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Abstract

Interpretative modelling of the JET SOL plasma using the onion-skin method (OSM) has provided valuable insights
into relationships between edge plasma parameters and information about the anomalous cross-field energy transport
coefficients. The method relies on solving the plasma transport equations along individual flux surfaces, and adjusting
the cross-field source terms to best match the Langmuir target probe profiles. In this paper, an improved solver (OSM?2)
is described and three sets of results are presented: code—code comparison with EDGE2D, code-experiment comparison
with reciprocating probe (RCP) data on JET MKIIGB, and detailed simulation of a 12 MW ELMy H-mode on

MKIIGB. © 2001 Published by Elsevier Science B.V.
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1. Introduction

Edge plasma analysis plays an important role in all
tokamak experiments for reasons of power and particle
exhaust, impurity generation and transport, and the
L-H transition and its effect on confinement (including
ITB behaviour). The standard approach of edge plasma
analysis involves a solution of transport equations in a
2-D poloidal geometry, with constraints on separatrix
power and density as well as specification of radial
transport coefficients. This approach suffers from prac-
tical disadvantages when applied to interpretation of
experiments (related mainly to lengthy parameter
searches required to match diagnostic profiles). An al-
ternative approach, termed the onion-skin method
(OSM) has in the past shown much promise as an in-
terpretive tool. Below, recent developments in OSM
modelling are presented, and the OSM2/NIMBUS code
is applied to three case studies: code-code comparison
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with EDGE2D/NIMBUS, code-experiment comparison
with reciprocating probe (RCP) data on JET MkIIGB,
and simulation of a 12 MW ELMy H-mode discharge
on JET MKIIGB with target power profiles measured
using an X-point shift method.

2. Onion-skin method (OSM)

OSM relies on solving the plasma transport equa-
tions (in the 21-moment approximation) along indi-
vidual flux surfaces with the cross-field divergences
replaced by simpler source terms and varied to best
match selected diagnostic data (in the simplest case, the
target Langmuir probe profiles). As an interpretative
tool, it has two clear advantages over the standard 2-D
approach: (1) speed (by circumventing the need for
lengthy parameter searches to match the diagnostic
data, convergence times are reduced by two to three
orders of magnitude, with the potential for inter-shot
analysis), (2) no assumptions about the nature of
anomalous transport (D,,n,,x,). We can represent
this schematically as,
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where U contains the state variables, F the convective
fluxes, G the diffusive/viscous/conductive fluxes, and 1Q
the volumetric sources (||, A and L represent the parallel,
diamagnetic and perpendicular directions). In both
cases, the parallel physics and target boundary condi-
tions are identical, with only the cross-field terms af-
fected; both methods produce fully 2-D edge plasma
profiles. The necessary condition for OSM to work is
that the solution be only weakly sensitive to the parallel
distribution of the cross-field terms; this may be for-
mulated as a variational principle

0, [ 8U _ 1
U(5QL)<QL> <1, (0)) :L—”/O O.[U(sy)]ds,
28(0.) = 0. (2)

By investigating the above condition, termed the OSM
Ansatz, in more detail [1], it was concluded that OSM is
a good approximation when parallel fluxes dominate,
parallel conductivity increases strongly with tempera-
ture, and the degree of over-/under-ionization on each
flux tube does not exceed a factor of two. This means
that OSM should be applicable to all SOL regimes, with
possible exception of recombination-dominated detach-
ment.

In general, radial information enters OSM along with
selected diagnostic data ¢¥i?¢(r), whatever this data may
be. Cross-field sources O, are then adjusted in order to
minimise the error between measured ¢%¢(r) and pre-
dicted ¢(r) quantities
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This technique will be referred to as diagnostic variance
minimisation (DVM). It is worth noting that DVM is
not particular to the OSM, and could be included
within existing 2-D fluid codes to increase their diag-
nostic content and interpretive ability (in that case
the specified cross-field transport coefficients would
be adjusted in order to minimise the diagnostic vari-
ance). Considering only target Langmuir probe data
{Ty, Ty, Too, T, Y, the two comparison vectors c942(r)
and ¢(r) become

() = | 4
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The default cross-field sources for the above case were
selected as follows:
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where sf‘( ®and s‘)‘( L are the s locations of the X-point and
E(r) are free parameters adjusted in order to minimise
the statistical variance between U(r,s) and U%(r).

The newly developed onion-skin solver [1] (OSM2)
(results from OSM1 were presented at the 13th PSI
conference [2]) includes new physics such as: ion vis-
cosity effects, ion—electron collisional energy exchange,
smooth supersonic transition, continuous target-to-tar-
get solutions, and more accurate treatment of plasma—
neutral interactions. The final set of model equations is
given below
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where O, are the cross-field sources, O, the plasma
sources, Qs the neutral sources, Qg are the magnetic flux
expansion terms and t, oc m}/2T3/2n;!. Plasma-neutral
interactions enter the model via a neutrals source Oz

m; (Siz - Srec)
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where S;,, S and Scx are, respectively, the ionization,
recombination and charge exchange rates, u, is the
along-B neutral velocity, u; the neutral birth velocity,
Qqi and Qg the energy sources for ions and electrons due
to plasma-hydrogenic neutral interactions, and Qz and
Q7. are similar sources due to plasma—impurity inter-
actions (impurity cooling is estimated by Oz = f7.Oqe
and Oz = f7i0q with default values of fze =1 and
fzi = 0; in the future these terms could be calculated
iteratively with the impurity transport code DIVIMP [3]
within which OSM2 is fully integrated).

Plasma transport equations are discretised on an
adaptive parallel grid and in turn solved on each flux
surface using a fully- implicit block tri-diagonal inver-
sion with semi-implicit boundary conditions, typical
techniques of computational fluid dynamics (CFD). The
plasma solution is then transferred onto a coarser po-
loidal grid and neutral hydrogen transport is simulated
using a Monte-Carlo code such as NIMBUS [4] or EI-
RENE [5]. Neutral sources are then relaxed to assure
numerical stability and the cross-field sources are ad-
justed based on the deviation from desired target con-
ditions. The above OSM2/NIMBUS cycle is iterated
until global convergence ensues

AU, /L <1 \IMBLS

U[Q:,Q.] 05" [U]
CFD 1 | relaxation with Q%“[U]

Finish: U(X)
Start: U, 05,0, — Q,[U,U%]— Q,[U]

DVM
Numerical strategies employed in solving the transport

equations and the DVM optimisation problem are
described in detail elsewhere [1].

3. Results

The validation of the OSM2/NIMBUS code was
carried out in four stages [1]: (a) simulation of all SOL
collisionality regimes via a progressive transition from
attached to detached conditions (all regimes were suc-
cessfully simulated, including sheath limited, conduction
limited and detached regimes), (b) sensitivity study of
the above solutions to cross-field sources (analytical
predictions based on the OSM Ansatz were confirmed),
neutral, plasma, and flux expansion sources, and kinetic
boundary conditions sources (agreement with the trends
predicted by the modified two-point models was ob-
served), (c) code-code comparison with EDGE2D [6])/
NIMBUS [4], (d) code-experiment comparison with
reciprocation probe data for Ohmic, L-mode and
H-mode discharges for JET MKIIGB. The full set of re-
sults (a)—(d) is reported elsewhere [1]; below, we sum-
marise the results of code—code (c) and code—experiment
(d) comparisons and present an OSM2/NIMBUS sim-
ulation of a JET MkIIGB 12 MW ELMy H-mode dis-
charge with total power profiles extracted via a gradual
X-point shift [7].

3.1.  Code—code comparison (OSM2INIMBUS vs
EDGE2DINIMBUS)

Target conditions (Jy,7,) from a low power
EDGE2D/NIMBUS solution (P/? =1 MW, ng, =
0.5x 10 m3, D, =0.15m?>s7!, y, =1 m?s!, y° =
1m?s™!y, =50,y =25+ MT.o+ T0)/(2T;p)) were
used to obtain an OSM2/NIMBUS solution, Fig. 1.
Special care was taken to insure that OSM2 and
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Fig. 1. Comparison of OSM2 (solid and dotted lines) and
EDGE2D (squares and triangles) for two radial locations,
7mia = 1 mm and 15 mm. S is the distance along the field line
measured from the outer target; L) is the target-to-target con-
nection length.
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EDGE2D modeling equations differed only in the
treatment of radial fluxes: (a) neutral sources, including
Ocx and Qy;, were calculated directly by NIMBUS, (b)
impurity contributions were neglected, fz =0, (c) the
same kinetic boundary conditions {,,7;} were used, (d)
flux limited heat conductivities were replaced by classical
values. Comparison reveals close agreement between the
OSM2 and EDGE2D solutions, despite strong parallel
and perpendicular gradients (the near target drop of
separatrix py in the EDGE2D solution is accompanied
by spatial oscillation which has been linked to coarse-
ness of the poloidal grid near the target). The diffusivi-
ties y, ;) used as input by EDGE2D were recovered by
OSM2 to within 20%.

3.2. Code—experiment comparison (OSM2/NIMBUS vs
RCP measurement )

RCP measurements of 7, and n, radial profiles in the
upstream SOL were compared with the predictions of
OSM2/NIMBUS (based on target probe profiles) for
over 20 JET MKIIGB discharges [8] (Ohmic, L-mode,
H-mode), producing agreement to within the experi-
mental error of ~20%, except for the poor agreement in
Mach number (drift effects are not included in OSM2,
although momentum sources are introduced to com-
pensate for pressure asymmetries). A comparison for a
typical L-mode discharge is shown in Fig. 2. Because of
uncertainty in the position of the separatrix, the profiles
were shifted to obtain total pressure balance (typical
shift ~20 mm). The OSM2 extracted flux-surface aver-
aged cross-field heat diffusivities for ions and electrons,
X1 are also shown in Fig. 2. The general trend is for
Xi(e to increase away from the separatrix and for the
value at the separatrix y, ., to decrease with power
entering the SOL [8], i.e., 1, ., x Pyl and 4, o< P,
This observation stands in contradiction to most theo-
ries, which predict an increase of y, with P,,; a possible
explanation for this scaling will be put forward in the
following section.

3.3. OSM2INIMBUS simulation of a JET MkKIIGB 12
MW ELMy H-mode ( X-point shift experiment)

In order to measure the SOL power width in ELMy
H-mode, a repeated 12 MW discharge (2.5 MA,2.5 T,
(n,) ~ 6 x 10" m=3) was formed with different X-point
height. Based on embedded thermocouples (TC), the
total power ¢ radial profile was extracted for both the
inner and outer targets, in addition to the electron power
qj profile from target probes; the details of the experi-
ment and the thermal analysis are described in a paper
presented at this conference by Matthews [7]. The re-
sulting profiles show a very thin power width at the
outer target only, A, ~2 mm, with a corresponding
peak parallel heat flux of ~250 MW m~2 (cf. inside ~40
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Fig. 2. Comparison of OSM2/NIMBUS solutions (squares)
with RCP measurements (vertical error bars) for JET shot
45791 at t = 63 s (L-mode, P;, = 3 MW); g is the radial dis-
tance from separatrix at the outer mid-plane. Since ion tem-
perature is not measured, it was assumed that
TRCP — TRCP(TOSM /TOSM)

MW m~2). For the OSM2 analysis, gi(r) was con-
strained (via I' and T,), while the ion to electron input
power ratio P/P, was adjusted to match
g/ (r); P,/P. ~ 10 was needed to match outer ¢j'(0).
With this ratio, the inner ¢, (r = 0) is greatly overesti-
mated. For P,/P, =10, OSM2 predicts ne ~ 1 X
10 m=3, T, ~ 80 eV, T, ~350 eV, so that v < v’
(since v* o n/T?); near the separatrix v; ~ 20 (collisional
electrons), while v; <1 (collisionless ions), implying
direct ion orbit losses. Based on results of a guiding
centre orbit following code ORBIT-M [9], ion orbits
terminate preferentially at the outer target with B x VB
towards the X-point and at the inner target with
reversed B x VB. Therefore, we expect the narrow peak
in g}*'(r) to shift to the inner side with reversed B x VB
(due to longer connection length from the outer mid-
plane to the inner target, substantial attenuation and
broadening may occur). Extracted x,;, x,., Fig. 3, agree
with the Bohm estimate (1-3 m? s7!) in the outer SOL,
but drop rapidly towards the separatrix (<0.3 m? s7!).
The absolute value is in good agreement with neo-clas-
sical plateau estimate of y ; (note that plateau transport
is the lowest neo-classical regime which could be active
in the edge, since banana orbits are by definition closed
and provide no direct losses). This suggests that the
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Fig. 3. Inner—outer target heat fluxes (ions and electrons) as
calculated by OSM2/NIMBUS for different values of Pi/Pe,
compared to heat fluxes extracted from TC during the X-point
shift experiment; total power to inner and outer targets; plasma
temperatures vs field line distance from outer target at three
radial locations in the SOL; normalised collisionalities; cross-
field heat diffusivities extracted from OSM2 compared to
theoretical values.

H-mode transport barrier (ETB) extends beyond the
pedestal region into the SOL. Assuming that ion orbit
losses are responsible, the width of high power region
can be estimated as (Xincorm;n)l/ 2. where T, = min
(7)), Teon) With parallel loss time 7 = (L;/2v,) and dec-
orrelation time .oy = v;i/ (r/R)3/ 2. which gives ~2-3 mm
(cf. ig“‘e' ~ 2 mm). In the emerging picture, ¢**(r) would
be determined chiefly by the degree of ion collisionality
vt (a) when v; > 1, transport is driven by local turbu-
lence, (b) as v decreases towards unity, ion orbits pen-
etrate closer to the outer target before suffering a
collision, which tends to reduce 40" and 1, = .,/ VT,

In other words, we suggest that the observed scaling at
JET [8] (7. o Py, 4, o< PX®) reflects the change in ion
collisionality and the associated rise in orbit losses rather
than any intrinsic scaling of turbulent or neo-classical
transport (both of which increase with 7; and hence with
P1). This idea will be pursued further in a separated

publication.

4. Conclusions

The advanced onion-skin solver (OSM2/NIMBUS)
has passed several levels of code validation: (a) it agrees
with the theoretical predictions based on variational
analysis, (b) it follows the basic trends predicted by the
two-point model in attached conditions, (c) it captures
all SOL regimes (sheath limited, high recycling,
detached), (d) it shows good agreement with a standard
2-D fluid code (EDGE2D/NIMBUS), (e) it reproduces
to within 20% RCP profiles on Ohmic, L-mode and
H-mode shots on JET MKIIGB. In addition, it offers
spatial information about radial transport in the SOL;
for the X-point shift experiment (12 MW ELMy
H-mode) where both electron and total power profiles at
the targets were measured, it leads to new insights about
the underlying mechanism (ion orbit loss) of the
observed narrow power width and in—out asymmetries.
OSM analysis is expected to be used extensively in the
upcoming JET campaigns; future developments will
focus on extending the diagnostic set used to constrain
the OSM2 solution, model strongly detached discharges
by constraining D, emission and first attempts at mod-
elling time-dependent phenomena such as fluctuations
and ELMs.
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