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Abstract. In this paper, we report on progress in understanding thé¢isnale dynamics of magnetic
islands in presence of turbulence. We focus numericallywandifferent kinds of small-scales turbu-
lence, namely, pressure and flow driven turbulences. Exatally, using TCABR tokamak experi-
mental data, we also show a complex coexistence of turbelentrostatic and magnetic fluctuations
and the effect of edge biasing on the growth of magnetic lnlitias.

1. Introduction

In fusion devices small scale instabilities can generatallssocales turbulence. Several ex-
periments report the coexistence of both microturbulemnceNHD activities[1, 2]. However,
the mechanisms involving the coexistence of turbulencenaaginetic islands is still not well
understood. In this paper, we show that the interaction fulent structures with magnetic
islands can be sustained by different types of mechanisnhvdepends on the equilibrium
configurations and/or the experimental situations. Inipadr, we focus on the impact of
the turbulence on the nonlinear dynamics of magnetic islarsing a 2D reduced two-fluid
model in a slab geometry. In a first part, we investigate hasvitiberchange turbulence af-
fects nonlinearly the formation of a magnetic island. We finat small-scales interchange
turbulence which develops in the vicinity of the resonanedybates and enhances magnetic
island formation thanks to nonlinear beating of the smedliss interchange modes and cas-
cade phenomena. In a second part, we study the effect ofrikeleimoltz instability (KHI) on
a double tearing mode. Flow gradients in the shear layer eaargte island rotation, instabil-
ities and turbulence. In this case, the turbulence is géerautside the resonant surfaces and
takes place in between the two magnetic islands. Mecharssoisthat turbulence spreading
into the island and force reconnection modify strongly tlyaaimics leading to a global re-
connection of the double tearing mode structure. Finatlyamalysis of a TCABR Tokamak
experimental data show that edge biasing can have verydiffeffects on the evolution of
the magnetic activity intensity. The latter can grows dffegthe edge turbulence in two dif-
ferent operational regimes found in TCABR: in one of themelge biasing suppresses the
growth of the magnetic activity, while in the other one thgediasing excites the magnetic
instability. The growth of the magnetic activity was foumtkied to the interaction of 3/1 and
2/1 modes and in the biasing excitation regime, the latteridates.

2. Impact of turbulence on nonlinear formation and dynamicsof an island
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Figure 1: Time evolution of the kinetic energy for the modes < 7, A’ = 2.

In this section, we study the interaction of a magnetic glauith small scale turbulence
[3, 4]. More precisely, we focus on the effect of interchasgeall-scales turbulence on the
dynamics of a magnetic island driven by a tearing instabiliike in [5], we consider a two-
dimensional plasma model based on the two fluid Braginskiaigns in the drift approx-
imation [6] with cold ions and isothermal electrons. Typligait involves a set of coupled
equations for the electrostatic potentpthe electronic pressugeand the magnetic fluy :
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The equilibrium quantities are a constant pressure gradmha magnetic field corresponding
to a Harris current sheet model [7]. Equations (1-3) are iadim®d using the characteristic
Alfven speedva and the magnetic shear lendth. Further,ky ~ L andky ~ % are the
curvature terms witliRy representing the major radius of a toroidaRf plasma conftogpmal

is the gradient scale lengtha is the Alfven time based on reference length sdale p

is the viscosity,x, the perpendicular diffusivityn is the plasma resistivityv« and p are
the normalized electron diamagnetic drift velocity and smund Larmor radius. In order to
understand how the interchange mechanism affects the fiemef a magnetic island, we
have performed linear and nonlinear simulations of the ggug1-3). A semispectral code
with a 2/3 dealiasing rule in the poloidal direction, a resolution286 grid points in the
radial direction, 64 poloidal modes has been used. The ctatipoal box size idy = 21
andLy = 51t In this study we have fixefl = 0.04, v« = 1072, k» = 0.36 and the dissipative
parametersy( X, ) are taken to be equal at 18 When the aspect ratiby /Ly is large
enough, the poloidal tearing mode m=*},(= m2r/Ly) becomes unstable which corresponds
to a positive value of the tearing stability ind&X In this work, the equilibriums are such that
tearing modesn > 1 are linearly stable. To characterize how the interchangdisscales acts
on the formation of a magnetic island, we will analyze linead nonlinear simulations with
different values of\'. Interchange parametey is set equal to 5 which implies that some of
the modesn > 1 are unstable with respect to interchange instablity, iteetipe stabilizing role
of the equilibrium magnetic field. The latter situation, wheterchange is stable, was studied
in [5]. In this work, the most unstable interchange mode Id figed tom= 7.
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Figure 2: Snapshots of the electrostatic potemgiahd the magnetic fluy, A" = 2.

Fig.1 presents the time evolution of the kinetic energy efrttodes G< m < 7 for a nonlinear
simulation withA" = 2. We observe that the dynamics presents 3 main regimesndthe
first phase, B< t/1a < 6500, the dynamics is fully linear. Interchange instapitt present at
small-scales, dominates energetically and we observenagstonvth of the moden= 1 which

is a tearing moda,e. it presents a tearing parity(even,p and p odd with respect with the
resonant surface = 0), while form > 1 interchange parity is observedl 6dd, @ andp even

). The modem = 0 is not generated. The interchange structure of the mosahbiesmode
m = 7 is clearly observed on snapshots during this phase andh iflasdration, is shown on
the left graph of fig. 2. Note that the mode structure is l@ealiin the vicinity of the resistive
layer. During the second phase or regime, ftom6500c5 where the moden = 0 starts to be
generated to = 1645G  where the moden= 7 reaches a maximum, the dynamics becomes
fully nonlinear. Mainly, in this phase the interaction oktinterchange small-scales affects
the large scaleem= 0 andm= 1. Fig. 1 shows that the growth rate of moabe= 0, y{)", is
twice the one om= 7 as the result of a beating of two interchange modes whichphjinear
interactions, produce modes with tearing parity. The saioeifg occurs for moden= 1
because; ~ Y+ Y7 ~ Yo. The beatting of modes = 7 andm = 6 as well as modesi = 1
andm = 0 enhances the growth of the tearing moadle: 1.

The last regime begins when the tearing moales 0 andm = 1 become the most dominant
modes, at = 1645a . Fig.1 shows that during this regime the energy of the imiznge
small-scale decreases quickly. A analysis of the eigetilome shows that aftdr= 16450 A
the interchange modem(> 1) loose the interchange parity and get that of the tearim@adt

a direct cascade of the tearing made- 1 allows the generation oh= 2 tearing mode which
gets the tearing parity (the nonlinear interaction of tggrnodes conserves tearing parity). In
fig. 2 are shown the snapshotsg@éndy during the last regime at= 20000 . Large scale
tearing parity dominates and a magnetic island is obserethis case, and more generally
whenA’ > 0, there are two sources leading to the generation of a magskind, the large
scale tearing instability and the small scale interchangmbility. We find also that the result-
ing nonlinear structure of the mode depends on the natureeafdurce. Indeed, the snapshots
reveal that the classical picture resulting from tearingability theory is not universal: We
observe that the magnetic island is not maintained by a qpadtk flow structure, which would
be the case in the absence of interchange instability. Thesflorounding the magnetic island
present in fact a dipole structure in terms of electrosfadiential, the flow going in and out in
the vicinity of the x-point.
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Figure 3: time evolution the island size for nonlinear siatigins for different values a¥’

The previous paragraphs show that tearing instability israquired to generate magnetic
island and it is interesting to see if the small scale tunhbcgecan originate small seed islands
which are important in the context of neoclassical tearirafes [8]. We have performed
the same simulations except we have modified the equilibprofile, taking different values
of A, in order to study the impact of the tearing instability oe #symptotic size of the
islands. In Fig. 3 are plotted the time evolution of the maigrisland size for these different
simulations. It shown that even for negative valued/ofstable tearing mode), the beatting of
the interchange modes can produce a magnetic island whaevsgquickly. When the tearing
mode is marginally stable, the saturated island size islsmdldoes not depend d@i.

3. Global reconnection of the double tearing mode in presermcof a shear flow

We focus here on how the presence of a shear flow in betweeressoant surfaces - which
have been observed experimentally [9] - influences the neatfiglobal reconnection process
of the double tearing mode (DTM). Compared with previoudiea¢curvature, diamagnetic
and pressure effects are switched off but an equilibriunassfiew is introduced into the dy-
namics. In this work, the islands are close enough to finallygér off a global reconnection
whatever the importance of the imposed shear flomanrd< 0.3va. Vs 1. is maximal velocity
of the shear flow and roughly the imposed plasma flow veloanitye vicinity of the resonant
surfaces. Their distance is of the order of the characiensagnetic shear length, . In the
limit of weak flow compared to Alfven velocity, which corresmds to experimental obser-
vations, the flow gradient acts as a weak external forcinglwvpierturbs the DTM growth.
Gradients of velocity in reversed shear plasmas are usleglated in between resonant sur-
faces [9, 10]. In contrast to the DTM structure obtained waihforcing, the shear flow tends
to push the islands growing on the resonant surfaces=£x;) in opposite poloidal directions.
The resulting flow pattern presents a symmetry breaking repect toc = 0 surface. It can
be shown that it originates the generation of a zonal flow=(0 mode) which impacts on the
nonlinear dynamics of DTM [11].

Let us first focus on the impact of some important parameteth®linear dynamics. Previous
works focused on the role of the core rotation parameter [Higure 4 shows the linear growth
rate of the double tearing poloidal mode= 1 as a function of the resistivity in presence of
a weak shear flowvg t. = 3%va). At high resistivity,n > 2.10~%4, the magnetic structures
grow in the vicinity on the resonant surfaces and imposeh,bmtflow and a magnetic field
in between the resonant surface which inhibits the islatations despite the presence of the
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Figure 5: Left: Magnetic flux in nonlinear regime; ;. = 0.15,n = v = 10~%. Right: Kinetic
energy (dashed blue), and magnetic energy (red) as a fanctithe shear flow amplitude
Vs .. [Undotted] When kinetic energy reaches a first maximum.t{&f Just before global
reconnection mechanism occurs.

shear flow. Fon € [7.107°,2.10-4), the interactions between resonant surfaces is weakened
and magnetic island rotations develop. In the interval sistéity 2.107° < n < 7.107°,

KHI is observed at wave numben > 1: Weak vortices appear in the shear layer and the
maximum growth rate occurs typically at= 5. This wave number depends of course on
the level of the shear localized in the vicinity w&= O but the higher the latter is, the higher
the dominant wave number is. In this resistive parametegaathe growth rate of the DTM

is higher than the KH’s one. First, let us emphasize thagdily, the tearing mode structure
generates a flow which links the two magnetic island and ibbibweaken, both, the island
poloidal rotations and the KHI in the shear layer. Incregghre resistivity value strengthens
the tearing instability and kills KHI. Second, lowering thesistivity value weakens the flow
linking the magnetic structures of the DTM. As a result thevgh rate of the tearing mode
m= 1 is reduced compare with the case without shear flow, as caedrein figure (4). At low
resistivityn < 2.107°, the growth rate o = 1 is enhanced due to the development of large
scale KHI in between the two resonance surfaces.

In the limit of low resisitivity, KHI can lead to the generaii of a turbulent state resulting
from the interplay between DTM and multi-scale Kelvin-Helitz dynamics. In fact, both,
low resistivity and high shear flow amplitude leads to KH &islity and nonlinear turbulent
states which can affect strongly the magnetic island dyosanfio illustrate this point, in figure
5, a snapshot of the magnetic flux in the nonlinear phasesfor= 0.15,n =v = 104 and a
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distance between the islan8g = 11/2[L | is shown. It appears that the islands are strongly
shaked and are not localized and/or align along the rescuogiatces. This unusual behavior is
linked to the generation of a high level of kinetic energy ethiequires some further analyses.

The role of the kinetic energy in the nonlinear dynamics & tlands can be studied by
looking at its level for different values ok ;.. This is presented in figure (5). The undotted
curves gives the energy level of, both, the kinetic enerdyelband magnetic (red) energies
when the system reaches a first saturation from a kinetict pbimiew. Note that between
Vs.i. = 0.09 andvs ;. = 0.1, the kinetic level strongly decreases. This is due to toetfzat
KHI gets a growth rate higher than the DTM’s one and in theetatbise saturation occurs with
a lower level of both kinetic and magnetic energy. The grdpws also clearly that kinetic
energy becomes higher than magnetic energy as might beteddeam a KH like instability.
Note that the decreases of the magnetic energy starts as faHabecomes unstable.e.
Vs . > 0.05, and is linked to the fact that, both the island rotatioth KRl vortices weaken the
interaction between the two resonant surface. This stingiresents some similarity with a
wall-island interaction which can also stabilize a resestnstability [14].

Figure (5) shows the kinetic and magnetic energy leveldjefire global magnetic reconnec-
tion occurs. Note that during the nonlinear phase a flow iggrd in the vicinity of resonant
surfaces, stopping islands rotations, which is requiredfobal reconnection process to start
[11]. The graph shows, first, the magnetic energy fluctuatrequire for global reconnection
process to occurs does not depend on the shear flow ampli®etond, the kinetic energy
growth roughly exponentially witks ;. in the range where KHIn0 > 1) is unstable but with a
lower growth rate tham = 1 DTM. The magnetic island appear to be localized on the mag-
netic surfaces in that phase, despite an enhancement qirdeedéng of kinetic energy into the
island Ex/Em has an exponential growth). Third, whegy > 0.12,i.e. the growth of mode
m= 1 is dominated by KHI, it saturates. In this latter case, fstesn shows strong spatial
kinetic fluctuations and is in a turbulent state. The islaredaso strongly shaked (see figure
5). However global reconnection mechanism occurs eartidrexplain partially that kinetic
energy does not increase anymore wih. Another mechanism seems to be at play: Not only
the flow generated in the shear layer is incomming into tlas(spreading of the turbulence)
but also the shear flow layer, by generating large scalecasin its vicinity, pinches the mag-
netic surfaces and therefore a forced magnetic reconmectechanism is at play. Note that,
noteworthy in the linear regime, we have seen that the shmaictn stabilize the grow of the
DTM. Here the shear flow is doing the opposite by enhancingrtagnetic reconnection.

4.Experimental observations of the interplay between turlnlence and magnetic islands
in TCABR tokamak

TCABR is a small tokamak that operates with Hydrogen plasamaswhich main parame-
ters are: central magnetic field BO=1.1 T, major radius RE@6 and circular plasma shape
defined by a material limiter at a=0.18 m [15]. Unlike mostdoiaks, in TCABR tokamak the
frequency spectra of electrical and magnetic fluctuati@vea peculiar partial superposition.
Moreover, in some discharges the MHD activity can enhancenandulate the electrostatic
turbulence at the edge of the plasma [16], providing expemniia observations of coupling and
synchronization between magnetic and electrostatic fhiicias [17, 18, 19].

These properties were observed in two operational regifnBEABR [16]. Accordingly, Fig.
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Figure 6: Evolution of the plasma parameters in the two regimith enhancement of MHD
activity in TCABR. (a) is the plasma density, (b) is the plastarrent, and (c) is a Mirnov coill
signal. [Left] Regime with a natural MHD growth. [Right ] Riege with bias excitation. The
dashed rectangle indicates the time with biasing.

6 shows the time traces of the plasma discharge in these gio@s with high MHD activity.
For the regime presented in the left panel of Fig. 6, the ptasmnrent increases slowly and the
MHD activity (measured by Mirnov coils) growths without aayternal perturbation. In this
case the MHD enhancement is observed whenever the edggfsater approaches an integer
number, what could be associated to a MHD instability exicite{20]. On the other hand, for
the regime presented in the right panel of Fig. 6, the grovitthe® MHD activity starts few
milliseconds after the edge biasing polarization, perfrwith an electrode inserted in the
plasma edge (at/a~0.92) [21]. It should be noted that the initial effect of the edgasing
is to reduce the turbulence in the edge region, improvingptaema confinement [21, 22].
However, the growth of the MHD activity is frequently obsedvin this regime. For both
regimes, the enhancement of the MHD activity strongly affébhe behavior of the plasma
edge turbulence, as it can be seen in Fig. 7, which shows #aregrams of the electrostatic
signals (measured by Langmuir probes) and the MHD activitis possible to observe that
after the growth of the MHD activity, the spectral charaistérs of the magnetic oscillations
are also observed in the electrostatic turbulence.

The intensity of the modulation of the turbulence by the MHiDhaty in TCABR was quan-
tified through some methods commonly used for dynamicaksystharacterization. For in-
stance, a modified version of the order parameter was usettuity the spatial-temporal reg-
ularity of the turbulence at the MHD frequency in the biasi&ton regime [17]. Moreover,
the bispectral analysis was used to determine the radiéilgpod the turbulence alterations in
the regime with natural MHD growth [18]. Furthermore, thecReence Quantification Anal-
ysis was used to evaluate the profile of the dynamical aiterabn turbulence in the regime
with natural excitation [19]. While the two spectral baseethods show effects concentrated
in the edge region, the recurrence based method indicaaethth alterations in the dynamic
behavior are wide-ranging, and they can be clearly obsenvedth edge and SOL region.

The alteration of the edge electrostatic potential thraigtbias polarization has different ef-
fects on the two operational regimes: in the regime with rziexcitation if the edge biasing is
applied before the growth of the MHD activity it can suppréssto retard) the enhancement
of the MHD activity [16]. Moreover, the growth of the MHD aeity in the natural excita-

tion regime presents two saturated stages at very diff@g@mer spectral values of magnetic
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Figure 7: Spectrograms of magnetic and turbulent signatkertime intervals indicated by
vertical lines in Fig.6. Spectrograms of the magnetic tetoins (a), the floating potential (b)
and the local plasma density (c). [Left] Regime with natidD enhancement. [Right ]
Regime with bias excitation.

activity. The origin of these two saturated states is notlearcbut it may be linked to non-
linear coupling between the (m/n) 3/1 and 2/1 modes. It isisbent with the analysis of the
magnetic fluctuations that shows the coexistence of thesenades [16]. In fact, it has been
observed that the evolution of the intensity of the modesaetl on the Mirnov coils signals
are not equal in the two regimes. In the natural excitatigime the intensity of these two
modes are similar, while in the biasing excitation reginee 21 is clearly the strongest mode.
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