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Abstract

Intrinsic ELM-free regimes that effectively combine a high-performance fusion core with a robust power exhaust so-
lution are pursued for a fusion reactor. The enhanced D-Alpha (EDA) H-mode is a promising ELM-free regime that fulfills
several requirements for ITER and a DEMO reactor, such as low impurity content, high normalized energy confinement, com-
patibility with a highly radiative edge and divertor region, and high Greenwald density fraction. Nevertheless, the instability
that triggers the quasicoherent mode (QCM), an edge oscillation that prevents the pressure gradient from exceeding the peeling-
ballooning limit, is poorly understood, making the extrapolation of the regime to future devices uncertain. In this contribution,
several turbulence fingerprints associated with the QCM are measured and compared to linear gyrokinetic simulations. The
result indicates that the QCM is driven by a marginally unstable kinetic ballooning mode (KBM) in the pedestal foot.

1. INTRODUCTION

Mitigation and suppression of type-I edge-localized modes (ELMs) are key for ITER and a DEMO reactor to avoid
any potential damage to their plasma-facing components during operation [[I} [J]l. Furthermore, those devices must
operate in a regime that integrates a high-performance fusion core and a robust power exhaust solution capable of
minimizing power heat loads on the divertors and first wall, as well as gross erosion. However, fulfilling all these
requirements simultaneously is not a straightforward task. Intrinsic ELM-free regimes are promising solutions,
each with different advantages and disadvantages when extrapolated to future devices [3]]. However, as an active
research topic, the scenario is constantly evolving, with the pros and cons of each regime always under debate.
Among these regimes, the enhanced D-Alpha (EDA) H-mode fulfills several of those requirements [{] [6] [5]l, such
as high normalized energy confinement, low impurity content, high Greenwald density fraction, and compatibility
with a highly radiative edge and divertor region. The regime is stable and stationary, with the absence of large
transient events, thanks to an edge oscillation called the quasicoherent mode (QCM) that enhances radial transport
in the pedestal region [[7][8] O]l preventing the pressure gradient from overcoming the peeling ballooning boundary.
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The QCM is the main signature of this regime, and its understanding is key to reliably extrapolating the EDA H-
mode to future devices.

Investigating the nature of QCM in EDA H-mode has been an active topic. The QCM was initially proposed to
be a resistive ballooning X-point mode in Alcator C-Mod [[I0]. Further investigations on the same device revealed
that the mode enhances magnetic fluctuations , is only observed on the low-field side , and exhibits a
drift-wave character for transport [§]. In addition, when detected close to the separatrix, the QCM propagates in
the electron diamagnetic direction (EDD) in the co-moving (plasma) frame, but in the ion diamagnetic direction
(IDD) further inside when measured with gas puff imaging (GPI) and gas puff charge exchange recombination
spectroscopy (GP-CXRS) [[I3]. While these discrepant observations may be partially due to differences in the
regime (e.g., heating, gas fueling), they may also indicate a change in the QCM character along the radius. In fact,
measurements with a reciprocating ball-pen probe head at the outer midplane of ASDEX Upgrade revealed that
the QCM cross-phase between density and potential fluctuations changes radially [[9]. Similarly as observed in
Alcator C-Mod, the mode phase velocity in the plasma frame might depend on where it is measured [0} [T4]]. As the
kinetic profiles in the plasma edge are steep, quantities such as the plasma beta and electron collisionality can vary
radially, which in turn can affect and change the characteristics of the microinstabilities, as it will be discussed.
In this contribution, the reciprocating probe and the thermal helium beam diagnostic are combined to investigate
the properties of the QCM in ASDEX Upgrade. Several turbulent fingerprints of the mode were measured and
compared with gyrokinetic simulations in the confined region to identify potential QCM drivers.

2. LOW POWER EDA-MODE

A stationary low-power EDA H-mode was developed in ASDEX Upgrade [9] in order to maximize the num-
ber of experimental observables to compare with simulations. The experiment was carried out in lower single
null favourable configuration with toroidal magnetic field of ~ —2.5 T on-axis and plasma current ~ 0.6 MA.
Since the EDA H-mode is favoured by high plasma
shaping, in these discharges the average triangularity
was 04y = 0.39 and elongation = 1.63. The
plasma of deuterium was externally heated using elec-
tron cyclotron resonance heating (ECRH) at 140 GHz
in the second harmonic X-mode, delivering approxi-
mately 1.0 MW of power.
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2.1. MHD stability analysis

The transition to the EDA H-mode is followed by

an increase of the energy confinement factor (Hggy2) 0
above 1. However, despite the good confinement, type

I ELMs were not detected, suggesting that the pedestal max

was stable against this instability. To verify how closed

the peeling ballooning boundary was, MHD stability FIG. 1. Peeling-ballooning pedestal stability diagram
analyses with the MISHKA code were performed [[I3]. calculated with the MISHKA code [[I3]] for the low power
Fig. [I] shows the flux-surface averaged edge current EDA H-mode.

density (jior) by the maximum normalized edge pres-

sure gradient (amax) diagram. The experimental point lies in the upper right corner of the boundary, but distant
(within the errorbars) from the limit.

3. EXPERIMENTAL CHARACTERIZATION OF THE QCM

The stable pedestal against the peeling-ballooning instability is associated with enhanced transport caused by the
QCM ]I, which likely clamps the pressure profile below the limit. In this section, we present and discuss
the measured fingerprints of this mode.

3.1. Radial localization, mode wavenumber, and phase velocity

Fluctuations associated with the QCM are measured with a reciprocating probe equipped with ball-pen pins [16]
and with the thermal helium beam (THB) diagnostics at the outer midplane. Fig. [2|a) shows the mode ampli-
tude in arbitrary wunits, normalized by the maximum amplitude measured by each diagnostic.
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Here, the probe signal is the root-mean-square (RMS) #41377  #40620/ #40621
. . . .. 0.04 —| QCM amplitude } T T T

of the ion saturation current fluctuation, which is ap- 1 s

proximately proportional to the density, while the ther- = THB low signal ¥ THB

mal helium beam is the RMS of the emission lines ra- <. 0.02 noise ratio ]

tio (667 and 587 nm) normalized by its temporal mean,
which is sensitive to electron temperature and den-
sity [I8]. The two diagnostics combined cover well
the mode’s radial extension of about 2 cm, spanning
from the pedestal region into the near scrape-off layer
(SOL). The maximum amplitude is just inside the sep-
aratrix. In the laboratory frame, the QCM frequency
is approximately constant f®“M =~ 45 kHz across
its radial extension , even though the background
E x B velocity (’UGE *BYy varies (Fig. b) in the same
interval. The mode velocity (vQCM = 27 fRCM /ko) \ , ,
is in the electron diamagnetic direction (EDD) in the 40 -30 -20 -10
lab frame. Moreover, the QCM poloidal wavenum- r — Ty [mm]
ber is found in the range kgps =~ 0.02 — 0.05 (where

ps = vVmil, /eB is the ion gyroradius) ’ in- FIG. 2. QCM normalized amplitude measured with the
creasing slightly towards the SOL [J]. In the co- reciprocating probe and the thermal helium beam (THB);
moving frame (i.e., plasma frame rotating with UEXB ), b) background ExB velocity measured with the Doppler
the QCM velocity direction depends on the radial po- r¢flectometry (DR) is compared to the QCM phase ve-
sition. In the confined region, the mode propagates [ocity. The green line shows a spline fit on the data.
between the EDD and the IDD (within the error bars). EDD/IDD = electron/ion diamagnetic direction.

In the SOL, however, it is primarily in the EDD. Such variation in the velocity keeps the mode frequency in
the laboratory frame constant, and it is connected with changes in the mode characteristic [9]. For an expanded
database of EDA H-mode and QCE discharges, the QCM (as measured by THB) was estimated to propagate in the
IDD at its highest amplitude , under the assumption that £, ~ Vp,/(en.), where p, is the electron pressure
and n. the electron density.
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3.2. Cross-phase: n x T,

The excited spectral lines of a helium gas injected into the plasma provide information on the electron temperature
and density [I7]]. In order to decouple the individual contributions of these quantities, the ratio of the combined
lines must be taken, which also excludes the influence of helium atom density. However, the emission intensity
of some of these lines is often weak, making them more susceptible to noise. If the noises are uncorrelated (e.g.,
photon noise), the linearized spectrum correlation technique allows minimizing their impact [I9]. Furthermore,
by selecting an appropriate combination of lines, for which the ratio is sensitive primarily to either n, or T, while
maximizing the signal with respect to photon noise, and applying the linearized spectrum correlation technique
between nearby channels, the cross-phase between density and electron temperature (o, 7,) can be computed.

On this purpose, we select channels 7 and 19, as both are located in the confined region just inside the separatrix
(see Fig. [3] a), where the QCM exists and has a large amplitude. Fig. [3|b) shows the normalized cross-power
spectrum between density and electron temperature, the square cross-coherence, and o, 7,. The QCM is clearly
visible in the first two signals (gray shaded area) with low cross-phase, around zero. Note that due to the higher
coherence of the QCM, above the background noise level (red dashed line), the error of o, 7, is the lowest within
its spanned frequency.

3.3. Cross-phase: n x ¢

The reciprocating ball-pen probe allows us to measure several plasma quantities with high spatial and temporal
resolution. In particular, by combining probe tips that measure ion saturation current and the ball-pen potential, in
a balanced way to reduce phase errors, one can infer the turbulent radial particle flux [T6]. In fact, this diagnostic
enabled us to quantify transport caused solely by the QCM [[0]. An interesting observation, however, was that
the cross-phase between density and potential fluctuations (cv,¢), which is connected with the radial particle flux
T, o< kgsinay, 4, varies radially within the QCM frequency range. While in the SOL/separatrix regions, the values
of ag are close to zero, which is a fingerprint of drift-wave instabilities, as also observed in Alcator C-mod ,
ane gradually becomes more anti-correlated towards the confined region, i.e., between —7/2 and —x. Such a
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FIG. 3. a) Thermal helium beam (THB) channels for discharge #40621; b) normalized cross-power between
density and electron temperature fluctuations, square of the cross-coherence, and o, for a low power EDA H-
mode.

cross-phase is a fingerprint of electromagnetic instabilities [23]], like the kinetic ballooning mode (KBM) [26] [27]..
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FIG. 4. a) Density and potential fluctuation measured with the reciprocating ball-pen probe [@] and b) cross-
power spectrum distribution as function of the frequency and the cross-phase between density and potential fluc-
tuations (o) at p, =~ 0.99.

Fig. @4 a) shows the density and potential fluctuations when the probe was at p, ~ 0.99. From the raw 7. and b
fluctuations, one can see that these quantities are most of the time anti-correlated. Focusing on the QCM frequency,
which ranges from approximately 20 to 60 kHz, we see in Fig. {] b) that this is the interval where cross-power
spectrum distribution S(c, f) has the highest amplitude, while a4 is between —m and —7 /2. Note that the minus
sign here is due to how the cross-phase is defined, and does not necessarily indicate inward transport, as the flux
also depends on the sign of ky. In fact, the QCM induces radially outward particle flux, as has been published
elsewhere [9]. It should also be noted that the low cross-phase between density and electron temperature at the
QCM frequency (Fig. [B) reduces to the minimum any influence of the electron temperature fluctuations on the
potential measured by the ball-pen probe [[I6].

4. LINEAR GYROKINETIC SIMULATION

In order to establish a quick orientation concerning the microinstabilities in the pedestal region of the low-power
EDA H-mode and identify potential QCM drivers, we performed local (flux-tube) linear gyrokinetic simulations
with the electromagnetic, Eulerian, delta-f Vlasov code GENE [20] 21] in the absence of the equilibrium E x B
shear.

Fig. [5] shows the input profiles for the simulations. Here, the density was measured with Thomson scattering,
Li-beam, and the midplane reciprocating probe, the electron temperature with Thomson scattering and the recip-
rocating probe, and the ion temperature with CXRS and the reciprocating probe from the swept ball-pen probe
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FIG. 5. a) Input profiles for the gyrokinetic simulations: safety factor, electron density and temperature, and ion
temperature. b) Maximum growth rate over the ballooning angles for three different pio, in the pedestal top,
center, and foot as a function of the normalized perpendicular wavenumber k| ps. The shaded gray area shows
the experimental k| ps range that the QCM is observed.

technique [22]|. All profiles were mapped to the equilibrium reconstruction from integrated data analysis [23] and
fitted with a modified hyperbolic tangent function [24].

To facilitate the discussion and comparison with the experiment, the pedestal was divided into three regions: top,
center, and foot (Fig.[5]a). In each region, a set of microinstabilities was identified. Fig.[3]b) shows the maximum
growth rate for three different p,,,., with the electron scale results being maximized over ballooning angle. At the
pedestal top, we observe that the electron and ion temperature gradient modes (ETG and ITG) are the dominant
microinstabilities. Moving to the pedestal center, ETG is still present in the electron scale, while the dominant
instability in the ion scale becomes the trapped electron modes (TEM). Finally, at the pedestal foot, TEM still
exists in the ion scale, but the highest growth rate is for a KBM at lower &k ps. ETG is also seen in the pedestal
foot, being, therefore, present in the whole pedestal. The impact of the impurity was also assessed by adding
boron as a third species based on its measured density profile. The results show a qualitatively similar physical
picture, but with slightly reduced growth rates.

5. COMPARISON WITH THE EXPERIMENT

As a first comparison, by overplotting the QCM experimen-
tal k) ps range in Fig.E]b), we see that ITG, TEM, and KBM QCM

are within the same interval, therefore are potential candi- e oo
dates for the QCM drive instability. However, as shown in R 2 SENE-Linear b, 0570 |
Fig. [T} the QCM highest amplitude is somewhere between & . GENE - Linear (5 = 0.990)
the pedestal foot and center, thus ITG can be discarded. o 0 77y

Based on the growth rate, the KBM has the highest ampli- & A a0 A S N

tude at the QCM wavenumber, while the TEM peaks at the 05F- '% """""" AT ¢
pedestal center for a higher k&, ps. Moreover, KBM modes A | A A,
propagate in the ion diamagnetic direction in the co-moving 19 0.05 0.1 0.15
(plasma) frame, whereas TEM modes propagate in the elec- x CENE - Coear = 0050
tron diamagnetic direction. As can be seen in Fig.[2]b), the __ 05F----=--------- GENE - Liear (1, =0989) | —
QCM phase velocity appears to vary with radius. While this & 5 o
result may be related to changes in the mode character [9]l, & OF aya A A—Q ______
the large error bars of the mode phase velocity when mapped S g _____________ A f_ a Y ¢
to the co-moving frame make it difficult to draw any firm N
conclusions. In addition to the uncertainties in the align- 15 oo 5 X

ment of the probes and THB channels and their finite sizes,
the mode frequency is broad in the lab frame, while the ra-

dial electric field has significant error bars. FIG. 6. Comparison between GENE linear simula-

tions and experiment (at pior ~ 0.985 — 0.995) ar
two locations at the pedestal foot where the KBM is
dominant instability and two at the pedestal center
where TEM is dominant.

Focusing on the pedestal foot and center, we compare the
simulations with the experimental turbulence cross-phases
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between density and electron temperature (o, 7, ), measured

with the THB diagnostic (Fig. , as well as between the

plasma potential and density (), measured with the probe (Fig. . Fig. @ shows that the experiment is in line
with the simulation results within the QCM perpendicular wavenumber range (gray area) in the pedestal foot,
where the KBM is the dominant microinstability. The electron temperature and density fluctuations are in phase,
whereas density and potential fluctuations are closer to —. In the pedestal center, where TEM is the dominant
instability, both v, and v, 7, are close to zero. Therefore, based on the set of turbulent fingerprints observed
experimentally and compared with the simulations, the KBM emerges as the main candidate for the QCM drive
instability.

5.1. Sensitivity scan in

The simulations presented in the previous sections are gradient-driven, i.e., the background profiles are fixed. Nev-
ertheless, given the inherent uncertainties associated with diagnostics and plasma fluctuations, this approximation
might not be realistic. To assess the sensibility of the results presented in the previous sections, we have performed
a plasma (3 scan focused on the pedestal foot at p;,, = 0.99 and toroidal mode number n = 13 corresponding
to the maximum KBM growth rate in Fig[3|b). In GENE, 3 can be changed independently on other parameters,
which is ideal to decouple its effect.

a) Beta scan . Cross — phase (n X ¢)
9 /les/ o] : b)
8 —w [/ ] N - — = — = = = = = o e e e e
7 : 0
6 T 00000
5 l
4 1 -1
|
3 T
2 | c)
1 l
0 ! 0
-1 !
0 0.5 1 1.5 2 —r

B/ Brominal 0.5 1.0

ﬁ/ﬁnominal

1.5 2.0

FIG. 7. GENE linear simulation: [ scan at p;or = 0.99 and fixed toroidal mode number n = 13. a) Growth
rate () and frequency (w); b) cross phases between density and potential, and density and electron temperature
(parallel component).

Fig.[7]a) shows how the mode growth rate () and frequency (w) change with the 8 normalized by the nominal
value. The rapid increase of v with beta is a further characteristic of KBM [26]. Likewise, w increases around
the nominal 3 and then saturates for higher values. Reducing /3 results in a smaller reduction of -y, while w drops
more substantially, flipping sign for 3/5,0minal = 0.5 (i.., propagates in the EDD). The mode at this point is no
longer a KBM, but rather a type of electrostatic drift wave.

Fig. b) shows how a,,, varies with 3. At the nominal value, v, is between —m and — /2, which is a fingerprint
of a KBM, as discussed in the previous section. For higher 3, a4 shifts slightly towards — /2, which is a more
favorable cross-phase for transport: the KBM becomes more unstable. On the other hand, decreasing the beta
from its nominal value leads to a gradual shift of a4 to zero. For / 5nominal < 0.5, w is negative, while
Qe lies between —m /2 and 0. The mode changes its character, becoming an electrostatic drift wave/interchange
instability. Interestingly, the cross-phase between density and electron temperature v, 7 (Fig. c) and o, 7, (not
shown here) are almost insensitive to the 3 scan.

The scan suggests that the KBM is marginally unstable. By increasing /3, both « and the radial transport increase,
as o, becomes more favorable for transport (i.e., closer to —m/2). If the profiles were allowed to vary (e.g., in
flux-driven simulations), that would reduce 3 and, consequently, the growth rate, likely bringing the values back
to the nominal one. However, if the transport is too violent, the KBM could be destabilized and replaced by an
electrostatic drift wave.
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5.2. Sensitivity scan in collisionality

Similarly, one can scan only the collisionality, while keeping the other parameters constant with GENE. In addition,
electromagnetic effects can be switched off by running an electrostatic version of the code. Fig.[§a) shows the
growth rate () as a function of the electron collisionality (v) normalized by the nominal value. Reducing v by a
factor of 10 only slightly changes the growth rate in both electromagnetic (nominal) and electrostatic simulations.
Conversely, rising v leads to an almost /3 increase of + for the electromagnetic case, while for the electrostatic,
the rise is faster initially until it converges to the electromagnetic one at higher v values. Such a behavior is
reminiscent of the electrostatic resistive ballooning mode (RBM) scale reported elsewhere [2§].

At the nominal v, the mode is a KBM and the cross-phase between density and potential (Fig.[7]b) lies between
—m and —7/2. As v decreases, Qi shifts to —m, which makes the mode potentially more stable as the cross-
phase becomes more unfavorable for transport. Increasing v, oy, gradually shifts towards —m/2, which make
it more unstable. The KBM becomes more RBM-like. Similarly to the 3 scan, a,p, barely changes with the
collisionality.

Collisionality scan Cross — phase (n X ¢)

10
— 0Minal
a) m— clectrostatic

T
~
< 1
~
IS

0.1

0.1 10
0.1 1.0 10.0 100.0
V /Vnominal
V/Vnominal

FIG. 8. Linear GENE collisionality (v) scan at pior = 0.99 and toroidal mode number n = 13: a) Growth rate
(v); b) cross phases between density and potential, and density and electron temperature (parallel component).

6. GLOBAL LINEAR SIMULATIONS

In a local simulation, the modes are confined to the flux tube and profiles are considered to be constant along the
simulation domain. However, in a more realistic scenario, the different excited modes should have a radial exten-
sion that may overlap when considered together globally and with the profile variation. This behavior is captured
in global gyrokinetic simulations [21]]. To verify the consistency of the local linear simulations previously pre-
sented, we have performed linear-global simulations with GENE, i.e., the modes are now allowed to grow beyond
the narrow flux tubes but the modes don’t yet interact, which is a feature of non-linear simulations. The first step
was to check the global behaviour without a radial electric field, i.e., without £/ X B shear stabilization. Interest-
ingly, the dominant mode at toroidal mode number n = 13 corresponding to the growth rate maximum in the local
scan did not reproduce the cross phases matching the experimental measurements. It is still an electromagnetic
mode, however, with electron diamagnetic drift direction. The previously observed KBM at the pedestal foot (in
the local linear runs) can only be recovered at n = 13 with (3 variation outside the uncertainties. At lower mode
numbers around n = 5, however, a mode localized between pior = 0.97 — 0.999 can be observed matching the
KBM features discussed above. This mode also remains when applying the external £/ x B shear. All in all, this
provides confidence regarding the mode identification. Future work will need to address the question to which
degree this mode is affected by nonlinear interaction. Also, it should be recalled that GENE is a field-aligned code
and therefore limited by the separatrix. A second task left for codes not bound by this limit (e.g., GENE-X) will be
to assess the impact of neglecting the QCM’s SOL fraction on the turbulence and transport inside the separatrix.

7. CONCLUSION

A comparison of the QCM experimental fingerprints with linear gyrokinetic simulations with the code GENE
suggests that a marginally unstable KBM in the pedestal foot drives the QCM in the EDA H-mode in ASDEX
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Upgrade. Good agreement was observed in terms of the radial location of the mode, perpendicular wavenumber,
cross-phase between density and electron temperature fluctuations, and between density and potential fluctuations.
Somewhat poorer agreement was seen when comparing the mode velocity in the co-moving frame. The experi-
mental data suggest that the QCM propagates in the electron diamagnetic direction in the pedestal foot, whereas
the KBM propagates in the ion direction. However, due to significant uncertainties, it is challenging to reach any
definitive conclusions based solely on this information. The consistency of the local simulation was also tested
in global linear simulations with GENE including the nominal background £ x B. The results showed a KBM
between por = 0.97 — 0.999, i.e., within the experimental QCM range. The mode also exhibits cross-phases
similar to those observed experimentally, but with mode numbers around n = 5, which is lower than the n = 13
shown by the local runs. Therefore, the global linear simulations also point to the KBM as the main candidate for
the QCM drive.

Although linear simulations help us identify fingerprints that can be easily compared with experimental observa-
tions, there is no guarantee that the observed modes and their linear character would be present in global non-linear
simulations. Nevertheless, the good agreement observed with several linear features of a KBM is impressive and
suggests that the linear character of the mode may be preserved to some extent. Non-linear gyrokinetic and global
flux-driven simulations are planned for the future, which will be important to check the consistency of the linear
analysis and to understand pedestal-SOL coupling. The extrapolability of this result to future fusion reactors is
not straightforward, but the implications of an unstable KBM in the pedestal foot of future reactors need to be
better addressed, especially if the EDA H-mode (or variants of this regime) becomes the route pursued for a fusion
reactor.
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