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Abstract

®

CrossMark

Microsecond probe measurements of the electron temperature during the tokamak edge
localised mode (ELM) instability show that the peak values significantly exceed those obtained
by conventional techniques. The temperatures measured at the plasma facing component
(divertor) are around 80% of the initial value (at the pedestal). This challenges the current
understanding, where only several percent of the pedestal value are measured at the divertor.
Our results imply a negligible energy transfer from the electrons to the ions during the ELM
instability, and therefore no associated increase of the ion power loads on the divertor. This
observation is supported by the simple analytic free-streaming model, as well as by full kinetic
simulations. The energetic ELM ion loads are expected to be one of the main divertor damaging
factors; therefore, the obtained results give an optimistic prediction for next generation fusion

devices.

Keywords: plasma, magnetic-confinement fusion, edge-localised mode, electron temperature,

kinetic simulation

(Some figures may appear in colour only in the online journal)

1. Motivation

In order to demonstrate the viability of nuclear fusion as a
source of energy, the International Tokamak Experimental
Reactor (ITER) will operate in the high confinement mode
(H mode) [1], for which both energy and particle confinement
times are enhanced. This regime is characterized by sudden
outbursts of hot and dense plasma towards the plasma-facing
components (PFCs), known as edge localised modes (ELMs)
[2]. The highest energy confinement time is achieved in pres-
ence of Type I ELMs [3], which are associated with undesir-
ably high power loads to the PFCs in the most exposed area,
called the divertor [4]. Previously, the power load caused by
Type I ELMs was predicted for ITER [5], and other fusion

* See Labit et al 2019 (https://doi.org/10.1088/1741-4326/ab2211) for the
EUROfusion MST1 team.

devices [6, 7]. Clearly, without an efficient mitigation or sup-
pression of ELMs, overheating of the ITER PFCs would be
inevitable [8]. Even with such techniques being utilized, the
occasional presence of large ELMs represents an issue with
respect to the safety of the PFC. For this reason, understanding
of ELM generation and its properties is essential for successful
operation of future thermonuclear reactors.

An additional risk for ITER PFCs comes from mater-
ial erosion, which strongly increases with the ion energy.
Recent results from the Joint European Torus (JET) [9,
10] indicate that ELM ion energy at the divertor seems to
be significantly higher than at the pedestal, which would
enhance erosion. They consider the free-streaming kinetic
model (FSM) [11, 12] in order to explain this observation.
The FSM describes the propagation of initially Gaussian
distributed ELM plasma particles into an empty SOL [12].
One important parameter is the ratio of the pedestal and
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divertor temperature R = T giv/Teped- The ratio ¢ is given
by:

2 1 1
Sem=z(24——— ) <1,
3 3 1+ (tcs/ )

where A\ represents the initial parallel elongation of ELM
source, ¢s ~ \/2T¢ ped /m; is the ion sound speed and ¢ is the
time from the start of the ELM. In its simplest form, the FSM
predicts 2/3 <} < 1. However, the JET results [9, 10], obtained
by conditionally-averaged (CAV) the signal of several swept
Langmuir probes, yield ® = T giv/Tepea < 1. They have sug-
gested that this discrepancy between experimental observa-
tions and the FSM could be explained by the role of Cou-
lomb collisions within ELM filaments, enabling a transfer of
energy between the electrons and the ions. Consequently, the
ELM ion energy would significantly exceed the pedestal value.
However, it remains unclear whether the specific plasma con-
ditions inside filaments are indeed responsible for such dra-
matic modification of ¥} and ion energy.

For COMPASS [13] parameters, A < 1 m and
Tepea ~ 300 eV, already in ~ 10 us R will drop to 2/3. Fast
measurements (< 10 us) are therefore required for a quant-
itative study of this process. The aim of this work was to
perform dedicated fast measurements of the divertor electron
temperature during the ELMs [13], to calculate the corres-
ponding ratio ® and to compare it with FSM predictions and
full kinetic simulations of ELM propagation in the scrape-off
layer (SOL).

2. Experiment—ratio of elm and pedestal electron
temperature

Previous experiments on COMPASS, ASDEX Upgrade,
MAST and ISTTOK [14-17] tokamaks have shown that the
combination of a ball-pen probe (BPP) and a Langmuir probe
(LP) can provide the value of the electron temperature using
the floating BPP (@ BP?) and LP (V4') potentials and the for-
mula T, = (¢ BPP—VLP)/a. The coefficient « is given by the
characteristics of the LP and the BPP, o« = of—aBP? as it is
discussed in [7, 14, 15]. Our investigation of the ELM electron
temperature on the COMPASS divertor is performed with a
high temporal resolution (in the order of 1 us) within the range
(Tediv < 400 eV), using a recently built system of BPPs and
roof-top shaped LPs with the coefficient « = 1.4 [7]. These
parameters are sufficient to resolve the filamentary structure of
an ELM. The neighboring BPP and LP probes are toroidally
separated only by ~ 2 cm, which ensures nearly local measure-
ments (corresponding to ~ 0.5 mm cross-field distance < typ-
ical filament size) of the electron temperature on divertor. Note
that the characteristics of BPP and LP were investigated during
L-mode discharges [7] and cannot be directly obtained within
the ELM events. Therefore, the coefficient o of the LP dur-
ing ELM might be affected by different value of the ratio of
the ion to electron temperature. However, the value of ok is
proportional to the logarithm of the ion sound speed, which is
proportional to the square root of the temperature ratio. The
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Figure 1. Example of an outboard radial profile of 7. peak

(maxima) values obtained during a single ELM event (NBI assisted
H-mode #18235) using fast measurements (BPP-LP). The profile is
fitted by the function (equation 2) in [21] with no background value.
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Figure 2. Comparison of the ELM electron temperature maximum
on the divertor to the corresponding pedestal temperature in 125
ELM events with a final averaged ratio 8 = 0.82. The black lines
show the maximum and minimum values predicted by the FSM.

resulting o” is weakly dependent on this ratio. We have also
observed on COMPASS (figure 3 and figure 4 in [18]) and
ASDEX Upgrade (figure 4 in [19]) that BPP can sustain its
characteristics during ELMs. It is worth mentioning that the
ELM energy fluence (e = [ Y Tejsardt, with y = 7 for the heat
transmission coefficient) using fast ELM electron temperature
measurements as well as the ion saturation current density (jg,)
are in good agreement with Eich’s model prediction [5, 7] and
with infrared camera measurements (figure 8.20 in [20]).

For each ELM, we report the peak value of the electron tem-
perature at different radial position on the outboard divertor;
see e.g. figure 1. This profile was then fitted using the func-
tion (equation 2) in [21], to obtain a representative maximum,
T'e div.max, With an estimate of its error bar. The fitting func-
tion was adapted for 7. by removing the background value
and it clearly follows the majority of our achieved profiles.
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The divertor probe measurements are compared to the pedes-
tal electron temperature, T ped, Obtained by a high-resolution
Thomson scattering system [22] in the last 30% of the pre-
vious ELM cycle (corresponding to fully developed H-mode
pedestal). The value T peq is then determined by the two-line
technique [23]. The experimental value of the ratio between
divertor and pedestal electron temperature is then calculated
as N = T givmax/Te ped- In the particular case of the ELM plot-
ted in figure 1, Te givmax = 271 =23 €V, Tepeq = 300 £ 10V
leading to ® = 0.90 + 0.08. This example shows that the
maximum of the ELM electron temperature on the diver-
tor, coming from one filament, can be close to the pedestal
temperature, indicating that there is no transfer of electron
energy to the ions, and no interaction with the pre-ELM diver-
tor plasma. We have analyzed 45 ELMy H-mode discharges
with plasma parameters ranging from 1.1 < By [T] < 1.4;
220 < Ip [kA] < 300; 2.5 < n. [10" m™3] < 10; with and
without NBI heating. This yielded 125 ELM events in which
Thomson scattering flashed in the pre-ELM period with fully
developed H-mode pedestal. The resulting values of T giy.max
were obtained for pedestal temperatures within the range of
180 < Tepea [eV] < 350, as shown in figure 2. This inter-
val represents almost the full range of the pedestal temperat-
ures, which we are capable to achieve on COMPASS. Most
points are found to be with ratio ® below 1 and within the
boundaries of the FSM (light blue area with black lines). The
ratio R has no clear dependence on the line averaged dens-
ity n. (see figure 3), the toroidal magnetic field By or the
plasma current I,. The relative ELM energy AW/W (W is the
total pre-ELM plasma energy) varied within the wide range of
2% < AW/W < 10%, with obviously no influence on R; see
figure 4. An average value was therefore calculated using all
ELM events as i = 0.82 + 0.13, which fits the FSM prediction
of 2/3 < R < 1.0 (section 1) within the statistical range. In addi-
tion, the maxima of the conditionally-averaged (CAV) ELM
electron temperature were compared to the pedestal electron
temperatures in order to investigate the influence of the CAV
technique. The CAV [24] ELM were obtained from fast (BPP-
LP) electron temperature measurements by averaging a set of
similar ELMs synchronized by the marker (here we use Dy
signal) as it was shown in our previous work for upstream and
divertor measurements (figure 7 and figure 9 in [18]). Then,
we obtain CAV ELM electron temperature for each BPPs-LPs
and we take the maximum value of the electron temperature
and its error bar on the divertor. The CAV technique will cause
a smoothing of the filamentary structure of the ELMs and their
peak values due to the irregular structure (different temporal
evolution and amplitude) of the filaments within each single
ELM event, as it can be seen in [18] We note it is even more
tricky to reconstruct LP /-V characteristic during ELMs in
order to obtain the CAV ELM electron temperature as it is
used in JET divertor [9, 10]. Nineteen different ELM series
consisting of well reproduced ELMs and stationary plasma
conditions—produced a ratio Rcay = 0.58 + 0.11, smaller
than the one obtained from the peak values (8 = 0.82 + 0.13).
As expected, the CAV technique underestimates the resulting
divertor ELM electron temperature due to randomly averaging
filaments of each ELM. However, both values are still much
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Figure 3. The ratio R versus the line averaged density n. for ELMs
with and without NBI heating. The black lines show the maximum
and minimum values predicted by the FSM.
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Figure 4. The ratio R versus the relative ELM energy AW/W with
and without NBI heating. The black lines show the maximum and
minimum values predicted by the FSM.
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Figure 5. Temporal evolution of the ELM electron temperature on
the outboard divertor obtained from PIC simulation for

Te,ped = 300 eV for a single filament (PICg;, 10 ps) and the
corresponding CAV ELM (PICcay, 100 ps). The experimental value
of divertor T max Obtained from fast single ELM measurements
(EXPgpp.Lp) and the CAV (EXPcay) technique (for 9 reproducible
ELMs with averaged Teped = 306 £ 10 V) in shot #18463 as well
as the limit of the FSM are shown for comparison.

higher than those obtained on JET [9] and close to the predic-
tion of FSM for vacuum, disregarding electron-electron Cou-
lomb collisions.
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3. Comparison—1D kinetic simulations

To better interpret the experimental results, we performed
1D3V (1-dimensional in usual and three-dimensional in velo-
city spaces) kinetic simulations of ELM propagation through
the SOL, using the electrostatic particle-in cell Monte Carlo
code BIT1. The simulation geometry is a one-dimensional flux
tube adjacent to the separatrix and bounded by the inner and
outer divertor plates [25]. The particle and heat source imple-
mented at the outer midplane (OMP) mimics a cross-field
transport through the separatrix. Simulations include elec-
trons, DT ions, D atoms and impurity particles, C and C™.
Carbon atoms originate from physical sputtering at the diver-
tor surfaces. Complete set of elastic (including Coulomb col-
lisions) and inelastic collisions between simulated particles is
included in the model; details are provided in [25, 26]. For
simplicity we use a reduced model of plasma recycling: ions
absorbed at the divertor plates are recycled as atoms and we
do not include higher ionization states C*1>!, The simula-
tion consists of three phases corresponding to the inter-ELM,
ELM-ing and after-ELM SOLs. The ELM event is simulated
by instantaneous increase of particle source intensity and tem-
perature, corresponding to the ELM reconnection. This model
shows good agreement with experimental observations [27].
The connection length (15 m from inner to outer divertor), the
average strength of the magnetic field (1 T) and the inclin-
ation angle of the magnetic field with respect to the diver-
tor plates (1.5°) were taken from the equilibrium reconstruc-
tion code EFIT. These values are fixed for all three phases.
Simulation parameters for the inter-ELM phase were adjus-
ted to obtain typical ELMy H-mode parameters at the OMP
and the divertor, nomp ~ 10" m~3 and Teomp ~ 60 €V meas-
ured by Thomson scattering diagnostic. The ELM phase was
simulated by increasing the intensity and temperature of the
particle source at the OMP, TgLm = Tpea = 300 eV. The intens-
ity of the ELM particle source corresponds to the upper limit
in ELM size, estimated from Eich’s model [5], on the out-
board divertor & = 75 kJ m~2 [7] (for the nearest experimental
ELM parameters in discharge #18463: T, peg = 300 &= 11 €V,
Bt = 1.12 T). Two cases were considered for ELM duration:
10 ps and 100 ps. The former value 10 ps was used to model
the filamentary structure of the ELM and corresponds to the
time of arrival of the first filament. To simulate the effect of
one dominant filament we assume that this first filament carries
half of the ELM energy. The latter corresponds to the lower
limit of ELM reconnection time during the discharge and was
used to mimic an averaged ELM (no filament), comparable to
the CAV ELM technique. The after-ELM phase was simulated
by reducing the particle and heat sources to the inter-ELM
values.

In order to ensure high resolution, in average 10* particles
were used in each cell (the simulation required ~ 10° CPU
hours). The figure 5 shows a simulated temporal evolution of
the ELM electron temperature (PICq for 10 pus and PICcay
for 100 ps) at the outboard divertor with resulting 7T'e giv.max
(fil) = 195 eV and T givmax (CAV) = 116 eV, which yields
Ra = 0.65 and Rcay = 0.39. The PIC simulation (PIC{—
10 ps) results are in a good agreement with experimental value

obtained from fast (BPP-LP) measurements of a single ELM
in discharge #18463. However, the PIC simulation with 100 us
ELM duration provides significantly lower divertor temperat-
ure then in the previous case. Although, the T giymax(CAV)
is below the experimental value of the CAV ELM value, it
confirms that neglecting the filamentary structure of the ELM
leads to an under estimations of divertor temperature max-
imum. Itis seen in the figure 5 that there is an agreement within
the experimental error bars which we classify as a quantitat-
ively very good agreement with the simplified 1D model.

4. Conclusion

Microsecond measurements of the divertor electron temperat-
ure have been performed on COMPASS for 125 ELM events
in 45 ELMy H-mode discharges. The peak values were com-
pared to the corresponding pedestal temperature. The result-
ing averaged ratio ® = 0.82 % 0.13 fits the prediction of the
free-streaming model 2/3 < R < 1.0. On the other hand, the
ratio obtained from conditionally-averaged ELMs is lower,
Reav = 0.58 + 0.11, as expected due to the averaging of the
filaments. Both values are much higher than those obtained
on JET (Rcay < 0.05) showing no influence of Coulomb
collisions, which were deemed responsible for the transfer
of energy from electrons to ions in [9]. The ratio obtained
from 1D kinetic simulations of fast ‘filament-resolved’ and
slow ‘conditionally averaged” ELMs supports our experi-
mental findings. Good agreement between the free-streaming
model, kinetic simulations and the experiments is connec-
ted to the low collisionality of the outer SOL in COMPASS,
where inelastic processes are negligible during the ELM. In
summary, ELM filament-resolved electron temperature meas-
urements on COMPASS point to: (i) a low energy transfer
from electrons to ions. This leads to a lower physical sput-
tering of material of the divertor PFC; and (ii) a signific-
ant underestimation of the the maximum values of the diver-
tor ELM electron temperature by the conditionally-averaged
technique.
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