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Fast Propagation in Fluid Transport Models with Evolution of Turbulence Saturation
López-Bruna, D.
29 pp. 62 ref. 17 figs.
Abstrat:
This report compiles and extends two works on models that reproduce the experimental facts of “non local” transport
and pulse propagation in magnetically confined fusion plasmas. The works are based on fluid transport models, originally designed to explain the formation of edge or internal transport barriers, that include fast evolution equations for
the particle and heat fluxes. The heating of the plasma core in response to a sudden edge cooling or the propagation
of turbulent fronts around transport barriers are a consequence of the competing roles of linear drive and non-linear
reduction of the turbulent fluxes. Possibilities to use the models to interpret TJ-II plasmas are discussed.

Propagación Rápida en Modelos de Transporte de Fluidos donde Evoluciona la Saturación de la Turbulencia

López-Bruna, D.
29 pp. 62 ref. 17 figs.
Resumen:
El Informe compila y extiende dos trabajos sobre modelos que reproducen hechos experimentales de transporte “no
local” y propagación de pulsos en los plasmas de fusión por confinamiento magnético. Se basan en modelos fluidos
de transporte, originalmente diseñados para explicar la formación de barreras de transporte internas y del borde, que
incluyen ecuaciones de evolución rápida para los flujos de partículas y calor. El calentamiento del core del plasma en
respuesta a un enfriamiento repentino o la propagación de frentes turbulentos en torno a las barreras de transporte son
consecuencia de la competición entre el forzado lineal y la reducción no lineal de los flujos turbulentos. Se discuten
posibilidades de uso para interpretar los plasmas del TJ-II.
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FAST PROPAGATION IN FLUID TRANSPORT MODELS WITH
EVOLUTION OF TURBULENCE SATURATION
D. LÓPEZ-BRUNA
Abstract
This report compiles and extends two works on models that reproduce the experimental facts
of “non local” transport [LBNDG03] and pulse propagation [LB04] in magnetically confined
fusion plasmas. The works are based on fluid transport models, originally designed to explain the
formation of edge or internal transport barriers [DLCT94, CNDL94], that include fast evolution
equations for the particle and heat fluxes. The heating of the plasma core in response to a sudden
edge cooling or the propagation of turbulent fronts around transport barriers are a consequence of
the competing roles of linear drive and non-linear reduction of the turbulent fluxes. Possibilities
to use the models to interpret TJ-II plasmas are discussed.

1. Introduction
One among other surprising features of transport in magnetically confined plasmas is the radial propagation of pulses at speeds well above those expected from confinement timescales [FMC+ 90, JET94, CMN+ 95, KCF+ 96, GBC+ 97, KCF98,
GCA+ 98, GGM+ 99, MGG+ 99, RND+ 00, KGS+ 00, ZGG+ 00, SBC+ 01,
pbDK01, vMdlLT+ 02]. These pulses are spontaneous or induced short-lasting
perturbations of the local temperature in the edge or the core plasma, which then
propagate inward or outward. For purely diffusive transport, the propagation of such
pulses is expected to slow down in time as the pulse spreads out spatially. However,
many experiments show pulses that propagate at constant velocity, sometimes with
growing instead of decaying amplitude, or even inverting sign. The velocity of propagation in such particular cases is well above the “diffusive velocity”. A number
of explanations were put forward to explain specific aspects of the phenomenology, although an all-encompassing model has not yet been formulated. First of all,
rapid or ballistic propagation at a relatively constant and high velocity could be
explained from the successive triggering of instabilities associated with magnetic
surfaces in the plasma [DH95, CNLD96, NCDH96, BBGD00]. Such a view
implies avalanche-driven or Self-Organized Critical (SOC) transport, which has an
additional attractive property: namely, it offers a transparent explanation for Bohm
L-mode scaling and power degradation. Another element of the phenomenology, the
growth of the perturbation amplitude of the pulse, could either be explained from
the locally varying growth rates of the instabilities that underlie this propagation
by successive destabilization of modes, or by a non-linear response of the plasma to
the perturbation —implying that the transport is governed by equations in which
the radial fluxes are strongly modified by local plasma properties such as the thermodynamic gradients. Finally, it is generally believed that the observed occasional
inversion of the pulse amplitude (cooling at the edge leads to an increase of tem-
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perature in the center) is related to the triggering of an internal transport barrier
(ITB) by the cold pulse traveling inward, after which the continued central heating
leads to the rise in core temperature.
The general ideas outlined above are captured in a simple transport model, in
which a quantity ε is introduced with the meaning of envelope level of the local
turbulence amplitude. This quantity evolves in time according to some elementary
notions of the turbulent drive in fusion plasmas, and is then used to modify the
transport fluxes. The model will be described in more detail later in this report.
It has been shown that, with an appropriate choice of parameters, such a coupled
set of differential equations shows the spontaneous formation of transport barriers,
explaining e.g. the transitions to improved confinement states often observed in experiments [NCDH96, SWW97]. Thus, these simplified models offer possibilities
to describe fast transport phenomena like the inversion of the pulse amplitude described above. The strong dependence of the transport fluxes on ε also tends to keep
the gradients below a certain threshold level, since strong gradients activate turbulence locally, leading to increased transport and bringing back down the gradient.
This feedback mechanism can become an instance of marginal stability where the
steady-state profiles are just below the marginally stable profiles everywhere. Such
a situation might explain the experimental observation of “stiff” profiles to some
extent; however, it does not offer an explanation for Bohm scaling of transport. In
fact, it is believed that the plasma does not enter into a homogeneous marginally
stable state. The plasma will exceed the stability threshold locally, leading to a
local burst of turbulence followed by a local flattening of the gradient. The latter
will in turn lead to locally increased gradients at nearby locations. Thus, a situation
will arise in which quiescent zones (below the critical gradient) are intermixed with
turbulent zones (above the critical gradient). As the average gradient increases,
there will be ever more turbulent zones with respect to the quiescent zones. If the
critical state is robust it can lead to Bohm-like scaling.
As mentioned at the beginning, there is ample experience based on perturbing
a steady-state plasma that shows fast radial propagation phenomena. Here “fast”
means “much faster than the effective transport radial fluxes”. Well known techniques are cold pulses induced via laser ablation or pellet injection, and heating
modulation. For instance:
– The formation of transient transport barriers is suggested [MGG+ 99] to explain ohmically heated RTP experiments in which a core rise follows, after
some delay (∼ 5 ms), the drop in Te caused by an injected pellet.
– Edge cooling is found in ASDEX [NRD+ 01, RND+ 00] to cause Te enhancements with some delay. As in the previous case, the peak in Te is reached after
a lag on the order of the energy confinement time.
– The properties of propagating pulses in the presence of transport barriers have
been studied in JET [MVEG+ 06]. Here, the hypothesis of critical gradients
is strongly supported.
– In low density plasmas of the TJ-II Heliac, ballistic propagation in the electron
temperature is found with speeds that would be compatible with the successive
destabilization of ballooning modes [vMdlLT+ 02].
All of these features bring to mind the notion of a medium (the magnetically confined plasma) in which the transport properties can travel faster than the particles
or heat themselves, as suggested after early evidence for non local transport was
found [GBC+ 95, KCF98]. One way to describe such systems is any fluid trans-
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port model that includes the evolution of a fast field associated ultimately to some
gradient-affecting instability. Since the existence and saturation of typical plasma
instabilities is naturally linked to their growth rates, being the latter much larger
than typical inverse confinement times, one can expect that a sudden change in
the drive of instabilities (as promoted with the perturbative techniques mentioned
above) propagates in corresponding timescales. This makes particular sense if the
plasma profiles are close enough to critical with respect to the dominant instability:
theoretical studies based on this type of systems [DLCT94, DH95, NCDH96,
CNLD96] ensure that non-diffusive propagation is connatural to them. The notion
of magnetically confined plasmas being in a marginally stable state has long been
considered a possibility (see e.g. [MA79]).
A model well suited to illustrate the aforementioned phenomena is based on the
nonlinear coupling between the envelope fluctuation level of some magnitude subject to turbulent fluctuations (e.g., density, electrostatic potential) and the sheared
radial electric field [DLCT94, CNDL94]. The conceptual simplicity of this model
makes it appropriate to check general features [DLL+ 94] that can be tested later
for a particular magnetic configuration and discharge parameters. An intermediate step to avoid a presentation too far from laboratory results but still of fairly
general nature, consists of working with a basic transport model for a real tokamak [NCLB+ 98]. We shall follow this approach and base our calculations on neutral beam heated (NBI) discharges with parameters of large tokamaks like TFTR
[HBB+ 98] or JET [PSJ03]. The results, therefore, help to interpret the experimental findings coming from different machines. It should be stressed from the
beginning that the main ability of this model to provide insight on perturbative
experiments is that of incorporating naturaly parameter regions of quiescent Lmode, quasi-critical, and high confinement states. By quiescent L-mode we mean
a system dominated by turbulent transport where mostly diffusive processes take
over the plasma behaviour. A finite (in parameter space) quasi-critical region allows
the plasma to show features associated to the rapid timescales of turbulence. This
region shows internal activity, like bursts in the turbulence, and is robust in the
sense that the plasma can absorb external perturbations much in the way it stands
its own internal activity without necessarily undergoing a confinement transition.
An intermediate state between low and high confinement modes has been experimentally characterised [Zoh94, CCM+ 02]. This state features periodic instability
bursts in the edge region and can be sustained for a range of input powers. Finally,
the high confinement region corresponds to the state after a transport barrier (or
barriers!) has developped fully.
A study of the transport system described above is presented as follows. Example transport equations including turbulent transport coefficients are described in
Sec. 2. The evolution equations for the envelope of turbulent fields that give the
turbulent transport coefficients and the consequent rapid dynamics are introduced
in Sec. 3, particularly in the sub-section §3.1; later (§3.2) we summarize the transition phenomena that the model can reproduce. The same dynamical features of
the models that give rise to the formation of transport barriers can explain results
from perturbative experiments, which we illustrate in Sec. 4. This Section is also
subdivided: we start (§4.1) with a schematic view of the model plasma states and
then (§4.2) we simulate plasma perturbations and “non-local” phenomena by the
use of model pellet-injection. A feature that is observed in Section 4 is the propagation of bursts. We devote Sec. 5 to explain this topic with more detail, first
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with a simplification of the model in §5.1 and then with some illustrative examples
in §5.2. Some examples are also obtained with the added mechanism of poloidal
flow generation via Reynolds stress (6). In Sec. 7 we indicate why and how these
models might be used for the interpretation of TJ-II data; and the work is briefly
summarized in Sec. 8.

2. Transport equations.
The particular balance equations that we describe next is not essentially important except for including a dependence of the anomalous transport coefficients
on fast evolving fields. This will be discussed in Section 3. However, and to give
a concrete example, we describe here the transport system of equations that has
been used for most of the forthcoming examples. It serves to illustrate the main
parameters involved.
Let us consider evolution equations for the electron density, ne ; and the ion and
electron temperatures, Ti and Te , in cylindrical geometry:


1 ∂
∂n
∂n
=
rDn
+ SNBI + Sw + Spel
∂t
r ∂r
∂r


3 ∂
1 ∂
5
∂Te
∂n
(nTe ) =
+ rDn Te
rχe n
+
2 ∂t
r ∂r
∂r
2
∂r
1 ∂n ∂ (nTi )
− Pei + Pohm + PNBIe + Prad
(2.1)
Dn
n
∂r ∂r

1 ∂
∂Ti
5
3 ∂
∂n
(nTi ) =
rχi n
+ rDn Ti
−
2 ∂t
r ∂r
∂r
2
∂r
1 ∂n ∂ (nTi )
Dn
+ Pei + PNBIi .
n ∂r ∂r
A particle source from the wall is simply modeled by a gaussian centered at the
plasma edge, Sw , and so is the NBI heating centered at the magnetic axes:
SNBI = Gi S0 e−r

2

/WS2

(2.2)

where Gi is the fraction of ions absorbed in the plasma, S0 is the source intensity
and we have parameterised the width of the deposition profiles with WS . Later we
shall make use of an added source for perturbations,
“ r−r
”
Z tf
pel
−1
Spel =
υ(t)e 2 ∆pel
(2.3)
ti

where the impulse function υ(t) will be normally taken as just a constant to obtain
the appropriate pellet size. Since the pellet deposition is also simulated with a
Gaussian, other parameters are easily deduced. In the case of NBI heating sources
we use Eq. 2.2 modifying the amplitude of the Gaussian appropriately: PNBIi =
SNBI E0 ki is the NBI ion heating and PNBIe = SNBI E0 (1 − ki ) is the electron NBI
heating where ki is the ion heating fraction [CCF+ 76]. The
R amplitude of NBI
sources is controlled through the total beam power, PNBI = dV SNBI E0 /Gi , with
dV a plasma volume element and Gi the heating efficiency. For TFTR we set an
energy E0 = 101 keV for the beam particles and E0 = 90 keV for JET.
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Other sources and sinks are the ohmic heating

Pohm = S1

1 ∂
r ∂r



r2
q

2 

√ 
n
24 − ln
Te−3/2 ,
Te
3/2

where we have set the Spitzer conductivity (∼ ln ΛTe ) and developed the Coulomb
logarythm, ln Λ. S1 includes all constants. The collisional heat transfer between
electrons and ions is
me ni
(Te − Ti ) ,
Pei = 3
mi τ e
3/2

where the electron collision time is τe ∝ Te /n ln Λ. The effect of a pellet injection
in the electron temperature is included via the term Prad .
The plasma current is an integral of the toroidal component of the rotational of
the magnetic field in cylindrical coordinates. Therefore we leave the net toroidal
plasma current Ip as a machine parameter and obtain the edge safety factor qa
according to Ampère’s law:
Z
2πaBθ (a)
∂
2π a
dr (rBθ ) =
,
Ip =
µ0 0
∂r
µ0
from where, after substitution of Bθ (a) = aB0 /R0 qa , we get
qa =

2πa2 B0
.
µ0 R0 Ip

(2.4)

Here we see the main machine parameters needed for the calculations. For TFTR
we use: major radius of the torus R = 2.5 m, minor radius a = 0.82 m and main
magnetic field B0 = 4.76 T. For JET discharges we use R = 2.96 m, a = 1.60 m and
B0 = 3.45 T. Both machines, being large experimental tokamaks, have net plasma
currents in the MA range implying edge-q values around qa = 6.
The transport coefficients have a dominant turbulent component. For this reason we do not model the neoclassical diffusivities or conductivities, setting instead
constant levels DnNC = χiNC = χeNC ∼ 0.1 m2 s−1 that allow for some remaining post-transition transport. Following experience gained with TFTR [DLN+ 97,
HBB+ 98], we base the turbulent contribution upon two dominant types of plasma
instability. For r . 0.7a we set an ηi model [BDR89], whereas a resistive ballooning
(RB) feature dominates the plasma edge region [CGD87, GCL99]:
Dn = DnNC + D0 ε2η + DnRB εRB
χe = χeNC + χηe ε2η + χRBe εRB

(2.5)

χi = χiNC + χηi ε2η + χRBi εRB ,
where the gradient-dependent coefficients for ηi transport are
 a 3/2 (k ρ )2 c2
θ s
s
R
νe

−1/2
1
1
1/2
= (kθ ρs ) cs R0
+
τ 1/2
LTi
Ln

D0 = χ0e =
χ0i

(2.6)
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and the corresponding coefficients for ballooning transport are†


1
1
RB
RB 2 Te
Z
ν
R
DnRB = χRB
=
χ
=
D
q
+
.
eff
ei
0
e
i
a
a 2
B
Ln
LTi

(2.7)

In these expressions we use typical notation for τp= Te /Ti , poloidal wavelength
kθ , sound Larmor radius ρs , ion sound speed cs = Te /mi , inverse gradient scale0
lengths L−1
X = X /X (the prime denotes radial derivative), electron-ion collision
frequency νei and effective charge Zeff ; following [WCM+ 90] we set a constant
kθ ρs = 0.3.
The coefficients for turbulent transport depend on the fields εη and εRB , which
represent the envelope saturation levels of ηi and RB modes respectively. We underline once more that the essence of the dynamcis is the dependence of the anomalous
transport fluxes on ε, not the specific models for the growth rates, the prescriptions
for saturation levels etc. As an example, the radial profile of the ion thermal diffusivity χi is shown in Fig. 1 with a thick solid line for a steady-state based on
Eqs. 2.6 and 2.7. According to our definition of transport coefficients, Eq. 2.5, it is
the result of adding the contribution from ηi turbulence (dashes) and RB turbulence (long dashes). The neoclassical level has also been plotted with a thin solid
line to represent its relative smallness. It is clear that ηi modes are relevant in
the confinement region (r . 0.6a) while RB modes dominate in the edge region,
in agreement with other model approaches for TFTR [KB96]. Such agreement is
satisfactory enough for our purposes.

Figure 1. Profiles of the ion thermal diffusivity, χi , for a simulated equilibrium (total
NBI power PNBI = 10 MW, line averaged density through the midplane n̄e = 3.2 · 1019
m−3 , energy confinement time τE =108 ms) with thick solid line; and contributions from
neoclassical level (light solid line), ηi (dashes) and RB (long dashes) turbulent transport.

† In

a later version we use
DRB ∝

„ ˛
p
˛
Te (0) q 5 ˛˛

˛«
1
1 ∂nTi ˛˛ 1/6
.
n(0)Ti (0) r ∂r ˛
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3. Turbulent transport evolution: transitions in confinement
3.1. Evolution equations

A model, originally designed to explain the origin and dynamics of L-H transitions [DLCT94, CNDL94, DLN+ 97], was set by adding the time evolution of the
ε-fields in Eq. 2.5 to a minimal transport system. A later version was developed to
explain RS-ERS† transitions based on the same mechanism of turbulence suppresion by ExB shear flow [NCLB+ 98]. The present model results from merging both
versions where two evolving fields have been set, εη and εRB , although the results
that follow are nor conceptually dependent on having two ε-fields. More than one
turbulence evolution equation may be necessary to allow for the evolution of turbulent transport (Eq. 2.5) over the whole plasma or to model different mechanisms
for the electron and ion species [NCLBT02], although it is acknowledged that the
coupling of instabilities of different nature is not accounted for by this procedure.
The evolution equations that correspond to each instability respond to a same notion: a growth rate (γ) that depends on plasma gradients gives an approximately
exponential development of the fluctuations envelope until reaching a saturation
level that depends on the model instability (α). For the ηi instabilities


1 ∂
∂εη
∂εη
= (γη − α1η εη − Ωη ) εη +
rDε
,
(3.1)
∂t
r ∂r
∂r
and similarly, for the resistive ballooning ones,
∂εRB
1 ∂
= (γRB − α1RB εRB − ΩRB ) εRB +
∂t
r ∂r



∂εRB
rDε
∂r


.

(3.2)

The key element for a confinement transition to occur is the turbulence-suppressing
term (Ω), which is basically the criterion that the turbulence can be suppressed
when the shearing rate in the ExB flow is similar to the instability growth rate
[BDT90].
The structure of both equations is identical, but the growth and saturation terms
are, of course, different owing to the model instabilities they represent. Several formulations are available. In our case, we use the one given in [BDR89] for ηi turbulence and in [GDM+ 93] or [GCL99] for resistive ballooning. The saturation terms
are obtained from a mixing length prescription based on saturation levels at strong
turbulence. The reader can see [DLCT94] for more details and [NCDH96, LBNCD99, LBCN00, NCLBT02] for practical implementations. Here it is enough
to know that both for ηi and RB turbulence we have dependences γ = γ(p, . . .)
where p is the modulus of the pressure gradient and ∂p γ > 0.
Given the identical form of Eqs. 3.1 and 3.2 we shall generally refer to them
omitting the subscripts (η and RB). A diffusion coefficient Dε on the order of the
particle diffusivity limits the smallest scales resolved by the ε fields. This diffusive
part is small relative to the driving, γ, and damping, Ω, terms. Therefore, in the
absence of a suppresion mechanism (Ω = 0), the steady state fluctuation level is
ε ≈ γ/α1 . This corresponds to a typical L-mode system where the transport is
mainly turbulent, as in Fig. 1. The suppression mechanism is expressed in terms of
† Reverse

Shear to Enhanced Reversed Shear.
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an ExB flow shearing rate [HB95],
ωs = α2

r ∂
q ∂r



qEr
rB


,

(3.3)

where Er comes from the radial momentum balance and α2 depends on the radial
and poloidal widths of the instabilities. In Eqs. 3.1 and 3.2 respectively, we are then
defining the positive definite quantity
Ω = ωs2 /γ

(3.4)

with values α2η in Ωη and α2RB in ΩRB . Omitting subscripts, the critical condition
for quenching ε is Ω = γ.
For simplicity, we have set the toroidal and poloidal flows to zero in most of our
study, i.e., Er = −∂r (ni Ti + ne Te )/(Zi eni ), although some cases will be shown later
where the poloidal or toroidal flows are considered. Then the Lorentz force must
be accounted for in the radial momentum balance. In toroidal coordinates
1
∂r P − Vθ Bφ + Vφ Bθ
(3.5)
Er =
Zen
and evolution equations are needed for Vθ and Vφ .
In the cases presented here we prescribe through Ip (Eq. 2.4) a monotonic “safety
factor” q-profile that would correspond to a positive magnetic shear discharge, but
the present model is sensitive to plasma current evolution through the dependencies
of the growth rates on the magnetic shear. Allowing for the evolution of the plasma
current and the main plasma flows adds considerable complications to the transport equations without changing qualitatively the essential features of the model
[LBCN00].
3.2. Model transitions
The inclusion of an ExB shear flow suppresion term in Eqs. 3.1 and 3.2 yields a
rich variety of transport barrier dynamics [NCLB+ 98, SWW97, LBCN00]; the
pressure-gradient contribution to the radial electric field feeds back onto transport
via εη and εRB .
Let us illustrate briefly how the model simulates the transition process. In Fig. 2(a)
we plot Dn profiles (Eq. 2.5) for a calculation that starts (t = 0) from a PNBI = 10
MW steady state. From then on, the NBI power is increased linearly at a rate of
10 MW/s in order to achieve slowly the transition threshold using PNBI as control
parameter. At t = 0.47 s, a critical power PNBI = 14.7 MW forces the L-H transition by a rapid quenching of the edge RB turbulence. The corresponding drop of
turbulent transport happens in a time scale (∼ 0.1 ms) not resolved in the figure.
The density profile evolves correspondingly developing a pedestal, see Fig. 2(b).
Another example (Fig. 3) corresponds to starting and maintaining an initial
steady state until, at t = 0.5 s, the NBI power is suddenly increased above threshold
(PNBI =20 MW). This causes an L-H transition after some delay (at t ≈ 0.9 s),
as can be appreciated in the time traces shown: central density (blue dashed line),
central ion temperature (red line) and central electron temperature (green line). As
before, a pedestal forms in the density profile (not shown). The temperatures do
not grow continuously because the density does at a fast rate but the main heating
source (NBI) remains constant.
The first transition in Fig. 3(a) is due to the suppression of εRB near the edge
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(a)

(b)

-3

Ti(0)
Te(0)
n(0)

temperature (eV)

density (cm )

Figure 2. Evolution of Dn (Eq. 2.5) during a slow ramp in PNBI until reaching the
threshold for the L-H transition. (b) Evolution of the corresponding density profiles where
the rapid formation of a pedestal can be appreciated. Tokamak parameters: R0 = 250 cm;
a = 82 cm; B = 47600 Gauss; Ip = 0.93 MA; Zeff = 2; q(a) = 6.88; q(0) = 0.9. Neutral
Beams: E0 = 100 keV, P0 = 20 MW balanced with 0.62 ion heating fraction; edge gas
puffing 2.5 × 1014 cm−3 s−1 .

Ωη/γη(0.9a)
Ωη/γη(0.8a)
Er(0.9a)

εRB(0.9a)

electric field (kV/m)

ηi shearing/growth
RB turbulence level

time (s)

time (s)

Figure 3. (a) Evolution of the central density, and central ion and electron temperatures
when an initial steady-state (PNBI = 10 MW) is continued at t = 0.5 s by a jump to
PNBI = 20 MW. An edge barrier similar to that of Fig. 2 is formed at t ≈ 0.9 s, but there
is a second transition at t ≈ 1.4 s. (b) Shearing to growth rate ratios at r = 0.9a and
r = 0.8a for the ηi component of the turbulence (dashed lines), resistive ballooning
turbulence level at r = 0.9a and (red line, right axis) radial electric field at r = 0.9a for
the same simulated discharge. Tokamak parameters are as in Fig. 2.

in a way similar to Dn in Fig. 2, but the growth of |(nT )0 | can also provoke the
Ωη ∼ γη condition further inside the plasma. The second transition in Fig. 3 (a) is
better understood in Fig. 3 (b), where we show (left ordinate) the ratio Ωη /γη at
two nearby locations, r = 0.8a and 0.9a, and εRB at r = 0.9a. The latter shows the
cause of the 1st transition while the trace of Ωη /γη at r = 0.9a, which starts growing
at the time of the 1st transition, approaches Ωη ∼ γη until also εη is reduced at
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r=0
0.5a
0.6a

0.9a

Figure 4. Evolution of the electron temperature at ten evenly spaced radial positions
from r = 0 to r = 0.9a when an initial steady-state (PNBI = 10 MW) is continued at
t = 0.5 s by a jump to PNBI = 20 MW counter-injected. A core transport barrier tends to
develop at 0.5 < r/a < 0.6 from t ≈ 1.2 s. Tokamak parameters are like in Fig. 2.

t ≈ 1.4 s. The value of Er at r = 0.9a is also shown and quantified in the right
ordinate of Fig. 3 (b).
By changing control parameters, a different route to high confinement can be
found. In Fig. 4, a PNBI = 10 MW steady state is continued (t = 0.5 s) with
PNBI = 20 MW of all counter-injected power, which favors the formation of sheared
electric fields from the momentum balance equation: a negative toroidal velocity
of the plasma forces a more negative Er . If, as is the case, the momentum input
is narrow enough (we asignate here the same width to the momentum source than
to the power deposition, Ws = 0.2 in Eq. 2.2), the pronounced radial derivative
Er0 gives rise to a large VE0 . In this case, the shear flows affect Ωη in Eq. 3.1 and
a dynamic state develops characterized by bursts around a barrier that forms and
gets destroyed intermittently [LBNCD99], as can be appreciated in the inverted
trends of the simulated electron temperatures at r = 0.5a and r = 0.6a.
The examples above are intended to illustrate how the model simulates the formation of transport barriers. A comparison with specific tokamak discharges would
require a careful modeling of physical processes not included in Eqs. 2.1, 3.1 and
3.2, although an exercise of this kind has been done elsewhere [LBCN00]. These
examples are, however, necessary as a starting point for the following discussions
because the same mechanism is responsible for the non-local effects: the dominance
of driving terms γ implies a low confinement state of diffusive nature; the dominance (in some region, at least) of the suppression terms Ω provokes the quenching
of turbulence; and an approximately even role among them causes fast dynamics
over the plasma region where this condition is met. Indeed, the bursts shown in
Fig. 4 are caused by the closely opposing γη and Ωη . This is the main aspect to
stress on the general paradigm brought about by the inclusion of fast evolution
equations like Eqs. 3.1 and 3.2 in a transport system.
4. Simulation of perturbative experiments
4.1. System states
Coupling ∂t ε to transport in a zero-dimensional model [CNDL94, DLCT94]
gives rise to two clearly different states: a “low confinement” state corresponds to a
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Figure 5. Scheme of the different states of the plasma when the parameter
characterizing the relative strength of suppression and driving mechanisms for turbulent
transport (Ω/γ; see text) is varied with some external control (e.g. the input power). The
flatter Ω/γ in the marginal region expresses robustness of the dynamical state versus the
control parameters.

Figure 6. Profile of (Ωη /γη )2 for the simulation of a steady-state plasma with TFTR
parameters.

fixed point in phase space characterised by Ω  γ and hence ε ≈ γ/α1 ; and a “high
confinement” state corresponds to other stable solution when Ω  γ, in which case
ε = 0. A threshold in some control parameter separates both states. The extension
to one dimension allows for propagation effects that make yet another state possible:
the system can stay quasi-critical in the sense that there is a finite region in control
parameter space characterised by Ω ∼ γ. In this state, the system shows behaviours
on a time scale γ −1 ∼ Ω−1 , much shorter than difussion time-scales. In words closer
to the represented physical system: a low confinement state is separated from the
high confinement state by a range of input power (let it be our control parameter)
for which turbulence suppression mechanisms and turbulence drive can compete
and shape the plasma profiles. Fig. 5 sketches these notions representing a generic
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variation of Ω/γ as a function of any relevant control parameter. The critical value
for the transition to a high confinement state with suppressed turbulence in at least
a portion of the plasma is Ω = γ. A flatter line is drawn in the quasi-critical, or
marginal, region to represent its “robustness” versus the control parameter. Let us
think again of PNBI as such and, from now on, let us refer to the transport system
given particularly by Eqs. 2.1, 3.1 and 3.2. If PNBI makes Ω/γ stay close but under
the quasi-critical region (“Threshold” region in Fig. 5), a perturbation can make
the system reach the marginal region. This is because, in the models we have set for
Ω and γ, the first and second derivatives of the profiles are explicit dependencies. In
general, the strength of the perturbation can provoke different effects. Thus, if PNBI
is such that the system is already in the marginal region, (a) a weak perturbation
can be overcome by the self-perturbing system; (b) a moderate perturbation can be
transmitted to the thermodynamic profiles via a rapid change change in transport
characteristics; and (c) a strong enough perturbation may force the system to jump
towards a high confinement state.
The other necessary element to make propagation phenomena possible is that
the appropriate marginal or quasi-critical state be found in a finite extension of
the plasma. Fig. 6 shows the profile of the (squared) ratio Ωη /γη , relevant for
r/a < 0.8 (for larger radii it is the ratio ΩRB /γRB that matters). It is known that
(Ω/γ)2 & 0.15 sets the boundary between the diffusive and the quasi-critical region
for the ηi model of turbulent transport [LBNCD99]. Therefore a perturbation like
a cold pulse is, in principle, able to push most of the plasma above this threshold.
4.2. Perturbations
The numerical perturbations are intended to have a magnitude comparable to
edge cold pulse or pellet injection experiments in large tokamaks. We superimpose
a Gaussian-shaped pulse np of width Wp to an equilibrium density profile in the
position rp (see Eq. 2.3). This is done in a roughly adiabatic way, so the pulse alters
the deposition zone both via a density increment and a local cooling. No essential
differences have been found between setting instantly the pulse and letting it evolve
in the density equation as a rapidly (∆t ∼ 20 µs) growing source, although we use
this last method. The ion and electron temperatures drop by a factor (ne )/(ne +
10np ). This is by no means a physics model for the formation of a cold pulse
but simply an adequate perturbation to the system. Fig. 7 shows a calculation
simulating the evolution of Te after a pulse of width Wp = 0.1a is set (t = 5 ms)
centered at rp = 0.7a. The perturbation in line density is slightly over 3% although
the changes in the temperatures are large (≈ 40%) around the deposition zone. The
time-traces show that the cold pulse lowers the temperatures at its onset position,
an effect that propagates inwards during a time on the order of confinement times
(τ ≈ 100 ms at t = 0).
For comparison, Fig. 8 shows a case with identical initial conditions. Now the
pulse is set at the same instant but rp = 0.6a and its amplitude causes a 12%
increment in line density. This perturbation is enough to force a transient quasicritical state. The transport is reduced enough over the region 0.5a < r < 0.7a
where the temperatures rise despite the increasing density. Fig. 9 shows the time
evolution of the ratio (Ω/γ)2 that corresponds to Fig. 8. The furrows are due to a
stroboscopic effect and must not be taken as back and forth propagating fronts, even
though there is actually a spatial structure (consider any time cut in Fig. 9) that
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Figure 7. Time evolution of ten Te channels uniformly separated (∆r = 0.1a) in radius
and ranging from r = 0 (top line) to r = 0.9a (bottom dashed line), in response to the
injection of a model cold pellet at t = 0.005 s that causes a 3% increment in n̄e . Pellet
parameters: Wp = 0.1a, rp = 0.7a.

Figure 8. Time evolution of ten Te channels —like in Fig. 7— after injecting a cold
pellet at t = 0.005 s that causes a 12% increment in n̄e . Pellet parameters: Wp = 0.1a,
rp = 0.6a.

propagates at speeds ∼ 100 m/s. We leave these details for Section 5 to concentrate
now in the fact that the cold pulse increases Ω/γ at its onset (t = 0.005 s) over
an extended region (0.5a . r . 0.7a), establishing a transient quasi-critical state
that can be conveniently identified by the presence of the furrows. Observe that at
t ≈ 0.02 s the quasi-critical region extends inwards very rapidly. This is because the
evolution of ne , Ti and Te profiles after the cold pulse driven reduction of transport
makes the Ω/γ profile approach the quasi-critical threshold in that region. Likewise,
and since there are no extra sources after the cold pulse has been set, the system
relaxes until abandoning the quasi-critical state (t ≈ 0.07 s). Fig. 10 shows the
evolution of χe profiles that corresponds to Figs. 8 and 9. It reflects the consequences
on transport (see Eq. 2.5) of the effects of Ω/γ on Eq. 3.1.
The main feature to be noted is that transport properties propagate in time-scales
that correspond to the fast part of the model (Eqs. 3.1 and 3.2 in our case). Since
the ratio for RB modes does not reach any threshold in the previous simulations,
transport in the outer portion of the plasma (r & 0.8a) does not get essentially
changed. Of course, the detailed evolution of transport properties depends on the
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models chosen for it, i.e., growth rates, saturation coefficients, shearing strength (see
α2 in Eq. 3.3) etc.; and the thresholds for initiating the fast phenomena must depend
on how the perturbations are modeled. The “non local” phenomena, however, are
based on a competition mechanism of the same general nature as the transition
mechanism proposed in Ref. [CNDL94]. This natural link between fast phenomena
and transition dynamics must, in consequence, allow for triggering transitions via
perturbative techniques. Fig. 11 is similar to Fig. 10 for a simulation where rp =
0.5a, this time causing almost a 30% increment in line density. A drastic reduction
of transport is caused by this model pellet. The reduced fluxes of heat and particles
near the core are not, however, able to sustain this transition. In this case the
barrier moves out and ends up causing an edge barrier. Note, then, that a variety
of effects are possible within this framework. A back transition may be possible as
well if the perturbation can provoke strong heat and particle fluxes throughout an
already formed transport barrier. A simulation of this kind requires a model well
suited for post transition steady states.

Figure 9. Time evolution of the profile Ω2 /γ 2 that corresponds to the simulation in
Fig. 8. The furrows represent bursty behaviour in a quasi-critical region. The values
range from 0 (black) to 0.4 or larger (white). The furrows are due to a stroboscopic effect
from plotting due to the limited time resolution of the plot.

5. Fast propagation with competing mechanisms
The basic fluid model [DLCT94, CNDL94] consists of an evolving turbulence field coupled to a transport system through the transport coefficients. It
conforms a reaction-diffusion system able to display many features in qualitative
agreement with experimental findings: transport barrier formation and hysteresis
[NCLB+ 98], bursty behaviour and ELMy activity [DLL+ 94], non-local features
under pellet injection [LBNDG03], etc. This phenomenology arises from the three
possible stationary states inherent to the model: high turbulent transport, low turbulent transport and an intermediate or marginal state where nonlinear features
are most prominent [dCNCL02]. Now we concentrate on the fast propagation phe-
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Figure 10. Time evolution of the transport coefficient χe corresponding to figures 8 and
9. χe levels range from 0.5 m2 /s (black) to 2 m2 /s and above (white).

Figure 11. Time evolution of the transport coefficient χe in response to the injection of
a pellet at t = 0.005 s causing a 30% increment in n̄e . Parameters: Wp = 0.1a,
rp = 0.5a. χe levels are like in Fig. 10.

nomena that arise from the competition between turbulence drive and suppression
mechanisms.
5.1. Propagation in the linear approach
As mentioned above, the essence of the description of transport according to the
paradigm proposed in Refs. [DLCT94, CNDL94] is that the flux of a diffusive
field n maintained by a fixed source P0 ,
∂t n = P0 + ∂x (Dn ∂x n),

(5.1)

is subject to a transport coefficient that obbeys the fast dynamics of turbulence,
i.e., Dn scales with a turbulence field ε governed by timescales related with microinstability growth rates γ. For transport barrier phenomenology, it is mandatory
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that the conditions for increasing turbulence drive (let γ = |∂x n| = |n0 | be for
simplicity) can, at some stage, force a drop of ε itself. This happens within the
frame of ExB shear suppression physics [BDT90] because, in the plasmas of interest here, the radial electric field shear will always have a contribution from the
radial derivative of the diamagnetic force. Other terms in the radial force balance
can mediate as well, of course, but here we shall concentrate on the diamagnetic
contribution. Thus, let us assume that n2 can be associated to a pressure term.
The radial derivative of the pressure gradient divided by n (a term representing the
ExB velocity shear) would behave as n00 . Therefore, ε evolves according to the sum
of a forcing γε = −n0 ε, a non-linear saturation term that we write as αε2 and a
suppression term Ω = α2 (n00 )2 /γ. This expression for Ω ensures that the condition
for turbulence suppression is that the growth rate and the shearing rate are equal
independently of the sign of the latter:
∂t ε = (γ − αε − Ω) ε + Dε ε00 .

(5.2)

The (constant) diffusivity in this equation limits spatial scales in ε. The equation can
be simplified by direct linearization with respect to n, n0 , n00 , ε, ε0 and ε00 considering
that perturbations in the second derivatives evolve faster than perturbations in first
derivatives.
A generic study of the stability based on critical gradient arguments has been
given in [LD97]. Here we study the stability of the L-mode as described by Eqs. 5.1
and 5.2 depending on its proximity to the transition threshold, paying attention
to the second derivative terms. In the following it will be useful to define the ratio
between the linear growth rate and the ExB shearing rate,
ωs2
,
(5.3)
γ2
with a parameter α2 that controls the strength of the suppression mechanism.
The solutions to the system can be associated to the values R < 1 (L-mode) and
R > 1 (H-mode)† . This study is intended to give some explanation to the numerically observed bursts in the envelope fluctuation level ε when the system is near the
threshold R=1. The bursts do not belong to the solutions to the system when the
contribution of the second derivative of the density (pressure) is neglected in the
analysis. This contribution gives an essentially non local character to the system
[TCH98]. Based upon R we can face the L-mode problem in two approximations:
R  1 (system in L-mode but far from the transition) and R ∼ 1 (still in L-mode
but close to the transition threshold).
In the R  1 case, the system evolves in transport time scales and we can slave
the evolution of ε to the evolution of n. The steady state equation for ε is, then
γ
ε=
(1 − R) .
(5.4)
α1
We split the fluctuation level in an average part plus a (mathematical) perturbation
with zero average, ε = ε0 + ε̃, so the evolution of the perturbation in the linear
approximation is
∂ ε̃
= (γ − 2α1 ε0 − γR) ε̃
(5.5)
∂t
R (x) = α2

† Nomenclature: H-mode referes to some enhanced confinement regime via transport bifurcation,
not neccesarily related to edge barriers.
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Substituting the value of ε0 according to Eq. 5.4, the growth of the perturbation is
γε̃ = −γ(1 − R),
which is always negative in L-mode (R < 1). Therefore, neglecting the perturbations
in the density with respect to the perturbations in the fluctuation level we find that
the L-mode is always linearly stable. This approximation is valid precisely because
we are in the case in which R  1. The only term that may make the perturbations
in the density grow is R through its possible effect in reducing ε, thus reducing the
transport. Under the condition R  1, this effect is irrelevant.
In the proximity to the threshold the previous approximation is no longer valid.
Therefore, all the terms in the evolution of ε are potentially important. To simplify
the problem, we shall consider a very small region of space in such a way that the
perturbations are treated in an infinite medium. In the equilibrium problem we
neglected the diffusivity in the ε field. Now it will play an important role.
The system of equations is:


ω2
∂2ε
∂ε
= γ − α1 ε − α2 s ε + Dε 2
(5.6)
∂t
γ
∂x


∂
∂n
∂n
=S+
(DN + D0 ε)
(5.7)
∂t
∂x
∂x
where Dε is a constant. The shearing rate comes from the radial electric field
gradient, which involves the spatial derivative of the pressure gradient. To obtain
a two field model we assume the temperature to be proportional to the density.
Therefore, with the exception of a constant that can be embedded in α2 , we have:


1
1 ∂ 1 ∂ (nT )
∂2n
ωs ≡
=
2
2 ∂x n ∂x
∂x2
We define the growth rate as γ = γ0 (x)(−1/n)∂x n to keep its main dependence
in the free energy sources (the thermodynamic gradient). The order unity factor
γ0 in the growth rate accounts for other effects that may modulate the instability
growth (e.g. magnetic geometry, like in [NCLB+ 98]).
In Eqs. 5.6 and 5.7 we have a system ∂t ε = fε (ε, ε0 , ε00 , n, n0 , n00 ; x) and ∂t n =
fn (ε, ε0 , ε00 , n, n0 , n00 ; x). Decomposing as before in a solutions to the equillibrium, ε0
and n0 , and a perturbed parts such that ε̃(x, t = 0) and ñ(x, t = 0) are arbitrarily
small, the evolution of the perturbed parts in the linear approximation can be
written as




∂ ε̃
ωs2
ωs2
ñ
00
= γ − 2α1 ε0 − α2
ε̃ + Dε ε̃ − γ + α2
ε0
∂t
γ
γ
n0


γ0 n00
ω2
ñ0
2α2 n000
+ −
+ α2 s ε0 0 −
ε0 ñ00
(5.8)
n0
γ
n0
γ
∂ ñ
= D0 (n000 ε̃ + n00 ε̃0 + ε00 ñ0 + ε0 ñ00 )
∂t
where we have considered the condition D0  DN in the density equation.
Part of the difficulty in finding the eigenvalue matrix is that it is not clear, a priori,
what terms can be neglected to simplify the system. Some ad hoc approximations
are: (i) drop the terms that show explicitly the relations ñ0 /n00 and ñ/n0 ; (ii) assume
that we can slave the perturbations in n to those of ε. Even though ε evolves much
more rapidly than n, this does not need to be true for the evolution of ñ with
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respect to ε̃. Under these approximations, the system reduces to


∂ ε̃
ω2
2α2 n000 ε0 00
= γ − 2α1 ε0 − α2 s ε̃ + Dε ε̃00 −
ñ
∂t
γ
γ
where
ñ00 ≈ −

1 00
(n ε̃ + n00 ε̃0 )
ε0 0

Here we have a linear differential equation of the form
∂ ε̃
= bε̃ + cε̃0 + Dε ε̃00
∂t
with local coefficients (consider Eq. 5.3 and ε0 given by Eq. 5.4)
b = γ − 2α1 ε0 + α2
c=−

ωs2
= −γ(1 − 3R)
γ

√
2α2 n00 n000
= −2R1/2 α2 n00 .
γ

(5.9)

(5.10)
(5.11)

Let us look for solutions to 5.9 in the form ε̃ ∝ eςt f (x − vt), i.e., propagation
solutions with real velocity v and possible exponential growth ς. Imposing ε̃ =
eςt eik(x−vt) we obtain that the propagation velocity must be
v = −c

(5.12)

to obtain solutions with a growth rate ς = b − k 2 Dε . Recalling that γ = −γ0 n00 /n0 ,
from Eq. 5.11 we have
2α2 00
v=
n ∼ n000 ,
(5.13)
γ0 0
since 2α2 and γ0 are of order unity.
We are interested in the solutions with ς > 0, this is, those for which
b > k 2 Dε

(5.14)

ε̃ ∼ eςt cos[k(x − vt)].

(5.15)

in a linear combination of modes

The value of ς is limited by the value of k 2 Dε . However, the exponentially growing
solutions are possible for any b > 0 if k is small enough, so the critical condition
to obtain this kind of oscillatory solution is b = 0, which from Eq. 5.10 can be
translated to the following critical ratio:
R=

1
2α1 ε
−1= .
γ
3

(5.16)

Observe that in L-mode far from the transition, ε ≈ γ/α1 and the critical ratio
to get an oscillatory solution is the transition threshold, R = 1. Therefore, the
possibility of having L-mode (R < 1) oscillations through this mechanism seems to
be linked to the condition ε < γ/α1 .
We note from Eq. 5.14 that the minimum allowed wavelengths increase with the
diffusion coefficient
r
b
Dε
2
k <
⇔ λ > 2π
(5.17)
Dε
b
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as should be expected. In the conditions appropriate for the marginal state 1/3 .
R ∼ 1, Eq. 5.10 tells us that b ∼ γ and therefore
s
Dε
λ∼
.
(5.18)
γ
According to the condition ς = b − k 2 Dε , the modes that grow faster for a given
b correspond to the larger wavelengths. However, k depends on the initial condition
for the perturbation. In the numerical calculations the value of k is limited by the
grid spacing used to integrate the equations or by Dε if it is large enough. Once a
solution of the type Eq. 5.15 has been localy initiated, its growth will be limited
by the saturation term in the evolution equation of the fluctuation level and its
dynamics will be governed by nonlinear mechanisms.
In summary, the system given by Eqs. 5.6 and 5.7 may allow for propagating
solutions with velocity v ∝ n000 whenever Ω and γ are comparable (marginal state).
According to this, the second spatial derivative of the diffusive field dictates the
direction of propagating fronts. This analysis is not rigorous and, if at all, should
be valid in the first, linear stages of the development of marginal solutions. If, on
the other hand, the feature of preferred propagation direction remains during the
non-linear stages, then we should be able to find it during the evolution of the
marginal state. In the next paragraph we do this numerically.
5.2. Numerical calculations

Figure 12. Time evolution of the Ω/γ profile starting from a steady state with n00 > 0.
Values range from zero (purple) to 0.5 or higher (red).

The model in §5.1 has been formulated in planar geometry. The following examples are based on the same paradigm, but owe added levels of complexity. In a
first case, Fig. 12, we show the evolution of the ratio Ω/γ in cylindrical coordinates
using an explicit numerical scheme. The calculations are done with parameters that
make the system stay in the marginal state, characterised by an effective competition between driving and suppression mechanisms. The radial region 0.1 < r < 0.3
has n00 > 0 and there the pulses propagate outwards; but where there is a marginal
region with n00 < 0, the pulses propagate inwards (Fig. 13). In this second case, Ω
is large enough in the region 0.65 < r < 0.8 (where n00 < 0) and a transport barrier
develops (ε vanishes in the region and Ω/γ gets large).
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Figure 13. Same as Fig. 12 for a case where n00 < 0 in the region 0.4 < r < 0.6. The
term Ω overcomes γ from t ≈ 50 (arbitary units).

Figure 14. Evolution of the ratio Ω/γ in a tokamak transport system of equations with
ηi anomalous diffusion. The simulated plasma is driven to marginality with 28 MW of
on-axis heating power and a configuration of plasma current that reverses the magnetic
shear in the plasma core. A radial grid of 200 points in the range 0 < r < a is used for
the calculations. The arrows indicate the direction of propagation of the pulses in Ω/γ.

Another calculation (Fig. 14) is performed with real tokamak parameters (R =
1.5 m, a = 0.8 m, BT = 4.8 T) and a much more complete transport model
where, aside from ε, there are evolution equations for particle density, ion and
electron temperatures (like in Eq. 2.1) and, additionally, an evolution equation
for the poloidal magnetic flux. The same property of propagation of the pulses
towards the zones of smaller gradients is observed. As for the numerical scheme,
this calculation has been done with the ASTRA transport shell [Per02] and is
found to display the same general features described above [LB04].
A potential consequence of these results is that there is a preferred location for the
formation of transport barriers: ExB velocity shear layers sided by steeper gradients.
Intuitively, if we consider the pressure gradient to be the drive of turbulent transport
and the plasma is close to conditions of ExB shear suppression, the turbulent bursts
created by the reaction-diffusion system will tend to converge where there is a
flattening of the pressure profile. Such a region may be expected around rational
values of the safety factor.
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It should be recalled, however, that for the dynamics of barrier formation to occur, the feedback mechanism that simultaneously increases gradients and suppresses
turbulence must be active. Therefore, other transport mechanisms that limit the
thermodynamic gradients independently of the level of turbulent fluid advection,
like stochasticity in the lines of force, can in turn alter the process of barrier formation and sustainment. In any case, if the paradigm proposed in Refs. [DLCT94,
CNDL94] is to represent transport physics of magnetically confined fusion plasmas, marginal states with propagating bursts should be found. These bursts would
show preferred directions of propagation and here we suggest that they should move
towards regions of flatter turbulence-driving gradients.
6. Poloidal flow velocity evolution
In the previous sections we have shown fast dynamics that are based on the shearing rates caused in the radial electric field due to the pressure gradient alone. Other
contributions to the modification of Er (Eq. 3.5) might give also fast dynamics in
comparison with the transport timescales through Vθ or Vφ . The simulation of a
transition due to the evolution of Vφ has been presented in figure 4, but some calculations have made use of the poloidal flow evolution with Reynolds stress drive.
We document them here.
In essence, the Reynolds stress drive is the contribution of the fluctuating components vθ and vr (with zero time average) to the poloidal momentum balance. In
a synthetic way we can write
(∂t + µ)Vθ = −∂r hṽθ ṽr i

(6.1)

for the main poloidal flow Vθ with a dynamic viscosity µ. In Eq. 6.1, the bracket
h. . .i stands for the flux surface average, while the overline means time average in a
scale longer enough than a typical eddy turnover time but, yet, much smaller than
energy confinement times.
In an analytical treatment of the resistive pressure-gradient-driven instabilities
(electrostatic approach in cylindrical geometry with the use of model profiles and
eigenfunctions) [CLGD95], the authors find an expression for the rhs of Eq. 6.1
in terms of the flow itself,
∂ 2 hVθ i
,
(6.2)
∂r2
where α and β depend on the fluctuation levels; and α, additionally, on the pressure
gradient with the same dependency as the growth rate of the instability. This is
what makes αhVθ i a dynamo term, sometimes referred to as “negative viscosity”.
Based on heuristic arguments, but following [CLGD95], an expression for the flow
shear has been used in other works [CDV96, NCD95] that considers , 0 and VE0
as a driving term and add a diffusive part with anomalous transport coefficients.
Note that the latter would be the β term in Eq. 6.2. For this reason, in some
realizations of the model we have used an evolution equation




1 ∂
∂ε ∂VE
∂
+ µ Vθ = −α3
rε
(6.3)
∂t
r ∂r
∂r ∂r
that does not include a diffusion of the poloidal momentum but only a dynamo
term based on the expected dependences.
Considering that the radial derivatives act on vector components (e.g., VE or Vθ )
∂r hṽr ṽθ i = αhVθ i + β
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we obtain the version used by Delgado et al., [DGLB05, DGC09], which is the
one adopted in this work:





1
1
1 0
VE
Vθ
+ DV
∂r (rVθ0 ) −
.
(6.4)
(∂t + µ)Vθ = α 2 ∂r r2 εε0
VE − 2
r
r
r
r
r
Here, DV is a transport coefficient that we normally take from Eq. 2.7; i.e., we consider anomalous diffusion also for the poloidal momentum. To be consistent, Eq. 6.4
in the calculations should be considering any nonlinear processes that can affect
the Reynolds stress components. However, we have taken the structure provided by
Eq. 6.2, which is based on the resistive ballooning mechanism alone. Therefore, in
the calculations we have set Eq. 6.4 using εRB . This is as if the ITG modes were
unimportant in driving macroscopic flows from microturbulence in comparison with
the RB modes, which does not need to be the case. Likewise, we have warned that
these models do not consider possible energy transfer terms between both types
of turbulence, ITG and RB. The models here presented only intend to show their
possibilities to mimic experimental findings, but a predictive capability should be
treated more carefully.
Before we continue with some examples, it must be said that rich dynamics are
expected in the appropriate regions of parameter space because the equations 3.1
and 3.2 for the turbulence levels are coupled, via VE0 , to the Vθ field, Eq. 6.4.
Since DV depends on ε, we have both non-linear and cross diffusion. Additionally,
all transport equations 2.1 have ε-dependent diffusivities. Stability and dynamics
analysis of such systems inspired in the same models here used can be found in the
papers [dCNC02, dCNCL02]. Here we only show some results obtained with machine parameters in our system of equations to illustrate how several experimental
findings can be reproduced.
The set of figures 15 illustrates the effect of the Reynolds stress drive through
the time evolution of three different cases: in (a), the calculation is done with α = 0
in Eq. 6.4, so there is no dynamo effect. A pellet is launched at t = 0.01 s that
provokes an increment in the saturation level of the (dominant) resistive ballooning
component of the turbulence near the plasma edge. The energy confinement time,
τ , decreases correspondingly. In (b) we set a positive α so the Reynolds stress
contribution to the mean poloidal flow Vθ is active. In this case, the perturbation
caused by the pellet (launched at t = 0.004 s) causes a bursty behaviour in the edge
turbulence with an intermittent repetition rate around 1 kHz. The confinement
time decreases initially, but the bursts establish a lower average turbulence and
the confinement time starts increasing. Note how τ shows also small bumps related
with the turbulent bursts. Eventually, an edge barrier gets well established at the
edge and the bursts no longer appear, as we shall illustrate later. Finally, Fig. 15(c)
is like the previous case, i.e., the Reynolds stress term is active, but no pellet
is launched. Both τ and εRB (0.95a) remain in the initial L-mode evolving slowly
towards a steady state.
In Fig. 16 we show a pattern in the turbulent bursts of Fig. 15(b) that is caused by
the dynamcis of Vθ . A dipolar structure (in radius) can be appreciated in the region
0.75 < r/a < 0.95 just after the pellet is launched and is due to the conservation of
angular momentum, which causes Vθ to speed up in opposite directions when there
is a seed shear flow in the presence of a radial inhomogeneity in the linear drive.
In this case, such linear drive is γRB and the inhomogeneity is represented by ε0RB .
The seed shear flow is any VE0 6= 0. This gives a heuristic explanation to the drive of
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Figure 15. Response of εRB at r = 0.95a and of the energy confinement time in (a) a
case where a pellet is injected (launch time 0.01 s at r = 0.7a) but α = 0 in Eq. 6.4; (b)
a similar case except for the pellet launching time (0.004 ms) with Reynolds stress drive;
and (c) a repetition of the last case but without pellet injection. The calculation
parameters are JET-like: R0 = 296 cm; a = 160 cm; B = 34500 Gauss; Ip = 3.2 MA;
Zeff = 2; q(a) = 4.66; q(0) = 1.5. Neutral Beams: E0 = 90 keV, P0 = 19 MW balanced
with 0.66 ion heating fraction; edge gas puffing 2.5 × 1014 cm−3 s−1 .

resistive ballooning saturation level

1.00

0.75

purple: εRB ≈ 0
0.50

0.25

pellet launch time

0.00
0.00000

0.01000

0.02000

0.03000

0.04000

time (s)

Figure 16. Time evolution of the εRB profiles for the case of Fig. 15 (b). The values
range from ≈ 0 (purple) to the maximum (red).
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Figure 17. Evolution of the poloidal velocity from a steady-state after a pellet is
launched at t = 0.005 s. Pellet parameters: Wp = 0.2a, rp = 0.7a on TFTR-like plasma.

poloidal momentum in the form of Eq. 6.3. The time resolution of Fig. 16 is smaller
than in Fig. 15 and therefore the bursts in εRB (0.95a) cannot be appreciated. The
bipolar structure further inside is, however, well resolved in Fig. 16. Intermittent
bursts and propagating turbulent fronts have been detected in many experimental
plasmas.
We present a final figure obtained with different parameters that shows much
more clearly the bipolar structure developed around the perturbation caused by
the model pellet. The color map in Fig. 17 corresponds to the time evolution of Vθ profiles in a calculation with TFTR parameters where, after 5 ms of steady-state,
a pellet hits r = 0.7a perturbing the macroscopic flows. The oscillations in time
for a given radial position cannot be due to the diffusive part in Eq. 6.4, but to
the dynamo term. As we can see, the perturbation in this case relaxes due to the
plasma viscosity towards a state without oscillations but still with a residual flow.

7. Discussion
All the models used in this work have been written in appropriate Astra subroutines (Fig. 14 is an example) in order to make them eventually useful for specific
instability models and discharge parameters. This should be particularly useful to
explore discharges of the TJ-II Heliac because a rather complete set of analysis tools
is ready for the Astra environment [LBRC+ 10]. It is therefore interesting to have
a set of transport equations that can, if needed, provide the dynamics necessary
for confinement transitions and related phenomena. Let us remember some of the
phenomena observed regularly in the TJ-II that would be, in principle, susceptible
of being described by these models:
– Fast propagation of internally generated pulses.
– Bursty and non bursty L-H transitions.
– Turbulence propagation and narrow velocity shear layers.
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Assuming that the transport-transition model can provide a satisfactory explanation of these experiments, we briefly comment here the ingredients that would be
needed to make a predictive model, i.e., the dominant instabilities, the agents that
cause sheared flows and the positive feedback that can push the confined plasma
to a different confinement state.
With respect to the instabilities, resistive MHD is an acknowledged candidate to
cause turbulent transport [SJGV97] in the TJ-II. Indeed, MHD activity is often
measured in its generally low magnetic shear plasmas. Therefore, in preparation for
nonlinear transport models to study TJ-II plasmas it would be necessary to find a
formulation of growth and saturation rates for these MHD instabilities.
With respect to the agents (and keeping in mind that the collisional electric field
is always a candidate), there are two main possibilities found or suggested in the
literature: the sheared flows regulated by the turbulence itself and the magnetic
resonances with their accompanying sheared flows [GCL+ 01, HPE+ 01]. In case
that they are real, both aspects seem related. Most of TJ-II literature is based
on experimental signatures that look like there is a (minimal) pattern of sheared
flows near critical conditions for confinement changes, called zonal flows, whose
origin is unknown but are often, if not always, related with low order rational
values of the rotational transform. As studied by Carreras et al., [CLGD93], the
magnetic component of the Reynolds stress is likely to be more important than the
electrostatic one in this case and a possible consequence is a reduction of flow shear,
rather than amplification, due to the off-diagonal stresses; which questions whether
a dynamo term in the poloidal flow evolution will be important in TJ-II plasmas.
Since this term is more difficult to calculate and detect, a reasonable approach would
be starting with other effects on VE , like the presence of the magnetic resonances
themselves, through their incidence in the ambipolar electric fields.
Finally, the positive feedback is the main ingredient added by the models: the Ω
term in Eq. 5.2. In the absence of externally driven flows, only the pressure gradient
can justify the establishment of a high confinement mode with a robust transport
barrier. In this respect, the neoclassical ambipolar field is a natural extension of
the diamagnetic term in tokamaks. Therefore, it is of immediate interest knowing
whether there are basic predictions due to the mere substitution of such electric
field in the model.

8. Summary
A generic set of one-dimensional fluid transport equations for magnetically confined toroidal plasmas are coupled, through expressions for the turbulent fluxes,
to fast evolving equations for the turbulent envelope. The latter include a turbulence quenching mechanism based on the competition between instability growth
and suppression through ExB shear flow. The model thus obtained can reproduce
the known features of transport barrier formation using real tokamak parameters
and published theories of turbulent instabilities. Beyond this, other known phenomena like the heating of the plasma core in response to a sudden edge cooling or
the propagation of turbulent fronts around transport barriers are also reproduced.
Since TJ-II plasmas are also subject to this phenomenology, finding proper instabilities and agents that shear the ExB flows can make the model an appropriate
analysis tool.
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