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ABSTRACT

Basic facts about transport barriers in toroidally
confined plasmas are presented. The flow shear of
poloidal plasma rotation is a common feature in the
spontaneous and induced transport barriers as well and
is considered as the basic cause of their formation. Ba-
sic ideas on the impact of flow shear on the radial trans-
port are discussed. Different mechanisms for the gener-
ation of flow shears are considered and models for the
transition to enhanced confinement states are sketched.

I. EXPERIMENTAL OBSERVATIONS OF TRANS-
PORT BARRIERS

Enhanced confinement operation is of vital impor-
tance for fusion devices and this has encouraged the
discovery of numerous modes with improved confine-
ment. In particular enhanced confinement operation in
tokamaks have been studied extensively. In this device,
transport barriers are either formed spontaneously or
induced by external means.

A. Spontaneous edge transport barrier

The first observations of transport barriers were
made nearly 20 years ago in divertor tokamak AS-
DEX.%2 Tt was observed that under certain conditions,
e.g., when the power input exceeds a critical level, the
radial variation of temperature and density steepens
strongly in a narrow layer 1-2 cm thick at the plasma
edge (see Fig.1). Simultaneously a sudden increase in
the confinement time by a factor of 2 has been achieved.
After this transition the luminosity of hydrogen neutral
atoms generated by plasma recycling at the divertor
plates or limiters drops promptly, indicating a signifi-
cant decrease in losses of charged particles. The pre-
and post-transition conditions were called . mode and
H mode, for low and high confinement, respectively.
Since then almost all tokamaks with sufficient heat-
ing power input from auxiliary sources (neutral beams,

*This manuscript is based on the lecture “Theoretical models
for transport barriers” of M. Z. Tokar at the 5th Carolus Magnus
Summer School 2001.

radio-frequency antennae) or even from ohmic dissipa-
tion have reproducibly demonstrated H-mode.?4
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Figure 1: Radial profiles of T, in the midplane in AS-
DEX, for ohmically and beam heated discharges in L
and H mode.? Vertical lines give the separatrix position
according different measurements.

B. Externally induced edge transport barrier

Several years after the discovery of H-mode scenar-
ios it was recognized that the plasma drift motion espe-
cially produced by the radial electric field, i.e., F x B
flow, plays a crucial role in the suppression of turbu-
lence in the transport barrier. Therefore experiments
were performed on several devices with the aim to es-
tablish and control such a field artificially. For this
purpose a voltage was applied between the vessel wall
and a surface inside the plasma® or an electrode was
inserted into the plasma.®7 The transition to the H-
mode occurs at a critical value of the current and leads



to an abrupt increase of the effective radial plasma re-
sistance, i.e., to a jump in the radial electric field. Also
the particle confinement time increases significantly and
fluctuations of the plasma density and potential are re-
duced strongly.

C. Internal transport barrier

In standard situations the plasma current density is
peaked and the safety factor ¢, characterizing the spi-
rality of the total magnetic field, approaches its min-
imum at the plasma axis. Internal transport barriers
(ITBs) were created first in a configuration in which
q as a function of the minor radius exhibits an off-axis
minimum.®? Such a situation with a region of negative
magnetic shear (NMS) can arise transiently during the
stage of current penetration into a hot plasma. Besides,
a non-ohmic contribution from the so called bootstrap
effect helps to realize the necessary profile of the cur-
rent density. In I'TBs, the turbulent heat transport can
be reduced to a level even lower than that predicted
by the standard neoclassical theory and established by
collisional processes.

II. SUPPRESSION OF ANOMALOUS TRANSPORT
BY FLOW SHEAR

Only a few years after the discovery of edge trans-
port barriers it was observed experimentally that there
is a fast plasma rotation perpendicular to the magnetic
field (in poloidal direction) with a velocity strongly
varying in the radial direction. Such a rotation should
lead to suppression of turbulence and reduction of
anomalous transport in the barrier. There is a wide
consensus within the magnetic fusion research commu-
nity that flow shear is responsible for the transport bar-
riers observed in the experiment. There are at least
three channels for the reduction of anomalous transport
in the presence of flow shear namely (i) reduction of the
linear growth rate of instabilities pumping turbulence,
(ii) increase of the decorrelation of fluctuations and (iii)
change of the phase shift between fluctuations of differ-
ent parameters which determine turbulent fluxes.

A. Effect on linear growth rates

One of the first examples demonstrating that
sheared plasma motion can lead to a reduction of the
linear growth rate of an instability was the case of the
flute mode which is typical for plasma conditions.'® To
elucidate the basic ideas we consider a plasma which
is homogeneous in the direction z of the magnetic field
B and assume a gradient of the plasma density in the
radial direction x. Also it is assumed that in the a-
direction a ”gravitational” force Fy, = m; gn acts on

the particles, where m; is the ion mass and g the grav-
itational constant. For a plasma in fusion devices this
7gravity” is usually the centrifugal force which arises
due to particle motion along curved magnetic field.
Consider now a small perturbation of the density in the
poloidal direction y of the form: n ~ exp (—iwt + iky),
where k is the wavenumber and w the (complex) fre-
quency. As a result a perturbation in the gravitational
force occurs: Fy,. = m; gn. This force leads to a drift
motion of ions, and consequently to a perturbation of
the electric current, in the y direction. Since the plasma
remains quasi-neutral, i.e., V - j = 0, there is also a
perturbation in the z-component of the current den-
sity. The Lorentz force produced by this component,
Fy = —j. B, leads to a new drift component in the di-
rection of the density gradient. This motion increases
the initial perturbation because it pushes more parti-
cles from the more denser plasma interim. Thus the
flute instability arises.

Now imagine there is a macroscopic plasma mo-
tion in the y direction, which velocity V,, varies with
x. Therefore the radial plasma motion caused by the
perturbation will transfer also the y-component of the
plasma momentum. This disturbs the force F, and
reduces the growth rate of the instability. A quan-
titative analysis can be done by using continuity and
moment equations and leads to the expression for the
linear growth rate:
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Thus the flute instability is completely suppressed
if the velocity shear is sufficiently strong, i.e., S& >
4 gL, k* However, there is no universal criterion for
stabilization of linear instabilities by flow shear. In
some cases flow shear, particularly a weak one, can be
destabilizing.* Moreover the ideal of a collective linear
mode, though convenient for analysis and interpreta-
tion, is not generally realized in plasmas. Numerical
studies shows that there is a strong nonlinear coupling
between fluctuations and flow shear which should be
treated self-consistently. A particular surprising result
of such a consideration applied to the ion temperature
gradient (ITG) turbulence is a criterion for turbulence
suppression in a very simple form:!!

St~ Voaz (3)

Here the subscript max means the maximum value
of the growth rate over the whole k-spectrum.



B. Effect on decorrelation

A firm consideration of the effect of flow shear on
anomalous transport requires an analysis of the influ-
ence on plasma eddies, which arise in the nonlinear
phase of instabilities leading to turbulence. In such
an eddy the plasma motion is coherent and can lead to
effective transfer of plasma particles on a distance of
the eddy diameter L. If there is a sheared flow with
the velocity changing as V,, = xSy the eddy will be
stretched during time ¢ in the y direction to the length
(see Fig.2)

Ly (L2 + (L Syt )2 = LA+ (Sy )2 (4)

Since the area of the fluid eddy is preserved by the
stretching, the length of the minor axis is reduced as:

L =L+ (Syt)?)" /2 (5)
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Figure 2: The circular element at ¢t = 0 is stretched by
the velocity shear after the elapse of time ¢t = ¢t. Here
the flow is in the horizontal and the shear in the vertical
direction.?

This relation can be regarded as an increase of
the effective perpendicular wave number of fluctuations:
kepp = ki (14 (Sy t)*)Y/2. If D is anomalous diffusiv-
ity due to turbulence, fluctuations become decorrelated
in a time 7cor & 1/(D kegyr)?. Substituting ¢ = 7o one
gets an equation for the decorrelation time

~ ! (6)
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Considering the limiting cases:

ISv| < Dk : 1 l~Dk?+SED k2

(7)
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one can see that flow shear increases the decorre-
lation rate of fluctuations. As a result the anomalous
transport should be diminished. Indeed the decorrela-
tion process reduces the effective nonlinear growth rate

IYNL =YL — Tgoi‘ =L — Dki (1 + S\2/Tc20r) (8)

In stationary states one has vy, = 0 thus 7,1 = v,
and

_oL_ 9 9)
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C. Effect on phase shifts

Besides the impact on the linear growth rate and
reduction of the decorrelation time a flow shear changes
the phase shift a between fluctuations of different pa-
rameters and leads to reduction of turbulent fluxes. For
instance the fluctuation induced radial particle flux is
given by I', = (nv,), where (...) denotes a space-time
average. For electrostatic instabilities the velocity fluc-
tuation is the F x B-drift:

=~ Ey . Pk
Vr,k* B = ’LkB (10)

where @ is the perturbation of the electrostatic po-
tential. Thus the sum over all wave numbers provides

1 S
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As an example consider resistive interchange turbu-
lence.'? In this case a solution of nonlinear eigenmode
problem allowed to estimate the cross phase in the weak
shear limit:

5k252 A2
e

where Ay is the radial width of the eigenmode.

sinag = — ‘1 —

III. GENERATION OF SHEARED RADIAL ELEC-
TRIC FIELDS

In the previous sections it has been pointed out that
sheared poloidal flows can induce transport barriers by
several mechanisms. It is now interesting, how such
flow shears can develop in a magnetized plasma. The
velocity of such a flow, V|, can be found from the bal-
ance of forces applied to the ion plasma component in
the direction r perpendicular to the magnetic surface.
In a stationary state one has:

ap;
dr

where F; is the ion pressure and F;, includes all
other forces, e.g., due to friction with neutrals by charge
exchange. It is easy to find that

=enE, +enV, B+ F;, (13)



V= 1 db, F; Er (14)
L= enB \dr or B

Although V) has several contributions, the last one,
Vexs = —F,/B, induced by the radial electric field is
responsible for the observed suppression of turbulent
fluctuations in plasmas. This statement is based on ex-
perimental observations and theoretical computations
that show that the E' x B component is the sole advec-
tant of fluctuations in density, temperature, and flow.
For example the first component, the diamagnetic drift
provided by the pressure gradient, does not advect fluc-
tuations because it is cancelled by a part of the viscous
tensor.'® Because of this unique status of E x B flow
in plasmas, it is important to analyze the mechanisms
of its generation.

A. Loss of particles

In order to find an equation governing the electric
field we proceed from the Maxwell equation, eg V- E =
e (n; — ne), where n; and n. are the densities of ions
and electrons, respectively. Combining the time deriva-
tive of this equation with the continuity equations
On; /Ot +V -T; . =0 we get:

oE,
ot

o =€ (Fer - FW) (15)

Thus, if the electron and ion fluxes are functions
of the electric field, this equation allows to determine
FE,.. In particular, in stationary state the ambipolarity
constraint Iy, (E,) = Ty (E,) is fulfilled. In an ax-
isymmetric tokamak plasma free from instabilities the
particle fluxes arise only due to collisions between ions
and electrons. The so called neoclassical transport the-
ory predict that these fluxes are automatically ambipo-
lar and do not prescribe E,.. The situation is, however,
different at the plasma edge where charged particles
can escape into the so called scrape-off layer (SOL) and
be absorbed by divertor plates or limiters. The width
of this edge region is of the distance A which charge
particles can deviate from a magnetic surface. For the
majority of particles this distance is of the order of their
Larmor radius pr,. However, there is a relatively small
population of the so called ”trapped” particles for which
A is much larger. Since the toroidal magnetic field is
weaker at the outer side than at the inner one a charged
particle moving along magnetic field feels a weak mag-
netic mirror. For particles with a small parallel velocity
this mirror is, nevertheless, enough to trap them at the
low field side. These particles drift from the magnetic
surface due to the centrifugal force and the projection of
their trajectories on the poloidal cross-section of toka-
mak recalls a banana. Therefore trapped particles are

called also "banana” particles. The radial width of ”ba-
nana” trajectory is of Ay & prq+/R/7, i.e., significantly
larger than pr. The loss of trapped particles from the
edge region of the banana width A is balanced in the
stationary state by the generation of such particles due
to Coulomb collisions of non-trapped ones. The gen-
eration rate, which determines the ion flux I';,, is es-
timated as nAWF(E,)/Tiiepf, Where Tijerr = T 7/R
is the effective ion-ion collision time for trapped parti-
cles.'* The function F(E,) mimics the fact that parti-
cles, for which Vg« p compensates the poloidal compo-
nent of their parallel velocity, i.e., Vexp + V”qLR =0,
are moveless and undergo collisions most easily. By tak-
ing into account that the percentage of such particles

is exp (fmiVHQ/2T) we get
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and p; denotes the Larmor radius of the ions.

It is assumed that electrons, for which p;, and thus
their banana orbit loss by a factor \/m./m; smaller
than for ions, can escape plasma along stochastic mag-
netic field lines.'® This loss is determined by the density
and temperature gradients and the radial electric field
since F, has a component along stochastic lines which
confine electrons in the plasma interim:

(17)
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where « is a constant of order unity and the electron
diffusivity D, is determined from models for transport
in stochastic fields.!® The ambipolarity condition I'y,. =
I';- then gives an equation for E,.:

exp (—X?) =d(A— X) (19)
with
Detii (1 \%/?
= (E)
(20)
\— 4 (dlnn o dT
A dr T dr

A graphic solution of this equation illustrated in
Fig.3 and predicts that if A exceeds a critical value a
bifurcation occurs into a new state: the particle fluxes
are strongly reduced and the radial electric field jumps
to a large positive value.



Figure 3: Normalized ion and electron fluxes vs the ra-
dial electric field. Dashed lines indicate the bifurcation

condition.!®

B. Loss of momentum

The results cited above are, however, in obvious
contradiction to experimental observations: the radial
electric field becomes more negative after the transition
to the H-mode (Fig.4). This is understandable: not
the field itself but its derivative determines the flow
shear Sy . If we discard the idea that the anomalous
transport of electrons is governed by stochastization of
the magnetic field, it is reasonable to assume that ions,
which have large larmor radii, tend to leave the plasma
faster. In order to maintain quasi-neutrality the radial
electric field should prevent this, i.e., be negative. At
the plasma axis F, = 0 and the more negative E, at
the edge the larger Sy .

To avoid the difficulty in using the ambipolarity
constraint in the model above it was assumed!” that
the radial electric field is governed by the conservation
of plasma momentum instead of the particle transport
which itself is one of the most poorly understood topics
in plasma physics. The loss of banana orbits means
that in the edge region ions have a mean radial velocity
Vir = T4 /n and undergo a poloidal Lorentz force

Fp, = eIy, B (21)

This force accelerates ions and in a stationary
state it should be balanced by the ion viscosity due to
Coulomb collisions. A viscous force Fy arises because
the poloidal velocity Vp is different at the high and low
field sides due to the difference in toroidal circumfer-
ences by a factor of r/R:

r m;nVy
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Figure 4: The main ion poloidal rotation (a) and ra-
dial electric field profile (b) computed using measured
quantities for 7 ms before and 3 ms after L-H transition
in DIII-D.'®

where p| is the parallel viscosity. When Vj is small
w ~ 7:iV3, where V3 = T/m; is the thermal veloc-
ity and 7;; is the ion-ion collision time; when Vj ap-
proaches to V;; particles collide too rarely and viscos-
ity decreases dramatically. Dependences of F, and Fy
on the poloidal velocity can be determined from kinetic
calculations.!” Fig.5 shows the behavior of normalized
forces versus the parameter Y = %ﬁ — % for differ-
ent magnitudes of the ion temperature (X is defined in
the previous section). At a relatively low temperature
the plasma is in the state L with weak poloidal rotation
but when T exceeds a critical level a transition into the
state H with large Vy takes place. This means a tran-
sition to a large negative Vg« p as it can be seen from
Eq.(14) if the relation V| = Vp — V52 is taken into
account (¢ is the toridal angle).

This model provides also a plausible explanation for
edge transport barriers induced by electrode biasing. In
this case the radial current from the electrode provides
a Lorentz force, which induces a poloidal rotation and
a radial electric field.

C. Revisited neoclassical theory

The models for bifurcation into the H-mode state
discussed above assume that there should be a suffi-



Figure 5: Normalized forces applied to the ions in the
poloidal direction vs the parameter Y related to ra-
dial electric field. Ion temperature increases from solid
through doted to dashed curves.!”

cient amount of trapped particles at the plasma edge,
i.e., the plasma collisionality should be relatively low.
Measurements in several devices have shown that the L-
H transition can occur even when collisionality is high
and too few banana particles are lost from the con-
fined plasma region. To explain these observations the
so called revisited neo-classical theory (RNT) has been
applied.!® By taking into account effects of finite ion
Larmor radius and ion inertia this theory generalizes
the results of neoclassical theory for the case of sharp
gradients of the plasma parameters at the edge. As a
result the ion and electron fluxes are not automatically
ambipolar in RNT and the ambipolarity constrain al-
lows to determine the radial electric field. In agreement
with measurements RNT predicts for stationary states
a much stronger negative electric field under H-mode
conditions compared to the L-mode. For further checks
it is important to simulate the time dynamics of the
L-H transition.

IV. TRANSITION TO ENHANCED CONFINEMENT
STATES

In the previous sections the formation of transport
barriers was considered as a combination of turbulence
suppression by flow shear and the generation of flow
shear by a variety of mechanisms. These processes were

treated as independent, but in reality are coupled and
must be treated selfconsistently. Without such a self-
consistent treatment it is not possible to understand
the transition to an enhanced confinement state. The
current state of transition modeling is rather heuristic
and at present, no transition theory captures every de-
tail of experimental transitions. As examples for transi-
tion models The first order and second order transition
theory will be sketched. In analogy with the Landau
theory of phase transitions the flow shear is the order
parameter.

A. First order critical transition theory

In the simplest first order model®° equilibrium bal-
ances for the ion momentum and the total momentum
with a model for the heat flux that incorporates shear
suppression heuristically. Employing standard neoclas-
sical theory and assuming Vy =~ Vg« p one finds

Ve 4m [oT®
SV—Er—‘azz?(EJ (23)

with a constant p; and the collisionality v,; =
qR/(Vip, 7::¢3/?), € = r/R. The thermal conductivity
is then assumed to be the sum of the ion neoclassical
contribution and a turbulent contribution that is mod-
ified by poloidal rotation shear

’ian
= Kn, 24
K +1+7an(6V9/5r)2 ( )

and using this in the heat balance

or

—K = = 25
RSE = Qo) (25)
an equation of the form
Ran g
—ang 2
g+ T = Q) (26)

is obtained, where g = 9T/0r. To analyse this
equation one considers a certain radius r = a and pre-
scribes the heat flux Q(a) across the boundary. The
function on the left hand side has a minimum and a
maximum if kg /K, > 16/9 and is shown in Fig.6 for
Kan/tn = 4. At low power Q(a) the thermal conduc-
tivity is K, + Kan. The temperature gradient is small,
since the poloidal rotation is not large enough to sup-
press the turbulence. This corresponds to L mode. As
Q(a) is increased, the temperature gradient increases
continously up to g1, but for larger Q(a) the gradient
has to jump to a larger value. The solutions then must
have a gradient larger than gs and this corresponds to
H mode. The transition is thus manifested by a discon-
tinuity of the temperature gradient. This is analogous
to the first order transition occurring, e.g., between the



liquid and gas phases of a fluid. The order parame-
ter can be either the temperature gradient or the flow
shear. Characteristic of first order phase transitions
there is hysteresis.2°

Heat Flux Lo

9
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Figure 6: Local heat flux versus temperature gradi-
ent.20

B. Second order critical transition theory

A second order critical transition theory is possi-
ble when the so called Reynolds stress is larger than
the ion pressure term in the ion momentum balance.?!
This Reynolds stress can drive a sheared poloidal flow
and consequently damp fluctuations. Vice versa the
magnitude of the Reynolds stress depends on both the
fluctuation energy and the flow shear.

A dynamical model for the second order transition
is derived from the poloidal momentum equation

%z—%@mg}—um (27)

where the last term represents the viscosity ef-

fect and the first term on rhs contains a part of the

Reynolds stress tensor. Here (...) denotes a flux sur-

face average. It is assumed that the contributions from

toroidal rotation and diamagnetic drift are small and
again Vp =~ Ve« p.

By taking the radial derivative the equation above
is reduced to an equation for the flow shear Sy. By
multiplication of this with Sy an equation for the value
U = S% can be obtained.? The latter contains the
term 82<‘~/T%> /Or?, which is proportional to the density
fluctuation level E = |ng/n|?. Note that this Reynolds
stress is non-zero only if the radial structure of the fluc-
tuation is not symmetric with respect to the resonant
magnetic surface. This is in particular the case for the
eigenmodes of the drift wave equation in the presence
of flow shear.?? Finally the equation for U is as follows:
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Figure 7: Time evolution?! of fluctuation density £ and
square of flow shear U, for (a) a = 0.5 and (b) a = 1.3.
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To describe the evolution of E we start with an
equation for the density fluctuation in the form n/ot =
ynrn. Here the nonlinear growth rate takes into ac-
count the trigger by linear instability and suppression
by diffusion and flow shear: vy =~ 79 — a1 D — aU.
By multiplying the equation above with n and bearing
in mind that for turbulent diffusion D ~ E we get:

10F
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The coefficients a2 3 for different instabilities are
given in the literature.?!

These two equations now describe the interplay
between the fluctuation level and the flow shear via
Reynolds stress. They are similar to the Verhulst pop-
ulation model,2?> with the flow shear being analogous
to the predator species and the fluctuation level to the
prey species.

Equations (17) and (18) have two stationary solu-
tions: L-mode type with E = vp/a; and U = 0 stable
for vo < ayp/ag and H-mode type with E = u/ag and
U =1/ag (v — pag/as) stable for vy > pas /ag. Thus
if the linear growth rate of instability increases, e.g., due
to growth of the temperature gradient with increasing
heat flux the system can spontaneously transit from the

E—-a B>~ aEU (29)



L-mode behavior with strong fluctuations and no flow
to the H-mode state with smaller turbulence and flow
shear. This is demonstrated in Fig.7 where the solution
of Egs.(17) and (18) is plotted for two magnitudes of
the parameter a = a3/« while b = /7o is set to 1. For
a = 0.5 the fluctuation grows to the L-mode saturation
level, E = 1, and no flow is generated. By increasing
a to 1.3, the instability saturates first at the L-mode
level while later on there is a smooth transition to the
H mode, with generation of flow shear.

V. CONCLUSION

Very large progress has been done in understanding
of mechanisms of turbulence suppression in transport
barriers. Nevertheless a lot of work is ahead, which
is needed to interpret the plasma properties in such
structures and to optimize them in order to achieve the
maximum benefit from regions with reduced transport
in future fusion devices.
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