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ABSTRACT

The effect of impurity production and recycling on JET hot-ion H-mode discharges is investi-
gated for the Mkl and MKII divertors. Analysis of the best of these discharges has been per-
formed with the EDGE2D/NIMBUS codes and the results compared with a wide range of diag-
nostics. For the very low recycling hot-ion regime, the code predicts dpat the edge (in the
upstream SOL) increases with SOL density, and is higher for the Mkll than the MKI divertor.
These predictions have been confirmed by the experimental data. The significance of the edge
density and edge#£for the hot-ion regime is that the loss power has been predicted from neo-
classical theory to scale as: R ~ r1%|ge2 Zef, edge It has now been demonstrated that this is
consistent with both the Mkl and Mkl experimental data. It has been observed that the carbon
sources in the MKII divertor are increased relative to those in the Mkl divertor. These data are
compared with the modelled results from the EDGE2D code, taking into account the change in
the chemical sputtering yield with the different base temperatures of the MKIG2@ad MKiI|

(40°C) divertors.

1. INTRODUCTION

The hot-ion ELM-free H-mode has achieved the highest fusion performance at JET and has
delivered a world record in fusion power during the JET DTE-1 campaign [1]. A systematic
reduction in the fusion performance has however been observed between the Mkl and Mkll
divertors. In the present paper a connection is proposed between this observation and the changes
in the impurity production between the two divertors. It has been proposed in [2] that the anoma-
lous ion transport within the transport barrier is completely suppressed in the hot-ion H-mode so
that the heat flux is controlled by ion neoclassical transport processes. In a recent analysis of
long ELM free hot-ion H-modes [3] and steady state ELMy H-modes [4], the width of the
transport barrier appears to be proportional to the Larmour radius of the fast ions. Combining
this width scaling with the assumption of neoclassical ion losses the following expression for
the heat flux through the separatrix (loss power) is obtained:

Ross= G = nedgezzeff edgel p‘l\f'l'i | Efast » Where Eqis the average fast particle. Thugsds

strongly dependent on the edge density,snand on the & at the edge. It has been observed
that the Zgeqgein MKII is significantly higher than Mkl in the hot-ion H-modes.

The low recycling hot ion regime is very different from the high recycling regimes such as
ELMy H-mode in 2 respects: 1)¢Z.qqelises with the electron density in the SOL, and 2) screen-
ing of impurities produced by physical and chemical sputtering at the divertor targets is very
poor, contrary to the high recycling regimes [5]. Modelling with the 2D-fluid EDGE2D code [6]
is presented, which confirms these experimental findings. One unexpected result of the MKiII
operation is that the impurity production yield is about a factor of 2 higher in the MklI divertor
than in the MKI divertor. One hypothesis for this elevated sputtering yield is the higher base
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temperature of the MklI divertor leading to enhanced chemical sputtering. Water cooled rails
kept the base temperature of the MKI tiles td@Qvhereas in MKkl thermal isolation from the
cooled sub-structure leads to a 2@base temperature. Experiments with lower wall tempera-
ture in MKIl have confirmed this explanation [7].

In this article we report experimental evidence for neoclassical transport inside the edge
transport barrier and demonstrate the effect of recycling and impurity behaviour in the hot-ion
H-modes. In particular, comparisons of impurity sources in Mkl and Mkll divertors are pre-
sented, as well as detailed modelling using the EDGE2D code and the most recent chemical
sputtering data from Mech [8] and Roth [9], taking into account the temperature differences
between Mkl and MkII divertor targets.

2. EXPERIMENTAL OBSERVATIONS

2.1 Loss power through the separatrix

The power loss through the separatrix is deter- 2o
mined by subtracting the radiation inside the . m
separatrix (Rg and the change in energy con-
tent (dW;;/dt) from the neutral beam heating
power (Rg), taking into account the beam _ o
shine through loss (R, e.0., Rss = Puri - %
dWgi/dt - Ry, - Pag Fig. 1 plots the loss power, i
Poss @gainst the prediction from the neoclassi- ;0|
cal edge transport barrier model;sP~ rgo,ge2 ?
Zet, cdgelP ™ (Til Tras) 2, for the Mkl and MKII
hot-ion H-mode discharges. The data are se-

lected from neutral beam (NBI) heated dis- 00 05 10 15 20 25 30
charges with high fusion performance P> _ Nedge Zecge b (T B

15 MW, W = 10 W0 and D-D reacton atp oo 1 o o R T e
Rop > 5¢10'° s%). The edge density (g9, is

obtained from the edge channel of the interferometer, andy4s from the Charge eXchange

(CX) diagnostic. There is good agreement with the neoclassical prediction. However, the loss
power in MKIl, is significantly higher, as a result of the highgt.4in Mkll compared to that

in Mkl at similar edge densities. It is to be noted that this scaling doesn’t take into account the
CX losses and losses to the rotation, etc. Detailed TRANSP analysis shows that these extra
losses are roughly constant for the high power hot ion H-modes (~5 MW).

U1 1G98 23072¢
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2.2 Comparison of impurity behaviour in MKl and MKII

Fig. 2 compares the average Clll photon flux as a function of ghatensity from the outer

strike zones for the hot ion H-modes in the Mkl and MkIl campaigns. The CIll intensity is about

a factor of 2 higher in the MKII divertor than that in the MKI divertor for a givgrflbx. The

Clll and Dy emissions from the inner divertor show similar results. It is to be noted that the
electron temperature at the target plate is very similar for Mkl and MKII hot ion discharges with
T.~ 50 eV at the strike points, as measured by the target Largmuir probes. Therefore, the higher
CIII/D o ratio suggests an increased impurity production yield at the MKII divertor target. As a
result, the 4 cqqels increased significantly with Mkl divertor compared to MkI, as illustrated

in Fig.3.
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Fig. 2 ClIl emissions from outer divertor as a function Fig. 3 Comparison of £ .qscbetween Mkl and MkII.
of the Oy photon fluxes.

2.3 Effect of recycling

One striking feature of the low recycling hot ion regime is that th@#the edge increases as

the edge density rises, contrary to the high recycling regimes. This could thus aggravate neo-
classical heat loss from the confined plasma core. Fig.4 compares two hot ion H-modes with
different recycling levels, two of the best fusion performance discharges in the Mkll campaign,
#38093 and #38356. These two pulses have similar neutral beam heating power, ~ 18 MW,
started from 12s. Pulse 38356 has a higher recycling level compared with pulse 38093, as shown
by the vertical [g signal with the line of sight passing through the outside edge of the plasma.
The edge density for pulse 38356 is also higher. After a period of threshold ELJ\d,tAe
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edge increases as the edge density rises and i, —— Pulse No: 38093 ~~~Pulse No: 38356
higher for pulse 38356. Indeed, the loss powetg

Poss IS higher for pulse 38356, compared tos *°

the low recycling pulse 38093, as would be ex- 4
pected. Note that in this casgfas shownin _ |
Fig.4, is determined from the total absorbeg‘E
power from the neutral beam heating, subtractgf
ing dW/dt and the radiation inside the core, tak- 25"
ing into account the beam shine through loss, 2ok
CX losses and loss to rotation, as well as the

power stored in the fast ion channel, as obtained 35

from the TRANSP analysis. S o \w W
5 m“”’ le \ Pulse No: 38356 Pulet No: %
3. EDGE2D MODELLING o Iy Boos |3
12.0 125 13.0 135 14.0
Time (s)

In an attempt to understand the effect of the
Fig. 4 Time evolution of plasma parameters for pulses

recycling and to assess quantitatively the,jos 438356
changes in chemical sputtering yields in Mkl
and MKII hot-ion H-modes, we have carried out detailed EDGE2D modelling for the discharges
described above, # 38093 and # 38356, as well as #33643 which delivered the best fusion per-
formance in MKI. The simulations are performed for the plasmas at the beginning of the ELM-
free phase (12.9 s). The outer midplane separatrix depséapdand the power in the ion and
electron channels, Bnd R, are specified as input to the code. In addition, for cross-field trans-
port, the particle diffusion coefficient is taken to e £0.1 nf/s with an inward pinch velocity,
Vinch = 6.0 m/s, angte = 0.2 rﬁ/s,xi = 0.4 nf/s, as used in the previous EDGE2D simulations
for the hot-ion H-modes without impurities [10, 11]. Parallel transport is modelled with a 21
moment approach for all species[12]. Toronto’97 chemical sputtering data from Mech et al [6]
has been used to compute chemically produced impurities with a given energy of 0.5 eV. How-
ever, a yield reduction factor of 0.5 has to be used to match the measured divertor carbon emis-
sions. The average surface temperature for the plasma wetted area is taken t€lierdael,
which is consistent with the infra red temperature measurements, with a temperaturg®f 300
for other areas of the machine. The Mkl target temperature rise is also taken to’Ge A0
with a tile base temperature of 30 only.

For the modelling of the low recycling hot ion regime, lowand R are necessary to
match the plasma parameters at the target. Fig.5 compares the experynamtil.profiles at
the outer target plate and the modelled results for pulse 38356 with the<a0™® m™, and P
=5.5MW, R=0.1 MW as input to the EDGE2D code. The comparison of measured upstream
plasma parameters and modelled results are shown in Fig.6. As can be seeat, tpstieam
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Fig. 5 Comparison of experimental,Jand T, profiles Fig. 6 Comparison of experimental profiles at the
along the outer target plate and the code predictions farpstream and the modelled results for pulse 38356.
pulse 38356.
(measured by RFA probe) is about a factor of 5 higher thantfie upstream and 3hows little
drop along the field line, which is a feature of the sheath-limited regime. Similar levels of
agreement are obtained for the lower recycling pulse 38093 with similar values of input power:
P, = 5.0 MW, R = 0.1 MW, but with lower separatrix densitys s 4.5¢10% m3,

Fig.7 shows the poloidal distribution of the CIl photon flux along the divertor target for
pulses 38093 and 38356, together with the modelled results. The CIl emission in pulse 38356 is

significantly higher than pulse 38093. The CIII photon flux, as well @eBission, in the
divertor are also higher for pulse 38356 and

are quantitatively reproduced by the EDGE2D Pulse No: 38093

code, as shown in Table I, where the experi- T o
mental and modelled 4 at the upstream
separatrix are also compared. As can be seen,
the higher carbon flux in pulse 38356 results%
in a higher upstream.£Z One unexpected fea-
ture of this sheath-limited regime is that the
Zeii edgeiNCreases with withdg This is attrib-
uted to the increase in the impurity source an
poor screening efficiency for divertor impuri- 1-
ties, as illustrated in Fig. 8. However, ag n
increases sufficiently, the plasma enters the | ‘&l'm'w’ d
conduction-limited (high recycling) regime, o 2'GR(nf)'7 el
where the shielding for the divertor impurityFig. 7 ClI photon fluxes along the divertor target,

source is strong enough that th@ff,nge together with calculated results, for pulses 38093 and
38356.
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38093 38356
D, cll Z e D, cll Z e
(10 plsrm?s) (10 p/srm?s)
expt. 3.6 1.8 1.65 5.9 2.8 19
code 3.4 1.6 1.65 5.8 2.9 1.92

Table | Summary of experimental and modellgd Olll intensities from the outer divertor, as well ag 4geat the
outer midplane separatrix for #38093 and #38356.

Table Il compares divertor sources and 25
Zei edge DEtWEEN MKI pulse 38093 and Mkl
pulse 33643. The loss power for #33643 is simi-
lar to #38093, with code input; 5 MW, R,
= 0.1 MW, ns= 5x10'® m®. The photon yield
Cll/D g in the pulse 38093 (MKIl) is about a  °
factor of 2 higher than that in pulse 33643
(MKI). This has been reproduced by the code
using the Toronto’97 chemical sputtering data,
taking into account the change in the tile tem%
peratures between Mkl and MKII divertor tar-% 4
gets. In addition, both divertor carbon sourc@:
and Z cqge@re also reproduced by the code, a% 2 o Experiment
shown in Table Il. The newly revised chemical — Code
sputtering formula, Roth98 formula [7], can oL L . .
also predict the changes in the chemical sput-

Separatrix density (10*° m=3)
tering yield between Mkl and MkII (Table I1). Fig. 8 Divertor carbon source and.Z.q4.as a function
However, the yield predicted by the formulaf outer midplane separatrix density, calculated with the

has a much weaker temperature dependeff@>E2D with P=5MW and R=0.1MW as input to the

. code. Experimental data from #38093 and #38356 are
below 600 K, relative to the Toronto’97 data P

also shown.
but increases rapidly from 600 K onwards. It
is to be noted that.Z shows little difference in the high recycling ELMy H-mode discharges in
MKl and MKIl, where shielding for the divertor impurity source is strong and the wall source
dominates [13,14].
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33643 (MKkl) 38093 (MkIl)
D, CllI Z e D, Clll Z e

(10* p/srm?s) (10 p/srm?s)
expt. 3.0 0.7 1.49 3.6 1.8 1.65
Toronto’ 97 2.8 0.8 1.46 34 1.6 1.65
Roth’ 98 2.6 0.5 1.28 3.3 1.2 1.52

Table 1l Comparison of experimentalgDClIll emissions, as well 84 qq.together with the code predictions
between #33643 (Mkl) and #38093 (MKII).

4. CONCLUSIONS

The data from the hot ion H-modes in JET Mkl and MKkII divertors shows @t@bﬁbdgf s

edge @S predicted by the neoclassical thediyy at the edge in the hot ion H-mode regime is
higher inMkll than that in MKI, leading to the higher loss power in MKIl. The carbon fluxes are
about a factor of 2 higher in the Mkl divertor, at similar divertor plasma electron densities and
temperatures, than those in the Mkl divertor. This elevated yield is attributed to the enhance-
ment of chemical sputtering at the MKII divertor target, which can be quantitatively reproduced
with the EDGE2D code when the higher base temperature of the Mkl divertotG2¢om-

pared with MKl (4C0C) is taken into account. These higher impurity influxes in the Mkl divertor
manifest themselves as an increase in thethe edge due to the inherent poor shielding for
the divertor impurities in this particularly low recycling regime. In addition, EDGE2D model-
ling shows that the upstream separatrix density is correlated with the recycling level. In the low
recycling, sheath-limited regime , as the separatrix density rises the predictggidcreases,

which is consistent with the experimental data from the hot ion H-modes. However, when the
edge density is raised sufficiently, the code shows that the plasma enters the high recycling,
conduction-limited regime where shielding for impurities is strong apthlls with density, as
usually observed.
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