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Abstract The complexity of the tokamak edge and scrape-off layer (SOL) region is such that extrap-
olation to ITER requires modelling to be pursued through the integration of a number of edge codes,
each of which must be thoroughly tested against results from present day machines. This contribution
demonstrates how the edge modelling effort at JET is focused on such an approach by considering two
examples, target power loading and material erosion and migration, the understanding of which are cru-
cial issues for ITER.

We start with an overview of JET edge modelling in the areas of material migration and target
power handling. Then we concentrate on some new modelling results related to drifts in JET,
and discuss the implications for material migration. Finally the implications of an alteration in
the model for C recycle are explored. The features of the codes used are summarized in [1].

1. Target power handling.

Engineering constraints on the ITER divertor targets impose a limit on the maximum peak
power flux in steady state, whilst ablation or melting limits constrain the peak energy loss dur-
ing ELMs. Power exhaust is found to involve an interplay between kinetic effects (ion orbit
loss) responsible for energy transport into the SOL, and collisional processes (classical ion con-
duction) which dominate energy transport in the SOL and determine the magnitude and scaling
of the deposited power profiles. This conclusion has been reached with the help of extensive
ASCOT modelling of ion orbit loss, together with fluid modelling of energy transport in the
SOL and important data provided by recent analysis of the reversed B-field experiments[2].

1.1. ELMs. A different modelling problem is posed by ELMs, for which the non-linear
evolution of the instability on closed field lines is not yet well understood([3] and references
therein). Some success has been achieved in understanding the linear phase of the ELM in terms
of a ballooning/peeling model. A simplified 1d model (JETTO) of the closed field line region
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in the edge plasma has been used to study possible ELM dynamics. Some of the experimentally
observed trends have been duplicated. Concerning the nature of the heat pulse that crosses the
separatrix and its impact on the targets, ELMs in JET have been modelled using two different
approaches. In the first, the COCONUT code (the combination of the 1d JETTO core code
and EDGE2D-NIMBUS), has been used to model the impact of ELMs both on the core plasma
and the SOL. Separately, the EDGE2D-NIMBUS[4] and SOLPS5 packages has been applied
to model the detail of particular ELMs and to study the mitigating effects of N, Ne and Ar
radiation by simulating the ELM-affected region of the core plasma in addition to the SOL.

These simulations have shown that, while it is not possible to buffer large ELMs, their effects
can be somewhat mitigated by decreasing the average power crossing the separatrix between
ELMs (thus lowering the inter-ELM average target temperature) and potentially by changing
the ELM dynamics on closed field lines[5].

Simulation of experimental 3
data for particular ELMs[6]

has produced a good match
both for the energy loss from
the main plasma (by the ap-
propriate choice of transport
multipliers and their spatial

and temporal domain), and

the power seen at the target,. _
figure 1. A discrepancy ha igure 1:Comparison of the power flux to the outer target on JET

been found. however betweeHetween the experimental measurement and a SOLPS simulation.

the code prediction and experi-

mentally observed Pemission. Rather symmetric;Bemission from the two divertors is seen

in the code, while experimentally a strong asymmetry favouring the inner target is observed.
This is an indication that hydrocarbon layers, thought to be present on the inner target, may be
producing greater neutral desorption at the ELM impact. Such effects are not yet included in
the code simulations. At the outer target, where layers are not normally present in JET, code
and experiment are in good agreement.

Kinetic effects (in the form of parallel electron and ion heat flux limiters), seen to be important
in the SOLPS/EDGE2D code/code benchmarks[7], are expected to play an even stronger role
during ELM events. In determining some aspects of the physics, they assume a dominant role.
Of particular additional importance would be the effect of hot electrons changing the sheath
boundary condition at the target, and parallel heat transport deviating strongly from that given
by the fluid expressions (even with flux limiters)[8]. An effort has been launched to investigate
this using PIC simulations including the effects of strong recycling in the pre-ELM phase.

Since most ITER simulations to-date have been for steady state, the ELM modelling is now
being extended to ITER. Many details of the ELM event are complex and not yet understood.
However, the transport multiplier approach in fluid models, in conjunction with kinetic analysis
does seem to offer a reasonable description of the heat pulse propagation and many aspects of
edge profile evolution.

1.2. Integrated plasma/plate modelling. Given the relative success of the plasma simula-
tions, a thermal model of the target is being developed so that target erosion at the ablation limit
can be evaluated self-consistently.
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Early results (for steady-state) of the pre- Outer target temperature profile vs input power
dicted target plate temperature are shown 1300 ' g oW ——
in figure 2 where SOLPS D+C+He fluid _ ﬁgg I S
neutral simulations of a power scan from 1000 | X MW - |
2 MW to 4 MW with a feedback con- 900 |

trolled upstream separatrix electron den- 800 |
sity of 1.5 x 101°m~2 were performed. A 700 |
target thickness of 4cm with a back-plate 600 ¢
cooled to 373 K and thermal diffusivities 500
and heat capacities typical of the CFC’s ;gg | EES e ook
used in the JET targets, were used. In 01 005 0 005 01 015 02 025 03
these calculations, the plate temperature X -X_sep (m)

affected the chemical sputtering yiéld
with average chemical sputtering yield
for the two targets shown in table 1.

Target temperature (K

gigure 2: Steady state temperatures for JET-like target
plates.

2. Material migration.

The lifetime of the ITER target is crit-

ically dependent on the rate of mate- Average Erosion Yield

rial erosion, both in the quiescent phase  Pso_ Inner Divertor Outer Divertor
and during transients and is largely de{ 2 MW 4.94e-6 3.64e-3
termined by the target power loading de; 2.5 MW 5.67e-6 4.09e-3
scribed above. If C is chosen as the tary 3 MW 7.93e-5 4.76e-3
get material, the issue of its erosion and 4 MW 9.33e-4 5.60e-3

subsequent deposition becomes ImpoI'Célble 1: Average erosion yields.é chemically eroded

tant ; f\lnce_T 'Sl.CO.'deporS]"ted with tr;? flux/incoming P°D™) flux) for the cases with target
C and there is a limit on the amount emperatures plotted in figure 2.

T allowed in the machine. It is therefore
important to test the existing models of
this process on existing machines, before applying them to ITER.

At JET carbon flakes are observed mainly at the inner target, pointing to an asymmetry of C
deposition[9] of about 97:3 in favour of the inner target (based on the tritium measured). In
addition, the interpretation of infra-red thermography measurements requires the assumption
of a thin, low heat conductivity layer on the inner target, likely associated with carbon deposi-
tion[10,11]. A recent experiment at JET found that wh&@ was introduced via a methane gas

puff at the top of the machine, most (99%) of € found at the targets was seen at the inner
divertor, [12].

A number of approaches have been taken to incorporate these observations into edge models.
Work by Coadet al[9] showed that if they assumed: enhanced C erosion from the vacuum
vessel, an added flow towards the inner target and enhanced carbon recycling at the inner tar-
get, then Monte-Carlo modelling of the impurity ions against a fluid main plasma was able to
produce a strong deposition on the louvers near the inner target.

With “standard” assumptions, the 2d fluid plasma codes cannot reproduce the experimentally
observed predominance of C deposition at the inner target in JET (or, perhaps relatedly, of the
observed flows measured at the top of the machine).

'Roth’s chemical sputter yield formula from the 11th EFPW in Heraklion (Dec. 2003) was used,; it contains
both a temperature and a flux dependence.
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Using the codes with drift terms switched on does HFX _ IMP__ RCP_OMP LFX
improve the situation somewhat, but still leaves | | ™ by
differences. In an effort to improve the match, ad- S/
ditional effects have been suggested and are being

tested: (a) the addition of an external momentum
source [EDGE2D-NIMBUS] (Matthewst al[13]
investigated ion orbit loss interactions as an ex-
planation of the observed Mach flows and found
the effects to be small, though in the right direc-
tion; Stracharet al[14] has looked in more de-
tail at imposing an additional force on the parti-
cles in the SOL and found that these changes did
not significantly change the screening of impuri- _
ties); (b) the possibility that a component of the T—'_O _
observed Mach flows might be caused by the probeg
itself [EDGE2D-NIMBUS][15]; (c) the effects 2 |
of transport ballooning [EDGE2D-NIMBUS & §
SOLPS] ([16] and discussed below); (d) the effects =
of a drift in the major radius direction [EDGE2D-
NIMBUS] (Kirnev et al[17] assumed ad hoc

drift in the grad-R direction and were able to re-
produce the observed flows); (e) additional atomic
physics related to the erosion/deposition balance P ——
[SOLPS] (discussed below). Poloidal distance (m)

All of the EDGE2D-NIMBUS have been pub-

. -igure 3: Mach number plotted as a func-
lished e_IseWhere, a_nd the _SOLPS results are (58?1 of poloidal distance for four flux tubes, at
cussed in the following section.

1.4mm, 11.1mm, 21.7mm and 36.7mm from

) o the separatrix (measured at the outer mid-
2.1. Recent SOLPS results in examining thepjane) for the cases with forward field, no

role of drifts in determining flows at JET. On grifts and reversed field (top to bottom). Also
JET measurements from reciprocating Langmuarked are the approximate positions of the
probes positioned at the top of the machine, juspoint (on the high field side, HFX), inner
outside of the magnetic axis (approximately at tih@dplane (IMP), reciprocating probe position
one o’clock position) have revealed[15] a pedRCP), outer midplane (OMP) and the X-point
flow of approximately Mach 0.5 towards the inagain (low field side, LFX); the inner target is
ner divertor in the forward field case (ion grad-Bn the left and the outer target on the right.

drift direction towards the lower X-point), and approximately stagnant flow at this position for
the reversed field case, giving a peak forward/reversed field Mach difference of 0.5.

Modelling with EDGE2D-NIMBUS has shown a forward/reversed field Mach difference in the
right direction, but with a magnitude that is too small (by a factor 5-10)[15].

+ towards outer target)

mbe

SOLPS (B2-Eirene) modelling shows a somewhat larger forward/reversed field Mach differ-
ence, particularly when impurities are included (compared to the benchmark cases in [7]).
Figure 3 shows the predicted Mach number for a number of SOL flux tubes as a function of
poloidal position, and figure 4, left, shows the predicted Mach number at the JET reciprocating
probe position for D +2C + 13C + He simulations of low power (2.5 MW) low density (up-
stream separatrix electron density o6 & 10'°m~3, feedback controlled by a D gas puff) JET
discharges. The simulations show a flow directed towards the inner target of M=0.15 for the
forward field case, M=0.1 towards the outer target for the reversed field case, and a value close
to O for simulation without drifts.
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Increasing amounts of trans- o1 FwD S
port ballooning (where the lo- 0_00';// ’’’’’ * ok
cal transport coefficient was 0
scaled by(Byef/Bioc)?) is ob-

-0.05 F §
-0.1
-0.05 -0.15

-0.1 -0.2

Mach number at the RCP
(+ towards outer target)
Mach number at the RCP
(+ towards outer target)

served to shift the “base” value 52 osf— " 025
of the Mach number from ap- N \ o :
p rOXI m ate Iy M :O to M = O " 25 Dis(:ance (V)r:ri sep(:amx r?{;:ned tz‘iuter%?:plan:(iw) D\s(iance [f)r;):w sep(;.r;trix :{a:psped t(;iuter?ﬁ:plan:.(in)

directed towards the inner tar-

get, figure 4, right. (CombiningFigure 4: Left: Predicted Mach number at the position of the JET

drifts and ballooning producegeciprocating probe for forward, no and reversed drift SOLPS simu-

a roughly additive effect in thelations with D +12C +13C + He. Right: Effect of transport balloon-

case investigated to date). ing on the predicted Mach numbers at the JET reciprocating probe
position for cases without drifts but differing amounts of transport

The reason that SOLPS seemsallooning. (Compare to [15], figure 6.)

to produce a higher Mach flow

than EDGE2D-NIMBUS is not clear yet — these calculations were done with a somewhat

higher power and lower electron density than in [15], both of which would tend to increase the

drift effects. Benchmarking of the two codes against each other has started (for the non-drift

case, see [7]).

In section 2.3, the effect of these drifts on material migration is examined.

2.2. The role of

drifts on power o 2o ‘ ‘
asymmetries and ¢ 4. % 156423 | ﬂw <
the ohmic density 5 zsewo o tes23 | =
imit. The drifts, ST zeero S sezz| -

as expected, have £z 1sews 3 0 | |

an impact on the 2§ 1es19 & 0 1e+19 2019 3er19.
target power depo- g 5e+18 ONE upstream separatrix electron density (m™)
sition. Starting with = %0 002 004 0.06 008 0. FiD. outer - FWD, inner -

the Q5 x 1019m_3 time (s) REV, outer

upstream separatrix_. _ _ _ _
electron density, Figure 5:Left: upstream separatrix electron density as a function of time for

forward field, no drifts, and reversed field cases; Right: total targep&rticle

a  density rampfluxestotheinnerandoutertargets.

was performed by
removing the feedback control on the separatrix density and the pumping while puffing D.

Figure 5, left, shows the upstream separatrix electron density as a function of time during a
density ramp for simulations without drifts (“NONE”), and with drifts with ion drift direction
towards (“FWD”) and away from (“REV”) the X-point. The simulations reproduce the observed
([18]) lower density limit in the reversed B field case. Figure 5, right, shows the totaRticle

fluxes to the targets as a function of the upstream separatrix electron density. As expected, we
see an initial increase of the flux to the targets with increasing density, followed by saturation,
and then a strong decrease at approximately constant upstream density.

Figure 6, left, shows the predicted total power to the targets as a function of the upstream
separatrix electron density. At low densities, the forward field case has more power going to the
outer target than the inner, but the asymmetry decreases at higher densities. The asymmetries
are even larger if only the electron contribution is plotted, figure 6, right. This can be understood

in terms of the transition from conducted power flows (at low densities, and in particular via
the electrons), to convected power flows (at the highest densities, significantly by the convected
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energy of the 13.6 eV potential energy of the @ns).

2.3. The effect

g 4 28 4
of drifts on 12C + £& o5
13C deposition. In ‘éé al 2 7
order to investigate 82 ,g| s2 %
the observations £2 ,| gg 25
discussed above in S8 | 28 2
section 2, the runs E£& | ‘ ‘ ge . ‘ REV -
described in SeCtion ° 0 1e+19 2e+19 3e+19 To 0 1e+19 2e+19 3e+19
upstream separatrix electron density (m'3) upstream separatrix electron density (m's)

2.1 (plus additional

runs) were analysed,:igure 6:Ratio of total (left) and electron (right) power to the outer target to

to 1|(23°k atlghe flows the inner target for the cases in figure 5.
of *“C and~°C to the

two divertors.

Neither drift effects nor trans- 1 i 1
port ballooning — despite their 08 08
effects on the Mach number —
had a strong effect on the ob-
served™?C target flux asymme-

I
°c
13C

a1t' :

0.6 0.6

0.4 0.4

FWD ——

FWD ——

absorption r.
inner to sum
absorption ratio:
inner to sum

0.2 0.2 S

REV —— : i REV ——
try, and showed only a slightly 0 097 —— 0 099 —
| b t t" ” ff t 0 1e+19 2e+19 3e+19 0 1e+19 2e+19 3e+19
arger ( ut stll sma ) enecton upstream separatrix electron density (m'3) upstream separatrix electron density (m’a)

the 13C target flux asymmetry.

Varying the position of the D Figure 7:Absorption ratio fot?C (left) and'3C (right) for the inner

gas puff was also largely ineftarget to sum of both targets for the cases in figure 5. The magenta
fective. Density was observedines indicate experimental estimates of the asymmetry.

to strongly affect thé3C target

flux asymmetry, with a weaker effect on the€ target flux asymmetry, as can be seen in figure 7
which shows (left) the fraction dEC and (right) the fraction of3C absorbed at the inner target

to that absorbed at both targets. (The initial points at the lowest density reflect the previously
guoted dependence on drifts alone).

At higher densities, the flux fraction fC absorbed at the inner target rises to about 70%
(still low compared to the experimentally observed 97%). Fortfi@e the rise occurs at lower
density, and to higher inner target absorption fractions — not too far from the experimentally
observed fraction of 99%.

2.4. A modified recycling model for C. In order to try and find a possible explanation for

the observed?C asymmetry ratio of 97%, the effects of changing the C recycling model in the
code were explored. All the runs reported above used physical and chemical sputtering as the
source of C, and assumed that C incident on a surface was absorbed.

Experimental observations and code simulations([19] and references therein) have indicated an
influence of the electron temperature in determining whether a surface exposed to a combined
flux of D and C is erosion or deposition dominated. For a given C concentration, a transition
is made from net deposition to net erosion as the electron temperature is increased, with this
critical temperature increasing with increasing C concentration.

To mimic the above effect, a model was added to Eirene in SOLPS to change the recycling
model used if the local electron temperature was above a specified value so that the C would
recycle. This model does not preclude enhanced erosion of deposited films — provided such
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eroded material is re-deposited locally. It is likely that just such a mechanism exists and is re-
sponsible for moving the C deposited at the inner target to the inner louvers; in these simulations
we are interested in the global flows of C.

In table 2, we show

the ratio of the C 2c Bc

absorbed on the in-| drifts fwd | no | rev fwd | no | rev
ner target to the to-| Crec=0 0.62 0.46 0.40 0.30 0.35 0.37
tal absorbed C atboth 1380 |56z | 047 | 041 | 053 | 045 | 0aa

. rec=10e . . . . . .

targets._h :]'hel l?)rslt Crec=10eV 095 | 057 | 045 | 064 | 045 | 0.38
row, with the label ™crgec-50v | 063 | 046 | 045 | 064 | 050 | 0.34
Crec=0" reflects the [Crec=5ev 114 | 085 | 048 | 081 | 054 | 041

data plotted in figure
7 at the lowest den-Table 2:Fraction of the C absorbed at the inner target (incoming-outgoing) to

sity, with the default that absorbed at both targets for various assumptions about C recycling. Based
model of incident C On T analysis, thé?C asymmetry is approximately 0.97 and from tR€ gas
being absorbed Theouff experiment, thé3C asymmetry is approximately 0.99.

second row, “C13rec=1", enforced complete recycling'¥. The next two cases switched
on recycling above an edge electron temperature e¥/10r just 13C and for both C species,
respectively. The last two cases used a cut-off temperature\6fd the switch-over from
complete absorption to recycling.

Concentrating first on the “drifts” equals “no” column fdfC and on the “Crec=0",
“Crec=10eV” and “Crec=5eV” cases, we see an increase of4Befractional deposition at

the inner target from 46% through 57% to 85%. The effect of drifts is now pronounced —
taking the “Crec=10eV” case, the forward field case has 95% deposition at the inside, with
only 5% at the outside and the reversed field case has a 45% absorption fraction at the inner
target, with 55% at the outer target. Experimentally, under these circumstances, some sort of
film seems to grow at the outside, which would be supported by these calculations. (It should
be noted that the effect of the modified recycling model is strongest at lowish densities, when
the target plasma temperature asymmetry is largest.)

The asymmetry for the externally puffééC is not as pronounced, though shows similar trends
as for the intrinsically producetfC.

3. Discussion.

In this paper we gave an overview of the different approaches that are being used to try and
understand the issues of target power handling and material migration. Of particular interest,
and the emphasis of this paper, are issues related to integrated modelling of the edge plasma.

Early results from a self-consistent calculation where the plasma conditions affected the target
plate temperature, and thereby the chemical sputtering of C from the plate, which then affected
the plasma conditions, were presented.

The important issue of material migration was then examined. The existing edge codes have
had difficulties matching the experimentally measured Mach flows in the edge plasma, but even
when the agreement is reasonable, these drift related flows are not observed to have a strong
effect on material migration in the simulations. At increased densities, a strong rise was seen in
the predicted3C flux asymmetry to the targets, approaching the experimentally obs&i@ed

flux asymmetry.

2the “Crec=5eV” case has “negative absorption” — a net loss of C at the outer target and the normalisation
then gives an absorption fraction at the inner target of 114%
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None of the “usual” effects were observed to give?@ flux asymmetry approaching that seen

in the experiment. A simple extension to the C recycling model used in the code was proposed,
and shown to give — under the conditions examined2G flux asymmetries to the targets
approaching (or exceeding) the experimentally observed value. This model is still relatively
crude, but, incrementally, adds a feature that has been observed experimentally and in (local)
kinetic calculations. The magnitude of the effect seen with this model strongly suggests that
additional work in this area is necessary. Further work is also necessary to explore in more detalil
the implications of this model, in particular for ITER; also the model needs to be extended
to include the self-consistent treatment of the plate temperature, which also has an effect on
material erosion.
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