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Abstract. Low-dimensional models for relaxation oscillations ofrisport barriers in tokamak edge plasmas
are presented. These models are based on three-dimen@siséle ballooning turbulence simulations where
a transport barrier is generated by an imposed ExB shear fldig barrier exhibits quasi-periodic relaxation
oscillations which are governed by the intermittent grootfa mode at the barrier center. A one-dimensional
model for the dynamics of this mode coupled to the evolutidh@pressure profile reproduces barrier oscillations
in the case of finite (frozen) ExB shear flow. The effect of t@®Bhear is found to be different from a simple
modification of the instability threshold. A proper orthagddecomposition of the dynamics reveals the relevant
radial structures of the mode which is different from a lineeode. A dynamical system for the corresponding
amplitudes exhibits oscillations whose frequency depeaglen ExB shear is identical to the 3D simulation
observations.

Relaxations oscillations in fusion plasmas have strongarhn high confinement modes.
These modes are characterized by the appearance of a guasiigally relaxing transport
barrier. The relaxation is characterized by an increaserbtitent transport through the barrier
and a decrease of the pressure inside the barrier. Thegatretes are linked to so called edge
localized modes (ELMs) which are believed to be magnetaddyghamical (MHD) modes

driven by the edge pressure gradient (ballooning) andéetge current (peeling).

Here, we propose low dimensional models (1D and 0OD), deffnaed 3D resistive ballooning
mode (RBM) turbulence simulations where a transport barsigyenerated via an imposed

E x B shear flow.

The 3D turbulence simulations are based on a system of nzedaleduced resistive MHD

equations for the electrostatic potentpednd pressure [1],

a7 o+ {9 03¢} = —Ofe—Gp+vlie (1)

op+{@.p} = 8Go+x0fp+x.07p+S(r) (2)

Eq. (1) corresponds to the charge balance in the drift apmaon involving the divergence
of the polarization current, the parallel current, and treerggnetic current, and viscosity
(W), respectively. Eq. (2) is derived from energy conservgtiwherex andx_ represent,

respectively, parallel and perpendicular collisionaltiifiusivities, S(r) is an energy source,
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and &c is essentially the ratio between the pressure gradientHesigd the major radius of
the torus. The curvature operat@rarises from the compressibility of diamagnetic current
andE x B drift. The parallel current is evaluated using a simplifiéeC&ostatic Ohm’s law,
Jj ~ =00 Magnetic flux surfaces are represented by a set of concemtcular tori, where
the coordinategr, 8, @) correspond to the minor radius, and the poloidal and tof@idgles.
The Poisson bracket igp,.} = r~1(0,@dg — 0@, ), the curvature operator 8 = sinfo, +
cosAr ~10.

In RBM turbulence simulations in the presence of a trandpanrier, this barrier relaxes quasi-
periodically, even in the case of a frozen shear flow [2]. Télexations are found to be
governed by the transitory growth of a mode localized at tiér center. This allows for
the construction of a 1D model for the dynamics of this modepéed to the evolution of the

pressure profile.

For this purpose, the pressure is decomposed into a meateps@fit) and a perturbation

dp = p(r,t)é(M-") |ocalized at the barrier center € ro), i.e. Dﬁép ~ (r —rg)?3p. For
simplification, a cylindrical curvature operat@ris assumeds — r—1dg, and the number of
fields is reduced by assuming a linear relation between piateand pressure fluctuations,
o= ike/(Yok? ) p with kg = m/ro andk, representing the poloidal and perpendicular wave
numbers. Hergyp is the linear growth rate in the presence of a mean pressadiegtk and

in absence of dissipation adx B shear flow. The poloidal shear flow is assumed to have the

form Ug = 8@ = we(r — ro). The evolutions equations for the pressure become,

— 200 |BI? + X1 02p+ S 3)

op

dB = Yo(—0xp—Ko) p—iwexp—xXXP+X 2P 4)

wherex = r —ro, g = kgwe, X, = kewe, andko = k3x. /Yo. In absence of shear flow
(we = 0), the system evolves to a stationary state. With incrgasin> 0, the system first
shows regular oscillations (Fig. 1a) and then reprodudesagon oscillations (Fig. 1b). The
mechanism for relaxations oscillations is as follows. Dgra quiescent phase, the pressure
gradient increases on a slow timescale. When crossingrtbarlinstability threshold fluctu-
ations start growing rapidly and are stabilized by the viggjaghear only after a time delay of
the ordert = (%wa'E> e [2]. This essentially non linear mechanism reveals thatrote

of the velocity shear is different from a modification of tiveelar instability threshold. Indeed,

if the coupling term with the shear flow is replaced by a shifth@ instability threshold, no
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Figure 1: a)Time evolution of the pressure fluctuatiopé/ p2 with and without frozen shear flow b)Time

evolution of pressure gradiefid; p|/(Mot/X )] and turbulent qux[Zyo | |5|2/Ft0t] at the barrier center observed
from the 1D model (3-4)

relaxations oscillations are observed except if the inktaberm is further modified (e.g. by a

Heavyside function [3]).

In the last part of this paper, a system of amplitude equat(@D model) is constructed,
describing the evolution of the amplitudes of the relevatial structures and reproducing

main features of the oscillations observed in the previdua®d 1D models.

For this purpose, the relevant radial structures are datedby applying a proper orthogonal
decomposition (POD) method [4] to a spatio-temporal sigh&hined from the 1D model. The
data are converted to @ x N matrix Pij in which columns correspond to time series. With

the POD, the matrix is decomposed into a set of maggB, which are orthogonal in space

and time,
P = P(xi,tj) = 3 WaAAn(t)Po(r) (5)
n
These modes are sorted in a series of decreasing welgfiig. 2a). The steepness of the

weight distribution suggests that the dynamics of the systan be described using the first

modes only (Galerkin approximation),
p(r,t) = oao(r—ro)+ao(t)po(r), (6)
p(r.t) = al(t)pi(r) +a(t)py(r) (7)
The subscriptg”, " and '1 corresponds to the mean pressure, the real and imaginary pa
of the perturbation, respectively. The projection of therhBdel equations onto these modes
reveals the time evolution for eaah
2 2
da = —Toag+ 28 (al)”+25(ay)”, (8)
oaf = Q(wx)ah+Iaf - Soagao, (9)

da, = —Q(wg)af+Ta —dalag (10)
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Figure 2:(a) Weight of the POD, (b) Time evolution af (in red) and,/ (a})2 + (&})2 (in blue) observed from
the OD model (8-10) in the case of a frozen shear flow, (c) Infleeofwe on oscillation frequency (red line :

we = 0.7, blue line :wg = 0.8)

where an analytic approximation of the modws p}. pi1 allows to calculate the coefficients
ro,rl,rz,ao,a’o,Q analytically. In particular, the influence of the velocityesrwe in this
system is represented by the intermediat®ofvherewe = 0 is equivalent td) = 0 andQ

decreases witte (for large enoughog).

The system (8-10) reproduces oscillations (Fig. 2b) duéa¢ocoupling betweep; and p‘l.

Note that this coupling would be absenpif and pi1 were linear eigenmodes of the 1D system.
The variation of the oscillation frequency withe is the same as in the 3D turbulence simu-
lations, i.e. the oscillation frequency decreases with(Fig. 2c). Furthermore, in agreement

with the higher order models, the system evolves to a statyostate for anoe = 0.

In conclusion, we have derived a 1D model based on 3D turbalsimulations that reproduces
relaxation oscillations of transport barriers. Thesexai@ns are governed by the growth of a
mode at the center of the barrier. This model reveals thengakeole of theE x B shear flow,
which is different from a modification of the linear instatyilthreshold. A OD model can be
constructed systematically which reproduces main feataf¢hese oscillations and confirms

the essentially non linear role of the velocity shear .
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