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Abstract—Among the peripheral instabilities observed at the Globus-M?2 tokamak, two types of edge local-
ized modes (ELMs) are brought into focus: ELMs synchronized and desynchronized with the sawtooth oscil-
lations. The desynchronized ELMs appear in regimes that are characterized by high values of pressure in the
pedestal, p,.q = 3 kPa, and they are observed in discharges with the toroidal magnetic field Br > 0.6 T and
plasma current /p > 0.3 MA. The desynchronized ELMs belong to the type-111/V with the dominating effect
of the peeling mode. The synchronized ELMs were observed in a wider range of discharge parameters,
including at By < 0.6 T and /p < 0.3 MA. Calculations of the stability of the peeling-ballooning (PB) mode
showed that at pedestal width y, o, = 0.09 and p,,.q > 3.5 kPa, destabilization of PB modes is possible without
additional influence. Experimental data shows that the microtearing mode plays a dominant role in the ped-
estal. The microtearing mode does not allow the pedestal at Globus-M2 tokamak to reach the state of the
unstable kinetic ballooning mode (KBM), which explains the low predictive power of the EPED model at

this tokamak.
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INTRODUCTION

ELMs in tokamaks [1] are a destructive and unde-
sirable consequence of operation in the improved con-
finement regime [2] and they are inadmissible in the
fusion reactor prototype. ELMs lead to the stochasti-
zation of magnetic field lines [3, 4] with a consequent
loss of plasma ions and electrons that escape into the
region of open magnetic field lines. The particles at
the open field lines increase the thermal loads on the
first wall of the tokamak and further cause its destruc-
tion. The destabilization of ELMs occurs under the
action of the pressure gradient for the weak magnetic
field side and the current flowing near the separatrix.
To describe the development and burst edge instabili-
ties, the PB mode model [5] is used and its derivative
EPED model [6]. ELMs were observed in the plasma
of a number of large tokamaks: JET [7], DIII-D [8],
ASDEX [9], MAST [10], and NSTX[11]. They can be
classified into different types; however, the most
important for this study are type-1 [12], type-I1I [12],
and type-V [13] ELMs. Type-1 ELMs are character-
ized by the increase of the frequency with raise of the
input power and maximum energy loss compared to

other types. Type-III and type-V ELMs develop at the
same values of collisionality and lead to insignificant
energy losses [14]. The difference between type-III
and type-V ELMs is the reaction of the repetition rate
of instability bursts to the increase of input power: for
type-I1I, the repetition rate of bursts follows the
increase of input power while for type-V, no such
dependence was found. Since bursts of type-V ELMs
were observed only at the NSTX spherical tokamak
[13], further, we will not distinguish type-I1I and type-
V ELMs. Earlier, it was shown that, at the Globus-M
tokamak [15], ELMs do not follow the classical typifi-
cation since they were observed in the improved con-
finement regime and with predominant (over 90% of
the cases) synchronization with sawtooth oscillations.
Classical ELMs were not observed, since, due to the
insufficiently high plasma parameters, the pedestal
(pressure profile in the peripheral region of the plasma
column) did not reach the values that correspond to
the destabilized PB mode. The proposed synchroniza-
tion mechanism for the sawtooth oscillations and
ELMs by the induced current perturbation is
described in [16].
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In this work, ELMs were experimentally studied in
the plasma of Globus-M?2 tokamak with characteristic
parameters R = 0.36 m, a = 0.24 m, By = 0.9 T, and
I» < 0.5 MA [17], where R is the major radius, a is the
minor radius, By is the toroidal magnetic field, and /;
is the plasma current. The Globus-M2 tokamak is a
modernized version of the Globus-M tokamak (R =
0.36 m,a=0.24m, B;=0.5T, and 1, <0.3 MA) [18].
Due to the 80% increase in the magnetic field and,
consequently, the plasma current; the energy confine-
ment time in Globus-M2 increased threefold [19], and
the confinement of fast particles also improved, which
led to the changes of the pedestal parameters and,
consequently, the conditions under which the PB
mode develops. In this work, experimental methods of
studying ELMs are described in the plasma of Glo-
bus-M2 tokamak, a classification of ELMs is pro-
posed, and the results of numerical simulations of the
PB mode are presented that are the theoretical basis of
the presented classification.

The main diagnostics for the studies of ELMs was
the spectrometric diagnostics of the atomic deuterium
line D, (656.3 nm) while the presence of sawtooth
oscillations was detected by the soft X-ray (SXR) diag-
nostics. These diagnostics were used to detect the
presence and synchronization of ELMs. The Doppler
backscattering diagnostics (DBS) [20] was used to
detect the filamentary structures and small-scale fluc-
tuations of density (wave numbers k, = 2—13 cm™');
magnetic probes were used to estimate the relative
value of the magnetic perturbation during ELMs. The
magnetic configuration of the plasma was recon-
structed by the method of current rings [21]. The
chord-average electron density was determined by the
microwave interferometry diagnostics. The tempera-
ture and electron density profiles were measured by
the Thomson scattering (TS) diagnostics [22].

ANALYSIS OF EXPERIMENTAL DATA

ELMs at Globus-M2 tokamak are observed in dis-
charges that show the signs of transition into the
improved confinement regime (Fig. 1), such as the
decrease of intensity of the D, line and the increase of
the chord-average plasma electron density n.. Soft-
ware processing by the dynamic time warping algo-
rithm (DTW) [23] was used for the preliminary analy-
sis of the database of Globus-M?2 tokamak. As a result,
24 discharges were chosen. For discharges with limiter
configuration, the power required for the L—H transi-
tion was 2—3 times higher than for discharges with
divertor configuration [24]. Consequently, we studied
only the discharges with divertor configuration and
additional heating via neutral beam injection, since in
these discharges, a wider range of variation of input
power in the H-mode is possible. In 20 discharges out
of the chosen 24, ELMs synchronized with sawtooth
oscillations were observed and in 4 discharges, ELMs
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desynchronized with such reconnections were
observed. Figure 1 shows discharge no. 41105 with
desynchronized ELMs. The desynchronized ELMs
are almost never (in less than 5% cases) observed at
plasma currents Ip < 0.3 MA, yet at plasma currents
I > 0.3 MA, they constitute over 50% of the total
number of bursts (Fig. 2). Note that, at toroidal field
Br < 0.6 T, no desynchronized bursts were found,
which indicates the important role of the magnetic
field and, consequently, of the energy confinement
time, which linearly depends on By and has a square
root dependence on /Ip [19]. Thus, the development of
classical ELMs is observed in discharges with high val-
ues of By > 0.6 T and I, > 0.3 MA since for such dis-
charges, the energy confinement time T, > 5 ms and
high values of pressure are observed in the pedestal.

The synchronized and desynchronized ELMss
have different dependencies of the period between
bursts on the chord-average density. For ELMs syn-
chronized with the reconnections, the period has a
positive dependence on the chord-average density
since the reconnection period increases with increas-
ing n.. When density increases, the Alfvén time
decreases and, consequently, the growth rate of the
kink instability also decreases [25]. An increase of the
current is required to maintain the discharge stability
[26] and for operation in the improved confinement
regime [27], which leads to the increase of the inver-
sion radius and, consequently, the period of sawtooth
oscillations. The period of desynchronized ELMs
depends only on the plasma parameters in the pedes-
tal. The number of desynchronized ELMs increases
with increasing electron density. This result is in
agreement with the scaling for type-I111 ELMs [7] and
does not contradict the type-V ELM scalings [11].

Comparison of regimes with different types of
ELMs was carried out in four discharges with By =
0.8 T: nos. 40707 (I, = 0.21 MA), 40715 (Ip =
0.4 MA), 41105 (Ip = 0.4 MA), and 41585 (I =
0.4 MA).

In the plasma of the Globus-M2 tokamak, the
ELMs can be separated into three types depending on
their synchronization with the sawtooth oscillations.
The first type are ELMs completely synchronized with
the reconnections (Fig. 3a). ELMs of this type are
observed in discharges with plasma current and aver-
age linear density in the entire range of considered
parameters (Fig. 2). The second type are ELMs that
are partly synchronized with the reconnections: one
synchronized burst of the edge instability followed by
several (up to 3) desynchronized ELMs (Fig. 3b). The
partly desynchronized ELMs are observed in dis-
charges with high current (I, > 0.3 MA) and neutral
injection power Pyp; = 0.4 MW. When the input power
is increased to Pyg; = 0.5—0.6 MW, the third type of
ELMs appears: the completely desynchronized ELMs
(Fig. 3c). At total desynchronization, synchronized
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no. 41105 of Globus-M2 tokamak: plasma current (blue curve),

chord-average density (orange curve), radiation intensity of the D, line (black curve), and radiation intensity of SXR radiation
(purple curve). The rectangles show the time intervals during which the plasma was heated by the beam of neutral particles with
Pnpr = 0.5 MW (pink rectangle) and when it was in the improved confinement regime (red rectangle).

ELMs do not disappear, but they become statistically
less important because for one synchronized burst,
6 and more desynchronized ELMs are observed
(Fig. 2). Increasing the additional heating power does
not affect the frequency of desynchronized ELMs. In
discharge no. 41585 with desynchronized ELMs, the
input power of additional heating was varied from
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Fig. 2. Dependence of the period between bursts of the
edge instability on the chord-average density (x-axis) and
plasma current (color scale). Circles mark ELMs synchro-
nized with reconnections and crosses mark ELMs desyn-
chronized with reconnections.
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Prngr= 0.5 MW to Py = 0.8 MW (Fig. 4), and the
ELM frequency did not change, which, together with
the measured direct dependence of the ELM fre-
quency on the chord-average density and the tempera-
ture near the separatrix 7, = 300 eV typical for type-I111
ELMs [28] allows one to conclude that type-111/V
ELMs are present with a dominant effect of the peel-
ing mode.

The electron density and temperature profiles
obtained by the TS diagnostics show that discharges
with partially synchronized ELMs have a 60% higher
pressure in the pedestal than discharges with synchro-
nized ELMSs, p,.q = 2.5kPaand p,.4 = 1.5 kPa, respec-
tively. These discharges show close values of electron
density n, (the difference being <20%), yet the elec-
tron temperature in the case with partially desynchro-
nized bursts of edge instabilities is 1.5 times higher
(Fig. 5). Discharges with completely desynchronized
ELMs have a pressure in the pedestal that is 50%
higher (p,.q = 4.0 kPa) than in discharges with partially
desynchronized ELMs and, consequently, under their
conditions the PB mode can destabilize regardless of
the internal reconnections. Discharges nos. 40715
(Pngr = 0.4 MW) and 41105 (Pyg; = 0.6 MW) have the
same electron temperature despite the 1.5 time
increase of the input power. At identical electron tem-
perature profiles, the electron density profile #, in the
discharges with completely synchronized ELMs is
2 times higher than in discharges with partially syn-
chronized ELMs.

The spectrogram of the magnetic probe signals and
the time dependence of the D, radiation (Fig. 6) in
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discharge no. 41105 show that the magnetic perturba-
tions during the synchronized ELMs are longer (¢ =
0.0895 s), however, the analysis of the data of the ther-
mal camera shows a more substantial heating of the
divertor plates in the case of desynchronized ELMs.

During the improved confinement regime, the mag-
netic probe diagnostics recorded oscillations at the
frequency of about 80 kHz, which can be the conse-
quence of the development of the microtearing mode
(MTM) with poloidal/toroidal numbers m/n = 10/2
No. 4 2023
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Fig. 6. Spectrogram of the magnetic probe data and intensity of radiation of the D, line (orange) in discharge no. 41105.

[29]. Presumably, it is the development of MTM in the
plasma that limits the maximum achievable value of
the electron temperature 7, [30] in discharges with
Py > 0.5 MW. Unfortunately, studies of particle
transfer and energy are outside the scope of this work.

Analysis of DBS data showed that after transition
to the improved confinement regime in discharge
no. 41105, the level of velocity fluctuations in the edge
plasma (R = 0.57 m) dropped 5 times relative to their
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initial level (Fig. 7). The drop of the fluctuations level
leads to the change of ELMs type. During the dis-
charge (at r = 0.105 s), a spontaneous increase of car-
bon concentration occurred due to, presumably,
intrusion of dust, which had an effect on both the
intensity of small-scale turbulence (its intensity
increased 2 times) and type of ELMs: desynchronized
ELMs became partially synchronized. At the same
time, the parameters of the edge plasma remained the
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Fig. 7. (Upper panel) spectrogram of velocity fluctuations in discharge no. 41105 measured by DBS at frequency of 55 GHz and
(lower panel) integrated spectral power of DBS signal in the range 0.05—1.00 MHz (blue curve) and intensity of radiation of the
D, line (black curve). The orange dashed line marks the time at which carbon intruded into the plasma with the subsequent tran-
sition from the regime of desynchronized ELMs into the regime of synchronized ELMs. The horizontal blue line marks the fluc-
tuation level in the regime of desynchronized ELMs while the horizontal red line marks the fluctuation level in the regime of syn-

chronized ELMs.

same. Earlier simulations [31] showed that the intru-
sion of impurities in the edge plasma causes the
decrease of the bootstrap current. Consequently, for
ELMswith the dominating effect of the peeling mode,
the decrease of current density near the separatrix by
30—50% can stabilize the PB mode.

SIMULATIONS OF THE DEVELOPMENT
OF THE PB MODE

To determine the qualitative characteristics of the
radial plasma pressure profile (its “height” and
“width”) that are required for the destabilization of
the PB mode regardless of the internal reconnections,
simulations of PB mode stability were carried out by
the BOUT++ code [32]. The set of equations of one-
fluid magnetohydrodynamics (MHD) was solved by
the finite difference method in the three-dimensional
tokamak geometry.

In the poloidal cross section, a mesh with four-
angled cells was used that was based on magnetic sur-
faces. The mesh had a 64 X 32 resolution and coverage
Viorm = 0.70—0.97. It was built using the magnetic
equilibrium EFIT data for discharge no. 40707 with
elongation € = 1.83 and average triangularity 6 = 0.35
[33]. The toroidal mode numbers were limited by
n < 45. Simulations were carried out with time step
equal to 0.5 Alfvén times (t,). The initial plasma pres-
sure profile had the shape of hyperbolic tangent and it
was given by two parameters, its width and its height.
The current density profile consisted of the Ohmic
and bootstrap components. The Ohmic component
was assumed to be constant within the mesh and it was

taken from simulations by the ASTRA code for similar
discharges. The bootstrap component was calculated
by the formula derived in [31]. The pressure of fast ions
P Telative to the total plasma pressure p, in Glo-
bus-M2 discharges does not exceed p,q/Piora < 0.1 and
it can be neglected.

To analyze the pedestal stability, a stability diagram
was constructed (Fig. 8), which depicts the depen-
dence of the growth rate of PB instability on the width
and height of the pedestal. To construct the diagram,
root-mean-square perturbations of pressure were cal-
culated in each point of the pedestal height and width.
In the poloidal cross section, a position was chosen of
the equatorial plane from the weak magnetic field
side, at which the instability growth rate was calculated
from the root-mean-square pressure perturbation,
and it was ascribed to these pedestal parameters. In the
case of completely synchronized ELMs, the pedestal
was in the stable region and, consequently, the
PB mode could not destabilize in the absence of an
additional current perturbation. In discharges with
partly synchronized ELMs, the pedestal parameters
were at the boundary of the stable region and, conse-
quently, for the PB mode to destabilize, a current per-
turbation was required after which several additional
instability cycles were observed. The pedestal parame-
ters in discharges with completely desynchronized
ELMs were in the strongly unstable region and there-
fore, they did not require current perturbations for the
PB mode to destabilize. For discharge parameters
with completely destabilized ELMs, the most unstable
modes had mode numbers n = 4—6, which correspond
to type-1II or type-V ELMs.
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Analysis of the predicted height and width of the
pedestal by the EPED model [6] for type-1 ELM
showed that, in its current state, the model is not
applicable to the Globus-M2 plasma. The main crite-
rion of the applicability of the EPED model is the
condition for the presence of the destabilized kinetic
ballooning mode (KBM) in the pedestal. This condi-
tion connects the height and width of the pedestal with

the criterion A = 0.089,/B, .4, Where A is the pedestal
width and B, .4 is the poloidal beta at the top of the
pedestal. Nevertheless, KBM is stable according to the
approximation of the critical ballooning pedestal in
the entire region of the stable PB mode since the
experimental values of the pedestal width are much
higher than those that are required for the condition of
the destabilized KBM (Fig. 8). The MTM, which also
can limit the height and width of the pedestal, devel-
ops at lower pressure gradients and it is characteristic
of spherical tokamaks [34]. Consequently, the width
and height of the pedestal that does not satisfy the
KBM limitation as well as the experimental proof of
the development of MTM demonstrate the key role of
MTM in limiting the pedestal parameters. At the same
time, the scaling for the NSTX spherical tokamak [35]
shows a better agreement with the experimental values
obtained at the Globus-M2 tokamak. Yet it is the gen-
eralized scaling for the pedestal width [36, 37] that
provides values that agree with experimental results
obtained at Globus-M2. This shows that the EPED
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model is inapplicable to the pedestal of Globus-M2
tokamak and needs to be modernized before its usage
for spherical tokamaks.

CONCLUSIONS

In Globus-M2 tokamak, ELMs that are synchro-
nized and desynchronized with internal reconnections
(sawtooth oscillations) are observed. Desynchronized
ELMs are type-111/V ELMs with a dominating effect
of the peeling mode, and they develop at high values of
the plasma current, toroidal magnetic field, and neu-
tral beam injection power (/p > 0.3 MA, Br > 0.6 T,
and Pyg; > 0.5 MW, respectively). Their development
requires pressure in the pedestal p,.4 > 3.5 kPa, which
destabilizes the PB mode. Pedestals with such high
pressures are possible in the improved confinement
regime, when the intensity of small-scale fluctuations
decreases 5-fold relative to their level that corresponds
to the L—H transition. A key role in reaching the
required pressure is played by gas puffing since at the
Globus-M2 tokamak, the increase of electron tem-
perature when the input power is increased is limited
by the development of the MTM and the only method
of increasing the pressure in the pedestal is increasing
the electron density.
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