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Abstract

The impact of the divertor geometry on the global plasma confinement in type I ELMy H-
mode has been investigated in the JET tokamak. Discharges have been performed in which
the position of the strike-points was changed while keeping the bulk plasma’s equilibrium
essentially unchanged. Large variations of the global plasma confinement have been
observed, the Hy factor changing from typically 0.7 when the outer strike-point is on the
vertical target to 0.9 when it is located in the pump duct entrance. Profiles are mainly
impacted in the pedestal but core profiles’ peaking is also modified. Although substantial
differences are observed in the divertor conditions, none seem to correlate directly with the

confinement. Modelling with the EDGE2D-EIRENE and SOLEDGE2D-EIRENE transport
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codes exhibits differences in the energy losses due to neutrals inside the separatrix, but orders

of magnitude are too low to explain simply the impact on the confinement.
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1 Introduction

The reduction of the global plasma confinement observed in the JET base line scenario (type I
ELMy H-mode) since the installation of the ITER-Like Wall has highlighted the importance
of the edge plasma and plasma-wall interaction physics in determining the performances of a
reactor [1]. It is not clear yet whether this effect is predominantly related to the change in the
impurity mix or in the recycling pattern of the main specie, either in the divertor or in the
main chamber, and whether the impact is direct or due to changes in the pedestal stability [2].
However, the importance of the particle source as a key control parameter is confirmed by the
degradation of the confinement obtained when puffing deuterium in order to limit impurity
accumulation in the plasma [3]. As the main particles input to the plasma, recycling is hence
likely to play a role in the physics of confinement. Moreover, the change of the divertor
material from carbon to tungsten has changed the recycling properties of the divertor. In
particular, it is expected that neutrals recycle from the wall with more energy for a tungsten
target than for a carbon one. The distribution of molecules and atoms is also likely to change
significantly [4], resulting in different particle and energy sources and sinks distribution in the
edge plasma.

In this work, we investigate the possible influence of divertor recycling on the plasma
confinement in type I ELMy H-mode, based on the analysis and modelling of dedicated
experiments conducted in JET. Series of plasmas were performed in which the divertor
configuration was changed while keeping the geometry of the main plasma as well as external
actuators (fuelling, heating power) as constant as possible. The paper is constructed along the
following outline: the experimental strategy is described in section 2; main results concerning
the influence of the divertor geometry on the confinement are presented in section 3; section 4
details the measured changes in divertor recycling conditions; first results of modelling with
edge transport codes are reported in section 5; finally, discussion and conclusions are

presented in section 6.
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2 Experimental strategy

The data used in this paper are based on a series of type ELMy H-mode discharges run in
JET. In order to isolate the effect of divertor recycling, 3 different configurations were tested
in which the geometry of the divertor was varied by moving the position of the strike-points
with respect to the pump duct entrances. Low triangularity plasmas were considered in order
to minimize the influence of main chamber recycling. Figure 1 shows the resulting magnetic
equilibria as reconstructed by EFIT [5]. Owing to the position of the outer strike-point, the 3
cases will be referred to as the horizontal, corner and vertical target cases in the remainder of
the paper. Note that the hereby vertical target case should not be confused with what is
usually referred to as the vertical targets configuration in JET, in which both the inner and
outer strike-points lie on the vertical targets. These equilibria were designed in order to keep
the impact of the changes in the divertor on the magnetic equilibrium of the bulk plasma
minimal. Table 1 gives an overview of their main geometrical characteristics.

Plasmas were run at a plasma current of 2.5MA. Scans in deuterium fuelling rate were
performed, the gas being puffed from the inner private flux region in most cases, although a
few shots were run with gas puff from the main chamber in the outboard mid-plane. Two
heating power levels were used intra-shot: Pyg; = 14 + 2MW and Pyp; = 22 + 2MW . Time

traces of 3 typical discharges, one for each configuration, are plotted in Figure 2.

3 Impact on confinement and profiles

The time evolution of the Hy confinement factor [6] is also shown in Figure 2. At equal
fuelling rates and heating powers, the discharges run in the horizontal and the vertical target
configurations have similar confinement of the order of 0.7, while the corner configuration

exhibits a confinement factor peaking above 0.9 in the 23MW heating phase. This trend is
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found in all the shots of the database, as plotted in Figure 3. For comparable puffing rates, the
plasmas run in corner configuration have Hy, confinement factors 0.1 to 0.2 larger than the
ones run in the horizontal configuration. The vertical configuration is characterized by a large
spread between the low power cases and high power cases indicating that the low power cases
are probably marginally above the LH power threshold. In each configuration, the deuterium
puffing has a negative impact of the confinement, as already reported [3], but the localization
of the puff does not seem to be a dominant player.

The changes in the confinement are corroborated by the density, temperature and pressure
profiles plotted in Figure 4. The corner case is characterized by pressures substantially higher
than the two other cases, the difference reaching 50% at the centre of the plasma.
Interestingly, the gain is made either on the temperature or on the density. The horizontal and
corner configuration discharges present similar density profiles, but the electron and ion
temperatures are 50% larger in the corner case. On the contrary, the vertical configuration
discharge exhibits much lower density than the two others, but the electron temperature is
similar to that of the corner case and the ion temperature profile is intermediate between the
horizontal and corner cases. This suggests that the mechanisms explaining the degradation of
the confinement in the horizontal and vertical configurations with respect to the corner one
are possibly different. Differences in the profiles are both due to variations in the pedestal (P,
is 50% larger at the top of the pedestal in the corner configuration) and to changes in the core
gradients of the quantities.

Finally, let’s point out that the changes in the confinement cannot be explained by the
variations in the bulk plasma’s geometry. Applying the ITER98 scaling law [6] (in which
only the elongation appears as an influential shaping parameter) to the figures given in Table
1 would lead to variations of the confinement of the order of 2% between the three
configurations. The effect of the triangularity is subject to discussions [7][8][9], but it is

unlikely that a variation of 5% would impact significantly the confinement. Finally, the
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distance of the separatrix to the main chamber wall does not vary significantly with respect to

the Scrape-Off Layer width, excluding a large influence on the confinement.

4 Impact on the divertor conditions

Let us now focus on the edge plasma and divertor conditions. Figure 5 shows the inner and
outer divertor D radiation as a function of the strike-point position and of the fuelling rate. As
expected, the D, radiation scales up with the fuelling rate. The puff location has little
influence on the signal, proving that the divertor particle source is dominated by recycling. A
strong dependence is found between the strike-points location and the amplitude of the
divertor D, light emission, with a drop of a factor of 3 at similar puffing rate between the
horizontal and the vertical configuration. The corner cases have intermediate inner divertor
radiation. For the outer divertor, a similar trend is found, with the difference that a minimum
radiation seems to exist for the corner configuration. This could however be due to partial
blinding of the spectrometer in the corner configuration so that one cannot conclude on the
significance of this minimum.

These observations point towards a reduction of the recycling particle flux when moving the
strike-points outward. They are confirmed by the neutral pressure measured in the sub-
divertor which increases by 50% when moving from the horizontal to the vertical
configuration. Since the pumped particle flux is directly proportional to the sub-divertor
pressure, more particles are pumped in the vertical configuration leading to a reduction of the
effective recycling coefficient of particles. This conclusion is corroborated by Langmuir
probes measurements. Although little data is available due to the absence of probes when the
strike-points are located in the corners (outer strike-point in the corner configuration and inner
strike point in the vertical configuration), the particle flux reaching the target is about 60%
lower (peak and integral value) at the outer-strike point in the vertical configuration compared

with the horizontal one. This way, strong evidence of changes in the divertor recycling pattern



0-33

is found when comparing the 3 configurations. It remains however hard to correlate these
changes with the global confinement, as these do not go through an extremum when the

confinement reaches its maximum for the corner configuration.

5 Modelling with EDGE2D and SOLEDGE2D fluid codes

In order to interpret the previous results and try to isolate a possible mechanism, simulations
have been run with edge transport codes. Two codes are considered, the EDGE2D-EIRENE
package [10] and the SOLEDGE2D-EIRENE code [11]. Simulations are run without
impurities and with equal upstream densities in order to focus on primary differences in
neutral recycling. Figure 6 shows the amplitude of the energy source/sink due to neutrals for
the ion specie obtained for each configuration. One can notice the strong interaction of the
plasma with the inner and outer baffles in the horizontal and vertical configurations
respectively. In the corner configuration, the interaction between the neutrals and the plasma
is relatively more confined in the divertor volume. The proximity of the separatrix with the
baffles hence tends to delocalize outside the divertor part of the neutrals — plasma interaction.
A direct consequence can be found when looking at the impact of neutrals on the plasma
inside the separatrix. As shown in Figure 7, SOLEDGE2D simulations indicate that total
power losses due to neutrals inside the separatrix present a minimum for the corner
configuration. This minimum is not found in EDGE2D simulations, which might be due to
different detailed geometrical treatment of the divertor and upstream conditions and will
require more attention. In any case, the amplitudes of the losses in both codes are in the same
ball-park and extremely low compared with the heating power, so that they are unlikely to
explain the variations in the confinement without invoking an extremely stiff response from

the pedestal.
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6 Conclusion

Based on a set of dedicated type-I ELMy H-mode discharges run in JET, a large influence of
the divertor magnetic configuration (position of the strike points) on the global confinement
has been found in the absence of significant change for the bulk plasma shape. Variations of
the order of 20% are found, with higher pedestal pressure and larger core pressure gradients
when the outer strike-point is located close to the pumping gauge. Analysis of the recycling
pattern of particles demonstrates large variations between the tested configurations, but no
direct correlation can be inferred. 2D transport modelling suggests that the pedestal — neutrals
interactions is reduced for plasmas in which the largest confinement is found, mainly due to a
larger distance between the separatrix and the divertor baffles. However, the small amplitude
of the perturbation with respect to the total heating power makes it an unlikely explanation for
the observed variations. Although the underlying physics remain unidentified, these results
indicate the existence of missing parameters in the ITER98 energy confinement time scaling

law.
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Figures and tables captions

Figure 1: magnetic equilibria of the 3 plasma configurations used in the considered

experiment.

Figure 2: time traces of the gas puffing rate, the NBI power, the line-integrated density, the
divertor Be radiation (“ELM signal’) and H98 confinement factor for three discharges run in

each of the three divertor configurations considered in the experiment.

Figure 3: H98 confinement factor as a function of the outer strike-point position. Empty
symbols represent discharges at Pyg; = 14 + 2MW, full symbols to Pyp; = 22 +2MW.
The color scale corresponds to the deuterium fuelling rate. Circles are for plasmas fuelled

from the divertor, squares for mid-plane fuelling.

Figure 4: Profiles of main plasma quantities for three discharges, one in each configuration
(horizontal - #84772, corner - #84771, vertical - #84773), time-averaged during the high
power phase (Pyp;r = 22 + 2MW). Electron density, temperature and pressure were obtained
with the High Resolution Thomson Scattering; ion temperature was measured by charge

exchange spectroscopy.

Figure 5: Total Da radiation from inner and outer divertor as a function of the outer strike-

point position. The meaning of symbols and colors is the same as in Figure 3.

Figure 6: Amplitude of energy sources / sinks in the divertor as simulated by SOLEDGE2D in

the 3 considered magnetic configuration (log10 scale, in W.m-3) at PNBI=23MW. The

dashed pink line is the separatrix.
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Figure 7: Energy losses for ions (red full) and electrons (blue empty) due to neutrals inside the
separatrix as found in SOLEDGE2D (squares) and EDGE2D (circles) simulations for each of

the considered configurations for the high power case.

Table 1: main characteristics of the magnetic equilibria for the 3 considered divertor
configurations; lower triangularity, upper triangularity, elongation, q95, Radial Inner Gap
(minimal distance to the wall on the inner side) and Radial Outer Gap (same on the outer

side).
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Figure 1: magnetic equilibria of the 3 plasma configurations used in the considered
experiment. The upper left box is a zoom on the divertor.
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Figure 2: time traces of the gas puffing rate, the NBI power, the line-integrated density, the
divertor Be radiation (“ELM signal”’) and H,y confinement factor for three discharges run in
each of the three divertor configurations considered in the experiment.
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Figure 3: Hy, confinement factor as a function of the outer strike-point position. Empty
symbols represent discharges at Pygy = 14 + 2MW, full symbols to Pyg; = 22 + 2ZMW.
The color scale corresponds to the deuterium fuelling rate. Circles are for plasmas fuelled
from the divertor, squares for mid-plane fuelling.
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Figure 4: Profiles of main plasma quantities for three discharges, one in each configuration
(horizontal - #84772, corner - #84771, vertical - #84773), time-averaged during the high
power phase (Pypg; = 22 + 2MW). Electron density, temperature and pressure were obtained
with the High Resolution Thomson Scattering; ion temperature was measured by charge
exchange spectroscopy.
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Figure 5: Total D,radiation from inner and outer divertor as a function of the outer strike-
point position. The meaning of symbols and colors is the same as in Figure 3.
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Figure 6: Amplitude of energy sources / sinks in the divertor as simulated by SOLEDGE2D in
the 3 considered magnetic configuration (log,, scale, in W.m") at P, ;=23MW. The dashed
pink line is the separatrix.
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Figure 7: Energy losses for ions (red full) and electrons (blue empty) due to neutrals inside the
separatrix as found in SOLEDGE2D (squares) and EDGE2D (circles) simulations for each of
the considered configurations for the high power case.

Lower tri. Upper tri. Elongation Jos RIG ROG
Horizontal 0.38 0.16 3.2 1.7 19 cm 5.5cm
Corner 0.32 0.18 3.3 1.7 17 cm 5.5cm
Vertical 0.28 0.17 3.2 1.7 19 cm 55cm

Table 1: main characteristics of the magnetic equilibria for the 3 considered divertor
configurations; lower triangularity, upper triangularity, elongation, qo;, Radial Inner Gap
(minimal distance to the wall on the inner side) and Radial Outer Gap (same on the outer

side).
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