomes a crucial player. Particle transport along the magnetic field
lines in the SOL is crucial for particle (including impurity) control, energy transport, and
impurity generation, and has important implications on the choice and design of plasma
facing components [130]. The classical view of flow along the field lines consists of low
pressure points at the divertor plates with an stagnation point quasi-symmetrically located
near the plasma crown and plasma flowing towards the target plates both in the low field side
(LFS) and high field side (HFS). Significant progress has been made in understanding the
driving mechanisms in SOL mass transport along the magnetic field lines by using Mach
probes at various poloidal locations in multiple devices, together with interpretative
modeling. All results showed common SOL flow patterns recognizing new factors such as
LFS-enhanced asymmetry in diffusion and classical drifts in addition to the classical view of
pressure differences along the flux tube controlling the flow velocity.

4.1. OBSERVATIONS

We will review recent measurements, mainly SOL flow in L-mode diverted tokamak
plasmas, that have been performed in various tokamaks. Figure 9 summarizes measurements
from JT-60U, JET, Alcator C-Mod, TCV, DIII-D, ASDEX-Upgrade (AUG) and Tore Supra
[82,135-142]. In single-null divertor configuration with the ion Bx VB drift direction
towards the divertor, and medium plasma density, n,/ngw ~ 0.4-0.45, the Mach profiles in
the near-mid SOL indicate that the stagnation point is near and below the outer midplane.
Measurements in the HFS SOL (JT-60U, C-Mod) show that M) reaches near sonic levels
(0.5-1), whereas measurements of M) in the narrow region near the separatrix show no
(C-Mod) or small flow towards the plasma top ( M), ~ 0.15 in JT-60U). In the LFS, SOL flow
towards the divertor was observed in JT-60U [135], DIII-D [140] and AUG with typical M,
near the separatrix of 0.4-0.5, as seen in Fig. 9, suggesting that the stagnation point is
between the LFS midplane and the X-point. In short, the plasma is flowing away from
slightly below the midplane, upwards toward the HFS divertor and downwards towards the
LFS divertor, reaching a maximum in the HFS.

From the existing multi-machine data, the following observations can be made, namely
that the direction of flow can be reversed when By is reversed and that there is a trend
towards a lower, single, offset value of M) in the near SOL with increasing n, (LFS
midplane in C-Mod and at the plasma top in JET). At the LFS midplane (C-Mod, JT-60U
and TCV) the direction of the SOL flow changes with Byt reversal as seen in Fig. 9. In the
plasma crown at DIII-D (Fig. 10), M, is small and toward the LFS when VB is away from
the X-point and large when VB is toward the X-point, flowing toward the HFS.

General Atomics Report GA-A26173 13



Edge turbulence and SOL transport in tokamaks J.A. Boedo

10 Bx<VB+ JET |T&

05F B ‘_g

= BxVBt 5

0.5 I §

JET 20 40 w0
1.0 BX‘VB/’/-\ AT .\ Distance to separatrix (mnm OMP)
5 Stagnation 1.0
@ B
| /ﬁ/\({ IE point BxXVB! o5t |_ B V|| 8
2 0 Jr XVB‘ — <_ | -0 “S
C-Mod 3 JT60U = N
-0.5 | L.“:;-‘ —}_0'5 B I%
W= 3 10 Stagnation - 101 : . o)
i i oint BxVB+ “ 0 20 40 60
Dlsta: %e Mozeepamsiri{mmiONE) ; Distance to separatrix (mm OMP)
0.5 | Bxv! F, i JT60U 1 5
» '0 BxVB+ V= ' £
’ T60-U :“,: 05 x VBt 5
o I160z Is O BxVBe Ig
0L & 1 \ 400 . . . N,
Distance to separattix (mm OMP) 0 20 40 60

Distance to separatrix (mm OMP)

Fig. 9. Measurements of the Mach number on various poloidal locations in JT-60U and JET for VB
towards/away from the X-point.

X point mach # vs VB and injection direction

0-8 T . T T T T T
‘ a
'(Ii'g inr?er 06! . ® | Plasma crown
ivertor | " oy bR 3 5 06{—v
IR N sht e B B 34 M= B s i .
0.4, Core & '\/"{"‘!"‘t b | 05| | == V8 fwr b%gal"d?{f'gs (b).’
- S5L 04| — VB twrd 60% drifts ',' y;
 — ) l' //
s 02} 1 § -0.3 Toward ’ 7
\ PAPMYY F oz e i
0 v ¥
\V -0.1
To outer UW\ W 0.0
divertor |-0.2 - ——131227 CoNBI ABaw Xpt |1 '
r’f ——131228 Cou NBI AB aw Xpt 0.1
- — = -126904 Cou NBI AB aw Xpt -0.01-0.05 0 0.05 0.0100.0150.0200.025

-1.0-05 00 05 1.0 15 2.0 25 3.0
R-Rrsep (cm)

R-Rrsep (M)

Fig. 10. (a) Radial profiles of measured Mach number at the plasma crown in L-mode discharges at DIII-D for
VB away from the X-point (solid lines, co and counter injection) and VB towards the X-point (dashed line).

(b) UEDGE simulations of the M) at the same location and VB direction cases while varying the strength of
the classical drifts.
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In various devices (Alcator C-Mod, JT-60U and TCV) an offset, circa M ~ 0.3, appears
by changing n, at fixed B, which suggests that a Bp-independent component of the SOL
flow is produced towards the HFS SOL, and that it is comparable to the By-dependent
component. In short, there is a By direction-dependent component (classical drifts and edge
rotation) and Bry-independent component (in-out asymmetry in edge diffusion and divertor
detachment) combining into complicated SOL flow pattern.

4.2. FLOW-INDUCING MECHANISMS

A variety of classical drifts (E xB and BxVB) play a role in transport in toroidal
geometry [142] and recently, the role of ion Pfirsch-Schluter’s flow, due to in-out asymmetry
of E, x B and VB drifts, has been elucidated [143—145]. The P-S flow has the flow direction
against the ion BxVB drift, and the analytical expression [145] in confined plasma,
V”P S = 2q(Er -Vp;/ eni)cosﬁ/ B (g is the safety factor, 0 is the poloidal angle) has a
maximum at the midplane. Evaluation of vPS was done at the LFS midplane for normal and
reversed By cases in JT-60U [146] and in TCV [139] where the calculated value of yPS
(normalized by the sound speed), shown in Fig. 11, matches the measured values of M), for a
variety of conditions. On the other hand, effects of changing Bt appear to be large on the top
of the plasma in various devices (JET, DIII-D and JT60-U) in a region where the PS drift
effect is supposed to be small, so other mechanisms are required.

1.0

M, (Pfirsch-Schilliter)

Fig. 11. Comparison of the calculated M) due to PS

A mechanism versus the experimental measurements of

-0.5 0.0 0.5 M, at the midplane of TCV for various plasma
M, (Experiment) conditions showing remarkable agreement.

To clarify the role and strength of a drift-independent mechanism driving parallel flows,
hypothesized to be a pressure peak at the midplane caused by the ballooning character of the
turbulent transport, experiments were performed in Alcator C-Mod and TCV [82,139]. SOL
plasma flow profiles were examined while the geometry was changed (LSN, USN and DN
for Alcator only) and, at TCV [139], the profiles taken above and below the effective
midplane for the USN and LSN were subtracted to eliminate the contribution of the drift
terms, revealing an offset, drift-free component [139] which disappeared at the midplane. In
Alcator, the measurements of flow along the field line and pressure at two points (HFS, LES)
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were compared [82] concluding that the plasma flow was enhanced by higher static pressure
in the HFS, considered to be caused by the larger radial turbulent flux ballooning.

Experiments at DIII-D [140,147] showed the parallel Mach number in the divertor
region, which increases monotonically from M| ~0.2 near the X-point to M| ~1.0 at the
target plate, suddenly increased to M) =1.0 (i.e. sonic flow) across the whole divertor upon
detachment. The plasma velocity did not change (7, dropped), however the mass and
momentum flow increased by factors of 3 due to the density augmentation. In JT-60U [136],
the HFS M) profile shows increased flow towards the HFS divertor during detachment and
such increase is more marked in the far SOL (2x) than in the near SOL. Recent DIII-D
experiments [148] show that divertor pumping can cause a 100% change in the near SOL M,
midplane profile, as shown in Fig. 12. Therefore, the classical view that the target plate
conditions are important drivers for parallel flows is still quite relevant.

Midplane Mach # vs Pumping and injection direction

0.8 ; : .
. —e— 131237 @ 2.6 s Co injection
To inner —— 131237 @ 4.1 s Cou injection
divertor | 0.6+ ~-=-- 131246 @ 2.6 s Co injection
""077 131246 @ 4.1 s Cou in
0.4
4 Core
£
g ool
= ;
0
To outer B
divertor 0.2 - 1 Fig. 12. Profiles of Mach number at the midplane in
L-mode discharges in DIII-D for co- (red) and
o counter-injection (blue) cases with (dashed lines)

1.0-05 0.0 05 1.0 1.5 2.0 25 3.0 and without (solid lines) divertor pumping. Flow is
R'Rrsep (cm) shifted to the outer divertor by pumping.

The SOL and core plasma can also exchange momentum due to diffusion, convection and
viscosity, contributing to other sources of flow. The relationship between the edge rotation
and SOL flow was investigated in C-Mod [149] in plasmas without external momentum
input concluding that SOL flows affect the core rotation via an as yet unidentified
mechanism. Conversely, recent DIII-D experiments [148] in L-mode with NBI heating
varied from co to counter injection (relative to ), have shown that the edge/SOL flow can
follow the core flow indicating outward momentum transport across the LCFS. Mach
profiles shown in Fig. 12 for pumped (dashed lines) and unpumped, otherwise identical
discharges show a significant difference if the core is co- or counter-injected. Investigation of
the coupling between the edge and SOL plasmas is important to understand not only the SOL
flow but also edge rotation physics in the plasma boundary.
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4.3. MODELING AND UNDERSTANDING

The state of turbulent transport theory has been recently reviewed [150]. Drift effects
have been implemented into 2D edge transport codes with realistic magnetic geometries such
as UEDGE [151,152], EDGE2D/Nimbus [137,153,154] and B2SOLPS5.0 [155,156], and
simulations lead to SOL flow patterns in qualitative agreement with those observed
experimentally. Results from UEDGE simulations of flows in DIII-D can be seen in
Fig. 10(b) showing that although the effect of drifts is properly reflected in the simulated
flow, the magnitude is underestimated by a factor of 2-3. EDGE2D simulations of JET
L-mode plasmas for the normal and reversed By [153] reproduce a shift of the stagnation
point and the observed direction of the flow but not the magnitude of the flow by factors of
2-3. Simulations have difficulty in generating fast SOL flows in the far SOL which is crucial
for neutral and impurity recycling at the first wall [152]. The B2SOLPS5.0 simulation for
C-Mod [156] achieved the experimentally observed values at the LFS midplane but the
simulation is very sensitive to the calculation of the electric fields across the LCFS and SOL.
A variety of improvements are implemented in the existing fluid codes, such as enhanced
diffusion at the LFS edge (such as p ) ~1/ B) [157-159], different momentum coupling
physics across the LCFS, torque generation due to difference in surface averaged j. [160],
and anomalous momentum transfer (Reynolds stress) [161] for different tokamak geometries
in order to understand the effects on the SOL flow. However, there is a growing awareness
[162] that kinetic modeling may be necessary to properly reproduce the measurements and
that will be a significant numerical challenge.
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5. SUMMARY

Significant progress has been made in the last few years in the understanding of radial
anomalous particle transport and asymmetries and analytical and numerical tools have been
developed. Intermittent transport has been characterized and good understanding has
emerged of its source, dynamics across the SOL and some scaling parameters. Work on
ELMS characterization, in particular fast imaging, fast SOL measurements and the
development of numerical tools exploring the peeling-ballooning physics explore the
principles ruling ELM birth and dynamics in the SOL. These topics have been the focus of
attention due to the ELM’s potential to breach engineering limits in ITER. Understanding of
parallel flows in the SOL has benefited from verification and integration of old mechanisms,
ballooning of radial transport and the newly found P-S drive into a more global paradigm that
has been incorporated into fluid codes. Work on thermal transport characterization and
understanding is commencing and it presents significant challenges due to the need for fast
T, and T; diagnostics. Finally, new work suggests there are EM effects at play in the
pedestal [163].
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