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ABSTRACT

The article describes experiments performed on JET over the past two years dedicated to
characterising ELM-averaged power exhaust (based on time-averaged divertor power deposition
profiles), with an emphasis on unfuelled, Type-l ELMy H-mode. Radia energy transport in the
SOL is found to behave differently in the ion and electron channels: the former is dominated by
(neo-)classical ion conduction, i.e. by diffusion of heat due to ion-ion collisions, while the later
appears to be governed by turbulent convection, most likely driven by MHD interchange and/or
drift-Alfven instabilities. Comparison of forward and reversed field experiments indicates that
classical drifts can explain the observed in-out poloidal asymmetry in the heat loads deposited on
the divertor. Whereas the role of ELMs needs further characterisation, a coherent picture of ELM-
averaged power exhaust can be formed by considering the role of collisional heat diffusion in the
highly dissipative SOL turbulence.

1. INTRODUCTION

1.1 MOTIVATION

Power exhaust isto fusion energy what landing isto aviation and what re-entry isto spacetravel. It
may belessexciting than ignition (or blast-off), but it isno lessimportant for the repeated operation
of the device. In existing tokamaks, power exhaust is only aminor concern for the lifetime of first
wall components, but it will be a critical issue in ITER. In more mundane terms, the exhaust of
power from the core plasma via the scrape-off layer (SOL) and the associated energy fluxes on
divertor plates and main chamber limiters, impose severe restrictions on the design of first wall
components in ITER [FedericiOl]. Characterisation of power deposition profiles and improved
understanding of SOL energy transport mechanismsare thushigh priority tasksfor the | TER project.
Indeed, the absence of a credible theory for the radial heat diffusivity y , , especially its functional
dependenceon local field and plasmavariables, was considered inthe I TER PhysicsBasis[I TER99]
to be the weakest link in the predictive chain, preventing a true coupling of code and theory and
reducing ITER extrapolation to empirical scalings of the power width, kq. This has motivated a
seriesof JET experimentsover the past two years dedicated to the study of power exhaust. Although
these experiments are a natural extension of the work presented at the previous IAEA conference
[Matthews03], they represent significant progress in the understanding of power exhaust on JET.
The aim of the present articleisthus threefold: 1) to review the previous JET experiments and the
accompanying modelling activity inthelight of more recent findings, 2) to present new experimental
and interpretative work, situating it firmly in the context of previously published results, and 3) to
form a coherent, up-to-date picture of ELM-averaged power exhaust, consistent with al available
JET data. To achieve these goals, the article necessarily consists of a combination of original and
previously published material. An attempt has been made to distinguish between the two as much
as possible, eg. by indicating if afigure has previously appeared in the literature. Nonetheless the
new contributions are generally mixed with previously published material. Origina contributions



include the detailed analysis of reversed field experiments in Section 3, theory-experiment
comparison of electron profile datain Section 4, and the systematic analysis of SOL turbulencein
Section 5.

Whilst an analysisof ELM (transient) power exhaust is highly desirable, the divertor diagnostics
have insufficient resolution to properly decouple the inter-ELM and ELM components of the
deposited heat load. The present article isthusrestricted to a discussion of ELM-averaged (steady-
state) power exhaust; the term ELM-averaged denotes a temporal average over the steady-state
(flat-top) phase of an ELMy H-mode discharge. The article is organised as follows. Section 1
introduces the general concepts of power exhaust and gives abrief overview of JET power exhaust
diagnostics. Section 2 isdevoted to animproved interpretation of forward field experiments, which
although previously presented, have benefited from more recent results. Section 3 discusses the
most notable of these, namely the reversed field experiments recently performed on JET [Pitts05].
Section 4 reviewsthetransport of electron thermal energy and itsinterpretation intermsof turbulent
convection in the SOL. Section 5 aims at constructing a coherent picture of ELM-averaged power
exhaust emerging from the results described in Sections 2 to 4, by considering theinterplay between
turbulent and collisional transport of plasma thermal energy in the SOL, while drawing a clear
distinction between theion and el ectron channels. Thisisaccomplished viaasystematic analysis of
dissipative properties of SOL turbulence. Finaly, in Section 6 the main conclusions of the article
are briefly summarised and extrapolated from JET to ITER.

There is now ample evidence indicating that radial energy transport is largest in regions of
unfavourable magnetic curvature, such that power enters the SOL almost exclusively on the low
field, outboard side of the torus. For example, in double null experiments, where the inner and
outer scrape-off layers are separated, nearly al the power arrives at the outer divertor [Pitcher97,
Stangeby00]. Thisis observed in both L- and H-mode, and for both inter-ELM and ELM phases of
the H-mode [Counsel102, Petrie03]. Such strong in-out asymmetries of energy transport may be
linked to the larger outboard area, outward Shafranov shift and bad magnetic curvature of the
outboard region; they appearsto hold over awide range of spatial and temporal scales.

Asaguidelinefor therest of the paper, aschematic of energy flow inthe SOL isshowninFig.1;
the meaning of the various mechanismswill be made clear in the course of the discussion. Although
this picture appliesto both the inter-ELM phase and the ELM transients, the relative magnitude of
the channelsin these two instances may differ substantially. In the plasmas considered in this study,
most of the power enters the SOL during the inter-ELM phase, with an ELM contribution,
PeLm/PsoL = AWEg mfeLm/PsoL ~ 0.2 — 0.4 where fg, \, isthe ELM frequency and AWg,
the stored energy drop, see Table 1. ELM-averaged power exhaust is therefore composed of a
dominant inter-ELM component and a smaller, but still comparable, ELM component. In terms of
Instantenous power fluxes, the peak ELM values exceed the inter-ELM levels by up to two orders
of magnitude.

In the presence of the H-mode transport barrier, with an associated reduction in edge turbulence



and strong temperature gradients in the pedestal region [Parail02], plasma energy enters the SOL
mainly by radial collisional diffusion (neo-classical conduction and ion orbit loss effects), i.e. the
energy sourcesarelocated outsidethe SOL itself. In contrast, particle sourcesare spatially distributed
inthe SOL, dueto recycling at the plasmafacing components, both divertor and limiter targets. The
clear spatial separation between the sources and sinks of energy inthe SOL, in contrast to the close
interplay of sources and sinks of particles, means that in many ways energy transport poses a
simpler, more tractable problem than mass transport, beit for fuel or impurity ions. Thisis perhaps
the key explanation as to why our understanding of the former is quickly outpacing the latter.

Thetransport of energy inthe SOL isan essentially three dimensional processinthat it involves
three orthogonal directions: paraIIeI”, diamagnetic A and radial L, characterised by the orthogonal
unit vectors 8= b=B/B, e, ande,. The| and A directions define the flux surface, and provided
the system is axis-symmetric (a/a¢ ~0), may be combined into asingle, poloidal direction 6 with
€ = €, x e, and ey - e, =0. This simplification does not change the fact that plasma transport
occursinthree(]|, A, L) rather thantwo (0, L) directions. Tofirst order, theradial extent of the SOL
and the peak heat |oads on the divertor and limiter tiles are governed by competition between || and
1 transport, i.e. between the rapid transport parallel to the magnetic field and the much slower
transport perpendicular to the local field; to this order, transport in the diamagnetic A direction
mainly affects the in-out asymmetry of the deposited power, i.e. the ratio of power arriving in the
inner and outer divertor legs; the relation between in-out asymmetry and A transport isdiscussed in
detail in 83.

A key property of any tokamak equilibrium is the direction of its toroidal magnetic field, and
consequently of the vector product BxVB; since VB isaways directed towardsthe mgjor axis, this
product changes sign upon field reversal. In what follows, we define the forward field (fwd-B or
BxVB |) direction such that BxVB points towards the X-point (that is down in the case of lower
single null plasmas); reversed field (rev-B or BxVB T) direction is defined such that that BxVB
points away from the X-point. While parallel conductionislargely independent of BxVB direction,
energy and particletransport in the diamagnetic A direction depends on BxVB throughitsinfluence
on guiding centre drifts (this point will be made clear in Section 3). As a consequence, SOL flows
(both main species and impurity) and divertor asymmetries (density, temperature, pressure, power
and radiation) are highly sensitive to the BxVB direction. For example, the power threshold for the
L-H transitionissubstantially higher with BxVB away from the X-point, such that it ismore difficult
to attain the H-mode with a given amount of auxiliary heating [Connor00]. For that reason, most
tokamak experiments are performed in fwd-B configurations, which isalso the chosen direction for
the ITER reference scenario. Therefore, investigation of power exhaust in fwd-B plasmasisclearly
thefirst priority, athough operation inrev-B can be extremely useful in advancing our understanding
of power exhaust mechanism, eg. role of classical drifts.

The physics of parallel energy transport in the SOL is generally well understood
[StangebyQ0Q]; in the collisional regime it is well described by a fluid approximation with



classical Spitzer-Harm-Braginskii heat diffusivities, which in the long mean free path limit are
modified with appropriate kinetic corrections, colloquially known as heat flux limits. In contrast,
perpendicular transport isgenerally considered to be anomal ous, a historical euphemism suggesting
turbulent convection; as was already mentioned, the ITER Physics Basis points out the absence of
areliable theory of perpendicular heat diffusivity [I TER99]. The search for such atheory is the
primary motivation behind the work described in this article.

1.2 POWER EXHAUST DIAGNOSTICSON JET

The JET experiments described below were based on alower single null, high clearance magnetic
configuration with typical inner and outer mid plane wall gaps of AR;, = 26cm and AR, ; = 16cm,
respectively, Fig.2. The main advantage of this configuration is the freedom to slowly shift the
plasmaasarigid-body, either vertically or horizontally [RiccardoO1, Fundamenski02]. All plasmas
are identical in shape, with boundary elongation of ~ 1.7, and upper and lower triangularities of
0.16 and 0.24, respectively. Vertical trandation isused to characterise the power deposition profiles
ontheinner and outer divertors, with strike pointslocated on the lower vertical divertor tiles. Three
types of diagnosticsare used to measure deposited power profileson JET divertor targets. Langmuir
probes (LP), infra-red thermography (IR) and embedded thermocouples (TC). A detailed discussion
of these diagnostics may be found in [FundamenskiO4], including their positions in the divertor,
Fig.1 of [FundamenskiO4].

The TC method, first described in [Riccardo01], involves slowly lifting the plasma as arigid-
body, such that the separatrix strike point passes over the thermocouples embedded in the lower
vertical divertor tile. Typically, vertical translations of ~ 15mm/s, lasting 6 seconds are employed
during the flat-top phase of neutral beam heated discharges, when plasma conditions remained
constant. Finite element modelling of the divertor tile then allows atime-averaged (hence, ELM-
averaged) deposited power profile to be extracted. This is done using a variational approach in
which the shape of the profileis prescribed as a skewed Gaussian function and its height and width
are adjusted until an optimal match to the experimental time trace of the thermocoupleis obtained.
In this way, the profile of the total deposited power or the heat load on the divertor tile can be
calculated. The method has alower sensitivity limit of ~ 10mm along the target, determined by the
depth of the thermocoupl e beneath thetile surface. Sincethisiscomparableto the narrowest deposited
power profile measured on JET, the swept TC method offers an upper limit on the actual ELM-
averaged profile width. Note that arelatively long flat top phase is needed for the vertical sweep,
which rules out TC measurements of the ELM-free H-mode phase.

Infra-red thermography (IR) on JET was discussed in [Eich03]. This method also measures the
total deposited power, but suffers from two major complications. the thermal properties of thetile
surface, including reflections of visiblelight, and finite pixel size of ~ 7mm along the target, which
limits profile resolution. On JET, due to the tangentially viewing periscopic system, the latter point
Is particularly restrictive, with typically only afew pixels per profile. This has been addressed by



measuring the instrument function of the periscope optics using an in-situ black body source. The
function was then used to deconvolute the actual profile shape; the resulting TC and IR profiles
agree within measurement errorsfor both L- and H-mode shots. An examplefor the natural density,
Type-| ELMy H-mode case (B¢ = 25MA, |, = 24T, Pyg| = 12MW NBI, unfuelled) is shown in
Fig.3, which is adapted from Fig.5 of [FundamenskiO4]. The fluxes represent target loads, g, i.e.
energy fluxes per unit area of the divertor target. To convert theseto parallel energy fluxes, a inthe
plasma, onemust multiply by theinclination of themagneticfield linesrelativeto thetarget q"/qt ~1/9n0 |,
witho, ~ 3-5° for plasmasin this study. Profiles are mapped from the distance along the target, sto
the radial distance upstream (at the outer mid-plane) r,, using anet flux expansion factor, ® = ds/dr,,,
which was obtained based on an EFIT reconstruction of the magnetic equilibrium. This factor is
found as® ~ 4 in the vicinity of the strike point, such that r [mm-omp] = s[mm-z] / 4, where mm-
omp and mm-z indicate the unit mm measured at the outer mid plane and along thetarget, respectively.
The profiles are parameterised in terms of two variables: peak heat flux gy and the integral power
width, defined askq = [odr /9o The latter of can be used to define the near-SOL (r / kq <2-3)and
far-SOL (r/ kq > 2 —3) regions, such that plasma power isby definition exhausted primarily viathe
near-SOL region. Unless otherwise specified, the term SOL will implicitly refer to the near-SOL
region.

Figure 1 also showsthe power profile obtained by lifting the plasma on a shot-by-shot basis; the
deposited profile was then obtained from the change in the ratio of energy deposited on the lower
and upper tiles of the outer divertor, as measured by the thermocouples [Matthews01]. Aside from
errorsin plasma positioning, thisisthe most accurate measurement method, and indicates that the
TC and IR profilesin Fig.3, slightly overestimate the width of the actual ELM-averaged heat |oad
profile. Thisiscons stent with the measurement constraints of both TC (depth of thermocouple~ 10mm)
and IR (pixel size ~ 7mm) methods discussed above.

Finally, divertor Langmuir probes are used to measure the plasma flux, I'y and electron
temperature, T, profilesin the divertor. The steady-state el ectron energy transmission coefficient is
relatively insensitive to plasma conditions and may be taken as vy, ~ 5 [Stangeby00]. With this
assumptiontheelectron parallel power flux into the sheathiscomputed asq p~ 5T I . It isessential
to note that Langmuir probes provide the electron power flux, but offer no information on theion
power flux into the sheath; in other words, q; p ~ g,. Although the collisional assumption T; = T is
often invoked to approximate the ion power flux as q; ~ v, T;I'g ~ 2T [, it may underestimate the
ion power flux under low collisionality conditions, when the ion and electron thermal energies
become effectively decoupled. Thisisthe most likely explanation for the difference in magnitude
(by afactor of 4in highest power discharges) between thetotal (TC or IR) and electron (LP) power
fluxes in Fig.3, despite a good match in the shape of all three profiles. In contrast, under lower
power, L-mode conditions a good match in both the shape and the magnitude is found (see Fig.2
in [FundamenskiO4]). It should be noted that the LP profile in Fig.3, represents only the inter-
ELM electron power, i.€. g_p ~ dg inter-eL M- SiNCE the voltage sweeping rate of the Langmuir



probes (100HZz) setsthetemporal resolution of the diagnosticsat 10ms, whiletypical ELMson JET
last lessthan 1ms, the probes cannot measure el ectron energy flux during the ELM itself. Thispoint
will be further discussed in Section 2.

To give a sense of scale, the poloidal gyro-radius pg; evaluated at the outer mid-plane, which
measures the neo-classical banana orbit width ~ 2py;, is also shown in Fig.3; the poloidal field at
the outer mid-planeis, of course, larger than the flux surface average, (By/ B)Omp ~0.3vs. <By/B>
~ 0.1, due to the ~ 1/R dependence of the toroidal field. The poloidal ion gyroradius in Fig.3 was
evaluated for three val ues of theiontemperature: 100, 300 and 1000eV, which span the range between
the top of the pedestal (T; ped ~ 1.1keV) and the upstream separatrix (T; sep ~ 100 - 200eV). The
narrow structure in the deposited power profile (~ 2-3mm-omp) is evidently smaller than rgi at the
pedestal (~ 6mm-omp) but roughly equal to pg; at the separatrix (~ 2-3mm-omp). The ratio of
poloidal and total gyro-radii is small (pg;/p;j)omp ~ (B/Bg)omp ~ 3, such that the near-SOL profile
width is comparable to the pedestal p; ~ 2mm-omp and only threetimes|arger than the separatrix
p; ~ 0.6-Imm-omp. Since p; is the smallest length over which radia variations can exist in a
magnetised plasma, this strongly suggests that the dominant radial energy transport processin the
near-SOL iscloseto thelower (laminar) limit set by collisional ion heat conduction. We can therefore
expect ion collisions to play an essential role in SOL energy transport, at both the inter-ELM and
ELM stages.

2. FORWARD FIELD (FWD-B) EXPERIMENTS: BXVB TOWARDSTHE X-POINT

2.1 EXPERIMENTAL RESULTS

Over the past two years, 22 high clearance discharges dedicated to energy transport have been

performed on JET intheforward field directionfor arange of conditions[FundamenskiO4]. Parameter

variation included:

» Neutral Beam Injection power, Py, from 4 to 18MW

+ Additional fuelling rate, with avariation of the Greenwald fraction n/ng,, ~0.3- 1

* Toroidal magnetic field, Bo from 1to 3 Teda

* Plasma current, |, from 1.5 to 2.5MA, with avariation of the safety factor, ggs ~ 2.6 - 3.8,

* MassA and charge Z of plasmaions; both deuterium (D) and helium (He) plasmas were studied,
with 16D and 6He dedi cated discharges. Note that the ratio of mass/chargeisthe samefor He'" as
for D" (A/Z = 2), such that the effects of mass and charge cannot be decoupled.

Both confinement regimes are included in this study with 3 L-mode and 19 ELMy H-mode

discharges. In the latter case, most D plasmasinvolved Type-I ELMs, while He plasmas exhibited

the smaller Type-111 ELMs; unfortunately, the Type-I ELMy H-mode regime could not be attained
in helium plasmas due to lack of sufficient neutral beam heating power (HeO injection was used).

There was no additional fuelling during the H-mode phase in most discharges, producing the so-

called natural density H-mode operation, in which the plasma density is determined by particle

recycling alone. A detailed analysis of these experiments may be found in [ FundamenskiO4]; below



we briefly revisit thisanalysisin the light of more recent results.

The peak heat |oads on the outer divertor, both total g, (TC) and electron g, (LP), are shownin
Fig.4, where they are plotted vs. the total power to the outer target P, (TC); this figure is adapted
from Fig.3 of [FundamenskiO4]. Inner target heat loads are not shown as these are smaller by a
factor of five; we will return to the issue of in-out asymmetry in the following section. The results
are divided into D and He plasmas, and only unfuelled (natural density) H-mode discharges are
shown,; for reference, the L-mode points are also indicated. For D plasmas, ¢, = 0, + ¢, increases
faster than linearly with input power, indicating that the SOL power profile becomes narrower with
P sincedq o< P/ G- It @ls0 beginsto greatly exceed the el ectron peak heat |oad g, as measured by
LP, which increases slower than linearly with P,; this discrepancy (excess heat load) between the
total and electron values was already noted in connection with Fig.3. We may interpret this excess
heat load as the upper limit on the net ion heat load, ¢ = 0 i m + G gLv, defined as the sum
of inter-ELM and ELM ion contributions (assuming of course an ion distribution function with
T, > Ty, which may be written as

Giot ~ 9e, LP ~ Gtot ~ e, inter-ELM ~ Gi. inter-ELM T U ELM T e ELM > G ~ 2T I

Theneglect of charge-exchange neutralsand radiation isjustified by the fact that these mechanism
are afactor of 100 too small to account for the excess peak heat loads. On the other hand, the role
of energetic particles (both ions and electrons) associated with ELMsis made explicit in the above
formulation. The difference between the excess heat load g - dg | pand theion contribution ¢, is
thus the unknown electron ELM heat load dg g - While this quantity cannot be diagnosed at
present, kinetic simulations indicate that the electron contribution to the ELM deposited power is
typically less than 50%, and may be aslittle as 20%, i.e. Py g\ / (P gL v + Pe gLv) ~0.2-04
[Bergmann02]. Since the electron pulse during the ELM is deposited more promptly than the ion
pulse, we expect the el ectron contribution to the peak heat load to be somewhat larger. With ELMs
responsible for roughly athird of the power crossing the separatrix in these shots, P, g, amounts
to < 15% of Py, . Thus, to first order we may identify the excess power with theion contribution.

The decoupling of ELM and inter-ELM componentsis additionally complicated by the fact that
ELMs do not appreciably broaden divertor power profiles (at most by afactor of 2) with respect to
their inter-ELM values [Herrmann03]. The presence of Type-l11I ELMs in helium plasmas further
complicates the issue, Fig.4. It may thus be argued that excess heat flux gy, - g | p Observed for
high power deuterium H-modes, issimply aremnant of the larger type-1 ELMs; in helium plasmas,
in which only the smaller Type-1ll ELMs are found, this excess ¢ - dg | p IS indeed very small,
Fig.4. In the absence of Type-l ELMy H-mode helium data, this point cannot be conclusively
resolved. As aresult, it is difficult to decouple the inter-ELM and ELM contributions as has been
indicated in the schematic of Fig.1. This caveat will be implicit whenever the ion and electron
powers are mentioned below.



The separatrix ion collisionality, vi* =L /A e L"n/TiZ, whereL  isthe connection length and A;;
isthe ion-ion collisional mean free path, emerges as the governing parameter for the excess peak
heat |oad on the outer target ¢; ~ Gy, - g, | p- Thisisindicated by Fig.5, where g,y/de | pis plotted
S vi*. While electrons remain collisional (v*e =L /A > 30) in &l cases considered, ions become
progressively less collisional with input power, down to thelevels of marginal collisionality in high
power, unfuelled, deuterium Type-1 H-modes (v*i < 3); the cubic dependence of the collisionality
ontheion chargeisresponsiblefor the high values of v*i in helium discharges. Both collisionalities
were calculated using the two-point model estimates of upstream temperatures and density, T, |,
T; yand ng , [Stangeby00], based on target L P measurements of T, ; and ng ; and the peak target
heat flux g Based on the g; ~ Oy - dg | p @ssumption, the inferred ion temperature at the outer
target is ~ 300eV at lowest collisionality [FundamenskiO2]. Carbon ion temperature profiles,
measured by charge-exchange resonance spectroscopy, indicate that TiC6+ varies slowly in the
pedestal region, with T; .,“*" ~0.8T; [ oq~°" ~ 7006V [Andrew04]. Provided T,”" ~ O(T;**"), the
inferred target T; and the estimated separatrix T, D+ are comparable, then the hot target ions originate
close to, within one poloidal gyro-radius of, the separatrix.

It should be noted that unlike Fig.4, which contains only unfuelled H-modes, Fig.5 also includes
additionally fuelled H-modes. This showsthat the beneficial effect of fuelling in reducing the peak
heat |oad occursby increasing theion collisionality. Since high collisionality implies strong coupling
between ion and electron channels, we expect T; ~ T, and hence dg | p ~ 0 Under collisional
conditions. Thisisin fact observed in Fig.5, where for vi* > 10, the electron and total peak heat
loads are nearly equal (0/de, | p~ 7/5) asexpected from sheath physics, which for T; ~ T, predicts
Giot ~ G + Ge, Lp~ 7Tl g and gg | p~ STl Under collisionless conditions (vi* <5), theratio
Oiot/de, Lp INCreases above unity and the ion heat flux begins to dominate, Fig.5. As shown in
the figure, thisratio is strongly correlated with the steepening of the power profile measured
bY Otot/ Upase: Where Oy ,s0 1Sthe peak heat load extrapol ated from thefar-SOL (base) profile, i.e. the
excess (ion) contribution determines the integral width of the near-SOL power profile. In JET
H-mode discharges this width has been found to scale as

kqall o AO‘ZBBq,"1'03q950'6Pt"0'41ne, uo.251 o+ B =1.04 2.1a)
if all discharges are included, and
qu o AaZBB¢—o.93q950.41Pt-o.48ne’ uo.15’ a+p=111 (2.1b)

if only H-mode shots are retained [FundamenskiO4]; the 0.95 flux surface index is included to
differentiate the safety factor from the heat flux, both of which are denoted by g. Both of the
scalings (2.1a) and (2.1b) are dominated by natural density H-modes under attached conditions.



2.2 THEORIES OF RADIAL ENERGY TRANSPORT

In order to determine the mechanism of radial energy transport in the SOL, the experimentally
obtained scalings (2.1) have been compared with the predictions of all available theories of radial
heat transport. The collection of theories and their labelling are essentially borrowed from
[Connor99]. Theinterested reader isreferred to that study and the citations contained therein, for a
detailed description of the underlying physics of each theory. The scaling of the heat diffusivity x|
withA, Z, By, dgs, Neand T and A, predicted by individual theoriesis summarised in Table 1 of
[FundamenskiO4]. In addition, several theories for kq and y, not considered in [Connor99] have
also been included in the comparison, involving the collisionless radial lengths:

* Y 1:ion gyro-radius, p; o AO'SZ'lB'lTiO'5

* Y 2: poloidal ion gyro-radii, pg; ~ p;(B/Bg) o AO'SZ'lBe'lTiO'5

* Z1: electron gyro-radius, pg o< B'lTeO'5 the footprint of direct ion orbit loss on the outer

divertor target,

* X: direct ion orbit loss, kqx, see (2.2) below and collisional heat diffusivities,

* Al: classical ion heat conduction, XLAl

* A2: neo-classical ion heat conduction, XLAZ o XlAl(B/Be)2 o peiz\’i

* A3: classical electron heat conduction, y, LAs ~X lAl(me/mi)ll % o pezve
where v; and v, are the characteristic ion and electron collision frequencies. Because of their
importance in what follows, a brief discussion of these theoriesis appropriate. The role of the ion
and electron gyro-radii was aready mentioned in the context of Fig.3; they determine the smallest
possible radial variation of the ion and electron distribution function, respectively.

lonorbitloss(IOL) isawell known transport mechanismin diverted tokamak plasmas[Shaing89];
it can be accurately described as neo-classical transport in the presence of the X-point, and involves
the opening out of the ion banana orbits by the change in the field topology in the vicinity of the
separatrix. The loss orbits then terminate at either the inner or the outer divertor target, assuming
the radial distance to the limiter exceeds 2 — 3 poloidal gyro-radii. The topology of the loss orbits
and hencethein-out loss asymmetry istherefore highly sensitiveto the direction of the BxVB drift,
which determines the sense of poloidal rotation of the guiding centre in the banana orbit. In the
past, ion orbit loss has been suggested as a possible explanation of both the L-H transition [ Shaing89]
and narrow structures in deposited power profiles [Lingertat97, FundamenskiO2].

The effect of field reversal onion orbit lossisillustrated in Fig.2, which shows the results of a
calculation using the guiding centre Monte-Carlo code ASCOT [Heikkinen01]. The magnetic
equilibria used in the simulations were reconstructed using EFIT for the matching fwd-B and rev-
B pulses, 50415 and 59589 in Table 1. Theinitial ion launch location islabelled dark grey (blue) if
the orbit terminates at the inner target and light grey (red) if it strikes the outer target. In the fwd-B
direction, Fig.2(a), the outer launch orbits terminated mostly on the outer target, and the inner
launch at inner target. The situation isreversed in rev-B direction, Fig.2(b), where the outer orbits
terminate at theinner target and viceversa. It isevident that the out-in asymmetry of direct ion orbit

2
o< Pj Vi



losses is highly sensitive to the BxVB direction.

For typical JET H-mode conditions, ions lost from the top of the pedestal effectively follow
direct, collisionless orbits in the S*OL (v*i, ped < 1), while those lost close to the separatrix suffer
multiple collisions in the SOL (v ; sep > 1). It is therefore useful to draw a distinction between
direction orbit loss, in which collisions only play arolein the pedestal region (i.e. in the generation
of the scattering of ions onto lost orbits), and collisional ion orbit loss, in which collisions in the
SOL significantly modify thetragjectory leading to diffusive radial broadening. Thisdistinction was
made explicit in Fig.1, where only direct IOL bypasses the thermal ion population in the SOL.
Earlier studies showed that the observed JET outer target profiles could be explained by direct ion
orbit loss, provided rather large values of theradial electric field in the SOL (ErSOL ~ 30-50kV/m)
were assumed [FundamenskiO3]. These conclusions were based on simulations of ion orbit loss
using the guiding centre Monte-Carlo code ASCOT [Heikkinen01] in realistic JET geometry with
reconstructed edge and SOL plasma and neutral profiles [FundamenskiO2]. Nevertheless one
important feature of these simulations was the assumption of sharp pedestal profiles, such that all
particleswerelaunched with pedestal energies and therefore the SOL plasmadid not significantly
broaden the orbits. Hence, despite the inclusion of SOL plasma and neutrals, the simulated
process constituted only direct ion orbit loss. Over thirty ASCOT simulations were performed
with 1.5T < B, < 3.5T, 2.6 < g5 <5.2, 3m <R < 6m, A< 12 and Z < 2, to calculate the footprint
of direct ion orbit loss on the outer divertor target in the forward field direction. The result is the
following scaling for target power width [ FundamenskiO4]:

qu =22 AO.35iO.03 Z—0.8i0.06 Bf—0.89i0.04q950.88i0. 1 ped0.39i0.lne, ped—0.08i0.l(R/3)0.8i0.1 2.2)

where qu iSin mm-omp, B¢ the on-axis toriodal field in Tesla, R isthe major radius in meters,
T, ped theion pedestal temperaturein keV, and ng ped the pedestal density in 10 m~3, We note
that kqx ~ L”0'85, when the R and g5 scalings are combined. Not surprisingly, kqx scalesroughly
asthe poloidal gyro-radius p;, i.e. asthe bananawidth. The minor difference can be explained by
topological effects associated with the X-point and collisionswith the SOL background plasmaand
neutrals. At this stage, the scaling with SOL density and temperature has not been not properly
assessed, but such a study is envisioned in the future.

Thefinal threetheories (A1, A2, A3) involvecollisional transport. A modern account of collisional
transport in magnetised plasmas, generaly referred to as classical and neo-classical transport,
including aderivation of the corresponding radial heat diffusivities, may befound in [Helander02].
The terms classical and neo-classical refer to the cylindrical (e =r/ R — 0) and toroida (e > 0)
geometries respectively. In both cases, radial heat conduction can be approximated as a diffusion
process with aradial step taken as the gyro-radius and step time as the collision frequency, i.e.
Xlo pczvc where ¢ €{i,e}. Since the gyro-radius is much larger for ions than for electrons, on
account of their larger mass, collisional heat conduction isalso much faster for these species. Inthis
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approximation, classical and neo-classical transport differ mainly in their radial step size, with p,
taking the role of p;, and enhancing the classical  |; by afactor ~ (Pei/Pi)2 ~ (B/Be)z. The above
picture neglects the role of collisionality, v*i ~ Rags/v;;- When it is included, three separate neo-
classical transport regimes may be distinguished, which in order of increasing v*i, are known as
banana, plateau and Pfirsch-Schlueter regimes. In practice, the intermediate (plateau) regime
disappearsfor € > 0.2, relevant to the edge plasma, such that neo-classical transport can be effectively
divided into the low collisionality (v*i < 1), banana regime and the high collisionality (v*i > 1),
Pfirsch-Schlueter regime [Helander02]. In the former, the collision frequency is much smaller than
the transit, or bounce frequency of the banana orbit, and the simple diffusive picture with radial
step size pg,; applies; the only modificationisafactor f, ~ 1.5¢Y2 (f;~0.85for e ~ 1/3), representing
the fraction of trapped (banana) particlesin thetotal ion population, such that lAZ ~15¢Y 2p9i2\/ii
~ (B/Bg)?x, .

Thisregimeisunlikely to exist inthe SOL for two reasons. 1) asalready mentioned, the effect of
the X-point leadsto the opening out of bananaorbits, i.e. toion orbit loss, 2) ion collisionality inthe
SOL exceeds unity, v*i > 1, cf. Fig.5. Consequently, neo-classical transport in the SOL should bein
the Pfirsch-Schlueter regime, in which the ion orbit is frequently interrupted by ion-ion collisions.
Thisleadsto a highly asymmetrical radial heat flux, with an outflow of heat on the outboard, low
field side and an inflow on the inboard, high field side, changing sign at the top and bottom of the
torus, % LPS ~ 1.6q952[e'1cose +O(D)]x lAl, where g is the poloidal angle (6 = 0 at the outer mid-
plane). When averaged over the flux surface, the two large contributions cancel to the highest order
in g, leaving a difference of order ¢2. This results in the enhancement of the flux surface
averaged value of the heat diffusivity with respect to the classical value by afactor of 1.6q952
where qgg5 ~ €B/By)gs is the average safety factor on the 0.95 flux surface. The final diffusivity
can bewritten asy lAZ ~ 1.6q952x LAl ~1.6eXB/ Be>2x LAl. Dueto the presence of the X-point and
the opening of flux surfaces in the SOL, the above estimate of the Pfirsch-Schlueter diffusivity
obtained for closed flux surfaces could be significantly modified in the SOL. Nonetheless, this
value should serve for the purpose of the cross-theory comparison.

In JET discharges considered here, € ~ 1/3 and g5 ~ 2.6 are typical, such that the flux surface
average ‘B/Bgqs ~ 8; this should be compared with the outer mid-plane ratio of (B/Bg)gmp ~ 3
obtained from the EFIT reconstruction. Consequently, the bananaand Pfirsch-Schlueter enhancement
factors, O.85(B/Be)2omlo ~8and 1.6q952 ~ 11, respectively, areroughly equal provided theformeris
evaluated at the outer mid-plane. In addition, for aplasmaof fixed size, such that € = constant, both
the bananaand Pfirsch-Schlueter heat diffusivities scaleidentically with plasmaand field variables;
for thisreason we do not distinguish between these regimes, but retain only the generic neo-classical
form, x, % o< 3, A4(B/Bg)” o= 1, g5

We close this brief discussion by ordering the theories of radial heat diffusivity in the SOL in
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terms of increasing complexity:
* Q: x, = constant,
*Y, Z: collisionless (Aq ~ pg, Poo):
* X: directionorbit loss (A, ~ kqx)
* A: collisional diffusion (), ~ classical, neo-classical)
* B-O: turbulent (MHD interchange, drift-Alfven), charge-exchange and ad hoc

2.3 COMPARISON OF EXPERIMENTAL RESULTSVS. THEORETICAL PREDICATIONS
In order to perform the comparison for such alarge number of theories, the power width Ay was
related to x, using a simplified diffusive model of SOL energy transport, Appendix A of
[FundamenskiO4],

1/2 -1 -1 -1 2
A= Camp)™ T T s v ehfes e Lye (23)

where Tiv and Ty, &€ the convective and conductive energy |oss times, respectively, and T isthe
harmonic average of the two. While the magnitude of kq(x 1) in this estimate is at best valid to
within afactor of two, its scaling with plasma, field and ion variables should be captured to amuch
higher accuracy. Thiswas in fact demonstrated by comparing kq in the limits of conductively and
convectively dominated parallel transport, }qu = kq(r”\,) and ;qu = kq(r”X), respectively. The
comparison showed that the scaling of xq(x 1) wasinsensitive to the details of parallel transport. In
addition, the diffusive estimate (2.3) was successfully validated under attached plasma conditions
against the 2-D fluid transport code EDGE2D [FundamenskiO4].

The error between the theoretical prediction and experimental kq scaling isshown asabar chart,
where each bar represents asingle theory and different shades represent contributionsfrom different
exponents in the scaling, Fig.6 (or Fig.6(c) of [FundamenskiO4]). The figure suggests that three
collisional theories (classical ion A1 and electron A3 conduction and neo-classical ion conduction
A2) givethe best match to the experimental data, with A1 aclear favourite, it being the only theory
to satisfy the diagnostic error margin indicated by the dot-dashed line [Riccardo01]. If only the
well known quantitiesZ(A), B, g5 are considered (the estimates of upstream density and temperature
values carrying significant error bars), the agreement between this theory and the experiment is
even more startling. In short, the best three theories all involve laminar (non-turbulent), collisional
transport with astrong indication that classical ion conduction predominates. The collisional theories
are followed by Bohm (N), endplate MHD interchange (B2, G2), change exchange (M) and the
null model, x, = constant (Q).

The calculated footprint of direct ion orbit loss (2.2), which roughly follows the poloidal ion
gyro-radius kqx ~ Pei» ISin very poor agreement with the observed scalings of A(Z), Bo and (s
(theory X in Fig.6). Wewill see presently, however, ion orbit |oss combined with ion-ion collisions
in the SOL, that is collisional ion orbit loss, offers excellent agreement with experiment.
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The above conclusions, based on the scaling of kq with plasma, field and ion variables, arereinforced
by consideration of the magnitude of kq. Thisisfoundto lie between classical A1 and neo-classical
(Pfirsch-Schlueter) collisional A2 predictions, but greatly exceedsthe classical electron collisional
A3 prediction,

Ag ~ 220" = 0.6xA, 7 ~ 210" (2.4)

Theion collisional widthsin (2.4) assume parallel convective losses at the upstream sound speed,
k ~ (xlrgv)llz a fair approximation under low collisionality conditions, which leads to
~(pi“viiL |/cs)1/2 ~ piv*illz and kqu ~ (peizviiL”/cS)ll2 ~ pein*illz; the reduction makes
use of vjiL j/Cs ~ Vil Vg ~ L/Ai; ~ v ;. In contrast, the electron collisional width assumes parallel
electron conduction, which is more approprlate to electron energy loss. Thus k ~ (Xt |x)
alszo def2| ned i in (2 3), suchthat A A3 (Pe Veel| /x"(:) PeV o hereved /X||e Veel| /Vte?‘“ee
Ly Mee™ ~ v 2 The appearance of the collisionalities v' - In both expressions is indicative of a
random wal k, diffusive process.

Theclassical and neo-classical power width predictions, obtained above, involveonly collisiona
transport; they implicitly assume that the background plasma flow is quiescent or laminar, and
therefore represent the narrowest possible profileslikely to exist in the SOL under given upstream
conditions. For future reference, we note that they are also the long wavelength (two dimensional)
limit k; — O of the turbulent dissipative scales, which will be discussed at length in §5. Under these
conditions, the electron power width is roughly an order of magnitude smaller than the ion power
width, due to the smaller electron y ;o << ;; and faster y ;e >> ;.

With thisin mind, a number of important conclusions can now be drawn from (2.4). First, the
observed power profile is much broader than would be expected from the purely laminar
approximation, that |sx >> k A3, ; I we take the range of observed electron profiles as set by the
near-SOL and far-SOL vaI ues, 7» . (1-2)A, then the observed to classical ratio becomes ., /A, A3
~ 20-40 ~ O(30). This aone implies the presence of turbulence in both the near- and far SOL
regions! Expressing the level of turbulence as an effective radial heat diffusivity, which from (2.3)
can be written as y |, ~ qulr"x, we obtain /x> ~ (7»qe/kqA3)2 ~ 0(10%), so that turbulent
convection entirely determines the radial electron energy transport.

Secondly, thetotal power profileiscomparableto thelaminar ion approximation, for both classical
and neo-classical expressions: that is, k ~ 2) Al o, Shyq A2 1f we interpret the narrow near-SOL
profllesasanlon contribution, A, 7» than theeffectlveradlal heat dlffusmtyx Li~A /r”V ~0.01
-0.05 m’s™tis comparable to the colllsional estimate, x| ~ 4)(l ~ XLA2/4 Theee values only
apply in the near-SOL, and increase to much higher levelsupto 1 m?s tinfar-SOL. Thiswasfirst
noted in [FundamenskiOl1], where the radial diffusivity profile was extracted for aJET high power
H-mode using the fluid transport code OSM2/EIRENE, and compared with classical and neo-
classical estimates; the result was x ; ~ O(x, LAZ) close to the separatrix. We may conclude that
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while some level of turbulence is evidently present in the near-SOL, and dominates particle,
momentum and el ectron energy transport, it isfar lessimportant for ion energy transport on account
of the larger ion collisional diffusivity — essentially, an instance of the so-called finite Larmor
radius effect, in which f;(x, v) is smoothed radially by ion gyration over the radial extent of p;. We
will return to thisimportant point in 85.

To obtain a collisional ion orbit loss width, we make use of the discussion following (2.4) and
take the direct ion orbit loss width IgX on the outer divertor plate (2.2) as the diffusive step size
with step ti mevii_1 to obtain xlx ~ (kqx)zvii. Assuming }qu = kqx(r”\,), wearrive at the following
expression for the collisional ion orbit loss width,

X—v* X, *.1/2
A=AV (2.5)

An aternative, more ad hoc formulation, involves atransitional expression between kqu and kqx,
g = 24805 + (100 (2.6)

where { = v*i /(1+ v*i) approaches zero for collisionless and unity for collisional conditions, and
the factor 2.4 was chosen to best fit the available JET data. Both expressions offer excellent fits,
within the experimental error of 20%, to the measured power widths, A, ~ kqx'v* ~ kqu'x.

The magnitudes of all collisional predictions, including the collisional ion orbit loss estimates
(2.5) and (2.6), measured power widths are compared in Fig.7, where the poloidal gyro-radius
evaluated at the upstream separatrix isa so shown. Within the accuracy of the estimate, fair agreement
isfound with al collisonal estimates, although the collisional ion orbit loss expressions (2.5) and (2.6)
give the best match to the data. These values are intermediate between the classical (e =0, x; ~ q950)
and neo-classical (€ > 0, y; ~ q952) predictions, suggesting that ion transport in the near-SOL
involves aspects of both regimes and may scaleasy, | ; ~ q95k where 0 < k < 2. We will henceforth
refer to thisintermediate transport regime as (neo-)classical. Since this regime spans the range set
by classical and neo-classical limits, it includes such effects as collisional ion orbit loss which is
behind the best fit expressions (2.5) and (2.6). Based on both scaling and magnitude comparison,
we can concludethat (neo-)classical transport offersthe best match to JET datain thefwd-B direction.

3. REVERSED FIELD (REV-B) EXPERIMENTS: B¥—B AWAY FROM THE X-POINT

In order to further discriminate between direct ion orbit loss and (neo-)classical ion conduction —
only the former being sensitive to the BxVB direction — dedicated reversed field experiments were
recently performed on JET [Pitts05, FundamenskiO5]. The idea of reversing the magneticfieldina
tokamak is not new. Such experiments have been performed in the past on nearly all machines,
including JET [Chankin97]. However, much of this earlier work is concerned with ohmic or
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L-mode plasmas, with a focus on low power, high density regimes [Hutchinson95, Pitcher97,
Stangeby00]. Inlight of thelow v i, sep in 1 TER and recent improvementsin divertor thermography,
it wasfelt that new JET experiments providing closely matched forward-reversed pairs of H-mode
dischargeswere desirable. To provide compatibility with fwd-B experiments, the same high clearance
magnetic configuration was used. Both Bo and l, were reversed, such that the magnetic helicity
remained constant. The deposited power profiles on the inner and outer divertors were measured
using the same techniques as for the fwd-B experiments (see Section 1).

3.1 EXPERIMENTAL RESULTS

Four good discharges, forming fwd-B/rev-B matched pairs were obtained, one L-mode and three
H-modes at different valuesof B, |, and Pyg;; these are summarised in Table 1. The dischargesare
fairly well matched in terms of power entering the SOL, Pg; = Py oy — Prog» i-€- heating minus core
plasma radiative powers and volume averaged density <n.>; the majority 60 — 90% of this power
crossesthe separatrix during theinter-EL M phase as observed fromtheratio Pg /P50 - However,
the ELMsaretypically smaller and more frequent in rev-B discharges, with AWELM/Wped ranging
from4—-9%infwd-B to 1 -5% inrev-B. Notethat Type-| ELMy H-mode could not be obtained at
2.5MA/2.4T with 14MW of NBI heating dueto the higher 111-1 power thresholdinrev-B [Andrew04].

Dueto progressive wiring failure, the L P coverage was much poorer at the time of the reversed
field experiments, hence the ~ sign in Table 1 denoting errors of order + 50% in the saturatiion
current, js and electron temperature, T.. Nonetheless, it is clear that the inner target T, is nearly
doubled by field reversal (from ~10eV to ~20eV), while the outer T, remains in the range ~20-
30eV. Thetrendsinjsand T, are discussed in more detail in [ FundamenskiO5]. The upstream val ues
of density and temperature, neSOL and TeSOL, and were predicted using atwo-point model estimate
based on total (TC) heat fluxes to the outer target.

The TC-measured, EL M-averaged deposited heat |oad profiles for the matched pairs of shots of
Table 1 are shown in Fig.8, along with total deposited powers P,, peak values Opesk and integral
widths Kq. The resulting out-in deposited power asymmetry P/P; is reduced from ~ 2.65 — 2.2 for
fwd-B to~1.7—1.9for rev-B, with the average value roughly constant at 2.1+0.05. Thisasymmetry
increasesroughly linearly with power into the SOL, Py, , with aweaker slopefor H-mode plasmas.
Similar behaviour was observed on a large sample (>100 shots) of unmatched fwd-B and rev-B
JET plasmasfrom the same experimental campaign [Pitts05]. Furthermore, based on matched fwd-
B and rev-B L-modedischarges (2.0MA, 2.4T, Pyg| ~ 2—8MW) with detailed radiation accounting
using tomographic reconstructions of bolometric lines of sight [Huber05], shows that target power
asymmetries reflect actual changes of power flux into the divertor legs Py, = P + Py giv (Paiv, of
Paiv, i ~2.3 for fwd-B vs. ~1.3 for rev-B), rather than simply asymmetry in divertor radiation, as
suggested by arecent review [Pitcher97]. In other words, a significant poloidal component of the
SOL energy flux was shown to depend on the BxVB direction, in line with conclusions reached on
the basis of reversed field experiments in Alcator C-Mod [Hutchinson95].
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The out-in peak heat flux asymmetry in Fig.8 and Table 1 (both TC and LP) ranges from 5 —7 for
fwd-B, and 1.7 — 3.7 for rev-B. Although not shown in Fig.8, theratio of total to electron power in
H-mode, which for fwd-B isin therange 2 — 5, isreduced in rev-B to 1.2 — 1.8. If, as before, we
attribute the excess power to the ions, this suggests the field dependent poloidal energy flux in the
SOL needed to explain the power asymmetries, is mainly carried viathe ion channel.

3.2 COMPARISON OF FWD-B AND REV-B RESULTS

To asses the role of field reversal on radia energy transport, the above peak heat load values are
plotted in Fig.9 (or Fig.3 of [FundamenskiO5]) vs. the fwd-B scaling g, ~ Pt/kq with kq given by
(2.1a). Within the measurement errors, the outer target rev-B H-mode points do not substantially
differ from the fwd-B scaling, while the inner target and L-mode points are only grossly correlated
with the scaling. We conclude that under low collisionality (attached) conditions, the power width
lg isinsensitive to the BxVB direction. Since this quantity is directly related to the radial (L) heat
diffusivity, kq ~(x lr")ll 2, weinfer that radial energy transport inthe SOL islargely independent of
the BxVB direction, i.e. the BxVB direction affects the poloidal (6) but not the radial (L) energy
transport. This observation suggests the role of poloidal classical drifts [Schaffer97, Chankin97],
which we will address below.

As has aready been noted, power enters the SOL primarily on the low field side of the torus,
irrespective of the BxVB direction. This can be explained by: a) larger outboard area, b) Shafranov
shift compressing the outboard flux surfaces, ¢) bad curvature leading to MHD interchange
instabilities and driving turbulence on the low field side. The curvature effect is evident in the
observed asymmetry of neo-classical ion conduction in the Pfirsch-Schlutter regime, 82; the ion
heat flux is outwards on the low field side and inward on the high field side: q, ;7> = —¢ |,V T,
wherey ;P> ~ 160957 e " cosd + O(1)]y, ", with © = 0 at the outer mid-plane. These effects, together
with shorter connection length fromthe outer mid-planeto theouter target, R /R; ~ L”i/ Lo~ 2predictan
average out-in power asymmetry of ~ 2, infair agreement with the experimental value of 2.1+0.05.

The change of the out-in power asymmetry with field reversal impliesaBxVB dependent poloidal
energy transport. The origin of this effect may be explained in terms of classical (guiding centre
and diamagnetic drifts) which leads to a net energy flux [Helander02, Chankin97],

Qg = 2.5p5Ug + 2.5p,VisPsOXVT /T oe{i,e} (3.1

o "o’
2 2 2
Ug = Ugb + Vg + bX(VP, 5 = R)MNsoes H (Vys™ = Virs + Uje )/ 0cst XK

where B = B/B is a unit vector, x = (b-V)b is the curvature vector, vg ~ (1+O.25p32V2) Exb/B ~
Exb/B isthe electric drift velocity including afinite gyro-radius correction, vy, = (T”G/mc)ll 2 and
Vig=(T m/mc)ll 2 are thermal speeds, Ps = NT, isthe static pressure, w; = €;B/m is the gyro-
frequency, p; = vy, J/®Cs ~ Vt;/0., the thermal gyro-radius, and e, isthe charge (-e for electrons,
+Ze for ions); the parallel drift, related to mirror forces, is usually small in tokamaks and can be
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neglected. Thetwo termsin the energy flux (3.1) represent convective and conductive components,
such that the latter term may be properly termed the drift related heat flux with y , 5 = 2.5v,;p; the
diamagnetic heat diffusivity [Braginskii65]. Dominant contributionsto the poloidal (strictly speaking
A) components of (3.1) arise due to ExXB and diamagnetic drifts, related to radia pressure and
temperature gradients. We write these explicitly as,

\Y \Y
Uon=~ 25PGE /B, g, P~ 25(To/eB)V P o Gon' @ ~ 25(0,/€B)V, Ty  (3.2)

Basic vector calculus suffices to show that diamagnetic heat fluxes are very nearly divergence free
inside the plasma, V-qGVp o V-qGVT ~ 0. As such, they do not affect the energy dynamics of the
plasma, which is determined by terms involving V-q,, and can be neglected in most numerical
simulations. Thisisnot to say that these fluxes are fictitious; nor doesit imply that they deposit no
energy on the divertor targets. It can be shown that the latter does in fact apply to qGVp, which
forms a closed circuit inside the plasma due to the || pressure gradient in the magnetic pre-sheath
[Stangeby00, Chankin01]. However, the same argument does not hold for qGVT, especialy quT,
since V"Ti ~ 0 at the entrance to the pre-sheath, which follows from the sheath energy transmission
coefficient y; ~ 2 —2.5 [Stangeby00]. Sincetypically T;/T,~2inthe SOL, thisimplies anet energy
deposition on the outer target in fwd-B dueto both the ExB and conductive diamagnetic drifts. This
point isillustrated in Fig.10, which shows the poloidal components of the three energy fluxes (3.2)
in the forward field direction; all single arrows change sign if the field direction is reversed. In
contrast, the double arrows, indicating the direction of gradients, remain unchangedinfield reversal.
It is worth noting the strong shear in the poloidal ExB velocity, which is linked to the turbulence
reduction and edge transport barrier formation [ Connor99, Connor00]; wewill return to thisimportant
point in Section 5.

Tofirst order, we can estimate theradial electricfieldasE, ~3V | T, which should be evaluated
at the outer target. Writing the poloidal component of the parallel energy flux as go; = (Bo/B)q
With G ~ Pl /e A Ty ~ Ly/Cs Tje ~ Ly we find

qeiVET/%i ~ 3V, TdcBy ~ 3pgd/re %Vefl Jge < V**epesj AT (3.3)
Ooi /dgi ~V Ti/c&Bg~podhyiy  Oge /Oge =<V PodrTe

where py isthe poloida gyro-radius evaluated at the sound speed. Hence the ratio of the poloidal
components of the drift and parallel heat fluxes can be estimated as the gyro-radius normalised by
the temperature gradient length, A5 = |V lTG/TG|—1. Since Ay ~ (3 = 5)p; ~ (1 — 1.5)pg; in high
power H-modes on JET, with typical A, ~ (2 — *3)xq, we can expect pgi/Ay; ~ O(1) and thus a
significant contribution from drift effectsfor low v ;. Using the experimental scaling of kq (2.1(@)
asarough guide for the A+ scaling, we find that the field dependence cancels, leaving a positive,
roughly linear, power scaling,
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in rough agreement with experiment [PittsO5]. This result offers clear evidence for the guiding
centre drift origin of the (BxVB dependent) poloidal energy fluxesin the SOL, required to explain
the observed out-in divertor power asymmetries.

The above conclusions have been largely confirmed by numerical simulations of matched fwd-
B and rev-B discharges using the EDGE2D fluid transport code in which classical drift effects have
been included and radial transport coefficientswere varied poloidally to increase the energy outflux
on the low field side [Kirnev05, FundamenskiO5]. The largely divergence free, diamagnetic drifts
(V-qcVID . V-qGVT ~0) havebeen excluded from EDGE2D for numerical reasons. The simulations
are able to reproduce the observed in-out power asymmetries with reasonable accuracy, eg. see
Fig.4 of [FundamenskiO5], suggesting that the A component of the ExB drift, that is (E,/B)e,,
plays a dominant rolein the poloidal energy flux in the SOL.

3.3ASCOT SIMULATIONS OF ION ORBIT LOSS
The strong sensitivity of ion orbit lossto field reversal was already illustrated in Fig.2. In this sub-
section we present a more detailed analysis, also performed using the ASCOT code descirbed in
Section 2.2. The pedestal and SOL plasma profiles were chosen to match the extensively modelled
fwd-B Pulse No: 50401 (2.5MA/2.4T, 122MW NBI), which has the samefield, current and heating
power asthe 50379/59691 forward/reversed pair. The pedestal width of 15mm-omp wasassumed inthe
modelling, whichisequivalent to 2.5pg; at theouter mid-plane, with T; o4~ 1.1keV andT; o, ~400eV.
In the first stage, a series of trace simulations were performed to test the effects of:

» poloidal launch location (outer mid-plane, inner mid-plane or uniform; 6, =0, &, 0 — 2rx)

» radial launch location (whole pedestal region, py = 0.95 -1, or separatrix, py = 1)

« anomalous diffusion (D, = 0 -1 m?/s)

« radial electric field in the SOL (E,%°" = 0— 75kV/m)

« toroidal field ripple (the relative change of the toroidal field on JET with the standard 24TF

coilsis~ 10 near the outer mid-plane; B;,/B =0— 10'3).

The results are gathered in Table 2, with the out-in asymmetry of deposited particle fluxes, I'/T;,
powers, P /P, and peak heat loads, q/q; tabulated for both field directions. As expected, all three
quantities, especially q,/q;, are strongly affected by field reversal, irrespective of the parametric
scans described above. The only exception is the case with avery large value of radia diffusivity,
D, ™ ~1m?s™?, in addition to asignificant value of the electric field in the SOL , E, 5°- ~ 50kV/m.
However, even these somewhat unrealistic assumptions are insufficient to account for both fwd-B
and rev-B data, which provides astrong indication that direct ion orbit lossin not dominant in these
experiments.

The results of Table 2 merit afew remarks. First, we note that P /P, is not sensitive to either i-i
or i-n collisions. Second, it is clear that it increases with ELSOL for fwd-B and decreases with
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E LSOL for rev-B, consistent with the direction of the ExB drift. Third, as expected from Fig.2, the
asymmetry isastrong function of the poloidal launch location, with P,/P; >> 1 for outboard launch
and P,/P, << 1 for inboard launch. Fourth, in the case of pure outboard launch, P,/P; isonly weakly
sensitiveto E lSOL. Finally, we consider the effect of additional radial diffusivity mechanisms, i.e.
D, ™ and By,

D lan = 1m23'1, E LSOL = 0: P/P; ~ 2 in agreement with purely geometrical predictions,

D, = m?s™HE lSOL = 75kV/m: P,/P, ~ 5 for fwd-B and ~ 1.5 for rev-B indicating strong
influence of the ExB drift; thisresultisnotablein that (Py/P)fyq.g > (Py/P)rey-p 8 0bserved
in experiment, suggesting that additional radial diffusion is needed to explain the observed
asymmetry.

» Thetoroidal field ripple at the level of Brip/B ~ 103 haslittle effect, irrespective of the value
of E LSOL.

In the second stage, self-consistent simul ations were performed with three values of E E lSOL: 0,45
and 75kV/m; this range of E lSOL is motivated by earlier studies, which indicated that E LSOL ~
50kV/m is required to match the narrow profiles on the outer target observed at JET
[FundmanenskiQ3]. Theresulting heat load profiles on both targets are shown in Fig.11 (or Fig.5 of
[Fundamenski05]), including the peak heat loads Opesk and the power widths kq. We first note that
only the E lSOL = 75kV/m case yields ion peak powersin excess of 5MW/m? as measured for this
shot. Itistherefore necessary to consider the effect of field reversal on the simulated power deposition
profiles, primarily for the 45 and 75kV/m cases. This effect isquite dramatic, with the outer profiles
drastically broadened by afactor of 5 — 6 and peak values reduced by comparable amounts. The
asymmetry q./q; changes from 3.3 — 8.7 for fwd-B to 1.1 —0.54 for rev-B, for the 45 and 75kV/m
cases. This behaviour isin sharp contrast to experiment where peak values change at most by a
factor of two, and little broadening of kq isobserved, Fig.8 and Fig.9. We are thus led to conclude
that direct orbit lossis not responsible for the observed target profiles. Instead, (neo-)classical ion
transport, including the effects of collisional ion orbit loss, discussed in 82, is the most likely
explanation for the observed data. As has been noted in 82, this does not rule out ion orbit loss as
such, but only collisionless losses of hot ions from the top of the pedestal. The simulations further
suggest that ion-ion collisions in the SOL are required to modify the loss ion orbit and produce
profiles and asymmetries more in line with the experiment. This results in Pfirsch-Schlutter-like
radial diffusion of heat with an intermediate dependence on ggs, Which we defined as (neo-)classical.

To summarise the section, we note that the field reversal experiments lead to three main
conclusions:

* BxVB direction affects the polodial power flow in the SOL and hence the power flow into
the divertor

» the direction, magnitude and scaling of thispoloidal power flow can be explained by classical
drift-related heat fluxes (mostly ExB, with a possible contribution from BXVT j); this
conclusion is supported by numerical simulations using the EDGE2D code.
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eradial transport is largely independent of the BxVB direction; in terms of determining the
dominant power exhaust mechanism in the SOL, thiskey finding weighs heavily in favour of
collisional transport, namely (neo-)classical ion conduction, which isindependent of BxVB
direction, and rules out direct ion orbit loss which exhibits a strong BxVB dependence. This
conclusionisconfirmed by detailed ASCOT simulations of direct ion orbit lossunder realistic
JET conditions, which cannot explain the experimental variation of deposited profiles with
BxVB.

4. INTERPRETATION OF ELECTRON PROFILE MEASUREMENTSIN THE SOL
Whereas the results reported in Section 2 and 3 are based on total (ion + electron) divertor power
profiles (characterised by xq), most previous studies dedicated to characterising SOL plasmaprofiles
have relied on Langmuir probe measured electron power or pressure profiles (characterised by
kqe), with the ultimate aim of identifying the mechanisms governing radial energy transport in the
SOL. These studies, which were necessarily restricted to the electron channel, may be divided into
two categories:. thefirst relied on kqe measured in the upstream SOL and pedestal regions, whilethe
second were based on xqe corresponding to divertor target n, and T profiles. We will refer to these
as the upstream and downstream approaches, respectively. In this section, we consider these in
turn, comparing the results in each category with available theories of radial heat diffusivities.

The upstream approach was used to analyse pressure el ectron profilesfrom two large machines:
AUG [Kim01] and JET [Kallenbach04]. We begin with the AUG study, which was by far more
extensive. It was based on the 2-D fluid transport code SOLPS5, which was used to match the
upstream profiles of both L and H-mode discharges with n/ng,,, ~ 0.35 - 0.8 and ve*~ 4-50. The
following expressions were obtained in terms of engineering, plasma and dimensionless variables
[Kim02],

— -2.31+0.65; -1.1+0.29 1.1440.1 0.58+0.23
%, = 0.23xB ! Py Xng
-1.83+1.04, -0.4110.47+ 1.1240.26 = 1.11+0.26  0.62+0.24
B T Ne No
+ *(0.68+ -2.2+ +
1.45_0.26\/e 0.68_0.12S 2.L1.64(n O/n 9)0.5]_0.24

(4.2
X1 By

XL = 1.1><105><XB><[3

where , isthe SOL heat diffusivity in m?%s 2, lpin MA, Pggy in MW, ng and ng (the neutral
density) in 10" m™3, Sis the magnetic shear, and g = T./B the Bohm diffusivity. Although, the
authors do not compare their results with all available theories, this comparison may be obtained
based on the set of theories of 82. Since the diffusivitiesy | themselves are extracted, these may be
compared directly with theoretical predictions. The error between the theoretical and experimental
scalings with respect to {ng, T, dgs; B¢} isshown asabar chart in Fig.12, similar to Fig.6, where
each bar represents a single theory and different shades represent contributions from different
exponentsin the scaling. The root-mean-square error is~ 0.6 for theories{K2, G2, F,L1,K1, G1,
B1, B2}, and ~0.8for { A1, A3, N}, and risesrapidly for the rest; here G2 denotes endplate MHD
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interchange, G1 MHD interchange, F drift wave, L sheath modes, K1 and K2 the drift Alfven
modes at low and high collisionality, and B1 and B2 endplate MHD interck*]ange with kp and A,
The study of fuelled (fg, ~ 0.7 - 1), type-l ELMy H-modes on JET (v, ~ 8 - 40) using the
EDGE2D fluid transport code finds [Kallenbach04],

-1.3+0.5 0.9-_|-0.5<n e>0.5i0.5 (4.2)

XL B¢ Pheat
roughly consistent with the AUG result, despite aweaker Bo scaling. Broadly speaking both studies
suggest that upstream pressure profiles are governed by electrostatic turbulence, driven by MHD
interchange (B1, B2, G1, G2), drift and/or drift-Alfven (F, K1, H2) and sheath resitive (L 1) modes.

The downstream approach was used to examine divertor Langmuir probe profiles from three
tokamaks: COMPASS-D (ohmic, L-mode, v, ~0.2-3), Alcator C-Mod (ohmic, v, ~20-370), and
JET (ohmic, L, H-mode, ve*~10-100) [Connor99, Counseall99]. Inall cases, asimplified SOL model
was used to relate L P-measured target kqe to the heat diffusivity x ; , following the method outlined
in Section 2. Comparison with theory focussed on scaling with resp*ect to{ne, Psoy » dos; B¢} since
variation of the plasma species was in general unavailable. For v, > 10, five theories emerge as
noticeably better than the rest, error <0.2: {D, O, J, J3, M, Q} for C-Mod, and{D, M, O, J, J3}
for JET, where D denotes collisionless MHD interchange near Bisicq. O the collisionless skin
depth, J drift with collisionless skin depth, M charge-exchange and Q the null model, y | = constant.
The fact that both JET and C-Mod suggest the same subset of theories, increases the credibility of
these results. Once again, the results point to MHD interchange and drift-Alfven instabilities, but
suggest divertor target electron power profiles may also be influenced by charge-exchange and
skin depth effects.

Let us summarise the electron energy transport results. As expected from (2.4), where we saw
that kq ~ 20><7»qA3 and hence y | ~ O(103)><x LAS, comparison of scaling results indicates that the
observed el ectron pressure profilesareindeed governed by turbulent convection. Among theleading
candidatesfor the turbulent drive, MHD interchange instabilities are expected to be strongly active
in the SOL region, while the drift-Alfven instabilities are expected to predominate in the pedestal
region (and might affect the near-SOL by turbulence spreading in to the SOL and subsequent
damping).

5. TURBULENT VS. COLLISIONAL ENERGY TRANSPORT IN THE NEAR-SOL

The conclusionsreached in Section 4, are entirely consi stent with current understanding of turbulent
transport in the SOL [1toh99, Scott01]. The existence of substantial fluctuations of density and
electric potential in the scrape-off layer is a well established experimental fact [Huggill0O0,
Stangeby00]. Relative fluctuations are much larger in the SOL than in the core plasma (> 50% in
SOL vs. than < 10% in the core), and are generally consistent with the experimental finding that
fluctuation levels increase with minor radius. In addition, they often persist even under H-mode
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conditions, although thisisonly widely established for the far-SOL , since diagnosing the near-SOL
region in high power discharges poses substantial diagnostic challenges [Erents00]. Finally, the
overall level of fluctuationsis highly intermittent, as observed in radially propagating filaments or
blobs; the level of intermittency typically increases with radius and is larger in the far-SOL..

The origin of SOL turbulence can be traced to the absence of either ergodic or closed flux
surfaces outside of the separatrix. The formation of the plasma sheath on open field lines at the
divertor targets gives rise to the so-called sheath resistivity. Consequently, the presence of the
sheath impedes parall el return currents needed to maintain flux tube charge neutrality in the presence
of the magnetic and thermodynamic gradients, and the ensuing charge-dependent drifts. Insufficient
return current leadsto alocal chargeimbalance, whichinturn producesradial ExB drift of individual
plasma filaments. Each open flux tube in the SOL is thus subject to a destabilising outward drift,
which tends to be stronger in regions of unfavourable magnetic curvature. Somewhat surprisingly,
thisobviousfact is often obscured, if not misrepresented, in thetopical literature. For example, itis
often suggested that SOL turbulence originatesin the pedestal region, which could be misconstrued
to mean that the SOL plays only a passive, perhaps even a stabilising role in the propagation of
pedestal induced disturbances. The latter is clearly not true. While a perturbation originating in the
pedestal region (eg. drift-Alfven driven turbulence) can propagate into and dissipate in the SOL,
the SOL plasma itself can and does produce a range of turbulent activity (eg. MHD interchange
instabilities) irrespective of the pedestal dynamics. To draw an analogy with hydrodynamics, the
SOL is subject to both pressure gradient driven (Rayleigh-Taylor) and velocity gradient driven
(Kelvin-Helmholtz) instabilities.

In short, the bad curvature region of the SOL isnot in equilibriumin the sense of ideal MHD, i.e.
the balance of thermal and Lorentz forces, jxB = Vp, iIsimpeded both by thefinite parallel resistivity
of the relatively cold (<100eV) SOL plasma and the resistivity of both the inner and outer target
Langmuir sheaths. The SOL plasma is thus inherently unstable to a range of MHD modes, first
among which areinterchangeinstabilities driven by magnetic curvature and radial pressure gradients
[Hazeltine92]. Asaresult, we expect to find quite intense turbulent activity inthe SOL, asisindeed
observed in experiment. Since parallel losses to the divertor targets rapidly remove the thermal
energy from the SOL plasma, we also expect SOL turbulence to be much more dissipative than
turbulence in regions of closed field lines [Scott01]; here the term dissipative signifies decay of
kinetic energy associated with turbulent eddies. The large radial electric fields in the near-SOL
form astrong poloidal velocity shear (zonal flow) in arelatively narrow region of order xq, ripping
apart the larger eddies due to vorticity effects and self-regulating the level of turbulence [1toh99,
Diamond05]. Finally, the SOL plasmabeing strongly magnetised, turbulent plasmaeddiesare highly
elongated along the magnetic field, with the resulting eddy motions, confined to the L-A plane. In
short, SOL turbulence should to first order evolvein two dimensions, with theterm eddy signifying
an extended plasma filament. We adopt the term filament, which is more suggestive of the 2-D
nature of SOL turbulence, rather than such terms as blob [Krasheninnikov01], avaloid [AntarO1],
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burst [Hidalgo03], plasmoid [Fundamenski04a] or front [ Ghendrih03] which may befound in recent
SOL literature. It isthe radial motion of these filaments, averaged over all scales, which resultsin
the enhanced convectivetransport of energy [Biskamp03, Taylor97, Naulin02, AntarO1, Rudakov05].
Finally, the formation of large structures in the L-A plane (usually referred to as blobs) follows
naturally dueto an inverse energy cascadein 2-D turbulence [ Biskamp03]. All of these characteristics
(filamentation, intermittency, zonal flow, dissipation, etc.) have been observed in numerical
simulations of SOL turbulence, with different levels of sophistication [Beyer99, Xu99, Naulin02,
Garcia04, Graves05]. The theoretical framework of SOL turbulence thus appears to be well
established and capable of explaining the observed phenomenol ogy.

We may therefore ask how the conclusions reached in Sections 2 and 3, namely that net energy
transport in the near-SOL isdominated by collisional diffusion, can bereconciled with the conclusion
of Section 4 that electron energy transport is dominated by turbulent convection. In other words, is
there an inconsistency between these two conclusions, i.e. laminar transport for ion energy and
turbulent transport for electron energy channels? In this section we show that this apparent
inconsistency is purely illusory, and that the two mechanisms are in fact entirely compatible.

Aninitial attempt to resolve this apparent contradiction was offered in Section 2, where it was
shown that in order to match the observed target profiles - typically kq/pi o 3xkq/p9i ~ O(5) while
kq/pe ~ O(100) - one must assume significant levels of turbulence in the near-SOL, even in the
presence of an H-mode barrier! With this assumption, turbulent convection entirely determinesthe
radial transport of electron energy in the SOL, /X LA3 ~ O(103). The same argument can be
repeated for radial particle and momentum transport, which depend on electron-ion collisions.
However, aswas a so found in Section 2, turbulent convection has afar smaller effect on theradial
transport of ion energy on account of the larger gyro-radius and hence the ion collisional heat
diffusivity, whichis determined solely by ion-ion collisions, y i/, lAz ~O(1). In other words, both
turbulent and collisional transport processes are active in the near-SOL, athough the latter are
evidently dominant for the radial transport of ion energy.

In the absence of global SOL turbulence smulations of sufficient resolution to capture both
turbulent and collisional effects, we must necessarily resort to approximate analysis. One possible
route often employed in turbulence theory, isto adopt the phenomenology of the eddy cascade and
consider the evolution of some quantity of interest, in our case of thethermal energy, for aturbulent
plasmafilament of arbitrary size; this approximation reduces the problem from one of differential
to that of algebraic analysis. To study the interplay of turbulent and collisional transport, we can
focus on theradial length scale at which the two mechanisms are comparable, which in turbulence
theory isknown asthedissipative scale, | ;. The concept of the dissipative scaleisbriefly introduced
inAppendix A. Thisscaleis especially appropriate to SOL turbulence which, dueto parallel losses
to the divertor targets, is highly dissipative in nature.

The analysisin the remainder of the section is systematically developed as follows: The energy
balance for amagnetised plasmafilament isintroduced in Section 5.1, including the ordering of the
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heat fluxes and loss timesin the (||, A, L) basis. Filament energy losses in each of these directions
are then discussed in turn in Sections 5.2 — 5.4. Finally, the dissipative scale is derived in Section
5.5 by equating the loss times obtained in Sections 5.2 and 5.3, and applied to the interpretation of
JET experimental results.

5.1 ENERGY EVOLUTION IN THE FILAMENT FRAME OF REFERENCE

Consider aplasmafilament consisting of ions and electrons of average density, n; ~ ntemperature,
T, and velocity, v with components, Uy, intherest (lab) frame, where ¢ € {i,e} isaspeciesindex
and p €{||, A, L} isadirectional index, Fig.13; al filament quantities denote volumetric averages.
We definethe size of thefilament by threelengths, 8", 8, andd, . Quasi-neutrality and weak parallel
currents are assumed, such that ng ~ n; ~ N, Uy; ~ Uy ~ Uy. Theratio 9 = T;/T, is treated as a free
parameter. The parallel plasma velocity uj is assumed to be subsonic with respect to the plasma
sound speed ¢, = [(ZT+T;)/m] V2 - Ev,; whereZ istheion charge, v;; = (Ti/mi)ll Zistheionthermal
velocity and & = (1+2/9)"; it is written as uy = M&vy; with the Mach number M = u/c; treated as
afree parameter.

We areinterested in the evolution of thefilament energy density e, ~n(3/2xT; + 1/2><m6u"2) for
both plasma species. This follows from the energy conservation equation for each species which,
neglecting volumetric sources and sinks, may be written in the divergence form as [Braginskii65,
Huba02],

0elot + Vs + V016 + V, Uyg + (€5 -€_5)/Tie=0 (5.1)
o = Ve + Ao = (B12XT 5 + 1/2><m0u|§)nu” “Ms V) Tor
Uig = AiVag T Uiy6 = (B2XT5 + U2xmaup)nu; - ny, oV T,
Oro = AWVig F a6 = (5/2xT 5 + 1/2><m0u” nu, -y, oxV T

Hereq,, s Oy, s and gms denote respectively the ue{||, A, L} components of the convective,
conductive and total energy fluxes of species ¢, while (g - €_)/7j. iSthe collisional ion-electron
energy transfer term, with 1, theion-€lectron energy equilibration time. Theratio of compressional,
1/2><n6m(,u"2 to thermal, 3/2xp, energy may be written as, mcullleG ~ (u”/vtc)2 ~ Mz(vti/vtc)z.
This ratio is negligible for electrons, and small for ions provided M < 0.3. Consequently,
compressional termswill be neglected below (this simplifies, but does not ater the analysis), such
that &5 ~ 3/2xp; and q,, 5 ~ 5/2xp,u,,. Classical, collisional heat diffusivities, y,,; have been
derived as [Braginskii65, Huba02],

X”G = C”GVtG}\’GG = C”GV'[GZTGG’ {C”i =3.9, C”e:3.2} (52)

X/\G = C/\csvtcsxccs/ wccgcc = C/\cs\zltcpc1 {C/\G = 2'5}
X1o = CLoVlsroo! (OcsTos)” = CloPs /Toor {CLi =2, C = 4.7}
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where A ; isthe mean-free-path, p; ~ v;/0., the gyro-radius, w.; the gyro-frequency and 7, the
characteristic collision time for 6-6 Coulomb scattering [Miyamoto87],

o< 2 mgPeT ¥t (53)

TGG 9 ) 9

Two ordering hierarchies emerge: the ordering of collisional times,
Tie " Tij - Tee - Tai = Zi'z(mi/me) : (mi/mg)ﬂzzi'sﬁyz: 1: Zi'l (5.4
and the ordering of heat diffusivities,

. . -2. -1.
Xio:Xno  Xlo ~ ((oxcrcc) : (coxctw) o1 (5.5)

where, for typical JET near-SOL conditions, 0gTee ~ (mi/mg)ll 2y~ Zcocir” ~ 0(10%. The strong
anisotropy of transport inthe SOL isapparent from (5.5), which indicatesthat collisional heat diffusion
is many orders of magnitude faster in the parallel direction than cross-field: x J_e/X||e . O(10'8)!

Analogous to Appendix A, we replace all spatial gradients by the inverse size of the filament,
Vu - 8“'1 such that equation (5.1) may be re-written in the zero dimensional form,

@0t + s 41T+ 10 e + (€ - € o)/ T =0 (5.6)

where Tyo &€ characteristic energy transport (or loss) times. The ion-electron equipartition timeis
much longer than the ion-ion and electron-electron collision times (5.4), Tjo >> 1;; >> T, and will
consequently be neglected. The typical time scale of parallel and collisional times for L= 30m,
n= 10" m™3 and 10eV < T, < 1000eV are shown in Fig.1 of [FundamenskiO4al, in which the
hierarchy of collisional times (5.4) isclearly visible.

Assketched out inAppendix A, the derivation of the dissipative scal e requiresthat we circumvent
the non-linear advection terms by adapting the frame of reference moving with the filament in the
L-A plane, inwhich the velocitiesu; =u, = 0 and the convectivetermsq,,,, 5 =0, s =0in(5.1)
vanish. Of course, the SOL radial profiles are measured in the lab frame of reference. Only radial
filament motions will effect these profiles, since the diamagnetic motions merely distribute the
energy within the flux surface. The effect of radial filament velocity, u; # 0 on the lab frame SOL
profilesisbriefly considered below. The effect of diamagnetic velocity, u, # 0, including thedistortion
of the filament by velocity shear, V u # 0, will be addressed in §5.4.

Theradial power width in the lab frame in the absence of radial energy convection, u, =0, was
obtained as (2.3). When outward radial filament motionisincluded, u; >0, thisexpression must be
replaced by,
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A~ Uty {1+ (1+ 4l fu, *r) Y22 (5.7)

which reduces to kq U in the absence of heat diffusion (%, = 0) and to kq ~ (XJ_’C”)UZ in the
absence of convection (u; = 0). The effective (ensemble average) velocity in the near-SOL can be
inferred from a measured profile width asu,; ~ 2, /r" ~whichisin the range of 10m/sfor typical
JET near-SOL conditions; normalised to the sound speed thisgivesu, /c,~ 10~ Smcek ~O(A A1)
cf.(2.4), th|S|scomparabIetothecIasscd diffusion veIOC|ty u LA1~7» Al Ity ~pi /(r”r”\,) ~10m/sor,
normalised to the sound speed, uL /(:S (pi /L |)v i ~10" =4, These values are much smaller than
those typically observed in the far-SOL for intermittent filament (blob) and ELM propagation:
u, ~1km/s, u,/cg~ 107> - 10? [Goncalves03, Boedo05, Fundamenski04al; these higher values
are also predicted from sheath limited models and from curvature driven turbulence codes under
low collisionality conditions [Beyer99, Naulin02]. In other words, radial filament motions in the
near-SOL region arerelatively slow in comparison with the far-SOL and appear to be governed by
diffusive motions. We are therefore justified in assuming u;, ~O.

Assuming further that the dominant energy |oss mechanismsare parallel losses and perpendicul ar

conduction, arough estimate of the elongation of the filament may be obtained in (5.1),

8J_ / 8|| - (XJ_O'/ Xll(f)ll2 - (wCGTGG)_l

whichfor JET is~ O(10'4); not surprisingly, we find the filament to be highly elongated parallel to
B, withd L/8” comparableto xq/L” for the SOL asawhole[Stangeby00]; thispredictionisconfirmed
by the observed parallel correlation lengths of SOL turbulence on JET in therange of tens of meters
[Thomsen02]. The above size ordering, directly yields the ordering of conductive (heat) fluxes,

Uiy o Gug o o~ @cToe) 1 0) 1 1 (5.8)
and the energy loss times,
Tio:Tho - Yo ~ 01):0(1): 1 (5.9)

which are seento be comparable. To derived the dissipative scale, it istherefore necessary to examine
the filament energy losses in all three directions, which is done in the next three sub-sections.

5.2 ENERGY DISSIPATION BY PARALLEL LOSSES
The parallel energy losstimein (5.6) may be estimated by applying V, — 8""1 to (5.1),

T”G 3/5X(TV” + T
Ty~ Oyfuy ~ 8 Me vy,

XIIG ) (5.10)
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where Ty and Tyllo &€ the convective and conductive energy transport times for the filament
[FundamenskiO4a]. The first accurate derivation of Xl as stated in (5.2) was performed by Spitzer
and Harm [Spitzer53], hence x”G = CeVio Too: AS expected, the small electron inertiaresultsin
more efficient electron heat conduction, asisevident from theratio of ion and el ectron parallel heat
dissusivities,

i e = L2x(mimg ™%z, "% ~ 0(107 (5.11)

Implicitin the above derivation was the assumption of short A ; ascompared to both the size of the
systemL and the parallel gradient scale Iength in thlscase8| Thisis compactly stated asv 6>
1lintermsof thefilament collisionality, v ;= 8/A o< 8;n/T;~ whichis massindependent. Hence,

VIV o= (TITY) 2 =972 (5.12)

whichyields0.1< v*i/v*e< 1fortypical SOL conditions(1<9<3),i.e.theionsarelesscollisiona
by virtue of being hotter. As the collisionality is reduced below unity (v* s < 1), we expect the
conductive energy fluxes to saturate at some fraction of the half-Maxwellian free streaming (FS)
flux [Chapman58], q k. GFS ~ 0.8xnT,v,,. We thus write the flux limited value of the conductive
energy flux asq, GF ~ 0 NT 5y, Where o, is some constant of order unity. There are at present
no universally valid expressionsfor o, which are known to depend both on plasma parametersand
local gradient lengths. Below, we adopt o; ~ 1 and o, ~ 0.2 as nominative val ues suggested by kinetic
simulations[Cohen94]; although it has been suggested that larger values, o; ~ 3 and o, ~ 0.45, may be
more appropriate for transient response (the results of the analysis are only weskly sensitive to the
particular choice of o; and o, within this range of values).

A transitional estimate of y; which reduces to the appropriate expressionsin the low and high
collisionality limit is offered by the harmonic average form [ Stangeby00],

Xio= Ko 1 A+l 0> Ml oD~ CloVio Too ! (1 +V 6V o) (5.13)

where v* = €)%, is the critical collisionality at which kinetic corrections to the Spitzer-Harm
expressions become important. Based on Clo and o, given above we find v ~4 and v*eC ~ 16.
The kinetic corrections to parallel heat conduction as measured by the normallsed collisionality
v*(,/v*(,C are thus comparable for ions and electrons under typical SOL conditions (T;/T,=19 = 2)
irrespective of the level of collisionality.

Theratio of conductive and convective times may be obtained by combining (5.2), (5.3), (5.10)
and (5.13),

Tyl ~ S AXAMEG)X (VX (Y 6 +V ) (5.14)
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whichisalinear function of both M and v’ o Theratio vanishesasM /4 0 (conduction dominates),
but approaches a finite value as v*(j — 0 (conduction dominates only below some critical Mach
number MCG); Conversely TxIIG/TVII — coasetherMorv & — °° (convection dominant for suf*fici ently
large M or v ). The transition condition may be found as a surface in the M, ¢ and v  space
(assuming Z = 1 for simplicity). Writing (5.14) separately for ions and electrons,

TX||i/TV]|_|/~ 5/2¢(ME/B.Q)x(V ; + 4) (5.15)
1/ *

T Ty~ BI2X(MEDZI3.2)x(mm) Y Px(v + 16)

the critical Mach numbers MCG may be found be setting rX”G/rV” to unity. The solution is shown
graphically in Fig.14, where MC(j is plotted as a function of v*(j for different values of ©. In the
range (1 < < 10; 1 < v 5 < 100) we find 0.01 < M < 0.3 and 0.3 < M®, < 3. As expected,
convection isfound to be always moreimportant for ion energy transport, MCi <<M Ce; for subsonic
flows parallel convection is much smaller than parallel electron conduction.

5.3 ENERGY DISSIPATION BY PERPENDICULAR LOSSES
We next consider the radial energy loss time associated with classical heat conduction, y , ; and
mass diffusion, D | obtained from (5.1) by applying V, — 8l_1,

T4 ~305x(t,, 4T, o) (5.16)

TVJ_'"'SJ_/VJ_D, TXJ_G~5/2X8J_2/XJ_G

wherey  ; isgivenby (5.2) and v LD ~ D, (V n)/n; thelarger ion gyro-radius, p;/p = (ﬁmi/mgy 2
>> 1, givesrise to much faster L ion conduction,

w26 = 0.43(mimy 2072 > o(10) (5.17)
Since radial mass diffusion occurs via electron-ion collisions, it follows that [Miyamoto87],

D, ~ pezlrei - peZ/Tee ~X e/ 4.66 (5.18)
YL S Xie :Dy ~ 2.33m/myY?:466: 1

The energy flux carried by classical radial diffusion, 5/2xnT v LD ~5/2xT (D V n) isthus small
compared to both electron and ion conductivefluxes, or 1, >, ,,>>1,,; and can beneglected in

X
(5.16), such that T, ; ~3/2x3 %Iy ..

54 ENERGY DISSIPATION BY DIAMAGNETIC LOSSES, INCLUDING VELOCITY SHEAR
According to (5.8), the parallel and radial heat fluxes are comparable. This is confirmed

28



experimentally in the strong effect of field reversal on the net poloidal energy flux, gq which is
composed of the drift related energy flux, g, and the parallel energy flux, o since only the former
is sensitive to the BxVB direction and is therefore responsible for the observed change in gy we
infer that the poloidal projectionsof g, and q,are comparable, see 83. In the context of the filament
energy balance, we therefore the expect energy losstime in the A direction, T, ~ SAZIXAG where
Ao = 2-5VisP 4 ISthe diamagnetic heat diffusivity, to be comparable to the parallel losstime (5.10);
thisresult hasaready been anticipatedin (5.18). Since, weare primarily interested in energy transport
normal to the flux surface, we are justified in neglecting the A direction in the following analysis,
by setting u, = q, = 0, thereby reducing the problem to two dimensions (||, L). This approach is
commonly adapted in SOL modelling where the || and A directions are combined, and treated by a
single, poloidal co-ordinate 0; the (6, r) co-ordinates are ubiquitous in both fluid [Ronglien99,
Chankin01, Bonnin03] and turbulence [ Xu98, Beyer99, Naulin02, Nashimura4] codes. The essential
point for the present analysis, isthat all three co-ordinates (||, A, 0), and their related fluxes, refer to
position and transport within the flux surface.

From the point of view of turbulence, a more important quantity is the radial gradient of the
diamagnetic velocity, V u . This is largest in the near-SOL region where strong radial electric
fields are present; in §3 the E-field was estimated as E ~3V T ~3T /A, where A =|V T /T |"is
the electron temperature gradient length evaluated at the outer target, which is typically somewhat
larger than the power width A, ~(2 - 3)kq. The resulting EXB velocity is mostly in the diamagnetic
direction, and can be estimated as u,~u_~E /B ~3T /BA ~ 10km/s oru /c_~ 0.1 for typical JET
near-SOL conditions; it has been already discussed in the context of the classical drift effects in the
SOL, §3 and Fig.10. The radial gradient of this velocity,

Vu ~u/\ ~3T/BL’ (5.19)

produces a stretching or shearing of the filaments, which reduces the radial correlation length of
turbulence and the associated time-averaged radial fluxes. This mechanism has been demonstrated
in turbulence simulations and is almost certainly responsible for the formation of the edge transport
barrier; it is also the most likely explanation for the reduction of radial transport in the near-SOL,
where the velocity shear V u is strongest.

Following Appendix A, we define the shearing or eddy turn-over time, T ~& /Au ~0 /8 |u_
as the time taken to stretch the filament in the diamagnetic direction to twice its original size.
Assuming a background electric field, this time becomes T~ (8 /u )(A, /3 ). It should be compared
with the parallel loss time T~ 0 /u, cf. (5.10). Their ratio measures the relative importance of the

(i
two effects,

T,/7,~ (8,/8)(u/u )(A,/8)) (5.20)
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Shearing effects dominate when ’Cvu/’CH < 1. To evaluate this further we consider the case of convective

losses, u ~c_andu _~0.1c, such that ?SA/?SH < 0.1(8 /A,). If we assume the filaments are smaller

than the Hproﬁle width, 8 /A, <1, we find 8/8“ < 0.1 for the largest filaments in the near-SOL.
Considering fully elongated filaments, 8\\ ~L ~50m [Thomsen02], this translates into § < 5m,
which is comparable to the poloidal extent of the SOL, L ~ 2nr, ~6m. In other words, plasma
eddies in the near-SOL are not only highly elongated in the parallel direction and resemble 1-D
filaments, but also effectively stretched in the diamagnetic direction, such that they begin to
approximate 2-D plasma sheets, flattened within the flux surface; this change in the eddy topology
is common in both fluid and MHD turbulence. The smaller the radial extent of the 1-D filament in
comparison to the radial gradient length of the electric field, the faster is it stretched into such a 2-D
plasma sheet. As a consequence, we expect only weak gradients within the flux surface itself, at least
in the near-SOL region, which justifies the neglect of u _and q , and the choice of radial diffusion as

the dominant collisional loss mechanism.

55THERMAL ENERGY DISSIPATIVE SCALES

In the previous sections we obtained expressions for the dissipative times due to energy losses in
the ||, A and L directions. We are now ready to derive the dissipative scale /| _based on the balance
of L and || losses of thermal energy of species G in the filament frame of reference. These are
comparable when

0=V /quuc =TT~ 1 (5.21)

J_qJ_c c lo

We could of course consider all three effects discussed above: parallel loss §5.2, radial diffusion
§5.3 and diamagnetic shear §5.4, and define corresponding dissipative scales by equating each of
these in turn. However, in the light of the discussion in §5.4, we will restrict ourselves to considering
the balance of radial and parallel losses alone; the inclusion of diamagnetic transport does not
substantially change the results of the analysis, while greatly complicating the algebra. In other
words, we will adopt (5.21) as the definition of / _ which measures the smallest coherent structures
in energy density and/or the smallest (radial) gradient length in the filament frame; the subscript L
indicates that / _measures a radial length. Using (5.10), (5.16) and (5.21) yields an estimate of the

dissipative scale for species ©,

[ g ~@13%y, T )"~ p(2/3xc, N )" (5.22)
where N = T Tos 19 the average number of L diffusive steps per || transport time of species G. In
other words, /, _is equal to p_ multiplied by some factor of order N _"* which leads to collisional

broadening. The parametric dependence of this and other related expressions are discussed in more
detail in Appendix B. On physical grounds, both /, and/or A, _=|T_/V T_| cannot be smaller than
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P> which follows directly from the assumption of strong magnetisation of the plasma, min(®_7_,
a)CGT”G) >> 1 (the velocity distribution, f_(v) and all its moments, including the energy € _, are quickly
(~w_ ") broadened over a radial extent of the gyration, that is over p_). We will therefore replace
(5.22) by,

[/ p,~ max{l, (2/3xc, N )"*} >1 (5.23)

Since we are ultimately interested in the ratio of ion and electron dissipative scales, [ /I , we
combine (5.23) with the ratio of ion and electron gyro-radii p/p, = (9m,/m )"* ~ 60x(T/T )" ~
0(10?) for D*, and plot the result vs. electron collisionality in Fig.15. The interval, 1 <v* <10°, has
been chosen to span the range of v', = v* 0~? of Fig.14. For typical JET near-SOL conditions, shown
as a shaded region in Fig.15, [ , exceeds / by roughly an order of magnitude, / /I, ~7-20 ~O(10).
Similar values are found for Alcator C-Mod [LaBombard97] and ITER [ITER99]: (Z, /I )™~ 4-
20 and (1 /1, )"™*~ 8-20.

We can now rewrite the balance of radial and parallel losses of thermal energy in the filament
frame of reference (5.21), using (5.10) and (5.23), as

0,=V,q,/V,a,=7/t,=01/5) (5.24)

J_qJ_c o "1lo

which scales as the inverse square of the filament size 6, normalised to /, . In other words, collisional
diffusion is negligible for filaments much larger than the dissipative scale; its relative importance

increases quadratically as the filament size is reduced. Consequently,
0/6,=(/1 ) ~0(10 (5.25)

and the ion to electron ratio of the relative strength of radial and parallel thermal energy loss
mechanisms is found to be independent of the scale considered, being determined solely by the
square of the ratio of their dissipative scales, see Fig.15. For estimated JET near-SOL conditions,
(5.25) predicts ©/0_ ~ 50-400 ~ O(10%). Therefore, irrespective of the size of the filament considered,
collisional losses of thermal energy by radial heat conduction are always much larger for ions than
electrons. This is the anticipated result in light of ) /x . >> 1, however, by including the details of
parallel transport and performing a sensitivity study to several plasma variables, it has now been
established for a wide range of near-SOL conditions, including those relevant to JET and ITER.
We have seen above that collisional effects only become important at filament scales 6, comparable
to [, . As we consider filaments of progressively smaller size, this condition will first be satisfied
for the ions, since / ,>>1 . Atthe scale 6, ~/ , the ion thermal energy evolution is affected by ion-
ion collisions (classical y ), ©. ~ 1, while the electron thermal energy remains largely unaffected

by electron-electron collisions (classical y ), ©, ~ O(107%). Consequently, the perpendicular ion
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energy transport is dominated by collisional heat diffusion, while electron energy transport is still
governed by turbulent convection in the L-A plane. In other words, collisional diffusion dominates
the radial energy transport of ions, and turbulent convection that of electrons. If a finite level of
turbulent convection is included, u, > 0, the radial fluxes of thermal energy and the resulting power
profiles, involve both collisional and turbulent contributions, but due to (5.25), their ratio is always
bigger for ions.

To relate the above conclusions to the experimental results presented in Sections 2 to 4, we need
only note that the typical power widths measured in the JET near-SOL are in fact comparable to the
ion dissipative scale, 7\,q ~ O(/ ). Therefore, the conclusions of the previous paragraph should be
directly applicable to JET plasmas discussed in this study. With the value of u, ~ 10m/s inferred in
the near-SOL, we can conclude that turbulent radial convection is much weaker than collisional,
(neo)-classical ion heat conduction, i.e. collisional diffusion dominates the radial transport of ion
energy in the near-SOL. This is the key result of the analysis presented in this section.

We close the section with a brief summary and an overview of this analysis. It was shown in
Sections 5.2-5.4, that the energy evolution of a SOL turbulent filament is influenced by three
processes: parallel loss to the targets, radial heat diffusion and poloidal velocity shear. The latter is
the most difficult to quantify; it generally leads to filament break up (or flattening into a 2-D plasma
sheet) and thus a redistribution of thermal energy within the flux surface, with little effect on average
radial profiles. The dissipative scale, /, , defined as the scale at which parallel and radial energy
losses from an filament of arbitrary size are comparable, is roughly equal to the diffusive length for
each species, /,_ ~ p_v '? such that / , >> [ , Fig.15. The ion dissipative scale is therefore
comparable to the measured SOL power width 7»q ~ O(?»q‘“) ~O(/},)), while/ _is an order of magnitude
smaller. As such, radial heat conduction due to ion-ion collisions is at least comparable to turbulent
convection of ion thermal energy for typical SOL turbulence scales, but has little effect on the
transport of particles, momentum or electron thermal energy. In contrast, heat diffusion due to
electron-electron collisions is much smaller than turbulent convection of electron thermal energy.
In other words, for the level of turbulence implied in the near-SOL of JET H-modes, collisional
(conductive) and turbulent (convective) transport processes are dominant for ions and electrons,
respectively. This is made possible by the fact that under typical JET near-SOL conditions, electrons
are collisional (v.° ~ 25), but are effectively thermally decoupled from the ions (v, ~ 0.5).
Consequently, the ion and electron energy transport can proceed by separate channels and be governed
by largely independent mechanisms. The same cannot be said for the transport of mass and, to a
lesser extent momentum, which are intimately linked for both species via the quasi-neutrality
condition resulting in the ambipolar flux constraint.

With these conclusions, a general picture of inter-ELM energy transport in the SOL emerges in
which SOL turbulence in the near-SOL is reduced by poloidal velocity shear (vorticity), but is not
entirely suppressed. The turbulence level is low enough and the radial gradients steep enough, for

(neo-)classical ion conduction to dominate the radial ion energy transport. Turbulence simulations
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have demonstrated this self-regulating reduction in radial transport, although an exhaustive treatment

of collisional, dissipative effects in SOL turbulence codes is still lacking at present.

CONCLUSIONS

Significant progress has been made in understanding power exhaust mechanisms on JET under
ITER-relevant conditions. Analysis of measured ELM-averaged divertor power deposition profiles
for a range of plasma conditions in both forward and reversed toroidal field direction, suggests that
near-SOL poloidal energy transport (i.e. transport of thermal energy within the flux surface) is
governed largely by classical physics: in the parallel (||) direction by classical heat conduction and
convection, in the diamagnetic (A) direction by classical (guiding centre and diamagnetic) drifts. In
contrast, near-SOL radial energy transport (i.e. transport of thermal energy normal (L) to the flux
surface) is determined by a combination of collisional and turbulent processes, with transport of
ion energy as the dominant channel. Comparison of the JET experiments with theories of radial
heat diffusivity suggests that ELM-averaged radial energy transport is dominated by (neo-)classical
ion conduction, including collisional ion orbit loss; the term (neo-)classical denotes an intermediate
regime between classical and neo-classical (Pfirsch-Schlueter) diffusion, which reflects the change
of magnetic topology at the separatrix. A similar experiment-theory comparison for both upstream
and downstream electron power profiles on JET and AUG, indicates that electron energy transport
in both machines is dominated by turbulent convection, most likely driven by MHD interchange
and drift-Alfven instabilities.

The co-existence of turbulent convection for electron energy and collisional conduction for ion
energy can be reconciled by considering the phenomenology of SOL plasma turbulence, including
its dissipative properties. Such analysis allows us to form a coherent picture of ELM-averaged
power exhaust which may be summarised as follows: the growth of strong radial electric fields and
poloidal velocity shear in the near-SOL during the inter-ELM H-mode phase results in a strong
reduction of radial turbulent convection in that region. As the strength of the H-mode barrier increases,
ion and electron collisionalities are reduced and the relative importance of poloidal drift effects
increases. Based on the measured profiles, we infer that ion-ion collisions compete with turbulent
convection as the dominant transport mechanism in the near-SOL. Since radial heat diffusion is
much faster for ions than for electrons — a direct consequence of the larger ion gyro-radius — the
role of electron-electron collisions and electron heat diffusion is negligible. These effects can be
expressed in terms of the relative magnitude of SOL dissipative scales, which are defined as the
radial lengths at which the convective and collisional fluxes are equal. The ion dissipative scale is
found to be comparable to the measured target power profiles, while the electron scale is roughly
an order of magnitude smaller. This explains why collisional effects play an important role in ion,
but not in electron radial energy transport.

It is at present not possible to clearly differentiate between inter-ELM and ELM contributions to

ELM-averaged power deposition profiles on JET. The difficulties include: 1) insufficient diagnostic
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accuracy, 2) little, if any, profile broadening due to the ELMs, 3) insufficient power to achieve
Type-1 ELMs in He experiments, and 4) a strong correlation between collisionality and ELM size.
Until these problems can be overcome, it is difficult to confidently isolate specific ELM contributions.
For example, the excess heat load and peaked profile shape in Type-I ELMy H-modes may be
explained by either inter-ELM energetic ions or energetic ions and electrons associated with the
ELMs. Likewise, the beneficial effect of fuelling in reducing the peak divertor heat load can be
accounted for either by the increase in the ion collisionality and its effect on inter-ELM transport or
by the related reduction in the ELM size. Further experiments and simulations are required to
clarify the above issues.

The results of this study may be used to predict ELM-averaged power exhaust on ITER, by
extrapolating from the JET results using the best-fit empirical scalings and leading candidate theories.
Thus, extrapolating from JET Pulse No: 50397 (16MW NBI, 2.5MA/2.4T) using expressions (2.4) to
(2.6) and expected separatrix values on ITER (n, = 3x10" m?, 2T, =T, = 400 eV, V*i,sep ~1.1),
we find an integral power width of XqITER~ 3.7 £ 1.1mm mapped to the outer mid-plane, which is
comparable to p,; evaluated at the separatrix. Due to the low separatrix ion collisionality, we expect
the peak heat load to be dominated by the excess contribution, q,, —q, ;,,..p » Which in Section 2 we
identified with the energetic ion component. Since JET results are based primarily on natural density
H-modes under attached divertor conditions, the above estimate of quTER should be viewed as the
power width at the entrance to the ITER divertor throat, eg. at the height of the X-point
[Fundamenski04]. We expect this profile to be significantly broadened by ion-ion and charge-
exchange collisions in the dense plasma in the V-shaped ITER divertor, where partially detached
operation is essential, such that target 7»q exceeds the ITER design value of Smm [Kukushkin02,
ITER99]. It is worth noting that existing modelling of ITER divertor operation neglects all effects
associated with classical drifts in the SOL. Based on the work reported here, we anticipate that
these effects will increase the poloidal power flow into the outer divertor and thereby reduce the
degree of detachment in that leg. It thus appears timely to revisit these simulations with the effect of
classical drifts included. Finally, the analysis and conclusions of Section 5 remain valid for ITER with an

anticipated ratio of ion and electron thermal energy dissipative scales in the range of ( /I, )"~ 8-20.
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APPENDIX A: THE CONCEPT OF THE DISSIPATIVE SCALE

The dissipative scale is a well established concept in hydrodynamic turbulence theory. It can be
traced to Kolmogorov’s phenomenology of turbulence [Kolmogorov41], a clear account of which
may be found in [Kadomtsev65, Tennekes72, Frisch95, BiskampO03]. In this picture, a turbulent
flow is represented as a collection of different sized coherent structures (traditionally called eddies,
whirls or vortices), which interact through the non-linear, advective term in the Navier-Stokes
equation; this interaction leads to the distortion and eventual break-up of larger into ever smaller
eddies, a process known as the Richardson

eddy cascade. The range of scales at which these interactions dominate forms the inertial range. If
kinetic energy is injected at the largest scales, say by stirring the fluid, the energy is then transported
by non-linear interactions to ever smaller scales throughout the inertial range; when the eddies
become sufficiently small, their kinetic energy is converted into thermal energy (or dissipated) by
viscous heating associated with inter-particle collisions. The scale at which collisional and inertial
effects are comparable is known as the dissipative scale [, and determines the smallest scale at
which coherent structures (eddies) can exist in the flow.

The dissipative scale /[ was derived by Kolomogorov on dimensional grounds for the highly idealised
case of fully developed, incompressible, homogenous, isotropic, three dimensional turbulence. At

this scale the inertial u-Vu and viscous vV?u terms in the Navier-Stokes equation,
ou/ot + u-Vu =-Vp + vVu (A.1)

are comparable; here u is the velocity and v the kinematic viscosity. Their ratio defines the Reynolds
number Re = 7 /T , where T and T are the characteristic advective and collisional (viscous) times.
For a eddy of size 9, these may be estimated by replacing the gradient by the inverse of the eddy
size (V— &), such that T _~ &/u and T, ~ &/v, and Re = Re(0). The dissipative scale can thus be
defined as,

Re(l) ~1 = [ ~V/u, (A.2)

where u is a characteristic velocity at the scale 8 = /. Since Re > 1 in the inertial range (8 > /),
dissipative effects may be ignored throughout most of the eddy energy cascade. With no dissipation
taking place in the inertial range, all the energy injected at large scales is transported to the dissipative
scale. The rate of energy injection per unit mass € can therefore be written as & ~ u*/(8/u) ~u*/0 ~u /I,

[Tennekes72, Frisch95], which by (A.2) yields an expression for / in terms of v and €,

[~V ~V/e)” (A.3)
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In this simple formulation /, depends only on the collisional interactions (v) and the kinetic energy
injected into the system at the largest scales (€), not on the details of the flow pattern (u).
Consequently, /, can be calculated entirely within the eddy frame of reference, which circumvents
the non-linear advection terms and substantially simplifies the analysis (from differential to algebraic
equations); in this frame, T represents the eddy turn-over time (in which the eddy is destroyed by
velocity shear) and T the viscous time (in which momentum diffuses out of the eddy volume). The
dissipative scale / also determines the smallest gradient length likely to exist in the fluid; as a
result, the power spectrum of turbulent fluctuations E(k), which scales as k=5? in the inertial range,
falls off more rapidly for k >k ~ /' [Frisch95].

In the above formulation, kinetic energy dissipation occurs via collisional diffusion of momentum
out of the eddy volume. Similarly, one could formulate dissipative scales for a passive scalar, such
as a tracer concentration or the fluid temperature. In the latter case, the thermal energy dissipation
(reduction of eddy stored energy) occurs via collisional heat diffusion out of the eddy volume, and
the kinematic viscosity v is replaced by the heat diffusivity .

If the flow is two, rather than three dimensional, the conservation of vorticity provides an additional
invariant and leads to a positive (larger to smaller scales) cascade of enstrophy and an inverse
(smaller to larger scales) cascade of kinetic energy [Tennekes72, Frisch95]. The inverse energy
cascade results in formation of large scale structures which terminate at some system related scale.
The injection of kinetic energy at rate € is accompanied by the injection of enstrophy at rate €, both
occurring at the same length scale. On dimensional grounds, similar to those employed to derive

(A.3), the enstrophy dissipation length is found as
I~ (Ve ) (A4)

while the power spectrum of turbulent fluctuations E(k) in the enstrophy cascade scales as k™.
Despite these differences, the concept of a dissipative scale is equally applicable to both two and
three dimensional turbulence.

In the context of magnetised plasma turbulence, which can be treated as quasi two-dimensional
with advective motions in the L-A plane, see Section 4, the dissipative scale defines some
perpendicular length at which collisional and interial forces are equal. In the SOL, where the strongest
gradients occur normal to the flux surfaces, we expect the dissipative scale to define the smallest
radial gradient length, 7‘\41 = |y/V |, where y € {n,T_T}. It is worth noting that the SOL has the
structure of a thin, elongated boundary layer with 7‘\41 <<L, and such that we expect SOL plasma
eddies to correspond to highly elongated filaments [Biskamp03, Taylor97, Naulin02, Antar01,
Thomsen02]. When averaged over all scales, filament motions in the L-A plane result in a net radial
flux of particles and energy. In addition to collisional diffusion, parallel losses to the divertor targets

and diamagnetic velocity shear also produce an effective dissipation mechanisms. The SOL
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dissipative scale must therefore account for losses in all three magnetic directions, although we
expect || and L losses to dominate.

For the purpose of characterising power exhaust, which is the topic of the present article, we are
primarily interested in the transport of thermal energy (heat) rather than kinetic energy or momentum.
In the 1-A plane, thermal energy is both convected by turbulent motions and conducted (diffused)
by collisions. However, due to a strong dependence of the Coulomb collision cross-section on
temperature, thermal energy cannot be treated simply as a passive scalar embedded in the flow.
Instead, temperature should be treated as an active scalar, which somewhat complicates the analysis.
As mentioned previously, the heat diffusivity y replaces the kinematic viscosity v as the relevant
collisional diffusivity, such that the dissipative scale / becomes lx' This scale now determines the
smallest radial femperature gradient length likely to exist in the plasma. Since x ,>>  on account

of the larger ion gyro-radius, we expect this scale to be much larger for ions than electrons.

APPENDIX B: PARAMETRIC ANALYSISOF THE DISSIPATIVE SCALE (5.22)
Below we investigate the parametric dependence of (5.22). Using (5.10), N can be written as a

product of two terms

N =3/5%(t /T )X(1+7

o' “oo

-1
16 ) (B.1)
The first term T, /t_, which can be interpreted as the average number of L diffusive steps per ||

conductive time N *_, is found from (5.10) and (5.13) as

Nx =1/t =V X1+V V)

o “oc

o (B.2)
This reduces to v* /o o< T 2and v* */c, o< T, for v’ <<v’ ¢and v’ >>V" ¢, respectively; here
we made use of (5.12) to make the T_ dependence explicit. The ratio of electron and ion steps,
N */N %, is thus found as 5xX0* ~ 5-50 and 1.2x9%* ~ 1.2-100 in the two limits, with the range of
values for 1 < < 3 indicated.

The second term in (B.1) represents the convective contribution to || energy loss and has already
been formulated in (5.14). Inserting (5.14) and (B.2) into (B.1), gives the final expression

N, = 3/5><V*G><{CHGG(V*G+ V'O 4 52xME(v v ) (B.3)

Vie=ce o, §=(1+29)7 vy =(T/T)*(m/m)"?

which depends on three dimensionless parameters: v*_, & and M. We now consider the three
asymptotic limits of (B.3):
e the collisional, conductive limit (M << M¢_, v*_>>V" ¢) in which (B.2) reduces to 3/5xN *_
as found in (B.2),

37



N, =3/5xv" o, o< T (B.4)

e the fiee-streaming, conductive limit (M <<M°_, v'_<<V" °) in which (B.2) once again applies,
but now yields
N, =3/5xv" Ja_oc T2 (B.5)

e the convective limit (M >> M° ), which based on Fig.14 only applies for ions in the SOL; in
this limit (B.1) reduces to
N, _=3/5xv* {5/2xMEg(v /v )}~ (B.6)
SN, =6/25%v* IME o THM(1 + Z/9)"?

In short, N _increases monotonically with the filament collisionality v"_: quadratically in the
collisional conductive limit (M << M°_, v'_>> V" ©) and linearly in the conductive, free streaming
(M <<Me, v'_ <<V’ ©) or convective (M >> M ) limits. The ratio N /N . in the three asymptotic
limits is shown in Table 3; since electron transport is firmly fixed in the conductive regime (M <
Mc, Fig.14), the electron convective limit (M >> M¢ ) has been omitted from Table 3.

Based on the asymptotic behaviour of N, (B.4)-(B.6), we expect/ /p_to increase monotonically
with v°_for all values of © and M: linearly for (M << M°_, v’ _>> V" ©) and as a square-root for (M
<<ME, V<<V ) or (M>>M° ), see Fig.A.1.

The expression (5.23) is plotted in Fig.A.1 for a range of v*_ over arange of 1 < (=T/T ) < 10
and 0.01 <M < 1. The electron ratio / /p_ is largely insensitive to both 1% and M in this range,
increasing from ~1 for v*_~ 0.1 to ~30-100 for v* ~ 10°. Similarly, / /p, is insensitive to ¥ but is
noticeably reduced with increasing M, increasing from ~1 for v*, ~ 1-3 to ~20-200 for v* ~ 10°.
Finally, we find / /p, <! /p_provided that v°_<30. Although/ /p_depends on v’ _along with two
other parameters (¥, M), the ratio (/ /p)/(/, /p,) depends on only three parameters (V*,, v*,, M) or
(v',, 9, M), since the two collisionalities are related via (5.12), i.e. v', = 0*v". For v, ~ 0.1, ({ /p,)/
(I, /p,) ~ 1 forall & and M. As V' increases, (/ /p)/(/, /p,) decreases uniformly with little effect of
Y and M, until v 0=V’ ~ 1. Thereafter, (/ /p,)/(/, /p,) remains roughly constant atits v*, ~ 1 value
for moderate Mach numbers, with some decrease close to sonic velocities. For estimated JET near-
SOL conditions (10 <v* <30, 1 <0 <3,0.03 <M <0.3), we find (/ /p)/(/, /p,) ~ 0.07-0.3.

The ratio of dissipative un-normalised scales / /I , plotted in Fig.15, exhibits qualitatively similar
behaviour, with a few marked dfferences:

e[ /l, > 1 over the entire range of v* , 0 and M

e For v' 0?=v" <1, /I  doesnotapproach acommon value but increases as ~9'” at fixed v°,

with little effect of M.
e The value of / /I at v' 9> = V", ~ 1 decreases less than linearly with O
e For v'0>=v" > 1,1 /I  staysroughly constant at its v*, ~ 1 value for moderate Mach

numbers, with a mild decrease close to the sonic boundary.

38



For estimated JET near-SOL conditions, shown as a shaded region in Fig.15, we find / /I, ~7-20
~ O(10), such that / , exceeds /, A by roughly a factor of ten, which is less than the ratio of the gyro
radii p/p, ~ O(10%), but still much larger than unity.

APPENDIX C: LIST OF SYMBOLS
C.1 SPECIAL SYMBOLS
) volume average

Il, A, L parallel, diamagnetic and radial directions

C.2 GREEK SYMBOLS: ¢ € {i,e} ISA SPECIESINDEX

o free streaming multiplier (for species ©)
X parallel heat diffusivity

XHGSH Spitzer-Harm parallel heat diffusivity

Ao radial heat diffusivity

X total (ion + electron) radial heat diffusivity
X Pfirsch-Schlueter radial ion heat diffusivity
Yo diamagnetic heat diffusivity

Xs Bohm diffusivity, x, ~ T /B

6”, 5,0, size of the eddy (filament)

€. filament energy density, & ~n(3/2xT + 1/2xm u *)
e=a/R aspect ratio

€ energy injection rate per unit mass

€, enstrophy injection rate per unit mass
0,0,r toroidal, poloidal and radial directions

() net flux expansion factor, ® = ds/dr,

Y, sheath energy transmission coefficient
/T, outer/inner deposited particle fluxes

k= (b-V)b  curvature vector

A, integral power width, A = [ qdr /q,

AL power width regressing with all data /only H-mode shots
qu-v* collisional IOL width, as defined by (2.6)
A temperature gradient length,

A mean-free-path,

(o]0

A =A(t,) convectively dominated parallel transport width
A}=Ak(t,) conductively dominated parallel transport width
ne{|l, A, L} directional index

% characteristic collision frequency

(o}
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a Aa

A _a_a a
a

A S

collisionality, v " = L /A,

critical collisionality

ion-to-electron temperature ratio

field line inclination angle at the target

poloidal launch location

defined by (5.21)

poloidal ion gyro-radius

poloidal gyro-radius evaluated at the sound speed
radial launch location
thermal gyro-radius 6 € {i,e} species index
ion-electron energy equilibration time

characteristic collision time for 6-6 Coulomb scattering
characteristic energy transport (or loss) time

o /Au

convective and conductive energy loss times,

shearing or eddy turn-over time, T~

harmonic average of the two

characteristic advective and collisional (viscous) times
gyro-frequency for species G

defined by & = (1+Z/0)"?

transitional variable, =V /(1 + V")

C.3LATIN SYMBOLS: BOLD CAPITALSREPRESENT THEORIES OF RADIAL ENERGY

TRANSPORT
a minor radius
A atomic mass of main plasma ions
Al classical ion heat conduction, y *' e p2v.
A2 neo-classical ion heat conduction, x 4> =<y *'(B/B,)* e p,>v,
A3 classical electron heat conduction, y ** ~x *!(m /m)"? o< p *v,
B1, B2 endplate MHD interchange with A_and A
B, toroidal magnetic field
B, toroidal field ripple
C, plasma sound speed
D collisionless MHD interchange near B
D> anomalous diffusivity
e = b,e e parallel, diamagnetic and radial unit vectors
e, electric charge (—e for electrons, +Ze for ions)
E sot radial electric field in the SOL
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av]

ELM

av]

SOL

Q9T
2
e

trapped fraction

ELM frequency (Hz)

drift wave

MHD interchange

endplate MHD interchange,
plasma current

drift with collisionless skin depth
drift Alfven: low collisionality
drift Alfven: high collisionality

sheath and sheath-resistive modes

connection lengths from the outer mid-plane to the outer/inner target,

generic connection length

poloidal extent of the SOL
dissipative scale

radial dissipative scale

Mach number, M = uH/cS

critical Mach number
charge-exchange

plasma (filament) density

upstream (SOL) plasma density
target plasma density

neutral density

Greenwald fraction

average number of L diffusive steps per || transport time
average number of L diffusive steps per || conductive time
Bohm scaling

collisionless skin depth

static pressure

heating power

Neutral Beam Injected power
radiated power

power entering the divertor

power radiated in the divertor

ELM power = AW_

power entering the SOL

target deposited power

outer / inner target deposited powers

null model, ) = constant,
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q, parallel energy flux

Ay > Do peak target heat load

q./q, outer/inner deposited peak heat loads

q., =9, t4q; total heatload= electron + ion heat loads
q," as defined by (3.2)

q, " as defined by (3.2)

q,. " as defined by (3.2)

S | component of the convective energy flux
Ao | component of the conductive energy flux
d,q | component of the total energy flux

quFS free streaming (FS) parallel heat flux

s safety factor at 95% poloidal flux surface
r radial distance at the outer mid-plane

R major radius

R /R, major radius of outer/inner mid-plane

AR , AR, outer/inner mid-plane wall gaps
Re=1/T, Reynolds number

72]
-

distance along the target
magnetic shear

plasma (filament) temperature

Qa

upstream SOL temperature

a
:\.'
a

target temperature

a

G
ﬁ
g

plasma (filament) velocity

<

characteristic velocity at the scale 8 =/

<

thermal speed, v _= (T /m )"

< <
e}

1o Vis parallel and perpendicular thermal speeds

v, ~EXb/B electric drift velocity

AW, stored energy drop due to an ELM
X direct ion orbit loss, kqx

Y1 ion gyro-radius, p,

Y2 poloidal ion gyro-radii, p,,

71 electron gyro-radius, p,

V4 atomic charge of main plasma ions

C.4TERMINOLOGY
classical X ™ o’
neo-classical y . o< q,>
(neo-)classical o q,.,* with 0 <k <2
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near-SOL SOL region withr /A <2 -3

far-SOL SOL region with /A, >2 -3
fwd-B forward toroidal field (BxVB ) direction
rev-B reversed toroidal field (BxVB T) direction

LP, TC, IR  Langmuir probes, thermocouples, infra-red camera
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Figure 1. Schematic of power exhaust mechanismsin a
diverted tokamak. The time series indicates that the
indicated channels apply both to the inter-ELM phase
and the ELM transients. This figure was adapted, with
some modifications, from Fig.7 of [ FundamenskiO4] .
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Figure 2(b): Same as Fig.2(b), but in rev-B.

46

Figure 2(a): Results of ASCOT modelling of ion orbit loss
in fwd-B. The initial launch location of ions has been
labelled blue (black) if the orbit terminates at the inner
target and red (grey) if it strikes the outer target.
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Figure 3: A comparison of TC (solid line), IR (dot-dash
line) and LP (dashed line) measured steady-state power
deposition profiles at the outer target for a 2.5MA/2.4T
dischargefor 16MW Type-1 H-mode. The IR profiles have
been averaged over the ELMs. The scale of the electron
heat flux (LP) is four times smaller in the high power
case. Also shown isarethe profiles obtained for a 12MW
Type-l H-mode (same field and current), using the shot-
by-shot TC method. For comparison the poloidal gyro-
radius at the outer mid-planeis shown for three values of
the ion energy. The figure was adapted, with some
modifications, from Fig.2(b) of [ Fundamenski04].
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Figure 11: ASCOT modelling of (direct) ion orbit loss
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Figure 12: Similar to Fig.6, for the error between
theoretical and experimental exponents of ¢, scaling with
T,, Ne, ggs and B; obtained from SOLPS analysis of AUG
plasmas, (4.1).
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Figure 13: Plasma filament schematic: the size §, and
loss times 7, are indicated, where ue{||, A, L} are the
three magnetic directions. The envel ope denotes a surface
of constant electric potential. The gyration orbits of ions
and electron are also indicated. The drawing is not to
scale, since g, >> §,, 6, and p; >> p,. Thefilament need
not be linear but follows the magnetic field lines,
approximating a magnetic flux tube.

Figure 14: Critical Mach number M° is given by (5.15)
with 7, /7, ~ 1, asafunction of v ; for different values
of 9= T/T,.
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59691
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Mode lp

L 2.5
L 2.5
H-I 2.5
H-IIT 2.5
H-I 1.5
H-I 1.5
H-I 1.5
H-I 1.5

2.4

2.4

2.4

2.4

1.45

1.45

2.2

2.2

s

2.7

2.7

2.7

2.7

2.7

2.7

4.2

4.3

<n

33

33

6.5

6.2

5.0

4.0

39

39

>

heat

4.4

53

15.6

14.2

10.2

9.4

9.8

11.9

PSOL jsin
27 ~2
40 ~4
95 ~25
11.0 ~6.5
67 ~1.8
63 ~25
72 ~15
88 ~5

o
39
~5
40
~7
22
~6
18

~9

o T
~10 18
~25 25
~8 25
~25 25
~8 34
~20 ~20
~10 35

~20 ~20

Tsou
63
81
97
98
78
84
102

109

n soL
e

2.32
3.5
1.78
4.4
1.46
3.0
0.96

3.7

ELM

12

~30

10

~40

20

20

AW

ELM

100

100

PELM Wped
- 165
- 153
4 56
15 39
2 22
2 23
2 26
2 21

AW/W
ped

0.06
0.01
0.09
0.02
0.04

0.05

Table 1: Summary of matched pair discharges; all plasmas are D*, NBI heated; units: I, (MA), B (T), P (MW), n,
(20" m®), T (eV), js (10° AMP), Ty (H2), Wiy (KJ), Wieg (MJ); also used Ly, [m] = 50x(Clos/2.6).

i-n

0-2m

0-21

0-2m

0-2m

0-21

0-21

0-21

0-2m

0-2m

0-2m

Py

0.95

0.95

0.95

0.95

0.95

0.95

-1

-1

-1

-1

-1

-1

0.95-1

0.95-1

0.95-1

0.95-1

0.95-1

0.95-1

B

rip

B.

Tip

SoL
EJ.

10

20

75

75

75

75

T,
0.37,5.62
0.55,7.18
0.65,6.81
0.90, 4.21
1.29,2.63
5.17,0.56
9.06, 1.24
0.10,20.34
2.22,2.93
4.66,0.81
2.11, 1.66
12.85,0.26

0.67, 6.43

5.26,0.57

q,/q;

0.27,12.71

0.30,22.26

0.34, 15.41

0.39, 12.49

0.50, 9.55

1.09, 5.03

6.73,1.46

0.12,22.65

0.91, 7.47

0.94, 5.40

1.55,1.73

3.83,1.19

0.44,15.72

2.22,4.66

P /P,

0.32,15.32

0.36,26.73

0.41, 18.58

0.47,15.02

0.60, 11.53

1.31, 6.08

8.15,1.76

0.15,27.23

1.10, 8.99

1.13,6.50

1.88,2.09

4.61, 1.42

0.53,18.90

2.69,5.63

Table 2: ASCOT trace run results: = n™° = 1.5e19 m*; T"¥ = 1 keV: T = 168eV (omp); Maxwellian f(E, o)

withlocal (n;, T;) For 2D (ny, T;) SOL plasma (JET 50401); Apeq = {0, 15} mm-omp; E;

listed for (fwd-B, rev-B).

'€ = neo-classical. Resultsare
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N /N . M<<M¢, V' >Vy'e M<<Me¢.V <<vy*e
le' " Li e " e e e e e

M << M, V' >> V' 1.21x%* 19.5x0%V"
M << M, V' <<V'¢ 0.31x0?V", 5x0?
M >> M, 0.78><M(1+Z/13)”2132v*e 12.5xM(1+Z/19)"29?

Table 3: Ratio of average number of electron and ion radial steps per || transport time, in the three asymptotic limits
(B.2) - (B.4).
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