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ABSTRACT.

The effect of ELM-mitigation techniques such as the use of magnetic field perturbations, gas fuelling
and impurity seeding using nitrogen has been studied. With increasing ELMfrequency the heat flux
factor reduces only weakly. The heat flux factor, which has been analysed taking into account ELM-
profile broadening and strike point movement and which is proportional to the surface temperature
rise due to the heat pulse during the ELM, decreases with confinement and pedestal pressure at the
same rate for mitigated ELMs using gasfuelling and magnetic perturbation fields. Only at very high
fuelling rates of nitrogen, a drastic drop of the heat flux factor with modest confinement reduction

has been found.

1. INTRODUCTION

ELMy H-mode is one of the scenarios foreseen for Q = 10 operating in ITER. The accompanying
transient heat loads to the divertor in such plasmas are not only an urgent issue for ITER [1], but
also for the metallic wall which is presently under construction at JET [2]. Presently, two materials
are under discussion for the divertor in ITER: Carbon Fiber reinforced Carbon (CFC) and tungsten.

The large surface temperature rise, T

«urf> at the divertor targets during the ELMs can cause in the

case of carbon cracking and sublimation and in the case of tungsten ablation. A heat pulse onto a
solid body leads to an increase of T, which is roughly proportional to the energy deposited over
the wetted area divided by the square root of the duration of the pulse. In order to characterize the

surface temperature rise during the ELM we introduce the heat flux factor g \:

Egrm
Awetted ,| tdur
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with E; \; as the energy deposited during the ELM at either the inner or outer divertor target, A, ..q
as wetted area and ty,. as time duration of the ELM. For the ITER targets cracking or melting are
expected for heat flux factors above ~40MJ m s~ [3]. However, uncontrolled ELMs in ITER
for the 15MA-scenario have NELM of about 600MJ m™*s™"? [4]. To reduce this potential threat
for the divertor tiles various ELM-mitigation techniques are under consideration, which aim at
achieving higher ELM-frequencies fg; , to benefit from the favorable inverse ELM-energy scaling
dWp o< fELM_1 , where dAWELM is the energy released during the ELM at the pedestal. In recent
JET-campaigns Resonant-Magnetic-Perturbation (RMP) fields [5], vertical “kicks” [6], impurity

seeding [7] and gas puffing have been compared as active ELM-mitigation techniques.

2. APPLICATION OF EXTERNAL MAGNETIC FIELD PERTURBATION (RMPS)

The JET-tokamak is equipped with four external Error Field Correction Coils (EFCCs), which
are mounted at equally spaced toroidal locations. The EFCCs can be operated either in an n =1
configuration, which leads to a strong core perturbation and can seed locked modes, or in an n=2

configuration, which provides good edge ergodization. The radial perturbation field BR at the outer



plasma boundary is of the order of 6mT [5].

Experiments have been carried out in low and high triangularity discharges with 0 ranging from
0.29 to 0.45 and with the outer strike point placed in the middle of the socalled Load Bearing Septum
Replacement plate (LBSRP). It is worth mentioning that the choice of the strike point location,
which has poorer pumping and hence higher natural ELMfrequency, was based on diagnostic needs.
The experiments reported here have the following plasma parameters: I, =2.0MA, B;=1.9 T, qg;5
=32, Pyg;=9.0MW, & =0.29. The EFCCs have been operated in n=1-mode. During the Type-I
ELMy H-mode flat top phase of the discharge, the EFCC coils have been energised with currents
up to 1.5kA*16 turns. At these plasma currents and input power ELMs appear at a frequency fg;
~ 15Hz and release about dWy; ,,~100kJ, which is about 7.7% of the pedestal energy. During the
EFCC-phase the ELM-frequency strongly increases to about 40Hz with dWELM dropping to values
which lie within the noise of the signal. As a scan of neutral beam power has revealed, the ELMs
remain Type-I ELMs despite their higher frequency and smaller amplitude. The loss of core and
edge density during the error field application, often referred to as pump-out effect, is not seen as
increased particle flux at the divertor in the inter-ELM phases. In low triangularity discharges, the
edge temperature remains constant, which results due to the density pump-out in a degradation of
the pedestal pressure and energy confinement. In order to compensate the lost density, a gas scan
has been carried out. As can be seen in fig 1, in pulses without EFCCs the density, normalised to the
Greenwald density scaling, increases with gas fuelling up to 95% where a degradation of particle
confinement prevents further increase of the core density. If the EFCCs are operated, the resulting
density at a give fuelling rate is always lower than the reference pulses. The density pump-out is
in all present. It was impossible to achieve densities beyond 75% of the Greenwald density.

Due to the cooling of the pedestal during gas fuelling, the pedestal and core energy are lower,
leading to a degradation of the confinement, which is illustrated in figure 2, where the Hogy 5)-
factor derived from the thermal energy is plotted against the Greenwald-fraction. As pointed out
earlier, all pulses reported here exhibited a density pump-out and a loss of energy. Consequently
the operational space to achieve good confinement at high density in EFCCpulses is smaller and
further away from the ITER-target (Hyg(, 5, ~ 1.0 and {5, ~0.85).

Another detrimental effect of EFCC-operation is the distortion of the plasma boundary and a
reduction of the wall clearance. In the experiments reported above, Langmuir probes, which are
embedded in the outer poloidal limiter, have not indicated an increase of the ELMpeak and inter-
ELM particle fluxes. However, this applies only to one specific EFCC-phase and mode of operation.
In a dedicated phase scan, where the EFCC-coil polarity was varied such that the pattern of the
perturbation field is shifted toroidally by 90°, an increase of the ELM-peak particle flux arriving
at the outboard limiter has been observed. Whether this is due to a reduction of the wall clearance
caused by non-axis symmetric plasma distortion or a reaction of the feedback system, which the

changes the position of the outer plasma boundary, is currently under investigation.



3. DIVERTOR TARGET PROFILES

A new Infra-Red camera (IR) is viewing the outer strike zone at the JET-divertor. The view of
the IR-camera covers the same spatial range as Langmuir Probes (LP), which are embedded into
the divertor. The time resolution of the IR was 86us and that of the LPs 100us, being sufficient to
resolve typical JET Type-I ELMs, which have a rise time of about 100-200us and a decay time of
a few milliseconds. More details on the IR-diagnostic can be found in [8].

The target plate, which is viewed by the IR, is equipped with five triple and five single probes.
A fixed negative voltage has been applied to the single probes to determine particle fluxes during
ELMs. Every 50ms the probe voltage has been swept to obtain I(V) - characteristics for inter - ELM
electron temperature measurements. Fair agreement of surface power fluxes measured by the LPs
with those measured by the IR-diagnostic has been found [8]. However, due to the limited spatial
resolution the study in this paper has been restricted to particle flux measurements.

Figure 3 shows inter-ELM profiles of surface heat flux measured by IR of an unfuelled pulse
during phases with and without EFCCs. The profiles have been obtained by averaging over the
inter-ELM periods. First we note the rather narrow inter-ELM profile for the case without EFCC.
The width is about 3cm, which corresponds to Smm at the outer midplane and is in agreement
with the results reported in [9]. During the ELM, the deposition profile strongly broadens. This
confirms our earlier observation of ELM power flux profile broadening measured by Langmuir
probes [10]. With the EFCCs the inter-ELM profile slightly broadens. More importantly however,
the power deposition zone during the ELM shrinks, whereas the peak power flux is reduced only
by 7%. Despite of lower ELM-energies arriving at the target this could have an adverse effect on
the energy density.

The changes of the power flux profile are mainly brought about by the particle flux (see figure 4).
The inter-ELM profiles exhibit similar features as the power flux profiles: a narrow profile, which
broadens during EFCCs. The profiles at the ELM-peak have a larger broadening compared to the
power flux profile. Finally one should note that the strike point moves during the ELM, which in
addition spreads the power load over a larger area. The strike point movements caused by the sudden
loss of edge currents during ELMs have been discussed in [11].

Another concern for a bulk-tungsten divertor is the electron temperature in front of the target,
which should be kept below 5eV in order to avoid tungsten sputtering. Due to the reduction of
the upstream density and confinement one expects the target temperature to rise. Langmuir probe
measurements have shown that in the unfuelled pulses the temperature profile shrinks (see figure
12) and its peak value rises form ~25 to ~40eV during the EFCC phase. With large fuelling however

the target temperature can be lowered despite of the inherent density pump-out.

4. IMPLICATION OF ELM-ENERGY ON MATERIAL-LIMITS
As pointed out earlier the relevant quantity for the material-limit is the energy density and the heat

flux factor nNELM. In earlier publication of the ratio of total energy arriving at the divertor target



over the wetted area when the power has reached its maximum has been used. However, as shown
in figure 5, the wetted area, inferred from the total power P (t) over the maximum heat surface
flux Qg,+(t,R), is maximal after the ELM-peak. This has to be beard in mind when calculating the
heat flux factor. In order to account for the temporal variation of the power wetted area and the
strike point movement during the ELM we introduce a definition of the wetted area based on the
energy density profile.

The energy density profile is derived by integrating at each radial position the heat flux profile
Qur(t,R) in time from the start of the ELM until the end, which is defined as two decay times after

the peak in the total power, i.e. the energy density is

Tend

een (R = | Qui(LR) di 2)
Istart
with R as target coordinate. The blue curve in figure 5 shows the time trace of the surface heat
flux during a typical ELM. The integration window is indicated by the red diamonds. The steady
state heat flux during the ELM is estimated by an interpolation of the heat fluxes at the integration
boundaries. Half of the resulting energy density is attributed to the ELM, the other half of to the
inter-ELM value. Typical profiles of the energy density obtained with this method are shown in
figure 6 for the same unfuelled with-EFCC and without-EFCC cases as shown earlier. One should
note that the maximum of the profiles are slightly further outward compared to the heat flux profile,
which is due to the strike point movement during the ELM.
In addition, the shrinking of the profile during the EFCC-phase is even more pronounced.
By integrating radially over the target using a toroidal wetted area fraction of 0.82, which is
a good estimate for low gqs-plasmas, one can determine the total energy per ELM arriving at the
target:
Rous
Egim = 2TR0E ver J €grm (R)dr 3)
Rin
with R, as the radial position of the middle of the divertor tile. We define the wetted area during
an ELM in the conventional way by the ratio of EELM over the maximum of the energy density

profile &g\
Asverted= Egrm ! EELM, max 4

This quantity can be seen as an average wetted area during the ELM, taking into account possible
strike point movement and the temporal evolution of the total power flux and maximum heat flux.
Using equation (1) and (4) we see that the heat flux factor ng; \ is proportional to the maximum of

the energy density profile:

NELM = €ELM, max !} Ldur (5)



For the time duration the time difference corresponding to the integration times in Eq. (2) has
been used. The inter-ELM wetted area has been determined in a similar fashion by replacing the
integration boundaries by the tend of the last and tstart of the following ELM.

The compilation of the ELM-wetted area and inter-ELM wetted area from a large database
containing ELMs from pulses with, without EFCCs, unfuelled and fuelling is shown in figure 7. For
the unfuelled, unmitigated ELMs we notice an increase of the wetted area during the ELM (blue,
open triangles) with respect to the inter-ELM values (blue, open squares) by a factor of four. With the
application of gas fuelling the ELM-size can be reduced (blue, closed symbols) and concomitantly
the inter-ELM wetted area slightly increases. The large scatter of the data at the ELM-peak (blue,
closed triangles) prevents us to determine whether there is a change in the ELM-wetted area.

The mitigated ELMs have much lower energy. The most significant effect is that the inter-
ELM area nearly doubles with respect to the unmitigated ELMs. The ELM-wetted area A gy m>
however decreases with ELM-size. The combination of all data points for Awet,ELM indicates a
linear-offset like dependence on ELM-size. The heat flux factor therefore changes with ELM-size
as it can be seen in figure 8. There is a remarkable relation of 1, ,; with ELM size represented by
the ELM-energy arriving at the target EELM, which is the same for unmitigated, mitigated and
gas-fuelled ELMs.

Besides the reduction of the pedestal pressure leading to smaller ELMs, there is no additional
beneficial effect of ELM-mitigation using EFCCs compared to gas-fuelling. This can be further
inferred from figure 9, where the heat flux factor has been plotted against the confinement factor
HO98. For both series of gas scans with and without EFCC, the heat flux factor decreases with
confinement as the gas fuelling rate increases.

One can summarise the mechanism of ELM-mitigation as follow. The loss of edge density
and concomitantly constant temperature leads to a degradation of the pedestal. This results on
one hand in lower plasma energy and on the other hand to lower ELM-energies, which reduce
the heat flux factor at the target. The degradation of the pedestal however can be also achieved
by simple gas-fuelling.

In order to see, whether there is a threshold for ELM-mitigation, an experiment where the EFCC-
current has been slowly ramped at a rate of 600A/sec has been carried out. The resulting change of
Mgy With ELM-frequency is shown in figure 11 (yellow symbols). In addition, the results from the
gas-scans are added (blue and red squares). Least square fits applied separately to both datasets using
a power law dependence revealed the following scaling for the reduction of g \; With increasing

fgrm: for the data obtained from the slow ramp of EFCC-current Mg y o< fELM_O'27 *002 and for the

041 0.14 .. .
. This is less favourable than an inverse

dataset corresponding to the gas scans Mgy p < ferm
linear scaling. For instance in order to achieve a reduction of the expected heat flux factor predicted
for ITER of 600MJ/m*/s™"* down to 40MJ/m*/s™""*, the ELM-frequency would have to be risen by

a factor of 700.



S. EFFECT OF NITROGEN SEEDING ON ELM-IMPACT

Nitrogen (N,) is an attractive candidate to increase the divertor radiation, which is expected to
lower the steady state power loads to the divertor target and the electron temperature in front of
the targets. In high triangularity plasmas (8 =0.42) at a plasma current of 2.5MA, toroidal field
of 2.7T, qq¢5 of 3.5 scans of deuterium gas fuelling (up to 2.8)(102261/860) and seeding rates (up to
4.7%10% el/sec) have been carried out [7]. An analysis of the pedestal pressure profile revealed
a degradation of the pedestal energy with increasing deuterium fuelling. If nitrogen is added the
pedestal pressure degrades further. As a result, the heat flux factor is reduced in a similar fashion
for pure D,-fuelled (c.f. black symbols in figure 13) and N,-seeded pulses (red symbols in Fig.13).
Interestingly, pulses at very high N2-seeding rates (4.7x 10%%el/ sec) showed a pedestal degradation
of about 35%, whereas NELM dropped by a factor of 5. This is more visible in figure 14, where
Mg 1S shown as a function of nitrogen seeding rate. Modest seeding of nitrogen has a similar
effect as D,-fuelling, i.e. some reduction of 1g; ;. However, only with the largest N,-seeding 1g; v
decreases significantly. The Z g in these pulses were around 2.2. The confinement indicated by the

Hogg y )-factor in the lower box of figure 14 was only reduced by about 20%.

CONCLUSIONS

The broadening of the power deposition profile and strike point movement during ELMs by a
factor of 2 to 4 helps to reduce the power load caused by ELMs. The impact of the ELMs onto the
divertor was characterised with the heat flux factor, which is proportional to the surface temperature
rise. The wetted area has been analysed taking into account the strike point movement and profile
broadening and has been seen to increase with ELM-size. The degradation of the pedestal, however,
leads to smaller ELM-energy and the ELM impact is reduced. Similar degradation of pedestal and
confinement has been found for mitigated ELMs using EFCCs, gas-fuelling and impurity seeding.
Regarding the ELM-impact onto the divertor no advantage of using EFCCs over other methods,
such as gas-fuelling or nitrogen-seeding, can be reported. A scaling of the heat flux factor with
increasing ELM-frequency has revealed a weak dependence, i.e. the rate of change of 1 with
ELM-frequency is lower than linear. Only very high nitrogen seeding rates have lead to a scenario,

where the ELM-impact was significantly reduced with only a modest reduction of confinement.
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Figure 4: Particle flux profiles me asured by Langmuir
probes at the ELM-peak (solid lines) and inter-ELM
(dashed lines). Red curves and blue curves correspond to
phases with and without EFCCs of an unfuelled discharge.
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Figure 6: Profiles of energy density averaged over ELMs
during phases with (red) and without (black) EFCCs.
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Figure 8: Heat flux factor as function of ELM-size for the

same data set as in figure 7.
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Figure 10: Heat flux factor versus pedestal pressure.
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Figure 11: Scaling of heat flux factor with ELM-frequency.
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Figure 12: Target temperature profiles during EFCC (red)
and no-EFCC (blue) reference phases at three éfuelling
levels: unfuelled (short dashes), ', = 7.8x10 " el/sec
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Figure 14: Heat flux factor for different deuterium fuelling
(upper box) and resulting H98-factor (lower box) versus
nitrogen seeding rate. The various colors indicate different
ranges of D,-fuelling.



http://figures.jet.efda.org/JG10.193-13c.eps
http://figures.jet.efda.org/JG10.193-14c.eps
http://figures.jet.efda.org/JG10.193-11c.eps
http://figures.jet.efda.org/JG10.193-12c.eps

o with N2 and Dy injection T
1.0— @ Dz only } %
¢ without EFCC
® with EFCC {
| |
0.8
8 [ ]
5 o
£ 06 o
= ]
o
2 | |
3 0.4
=
0.2
0 | | | | %
0.5 0.6 0.7 0.8 0.9 1.0 1.1
H98y,2)/H98y,2), reference

Figure 15: Normalised heat flux factor versus normalized confinement factor.

11


http://figures.jet.efda.org/JG10.193-15c.eps

