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Scénario Avancé avec Barrière
Interne de Transport         

Scénario de Référence avec
Barrière de Bord          

Edge Localised
Modes (ELMs)  

Barrière de 
Bord        
(Mode H)    
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Abstract
Analysis of experiments performed at different heating powers and magnetic field intensities shows that the existence
of internal transport barriers in JET can be inferred in regions of space–time where the ratio of the ion gyroradius
to the local gradient scale length exceeds some critical value. A possible interpretation leading to the theoretical
relevance of this dimensionless parameter as a local indicator of a bifurcated plasma state is the stabilization of
turbulence by the E × B shear flows associated with large pressure gradients and plasma rotation. Large database
analysis and real time plasma control are envisaged as attractive applications.

PACS numbers: 52.25.Fi, 52.55.Fa

1. Introduction

Several recent experiments realized in various tokamaks have

demonstrated the existence of high performance regimes in

which a so-called internal transport barrier (ITB) appears

[1]. An ITB is defined as a plasma region where anomalous

transport is eliminated or strongly reduced, and, because of

the important role of the local magnetic and flow shears

in the emergence of such barriers, discharges with ITBs

have been originally referred to on JET as the ‘optimized

shear’ (OS) discharges. Analysis of experiments performed

at various magnetic field intensities has pointed to an apparent

magnetic field dependent power threshold for the emergence

of ITBs in regions of weak positive magnetic shear [2]. This

observation motivated our search for an objective and more

physical existence criterion incorporating this dependence, but

expressed in terms of some dimensionless parameters. This

could possibly lead to a better understanding and quantification

of the physical processes leading to the formation of ITBs,

and to the emergence of appropriate scaling laws for advanced

tokamak regimes.

Another motivation for an objective characterization of

ITBs stems from practical considerations. Analyses of the

JET experimental database frequently require the identification

of some typical ITB features such as the onset time, location,

collapse time and dynamics of the barrier. An intuitive method

often employed so far is to locate a visible ‘break’ on the

temperature profiles or, alternatively, one can resort to the

computation of the thermal diffusivity profiles and look for

a region of reduced transport.

These somewhat subjective and rather cumbersome

procedures for assessing the existence and location of ITBs are

not efficient for an extensive database study, and are inadequate

for an active control of their evolution as was proposed for

instance in ref. [3]. Microturbulence and transport theories

of tokamak plasmas could provide an alternative, but they

are complicated and usually require large numerical codes

for an accurate quantitative analysis, at a high computational

cost. Applying turbulence stabilization criteria from first

principles theories is therefore not suitable either for an

efficient assessment of ITB formation in analysing large sets of

discharges or for real time control applications. Hence, there

is a real interest in following a more pragmatic approach and

developing some physical but practical criterion which could

be used routinely to speed up the identification of ITBs, to

characterize their main features and possibly to control their

dynamics. Dimensional analysis is probably the best guideline

for selecting the appropriate variables for such an approach. It

indeed provides a bridge between the statistical observations

made in some specific experiments and the relevant ingredients

of a more general theory, and it also provides a framework

for further research involving broader sets of experiments and

multimachine comparisons. Thus, even though our criterion

may not be as universal as a genuine first principles criterion

could be—owing to the specificity of the JET experiments

under consideration and to the semiempirical nature of the
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analysis—its expression in terms of appropriate dimensionless

variables should be more closely related to the underlying

physics than, for instance, a power threshold in megawatts or a

dependence upon engineering variables such as the magnetic

field intensity in teslas.

A local ITB criterion serving these purposes is proposed

in this article. In section 2, we first describe this criterion,

showing how it naturally appears from the most basic and

generic parameters of conventional theories. Then we discuss

how the measurement uncertainties can be taken into account

for a better assessment of the criterion fulfilment, and finally

we show the statistical relevance of the proposed ITB criterion

for the JET experimental OS database. In section 3 we suggest

a possible theoretical interpretation of our findings by further

developing a dimensional analysis which involves the main

ingredients of microturbulence theory in magnetized plasmas.

The concluding section is devoted to a summary with a brief

discussion of the applicability of the proposed criterion and its

generalization.

2. Criterion for characterizing the emergence and
evolution of ITBs

2.1. Dimensionless form of the criterion and underlying

physical concepts

The physical mechanisms of barrier formation have not yet

been completely identified, but drift waves are thought to

make the principal contribution to microturbulence when the

plasma is driven far from thermodynamic equilibrium, and

drift wave stabilization is probably the cause of a transport

reduction leading to the emergence of ITBs [4, 5]. Despite a

variety of possible unstable modes, such as the ion temperature

gradient (ITG) mode or the trapped electron modes (TEMs), a

fundamental characteristic length arises from their dispersion

relations: the ion Larmor radius at the sound speed, ρs =
cs/ωci , where cs is the ion sound speed andωci the ion cyclotron

frequency. Several studies have been carried out on various

tokamaks to determine how the thermal diffusivities scale with

respect to ρs (or, more exactly, with the normalized Larmor

radius ρ∗ = ρs/a, where a is the minor radius), and have

given rise to the so-called ‘Bohm’ or ‘gyro-Bohm’ scalings [6].

When transport barriers appear, local gradient scale lengths

become much shorter than the plasma size and, for a local

analysis, one should indeed normalize the drift wave scale

length ρs to the local temperature gradient scale length, for

example LTi
= −Ti/(∂Ti/∂R) or LTe

= −Te/(∂Te/∂R),

where Ti (respectively, Te) is the ion (respectively, electron)

temperature and R is the plasma major radius on the equatorial

plane. We therefore define the local dimensionless Larmor

radius, ρ∗
T , as ρ∗

T = ρs/LT and consider either ρ∗
Ti

or ρ∗
Te

.

Clearly, for given toroidal magnetic field, ion species and

plasma temperature, ITBs can be characterized by values of

the temperature or pressure gradients which are significantly

larger than those of conventional L mode, or even H mode,

discharges (discarding the edge temperature pedestal region).

In such a case, i.e. when comparing discharges with the same

global parameters, there are no differences in considering

the absolute gradients, the associated characteristic length LT

or even the ratio of this length to the ion Larmor radius to

characterize the emergence of an ITB. But when considering

various experimental scenarios with different plasma currents

and, more importantly, with a wide range of heating powers

and magnetic field intensities, it is worth testing whether an

ITB existence criterion could possibly be expressed according

to the local value of ρ∗
T as it would intrinsically contain a

strong magnetic field dependence. Noting that the simplest

dimensionless criterion would be

ρ∗
T (R, t) � ρ∗

IT B ⇔ an ITB exists at radius R and time t

(1)

the critical dimensionless number ρ∗
ITB, if it does exist, should

depend on only a few dimensionless parameters and can in

principle be evaluated experimentally by comparing discharges

with and without ITBs and with different dimensional

parameters such as toroidal magnetic field, heating powers,

main ion species and plasma current.

2.2. Experimental uncertainties and confidence factor for the

fulfilment of the criterion

The measurements required for computing ρ∗
T (R, t) are

the electron and/or the ion temperature profiles, and the

toroidal magnetic field which is taken on the magnetic axis.

Unavoidably all these data are corrupted by uncertainties

quantified by their associated standard deviations. Therefore

the binary problem of deciding whether there is an ITB or

not can also be answered in terms of a confidence factor

for the criterion (1) to be fulfilled consistently with the

measurement uncertainties. The electron temperature profiles

were measured by an electron cyclotron emission (ECE)

heterodyne radiometer which offers an excellent resolution

(0.5 ms/2 cm ) and an accuracy of about 5%, whereas the

ion temperature profiles were obtained by charge exchange

spectroscopy with a much lower resolution (50 ms/10 cm) and

an accuracy of about 5%. The term L−1
T = −∂ ln T/∂R

is computed as the logarithmic radial derivative of the

temperature on the equatorial plane by applying a three

point difference formula. The measurement uncertainties are

combined with the standard propagation of errors to yield the

relevant standard deviations for ρ∗
T , σρT ∗ . This calculation is

performed as follows: let X1, . . . , XN be independent random

variables whose standard deviations are σX1
, . . . , σXN

and let Y

be another random variable defined by Y = f (X1, . . . , XN ),

where f is a regular function of N variables. Then, at first

order, the standard deviation of Y , σY , is given by

σ 2
Y ≈

N
∑

i=1

(

∂f

∂Xi

)2

σ 2
Xi

. (2)

The unknown random variable here is the dimensionless

Larmor radius ρ∗
T at the major radius R(k) as a function of

Te(k), T (k − 1) and T (k + 1):

ρ∗
T (k) = ρs(k)

1

LT (k)

≈
1

ZBφ

√

mi

e

√

Te(k)
ln T (k − 1) − ln T (k + 1)

R(k + 1) − R(k − 1)
(3)

with Z the ion charge, Bφ the toroidal magnetic field, mi the

ion mass and e the electric charge. By taking the measurement
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uncertainties as the standard deviations σTe(k), σT (k−1) and

σT (k+1), the estimated error on ρ∗
T (k) is then straightforward,

σρ∗
T (k) ≈

1

ZBφ

√

mi

e

√
Te(k)

|R(k + 1) − R(k − 1)|

×

[

1

4

(

ln
T (k − 1)

T (k + 1)

)2

ε2
Te

+ 2ε2
T

]1/2

(4)

where εTe
and εT stand for the relative uncertainties in the

temperatures Te and T (typically 5%).

Then, assuming a normal distribution,

pρ∗
T ,σ ∗

ρT
(x) =

1
√

2πσρ∗
T

exp

(

(x − ρ∗
T )2

2σ 2
ρ∗

T

)

(5)

the probability that ρ∗
T exceeds the critical value is given by

℘ITB(R, t) = ℘
[

ρ∗
T (R, t) � ρ∗

IT B

]

=
∫ +∞

ρ∗
ITB

pρ∗
T ,σρT ∗ (x) dx. (6)

This figure of merit will be referred to as a confidence factor

for identifying an ITB at a given time and radius.

2.3. Experimental validation of the proposed ITB criterion

An attractive representation of the results is obtained by

plotting contours of either ρ∗
T or ℘ITB in the (t, R) plane.

The constant-ρ∗
T contours are plotted only for ρ∗

T � ρ∗
ITB and

the constant-℘ITB contours are plotted only for ℘ITB � 50%

(℘ITB = 50% is obtained when the expectation value of ρ∗
T

equals ρ∗
ITB). Figure 1(a) shows an example of such a graph

for a discharge where the ITB dynamics is rich with events.

The transport barrier is triggered in the LHCD prelude probably

by a strongly negative magnetic shear and undergoes several

short collapses due to core MHD activity. It can be seen that

all the relevant information such as onset time, collapse times,

as well as the expansion, contraction and width of the barrier,

appear explicitly for a low computational cost. The dynamics

and width given by the criterion are in good agreement with

an analysis performed on the profiles (figure 1(b)). The

normalized radius, ρ = (	/	max)
1/2, with 	 the toroidal

flux through a poloidal section and 	max its maximum value

has been used here instead of R to label flux surfaces.

The critical value ρ∗
ITB was chosen from a discharge

with a perfectly visible barrier whose emergence time was

well defined and which was used as a reference (discharge

48993). It was thus found that ρ∗
ITB ≈ 1.4 × 10−2 would

match both the emergence time and the radial evolution of

the barrier satisfactorily. Discharges obtained with almost the

same operating conditions but which either exhibit an ITB

or do not (as seen, for instance, from the neutron yield time

traces) were also compared and successfully distinguished by

the ρ∗
T � 1.4 × 10−2 criterion. ITBs observed on the ion

temperature profile can also be detected according toρ∗
T despite

the smaller resolution of the Ti measurements (figure 2). Quite

interestingly, the same ρ∗
ITB value is again in good agreement

with the information that can be independently gained from

a detailed analysis of the discharges. Some plasmas, such

as discharge 49680, also exhibit a double internal barrier [7].

This double barrier was observed on the electron temperature
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Figure 1. (a) Constant-℘ITB contours plotted for ℘ITB(R, t) � 50%
showing the space–time evolution of an electron ITB (discharge
51897). (b) Profiles of electron temperature at 4, 5, 7 and 8.5 s from
ECE. The crosses symbolize the boundaries of the barrier as inferred
from the criterion ρ∗

T = ρ∗
ITB (discharge 51897).

(figure 3) and the ρ∗
T criterion was again in good agreement

with the observations. It must be noted that ρ∗
ITB does not

characterize the final state of the plasma but is to be understood

as a critical value beyond which ρ∗
T goes when the plasma

experiences a local transport bifurcation. This means that after

a barrier has formed, ρ∗
T is not limited to ρ∗

ITB, and that various

degrees of temperature gradient strengths and barrier widths

develop, as also observed on other tokamaks.

In order to evaluate its reliability for detecting the

presence and evolution of ITBs, our criterion was tested on

many discharges from the JET OS database under various

experimental conditions. For this purpose 116 deuterium

discharges were selected with toroidal magnetic fields varying

from 1.8 to 4 T, plasma currents from 1.6 to 3.6 MA (safety

factors from 3.3 to 4.3), central densities from 2 × 1019

to 5.5 × 1019 m−3, NBI power from 4.8 to 18.7 MW and

ICRH power from 0 to 8.7 MW. Mainly electron temperature

barriers are considered here because of the good spatial and

522



Criterion for characterizing ITBs in JET

0.47

N
o
rm

a
liz

e
d
 r

a
d
iu

s

Figure 2. Top frame: time evolution of the ion temperature at
various normalized radii (discharge 40030). Bottom frame:
constant-℘ITB contours.
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Figure 3. Constant-℘ITB contours showing two ITBs on the electron
temperature profiles (discharge 49680).

temporal resolutions of the ECE diagnostic. Among these

116 discharges, 84 have an ITB. Their emergence times

were then independently evaluated by identifying a divergence

between temperature traces from neighbouring radii and are

compared with the ρ∗
T criterion in figure 4(a). In addition,

their emergence major radii given by the criterion were also

compared with the radii at which a ‘break’ on the profiles can

be seen as pictured in figure 4(b). Only five very weak barriers

were not detected by the criterion, whereas one detection was

not really assessed by a detailed data analysis.

3. An interpretation on the basis of dimensional
analysis

A possible mechanism for the stabilization of the ITG modes

and TEMs in tokamaks combines the E × B rotational flow
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Figure 4. (a) Statistics on the validation of the ITB emergence time
through the ρ∗

T criterion for various magnetic field intensities. The
emergence time determined by ρ∗

T = ρ∗
ITB is plotted against that

determined independently from data analysis. (b) Same as (a) for
the ITB emergence major radius. The emergence radius determined
by ρ∗

T = ρ∗
ITB is plotted against that determined independently from

data analysis.

and the magnetic shear effects, as has been found by several

authors through the extensive use of computer codes [8–13].

The distortion of the convective cells by shear flow decreases

the anomalous transport, and leads to a complete quench of

the microturbulence when the shear rate is high enough. Non-

linear simulations of ITG modes showed that this occurs when

the E × B shear rate γE exceeds the maximum linear growth

rate of the local modes γmax [9,10]. A detailed analysis of our

results in terms of such physical mechanisms would require

local measurements of the plasma parameters—and of their

gradients—with sufficient accuracy to evaluate γE and γmax

across the plasma radius and to compare their profiles. In

JET, the radial electric field Er could be evaluated from the

various terms composing the fluid force balance equation for

carbon impurities. This involves a spectroscopic measurement

of the carbon pressure gradient and toroidal velocity, and a

calculation of its poloidal velocity through neoclassical theory,

i.e. through an accurate algebraic combination of the carbon

density, temperature and pressure gradients. The E× B shear
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rate then involves the first radial derivative of all these terms

[14]—including the second derivative of the pressure—and

is therefore inaccurately determined. The same is true for the

magnetic shear, which is an important ingredient in calculating

the growth rates of the unstable modes, but involves the

radial derivative of the safety factor profile q(r). In addition,

the motional Stark effect diagnostic was not operational for

the discharges under consideration here and the q profiles

were therefore poorly resolved. As a result, a direct local

comparison of γmax with γE did not allow any significant

conclusions to be drawn as to whether γE ≈ γmax at the times

and radii where ITBs are formed, for the large set of discharges

which are considered here.

A tentative interpretation of our results can, however, be

sketched as follows and is worth developing. By resorting

to dimensional analysis, i.e. by considering the orders of

magnitude of the various terms at the locations where they

are maximum and their respective scalings with respect to ρ∗
T ,

it is indeed possible, as shown below, to recast the stabilization

criterion γE � γmax in the form ρ∗
T � ρ∗

ITB, thus pointing to

the plausibility of the dimensionless parameter ρ∗
T being of

theoretical relevance as a local indicator of plasma states with

reduced turbulence.

From the force balance equation of the main ion species,

the radial electric field in a tokamak is related to the ion pressure

gradient and velocity through the relation

Er = (Zieni)
−1(dpi/dr) − VθiBφ + VφiBθ . (7)

Accordingly, the E× B shear rate can be decomposed into

a ‘diamagnetic part’ γE,dia , a poloidal velocity contribution

γE,θ and a toroidal velocity contribution γE,φ . The link

between E × B shear stabilization and a criterion of the form

ρ∗
T � ρ∗

ITB can be revealed by expressing frequencies in units

of cs/LT and developing γE and γmax in powers of ρ∗
T .

The growth rates of drift microinstabilities scale

generically as cs/LT and can be written as

γmax = (cs/LT )G1(�T , s, q, β, ν∗, . . .) (8)

where the function G1 describes the stability of the most

unstable mode. For the class of profiles at given β and

collisionality ν∗, this function should depend mainly on

the gradient length �T = LT /R (a dimensionless number

characterizing the gradients normalized to plasma curvature,

which is independent of ρ∗
T as it does not contain the magnetic

field intensity), and on the details of the safety factor profile

q(r) and magnetic shear s.

If the poloidal velocity Vθi is assumed to be given by

neoclassical theory, the corresponding term in equation (7)

scales as the pressure gradient term. Since direct

measurements of the poloidal velocity are almost impossible,

a neoclassical expression is usually employed to evaluate the

poloidal velocity contribution. The neoclassical formula can

be reduced to Vθ ≈ kneo∇Ti/(eZiB), where kneo depends on

the collisionality regime. There is no reason for an exact

cancellation of the two temperature gradient terms coming

from the diamagnetic velocity and from Vθ . The density

measurements from Thomson scattering do not allow a reliable

estimate of the inverse density gradient length L−1
n . Therefore,

for the purpose of our dimensional analysis, we assume L−1
n

to be either negligible with respect to L−1
T in evaluating the

‘diamagnetic’ term, or at most scaling as L−1
T in the ITB

region when beam fuelling is significant and particle diffusion

is also reduced (this could be justified by the coupling of

particle fuelling with the heating source during NBI). Further

dependences on Ln/LT , Lp/LT , etc., will be assumed to be

minor and we shall not consider them explicitly. Then, within

a function G2 of the order of unity, the contributions of the

pressure and poloidal velocity to the shear rate scale as

γE,dia + γE,θ = (cs/LT )ρ∗
T G2(s, q, β, ν∗, . . .) (9)

where we have used the same length LT to dimensionally

characterize the maximum gradients inside the ITB and the

radial derivative of the pressure gradient which is maximum at

the foot of the ITB (d2p/dr2 ≈ p/L2
T ).

Figure 5(a) shows the results of global fluid simulations of

3-D ITG turbulence in the presence of magnetic shear reversal

[15]. The q profile was assumed reversed with qmin at a rational

value (4/3) and then the additional power varied as P0, 2P0,

4P0 and 8P0 assuming no torque injection, with T = Ti = Te

and ρ∗ = ρs/a = 0.01. The maximum local linear growth rate

γmax is first plotted against cs/LT . The ratio of the diamagnetic

part of the E× B shear rate γE,dia to the dimensionless Larmor

radius ρ∗
T is then also plotted against cs/LT . All parameters

are taken at their maximum values over the radial profile. Both

curves illustrate linear dependences and consequently justify

the main scalings in our dimensional analysis.

Let us now consider the toroidal velocity contribution.

Some experimental observations with strong NBI—typically

the case in JET—show the similarity between the ion

temperature and toroidal velocity profiles due to comparable

heat and momentum diffusivities [16] and to the coupling

between the beam heating and the associated torque. We

shall then assume, for the sake of simplicity, that the inverse

characteristic length over which the toroidal velocity varies is

locally comparable with L−1
T (an extra parameter Lφ/LTi

could

otherwise be introduced in the analysis). In γE , the toroidal

velocity shear term γE,φ then scales as Mφcs/LT , where Mφ

is the toroidal flow Mach number, as illustrated in figure 5(b),

which clearly exhibits the linear dependence of γE,φ on cs/LTi

for typical experimental examples when the Mach number does

not vary substantially.

To summarize, within these approximations, both the

diamagnetic and poloidal velocity terms scale as (cs/LT )ρ∗
T ,

whereas γmax and γE,φ scale roughly as cs/LT . Then simply

stating that E× B stabilization occurs when the terms of order

(cs/LT )ρ∗
T are large enough, so as to become larger than the

combination of the other terms, yields the proposed criterion,

ρ∗
T > ρ∗

ITB(�T , Mφ, s, q, β, ν∗, . . .) (10)

where ρ∗
ITB would in principle depend on a number of

dimensionless parameters independent of ρ∗
T such as the

q profile, the toroidal Mach number, the β parameter and the

collisionality.

The α stabilization [13] can also play an important role

in reducing γmax in weak shear discharges. As ρ∗
T , the α

parameter increases linearly with L−1
p ≈ L−1

T , but its local

value was not found to be constant at the onset of ITBs, and our
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database analysis did not exhibit a simple and clear correlation

between α and the emergence of ITBs.

Although the foregoing interpretation is somewhat

heuristic, it is quite remarkable that for the discharges selected,

a constant value for ρ∗
ITB allows the presence of ITBs to

be detected with such a good efficiency despite a variety

of plasma scenarios and magnetic field intensities. Strong

dependences of ρ∗
ITB on some characteristic dimensionless

parameters as suggested in equation (10) did not arise for

our set of discharges, perhaps because they are not essential,

or because the range of variations of these parameters was

too limited within this particular database. The lack of a

dependence on Mφ would imply that diamagnetic and poloidal

rotation shears are the main stabilizing terms for the triggering

of ITBs. This is probably the case during phases with LHCD
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Figure 5. (a) Maximum linear growth rate γmax versus cs/LT

(diamonds) and ratio of the diamagnetic part of the E × B shear
rate γE,dia to the dimensionless Larmor radius ρ∗

T versus cs/LT

(circles). The results are shown of global fluid simulations of 3-D
ITG turbulence in the presence of magnetic shear reversal [15] with
four different additional powers and no torque injection. Here
T = Ti = Te and ρ∗ = 0.01. All the data are taken at their
maximum values over the radial profile. (b) Toroidal velocity term
in the E × B shear rate γE,φ versus cs/LTi

for two JET discharges
at Bφ = 3.4 T (squares, discharge 53521) and Bφ = 2.6 T (triangles,
discharge 49645). The data are averaged over the radial profile and
plotted at various times.

only. However, during NBI phases, γE,φ often seems to be the

larger component in γE if γE,θ is evaluated from neoclassical

theory, but this assumption is not quite satisfactory because

of the possible existence of so-called self-generated zonal

poloidal flows. The proposed interpretation should perhaps

stimulate further investigations in which all the anticipated

dependences in ρ∗
ITB could be varied in a more systematic way,

but the fact that ρ∗
ITB can be taken as constant for this broad set

of data constitutes the major result of the present analysis.

In order to exhibit the bifurcating character of the ρ∗
T

stabilization, the physics discussed above can be implemented

into a transport coefficient by using a mixing length argument,

χturb = γeff L
2
c , where γeff is an effective growth rate (γeff =

γmax − γE) and Lc is the turbulence correlation length.

Turbulence simulations show that Lc is proportional to the

gyroradius ρs in most cases [11, 12, 15] so that the resulting

expression for the heat diffusivity is

χturb = ρscsF(�T , s, . . .)ρ∗
T (ρ∗

ITB − ρ∗
T ) (11)

where the dimensionless function F measures the stiffness

of the model. At large ρ∗
T , the gyro-Bohm scaling of the

heat diffusivity is thus weakened—and eventually broken—by

the poloidal flow shear stabilization. In non-linear computer

simulations [11,15], this breaking is often obtained as the result

of increasing ρ∗ = ρs/a since this parameter is being varied

while LT /R is kept constant. We conjecture that ρ∗
T is indeed

the relevant parameter governing this effect, so that reducing

locally the temperature gradient scale length in the plasma

through intense heating and at constant magnetic field has a

stabilizing effect similar to that of increasing the normalized

Larmor radius (ρ∗ = ρs/a) at constant LT /R in the numerical

simulations. A typical set of S shaped bifurcation curves can

then be obtained by plotting the heat flux as a function of ρ∗
T

(figure 6) since

�turb = nT csF(�T , s, . . .)(ρ∗
T )2(ρ∗

ITB − ρ∗
T ). (12)

Therefore increasing the power flux can eventually result

in a transition between the gyro-Bohm branch of the curve

shown in figure 6 and the ITB branch. This picture is, of

course, simplified because ρ∗
T is not the only parameter which

varies and the exact multidimensional dynamics involves other

Figure 6. Normalized heat flux versus ρ∗
T , showing the

multivaluedness of ρ∗
T , and the possible bifurcation from turbulent

gyro-Bohm transport to the ITB branch.
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independent parameters (e.g., q, s and β) as well as other

transport coefficients (density, momentum). However, in this

model the transition would start in a region of the plasma where

the heat flux corresponds to a local maximum of the flux curve

� versus ρ∗
T . The increase of ρ∗

T (e.g. due to the powerful

heating in optimized shear discharges) can thus be viewed

first as the cause of a local bifurcation through diamagnetic

turbulence stabilization, but then also as a consequence of the

development of the ITB leading to a further increase of ρ∗
T

above the critical value until the plasma reaches locally a new

equilibrium state (the ITB branch in figure 6). The critical

value, ρ∗
T = ρ∗

ITB, corresponds to the unstable part of the flux

curve and separates a region of turbulent transport where ρ∗
T is

strictly belowρ∗
ITB and a region of improved confinement where

ρ∗
T is strictly larger than ρ∗

ITB, i.e. on the stable ITB branch.

The spatiotemporal dynamics of such transport bifurcations

has been studied theoretically, for instance, in ref. [17].

4. Conclusions

In this article, an attempt has been made to identify some simple

computable parameters likely to characterize the emergence,

location and time evolution of ITBs in JET. Because of

the large experimental uncertainties, and sometimes the lack

of measurements, a sufficiently reliable calculation of the

detailed theoretical expressions describing the growth rates and

E × B shear stabilization of drift waves cannot be routinely

performed. Moreover, it would not be suitable for many

experimental purposes such as extensive database analysis or

real time applications. We have therefore adopted a more

pragmatic approach. The simplification of the exact theoretical

expressions by means of a dimensional analysis provided a

methodology for analysing the data and, at the same time, it

yields a plausible physical interpretation of the experimental

findings. The simplicity of the resulting criterion fulfils

adequately some of the experimental needs (e.g., flexibility

of use for real time control and fast computation of ITB

characteristics) while it fits the available data fairly well.

Obviously for a given set of fixed dimensional parameters

such as the toroidal magnetic field, ion species and plasma

temperature, the absolute gradients may seem sufficient to

characterize the presence of ITBs. But in the general case

where these parameters vary, and when analysing different

experimental situations and scenarios, the ratio ρ∗
T of the

local ion gyroradius to the local gradient scale length appears

to be the most relevant normalized gradient. It was thus

shown that the existence of internal transport barriers in

JET can be inferred in regions of space–time where ρ∗
T

exceeds some critical value, ρ∗
ITB. Dependences of ρ∗

ITB

on some dimensionless parameters are in principle possible

but they are shown not to be essential within this set of

experiments. This issue could be further investigated by

dedicated experiments on JET or on other machines. Thus,

at this stage, the correlation between the emergence of ITBs

and the criterion ρ∗
T > ρ∗

ITB with constant ρ∗
ITB may not be

sufficiently general to be applied for predictive purposes in

all circumstances and all devices. Nevertheless, it has been

successfully tested on a wide variety of JET discharges. The

examination of the contour graphs in addition to the statistics

collected from 116 discharges demonstrates the relevance and

usefulness of ρ∗
T in characterizing the appearance of ITBs,

at least empirically. Applying the criterion to this set of

discharges yielded only 5% of the detection errors, with an

ITB emergence time uncertainty of the order of 150 ms and an

error of location of 4.7 cm with respect to the figures obtained

by an independent and tedious shot by shot data analysis.

The proposed ρ∗
T criterion allows the detection and

localization of ITBs under various experimental conditions,

and provides convenient displays of their evolution. It accounts

for the measurement uncertainties, can be applied to the

electron or ion temperature profiles and is practical to use for

the systematic analysis of experimental data and the handling

of large databases [18]. Finally, it can be obtained at low

computational cost. Thus, it may also find a number of

applications in the operation of tokamak devices, such as the

real time control of ITBs which has been recently implemented

on JET [18, 19] and which should constitute a significant step

towards the development of advanced tokamak steady state

operation scenarios.
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Introduction

Many efforts have been dedicated to establish, by fitting a large number of experimental

data, zero-dimensional scaling laws for conventional scenarios to give global information on

transport. Despite its advantages in designing future devices, this approach is not suitable to

investigate transport phenomena in advanced scenarios. The present work focuses on the

local thermal energy transport in JET discharges with and without ITBs. The aim is twofold:

(i) to exhibit the dependencies of the heat diffusivity on local dimensionless parameters

which seem to be relevant from a theoretical basis and (ii) to propose a purely empirical

approach for predictive transport modelling. Neural networks will be introduced as an

appropriate tool to handle such a problem and provide an alternative approach to previous

attempts of approximating semi-empirically the experimental heat diffusivity function.

The first section describes the database which has been built for the analyses, then presents a

correlation study between the experimental diffusivities and some dimensionless quantities

deduced from the turbulence theory. In the second section, we show the heat diffusivity

functions given by a neural network trained with data in anomalous transport regime and

discuss their relevance to the expected theoretical results. The third section tests our

technique as a predictive transport tool, and finally some potential applications are briefly

proposed in the last section.

1. Correlation analysis of the heat diffusivities

A set of 20 discharges, with and without an ITB, with either monotonic or reversed shear q-

profiles has been selected from the JET database. In these experiments, described in [1], the

injected torque has been varied systematically by combinations of tangential bank beam,
normal bank beam and on-axis ion cyclotron heating (at Bφ=2.6T and Ip=2.2-2.3MA).

Hollow q-profiles have been obtained by coupling 2MW of LHCD during the current ramp-

up phase. Only the main heating phase, after the end of the LHCD prelude, has been

considered in our analysis. The power depositions of ICRH were determined by the code

PION, with the NBI source rates calculated with PENCIL. All the other data were taken

from the experimental measurements, and the current density profile was given by the

magnetic reconstruction code EFIT constrained by infrared polarimetry data. The

diffusivities were deduced from a power balance analysis performed by the transport code

ASTRA [2] in the region of 0.1<r/a<0.8. In this work, we focus on the electron heat

diffusivities because they can be evaluated more accurately thanks to the high space-time

resolution of the ECE diagnostic. In total, 13817 and 446 electron heat diffusivities were

computed outside and inside ITB, respectively. The ITBs were characterised by the ρT*

criterion [3].

We have firstly carried out a correlation analysis between the electron heat diffusivities χe

and the following dimensionless quantities: ρTe*=ρs/LTe, ATe=R/LTe, Ane=R/Lne,s, q, τ=Ti/Te
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and Mφ=vφ/cs. Normalised diffusivities have been also considered, namely χe/χBohm and

χe/χgyroBohm, where χBohm∝Te/Bφ is the so-called Bohm diffusivity and χgyroBohm=ρ*χBohm the

gyroBohm one. The correlation factor Σxy between two variables x and y is defined by

( )( )[ ]

[ ] [ ]22 )()( yyExxE

yyxxE
xy

−−

−−
=Σ

where E[É] denotes the expectation value, x  and y  the mean values of x and y. A

correlation factor of 0 means that x and y are independent, and a factor of 1 indicates a
purely proportional relation y∝x.

Figure 1 shows a diagram of the correlation factors between χe, χe/χBohm or χe/χgyroBohm, and

the dimensionless quantities - ρTe*, ATe, Ane É - outside and inside ITB. Outside ITB, it can

be seen that the selected set of parameters is globally more correlated to χe/χgyroBohm - or

even χe/χBohm - which means the diffusivity function is ÔcloserÕ to the following form:

χe=χgyroBohmf(É) where f is an unknown function of our dimensionless parameters; no clear

conclusion can be drawn from the results inside ITB.  The dependency of the magnetic shear

is quite strong in the two cases as foreseen by the microturbulence theory. On the contrary,

the safety factor does not seem to change the electron transport level outside ITB whereas it

clearly plays a role inside, possibly through the mechanism of rational q-values in ITB
triggering [4]. The ratio of electron and ion temperature τ has a weak effect on electron

diffusivities as proved by a correlation factor always lower than 0.17. To identify properly

the dependencies, the dimensionless variables must be as much as possible independent of

each other. It was seen that ρTe* and ATe in one hand, Mφ and τ in the other hand, are

correlated with correlation factors up to 0.76 and 0.92 respectively. The rest can be

considered decorrelated since the correlation factors do not exceed 0.46. As a result, the

electron heat diffusivity may be written as

( )τχχ ,,,, qsAAf neTegyroBohme =                                                 (1)

at least outside ITB.

2. Approximation of the electron heat diffusivity function

Let us assume that a non-linear multivariate function exists which describes transport in

tokamak plasmas and that this transport is purely diffusive. The above correlation analysis

suggests an electron heat diffusivity of the form (1) whose function f is unknown. Its

Figure 1 — a) (left) Correlation factor between the electron heat diffusivity or its normalised

derivatives and some theory-relevant dimensionless outside ITB. b) (right) The same but inside

an ITB. 0≤ρTe*≤0.02, 0≤ATe≤15, 0≤Ane≤8, -1≤s≤1.5, 1.2≤q≤3.8, 0.3≤τ≤1.8, 0.05≤Mφ≤0.6.
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approximation from experimental data demands to overcome three difficulties: (i) the non-

linear multivariate nature of the function, (ii) for a given experiment, all the parameters vary

at a time and (iii) the uncertainties of data. Neural network appears to be an ideal tool to

handle such a problem because according to the universal approximation theorem it can

approximate any non-linear multivariate function to an arbitrary accuracy [5]. Hence, we

have carried out a two-layer neural

network with 5 neurons on the first layer

and with a pure linear transfer function.

The training was performed by a

Levenberg-Marquardt algorithm [6] with

(ATe,Ane,s,q,τ)  a s  i n p u t  a n d

log(χe/χgyroBohm) as output outside ITB.

Among the 13817 data collected for the

correlation analysis, 4000 were randomly

chosen for training the network. Its

robustness has then been assessed by

simulating the whole database and

comparing the output with the

experimental diffusivities: a correlation

factor of 0.87 was obtained, which allows

a satisfactory approximation while

avoiding to overfit the data.

Figure 2 shows the results of such a

simulation where the dimensionless

quantities s, q and τ were fixed. Clearly,

the transport increases with the gradients.

At a given normalised density gradient,

χe/χgyroBohm raises significantly over a

normalised temperature gradient of

(R/LTe)c≈7-8, in qualitative agreement

with the so-called critical temperature

gradient; its expected value given by

analytical approximations of ITG+TEM

gyrokinetic simulations [7] is 8.35 in

these conditions.

The variations of heat diffusivity with the

magnetic shear are depicted on figure 3.

A strong reduction of the transport is observed in the region of negative magnetic shear, the

lowest level being located close to s=0. The diffusivity raises dramatically with positive

shear and seems to reach a maximal value at s≈1.4. The shaded area characterises the

reliability of the approximation: it has been computed by training the neural network many

times with various subsets of 4000 data taken randomly from the entire database, and by

making a statistics on the resulting approximations. The area is then bounded by one

standard deviation around the average approximation.

In agreement with the correlation analysis, it was seen that the dimensionless parameters q

and τ hardly affect the transport although theories predict the stabilisation of ITG modes at

large τ and a critical gradient temperature dependant of s/q.

Figure 2 - χ e/χgyroBohm as a function of ATe and

Ane after the neural network. s=-0.5, q=2, τ=1.
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3. Neural network transport prediction

We have attempted to apply the semi-empirical approach by neural network to transport

modelling in ITB regime. After having trained a neural network on the entire database, the

electron heat diffusivities have been computed for a JET ITB discharge not belonging to this

database, and then compared with the diffusivities evaluated by ASTRA. The input

parameters were ρTe*, Ane, s, q, Mφ and the output parameter log(χe). The small number of

data inside ITB made the approximation difficult to fulfil within a transport barrier. The

network tended to ignore the data with low diffusivities and thus it was not able to

approximate satisfactorily the physics of improved transport. In order to increase the weight

of these data in the training phase, we have repeated them several times in the database.

Figure 4 shows the comparison of electron heat diffusivity profiles between those evaluated

by a power balance analysis with

ASTRA and those predicted by the

trained neural network. It can be seen a

rather good agreement, at least in order

of magnitude, even inside the ITB

located around r/a=0.3.  The transport

at the edge is badly reproduced

certainly due to the fact the network

has ÔlearntÕ only the core physics

(r/a<0.8). Therefore it cannot guess the

edge transport, which involves specific

mechanisms for instance linked to the

interactions with the wall, and whose

the input parameters take values out of

the range of our database, e.g. high

magnetic shear or very short gradient

scale lengths.

4. Discussion

Facing the important issue of transport in tokamak plasmas, a technique to approximate the

heat diffusivity function, both non-linear and multivariate in nature, from the experimental

data has been proposed. Such a method may complete the purely theoretical approaches by

suggesting any tendency or by supporting any numerical result. It could allow to perform in

a more systematic way transport studies on large database like the international ITB database

which groups together several devices [8].
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Introduction

The analysis of experiments performed at various magnetic field intensities pointed to an

apparent magnetic-field-dependent power threshold for the emergence of ITBs in regions of

weak positive magnetic shear in JET [1]. This observation motivated our search for an

objective existence criterion which could possibly lead to a better understanding and

quantification of the physical processes leading to the formation of ITBs. Furthermore, there

is a real interest in developing some physical and practical criterion which could be used

routinely to speed up the ITB identification and characterise their main features especially

for database analysis, and possibly to control their dynamics in real-time. The first section

introduces the criterion, its physical and experimental relevance. In section 2, we use the

criterion to investigate the role of the q-profile in the ITB physics for various injected

torques. Finally, in the last section, algorithms for profile control using the real-time estimate

of the criterion are proposed and numerically simulated.

1. A dimensionless criterion for ITB characterisation

The physical mechanisms of barrier formation have not yet been completely identified, but

drift waves are thought to be the principal vector of microturbulence when the plasma is

driven far from thermodynamic equilibrium, and their stabilisation is likely to be the cause

of a transport reduction leading to the emergence of ITBs [2]. Despite a variety of possible

unstable modes, a fundamental characteristic length arises from their dispersion relations: the

ion Larmor radius at the sound speed, ρs=cs/ωci, where cs is the ion sound speed, and ωci the

ion cyclotron pulsation. When transport barriers appear, local gradient scale lengths become

much shorter than the plasma size and, for a local analysis, one should indeed normalise the

drift wave scale length ρs to the local temperature gradient scale, e.g. LT=-T/(∂T/∂R) where

T is either the ion or electron temperature and R is the plasma major radius on the equatorial

plane. We therefore define the local dimensionless Larmor radius, ρT*, as ρT*=ρs/LT.

When considering various experimental scenarios with different plasma currents and, more

importantly, with a wide range of heating powers and magnetic field intensities, it is worth

testing whether an ITB existence criterion could possibly be expressed according to the local

value of  ρT*. Noting that the simplest dimensionless criterion would read:
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an ITB exists at radius R and time t

Zi and mi are the ion charge number and mass respectively, e the elementary charge, BΦ the

toroidal magnetic field and all the temperatures are expressed in keV. The critical
dimensionless number ρITB*, if it does exist, should depend only on a few dimensionless

parameters and can be evaluated experimentally.

Further developments introducing a treatment of measurement uncertainties as well as a

plausible theoretical relevance of the above criterion based on the stabilising effect of the
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E×B shear rate can be found in [3].

The critical value ρITB* was chosen from a discharge with a perfectly visible barrier whose

emergence time was well defined and which was used as a reference. It was thus found that
ρITB*≈1.4×10

-2
 would match both the emergence time and radial evolution of the barrier

satisfactorily in JET. Pulses obtained with almost the same operating conditions but which

either exhibit an ITB or not were also compared and successfully distinguished by the

ρT*≥1.4×10
-2

 criterion.

An attractive representation of the results is

obtained by plotting contours of ρT* in the

(t,ρ) plane, ρ  the normalised radius. The

constant-ρT* contours are plotted only for ρT*≥ρITB*. Figure 1 shows an example of such a

graph for a discharge where the ITB dynamics is rich of events. It can be seen that all the

relevant information such as onset time, collapse times, as well as the dynamics and width of

the barrier appear explicitly for a low computational cost.

In order to evaluate its reliability for detecting the presence and evolution of ITBs, our

criterion was tested on many discharges from the JET database with various experimental

conditions. For this purpose 116 deuterium pulses were selected with toroidal magnetic

fields varying from 1.8 to 4 T, plasma currents from 1.6 to 3.6 MA (safety factors from 3.3

to 4.3), central densities from 2 to 5.5×10
19

 m
-3

, NBI powers from 4.8 to 18.7 MW and

ICRH powers from 0 to 8.7 MW. It must be noted that mostly electron temperature barriers

were considered here because of the good spatial and temporal resolutions of the ECE

diagnostic. Among these 116 discharges, 84 presented an ITB. Their emergence times were

then evaluated by identifying a divergence between temperature traces from neighbouring
radii and are confronted with the ρTe* criterion on Fig. 2. Only five very weak barriers were

not detected by the criterion whereas one detection was not assessed by a detailed data

analysis.

2. Role of the q-profile and injected torque in the ITB physics

Discharges where the ITB regime was established with either monotonic or reversed shear q-

profiles are analysed with our criterion. In these experiments, described in [4], the injected

torque has been varied systematically for each q-profile by selecting either dominantly

Figure 2 — Statistics on the validation of the

ITB emergence time through the ρTe* criterion

for various magnetic field intensities. The

emergence time determined by ρTe*=ρITB* is

plotted against that determined independently

from data analysis.
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Figure 3 — Maximal value of ρTe* versus

total additional heating power for various

injection configurations and with or without

LHCD prelude. The horizontal dashed line

indicates the criterion threshold value ρITB*.
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combination of NBI and ICRH powers.

Figure 3 shows the maximal value of

ρTe* versus the total additional power

for different q-profile and injected

torque. At a given power and injection

configuration, the pulses with LH

preheat expected to have an inverted q-

profile, confirmed by both polarimetry

and MSE data, exhibit a better ITB

quality than without any preheat

(monotonic q-profile). As the ITBs are

located roughly at the same radius

(ρ≈0.5-0.6) close to the q=2 surface, this result demonstrates an improvement of barrier

performances as the magnetic shear lowers.  Furthermore, for the same q-profile, the ITB

strength seems to decrease with lower injected torque or fuelling, the poorest performances

being with ICRH. This figure also shows that the access power of q=2 electron ITBs varies

from 9 MW with large applied torque up to 12 MW with dominant ICRH.

We investigate now the role of the q-profile in ITB triggering. The q-profile was determined

here with the magnetic reconstruction code EFIT constrained by infrared polarimetry data.

For the 11 pulses presenting a clear ITB in these experiments, the safety factor value at the

barrier onset time and location is 2 ± 0.08. This phenomenon is depicted on Figure 4 where

two pulses with the same applied torque but different q-profile shapes are confronted. Fig.

4(a) shows that an ITB is formed only when the q=2 surface enters the plasma even though

the main heating has started for several fast ion slowing down and thermal confinement
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times. On the contrary, a barrier is formed earlier on Fig. 4(b) possibly due to the presence of

the q=2 surface. For the case of monotonic q-profiles, the role of the rational surfaces has

been discussed in [5]. Our analysis confirms that ITBs emerge close to rational q surface and

preferentially in weak magnetic shear regions. This is consistent with the drop of turbulence

observed numerically when the density of resonant surfaces decreases [6].

3. Modelling of feedback control for

advanced scenarios

The inherent simplicity in its expression

makes the proposed ITB criterion well-

suited for real-time control application, a

crucial issue to achieve the so-called

advanced tokamak regime. In this last

section, we present transport modelling of

real-time feedback algorithms based on the
normalised gradient ρTe*.

In a steady-state operation, maintaining an

ITB consists in supplying a sufficient

amount of energy into the plasma to

overcome the local turbulence, while

avoiding dangerous MHD instabilities

especially those related to pressure

peaking.

Mostly two quantities have been

numerically studied as response signals for a real-time feedback loop: i) the maximal value
over radii of  the dimensionless Larmor radius (ρTe*)max, ii) the total neutron rate Rnt. The

actuators, i.e. the sources of energy, are either the NBI or ICRH powers. A Proportional-

Integral (PI) feedback algorithm has been implemented as follows:

P t P t G X t G X u du X t X X tp I
t

t

ref( ) ( ) ( ) ( ) ( ) ( )= + + = −∫0
0

∆ ∆ ∆   with   

where t0 denotes the time at which control is turned on, P the required power, X the feedback

signal, Gp and GI are the proportional and integral gains respectively. The latter are of great

importance for an optimal response of the system.

Figure 5 pictures a simulation of a double feedback control scheme performed with the
transport code ASTRA [7]. The feedback on (ρTe*)max by ICRH at its reference value allows

to sustain the barrier and the control on Rnt by NBI prevents potential disruptive events. Such

simulations have allowed to prepare real-time control experiments in JET [8] by testing

various schemes, and optimising the combination of actuators and gains.

Acknowledgements: Thanks are due to Dr. G. Pereverzev for the use of the ASTRA code.
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Abstract

The fusion performance of JET plasmas can be enhanced by the generation

of internal transport barriers. The influence of the q-profile shape in the

local and global plasma performance has been investigated in cases where

the core magnetic shear ranges from small and positive to large and negative.

Internal barriers extending to large plasma radii can be effective in raising the

global performance of the plasma. It is found that such barriers tend to be

generated more easily if the q-profile contains a region of negative magnetic

shear. The formation is favoured by neutral beam injection compared with

ion cyclotron resonance heating in scenarios where the two systems are used

together. The minimum power level required to observe a local transport

reduction is significantly lower than the value at which very steep pressure

gradients can be achieved. This results in a practical threshold in the power to

access a regime of high plasma performance that is sensitive to the q-profile

shape.

1. Introduction

The prospects for an economical steady-state tokamak fusion power plant could be significantly

enhanced if plasma regimes could be developed to provide high plasma pressure at low plasma

* This paper is an extended version of a contribution to the 28th EPS Conf. on Controlled Fusion and Plasma Physics

(Madeira, June 2001).
5 See Paméla J et al 2001 Proc. 18th Int. Conf. on Fusion Energy (Sorrento, 2000) (Vienna: IAEA).
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current in stationary conditions without the need for excessively high toroidal magnetic field

strength or very large plasma volume. This combination of factors, known as the ‘advanced

tokamak’ scenario, leads to conditions where a large fraction of the plasma current is driven by

the neoclassical bootstrap mechanism which, in turn, results in a relatively modest requirement

on the externally driven non-inductive current. This requires enhanced plasma confinement

compared with the ELMy H-mode regime currently envisaged as the reference scenario for

ITER [1]. In recent years experiments have been performed on many tokamak devices to

investigate the prospects for achieving such a scenario by the generation of a region of high

plasma energy confinement in the plasma core, called an ‘internal transport barrier’ (ITB).

Indeed, the specification of ITER allows for the exploitation of regimes of this type and so has

provided further impetus to the study of conditions where improved core plasma confinement

is observed.

A method commonly used to generate an ITB in a tokamak is the application of additional

heating power during the current ramp-up phase at the beginning of a discharge before the

plasma current has fully penetrated [2–8]. This can result in the safety factor, q, being

significantly above unity throughout the plasma and the magnetic shear, s (s = r/q(dq/dr)),

being low or negative in the plasma core. This magnetic configuration has been used for the

production of ITBs that can locally reduce the radial transport of electron or ion energy, or

both, and, in some cases, particle transport as well. A theoretical explanation for this localized

reduction in transport has been proposed in terms of the suppression of plasma turbulence

by sheared plasma flow, characterized by the E × B shearing rate, in both the toroidal and

poloidal directions [9] or by self-generated zonal flows [10, 11]. Indeed, ITB formation in

JET experiments has been associated with the observation of turbulence suppression [12] and

correlates with both magnetic shear and plasma flow shear [13]. Explanations of this type,

together with observations on other devices of the effect of varying the q-profile shape [14]

and toroidal plasma flow [15–17] on the transport characteristics in the plasma interior, have

motivated a further investigation of the effects of the q-profile and plasma flow shear on ITB

generation in JET.

Experiments in JET have previously been reported where ITB generation in plasmas

characterized by a monotonic q-profile with central q close to 2 has been compared with initial

experiments using negative central magnetic shear [18]. It was observed that the location and

evolution of the ITB, as well as the heating power required for its production, are sensitive

to the q-profile shape. Indeed, many factors are thought to influence the formation of ITBs

in tokamaks including magnetohydrodynamic (MHD) instabilities, plasma heating scheme,

fuelling and applied torque. Recent experiments have been performed in JET to vary the

q-profile shape and heating arrangements to further investigate the role of these different

parameters on the generation of ITBs. At low heating power levels a local discontinuity

can sometimes be seen in the plasma temperature gradient in the plasma interior indicating a

local reduction in the energy transport. The confinement improvement is often transient and

the correlation of such events with MHD phenomena has led to the interpretation that these

instabilities can act as part of a trigger mechanism for transport barrier formation [19].

At higher levels of additional heating power, such plasmas can exhibit a further large

increase in the pressure gradient in the region of the ITB, which results in a significant

enhancement in the plasma stored energy and fusion yield. The highest fusion yield produced in

JET deuterium plasmas was obtained in this way using the low magnetic shear ITB regime [20].

High performance ITBs have now also been produced in plasmas with highly negative central

magnetic shear, similar to the conditions exploited for high fusion gain in other tokamaks,

such as JT-60U [21]. These experiments extend the range of conditions over which high

confinement transport barriers can be studied in JET.
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In this paper, the experimental method used to vary the q-profile shape and heating method

is described. The experimental results are presented in terms of the plasma conditions required

for the appearance of an ITB. An assessment is made of the requirements to exploit the locally

improved confinement for the achievement of high overall plasma performance. Finally, the

advantages and limitations of different q-profile and negative magnetic shear regimes are

discussed.

2. Method to vary the magnetic shear and plasma flow shear

The plasma q-profile obtained during the initial current ramp-up phase of a discharge in JET is

sensitive to the plasma heating, current ramp rate and applied non-inductive current drive [22].

In the case where only Ohmic heating is used with a moderate current ramp rate (≈0.4 MA s−1)

the q-profile typically remains monotonic. It has been found, however, that the application

of lower hybrid heating and current drive (LHCD) during the current ramp phase is effective

to produce a negative magnetic shear region in the plasma core and high values of central q.

Similar effects have been observed on JT-60U [23]. The JET LHCD system generates waves

at a frequency of 3.7 GHz and, in the experiments discussed here, with the waveguides phased

to drive current in the same direction as the plasma current with a launched power spectrum

peaked at a refractive index of 1.8 parallel to the magnetic field. The resulting non-inductive

current density is typically peaked off-axis during the current ramp phase, but within the central

region of the plasma (r/a < 0.5). This contributes to the generation of a core region of negative

magnetic shear, assisted by the formation of an electron energy ITB, which, in the presence of

strong electron heating at low density, raises the central electron temperature so as to strongly

inhibit the penetration of plasma current to the core.

Figure 1 shows the time evolution of two plasma pulses, similarly set up except that one

had LHCD applied soon after the plasma initiation while the other had a purely Ohmic current

ramp-up phase. Both plasmas were then heated with neutral beam injection (NBI) and ion

cyclotron resonance heating (ICRH) resulting in the formation of an ITB which is evident on

both the ion and electron temperature profiles. The different time evolution of the neutron yield

indicates that these ITBs were not formed at the same time in the two cases, nor did they result

in the same degree of enhancement in the core plasma pressure. These differences and their

implications are discussed in detail in the following section. LHCD was switched off at the

beginning of the main NBI and ICRH phase so that the plasma density, heating, applied torque

and non-inductive current drive were similar at this time in the two cases. The parameters of

the main heating pulse were then varied in a series of pulses to study the conditions for ITB

production in each case.

The q-profiles have been determined for these experiments using the EFIT equilibrium

reconstruction code [24,25] constrained by motional stark effect (MSE) measurements [26,27].

The results are consistent with analysis using measurements from a far-infrared polarimeter,

but since the resolution of the MSE instrument allows a better determination of the magnetic

shear in the plasma core, the MSE measurements are used throughout this paper. During the

main heating phase, the use of several overlapping neutral beams in the diagnostic line-of-sight

complicates the MSE measurement, so a reduced power phase was included at the start and

the end of the main heating pulse so that good measurements could be made of the q-profile.

Figure 2 shows the comparison of q-profile shapes obtained at the start of the main heating

pulse in the two discharge types illustrated in figure 1. It can be seen that the Ohmic preheat

plasmas are characterized by a monotonic q-profile while the LHCD prelude case has a region

of ‘weakly’ negative magnetic shear in the plasma interior. The q-profile shapes are represented

in figure 2 by the average over each series of pulses. The LHCD power level and waveform was
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Figure 1. Time evolution of two similar discharges with and without LHCD in the early current

ramp-up phase showing: the plasma current (Ip); additional heating power; internal inductance;

line averaged density (n̄e); and neutron yield. During the main heating phase, the fusion yield is

initially higher in the case without LHCD due to the formation of an ITB at r/a ≈ 0.6. With LHCD,

a similar ITB is established at t = 6 s, which provides an even higher performance enhancement.

the same in all of the LHCD prelude cases. The shaded areas in figure 2 illustrate the full range

of q values obtained and, therefore, indicate the shot-to-shot reproducibility of the current

profile in each series rather than the precision of the measurement technique. The uncertainty

in the determination of the absolute magnitude of q is estimated to be of order ±15%.

A complimentary series of pulses were performed to vary the q-profile shape over a

wider range than that shown in figure 2 followed by a high power main heating pulse. The

conditions at the start of the main heating phase for this q-profile scan are illustrated in figure 3.

The magnetic shear in the plasma interior was varied from small and positive in the Ohmic

preheat case, through ‘weakly’ negative with low power LHCD, to ‘highly’ negative (extremely

high central q) when the LHCD prelude was accompanied by an optimized plasma initiation

sequence. The experimental technique to obtain this third class of q-profile is described briefly

in section 4 of this paper. The narrow minimum in the q-profile shape in this case is thought to

result from the localization of lower hybrid current drive by an ITB. This feature is described

in more detail elsewhere and quickly diffuses away when the LHCD is switched off [28]. To

distinguish this series of pulses from those illustrated in figures 1 and 2 in this paper, it is

hereafter referred to as the ‘q-profile scan’, although the Ohmic preheat data is used in the

analysis of both experiments.

Large plasma flows are generally linked to the application of additional heating power.

The poloidal plasma flow is mainly driven by the radial plasma pressure gradient, whereas
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shear in the toroidal plasma flow is largely provided by the torque applied by the NBI

system. Consequently, the plasma heating parameters have been varied systematically in this

experiment for the monotonic and ‘weakly’ negative magnetic shear target q-profile shapes

shown in figure 2. The heating power was scanned to vary the poloidal flow shear through

the plasma pressure gradient. Altering the ratio of the NBI and ICRH power also varied

the toroidal flow shear. This technique has the disadvantage that although it is effective for

altering the applied torque at a given level of the total heating power, it results in significant

modification of the core particle fuelling and, in the case of fundamental hydrogen minority

ICRH, the ratio of ion and electron heating. The effect on the power deposition profile of

varying the ratio of NBI and ICRH heating at a constant total power is illustrated in figure 4.

This shows the predicted fraction of the input power deposited in the plasma core (r/a < 0.6)

in the case of the plasma parameters and total heating power achieved in the Ohmic preheat

pulse shown in figure 1. The ICRH frequency was chosen to provide a fundamental hydrogen

minority resonance near the plasma centre. The ratio of NBI to ICRH was varied artificially

in the simulation over the whole range from NBI only to pure ICRH and the expected level

of ion and electron heating was evaluated in the plasma core. The calculation was performed

using the PENCIL NBI code [29] and the PION ICRH code [30], which includes the effects

of ICRH coupling to the neutral beam generated fast deuteron population. It can be seen

that the overall core heating does not vary strongly in the range of NBI fractions used in this

experiment (17–63% in the cases where it was systematically varied at constant total heating

power), while the relative ion and electron heating is significantly altered. It is interesting to

note that the highest fraction of the heating power is delivered to the plasma core in the case

of combined heating. This scenario also allows the maximum additional heating power levels
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to be achieved in JET, and has been effective for the production of high performance ITBs.

In this series of experiments, however, the variety of differences between the NBI and ICRH

heating characteristics (i.e. fuelling, ion/electron heating ratio and applied torque) weakens

the conclusions that can be drawn concerning the relative importance of these features in the

ITB formation process. The arrangement of the NBI system, on the other hand, allows some

modest variation of the injection geometry at reduced power. In this case, the heating and

fuelling characteristics can be maintained while only the applied torque is varied.

The JET NBI system [31] comprises 16 separate beamlines: eight configured with a

tangency radius of 1.31 m (‘normal’ beams); and eight orientated with a tangency radius of

1.85 m (‘tangential’ beams). The ‘normal’ beams are aligned so as to intersect the inner wall

of the tokamak vessel, whereas most of the ‘tangential’ beams pass through the plasma twice

and strike to outer wall of the device. Part of the neutral beam power passes through the plasma

without being absorbed. This shine-through fraction is highest for the ‘normal’ beams due to

the single pass they make through the plasma. The shine-through power has been estimated

for each of the pulses in this experiment, and the ‘coupled’ heating power was then calculated

by subtracting the shine-through component from the total power. The applied NBI torque

was determined in the same way. The uncorrected heating power has been quoted for the high

performance experiments presented in section 4 of this paper due to the very large number

of pulses involved. At the higher densities obtained in plasmas with high fusion yield, the

shine-through fraction is typically small (less than 10%).

The applied torque can be varied up to the ratio of the tangency radii by comparing the

effect of the two beam configurations with the NBI power restricted to half the routinely

available level of about 18 MW. All beams are orientated for co-injection (in the direction of

the plasma current) for this series of experiments. The complete range of heating power and

NBI torque applied with two q-profile shapes in figure 2 and the q-profile scan in figure 3 is

illustrated in figure 5.
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In this type of experiment, the q-profile evolution during the main heating pulse depends on

the level of heating power applied, partly due to variations in the achieved electron temperature.

The non-inductive current drive provided by the neoclassical bootstrap effect, which is sensitive

to the poloidal magnetic field strength and the plasma pressure [32–34], and the beam driven

current also vary as the heating system parameters are altered. Simulation of the current profile

evolution during the main heating phase of a typical pulse using the TRANSP code [35] shows

good agreement with the measured q-profile when the effects of neoclassical resistivity, beam

driven and bootstrap currents are included. The value of q falls throughout the plasma due

to the gradual penetration of current provided by the initial current ramp. In the outer part of

the plasma (r/a > 0.5) the q-profile evolution appears insensitive to the non-inductive current

drive, but the fall of q near the plasma axis can be partially arrested by both the beam driven

and bootstrap currents. However, the change in the q-profile evolution when comparing the

effect of ‘normal’ and ‘tangential’ beams at similar power levels is found to be small.

The evolution of the q-profile during the short main heating phase (�t ≈ 2.5 s) is

illustrated in figure 6, which shows the central value of q before and after this phase as a

function of applied heating power. The rate of fall is greatest for the pulses following the

use of LHCD during the current ramp-up phase as the value of central q is higher at the start

of the main heating phase and therefore furthest from the stationary condition. The rate of

fall of central q is smallest at the higher power levels due to the slower current penetration

at higher electron temperature and the larger non-inductive current fraction. This acts to
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preserve the negative magnetic shear in the LHCD prelude cases and to even reduce or reverse

the magnetic shear in the Ohmic preheat plasmas. In the case of low power heating, central

q falls more rapidly such that the negative magnetic shear target q-profiles can evolve to a

completely monotonic state by the end of the main heating phase. Such cases are indicated in

figure 6. One consequence of the sensitivity of the q-profile evolution to the heating power is

that the appearance of integer q surfaces in the plasma interior varies in time with the applied

main heating power level as well as the initial q-profile generated by the different preheating

techniques. This affects the time evolution of the discharges as they can play a role in the

formation of ITBs.

3. Effect of magnetic shear, heating power and applied torque on ITB formation

ITBs have been identified in previous JET experiments from discontinuities in the gradients of

the ion and electron temperature as well as the plasma density and toroidal rotation velocity [36].

Such discontinuities can be interpreted in terms of a local reduction in the energy, particle and

momentum transport. In cases where the q-profile is monotonic, ITBs have generally been

observed to form near integer q magnetic surfaces [18,37]. A mechanism has been proposed to

explain the link between ITB formation and rational q surfaces based on a local enhancement

to the plasma flow shear due to the coupling of core and edge MHD modes [19]. The power

required to generate such a transport barrier at the q = 2 surface, where the most extensive

database has been established, was seen to increase with toroidal magnetic field strength (or

plasma current, which has the same dependence) [38]. The ITB access power for JET (in MW)

scaled roughly as 5BT (in T). Initial ITB experiments on plasmas with a region of negative

magnetic shear in the core showed that ITBs could be obtained at much lower power levels. In

this scenario, barriers were generated in the negative magnetic shear region at a location that did

not appear to be related to the location of a particular q surface and even during the preheating

phase with very low levels of predominantly electron heating. It was possible to obtain both

types of ITB simultaneously during high power heating, but at different plasma radii.

In the experiments described in the previous section, a wide range of ITB phenomena

have been observed. ‘Narrow’ ITBs can be seen on the electron temperature profile during

the low power LHCD prelude phase in the case of ‘strongly’ negative magnetic shear. These

are discussed more fully elsewhere [39]. In this paper, the term ‘narrow’ is used to describe

ITBs located close to the plasma centre (i.e. entirely within r/a < 0.5) as distinct from a

small region of reduced transport (i.e. with �rITB � a) located at large plasma radius. The

core electron ITB can persist during the main heating phase depending on the parameters and

timing of the main heating pulse [40]. Even in the monotonic q-profile cases, ‘narrow’ ITBs

are sometimes seen on the ion temperature profile during the main heating pulse depending on

the location of low order rational flux surfaces. These have also been generated at power levels

much lower than 5BT and illustrate that this power scaling, obtained from a database of similar

ITBs associated with q = 2, is not universally applicable to JET ITB formation even in cases

with Ohmic preheating. This is thought to be due to a sensitivity to local conditions, such as

the magnetic shear and the presence of MHD instabilities [41], and it is therefore concluded

that a power threshold scaling based on global parameters alone is unlikely to adequately

describe the complete ITB phenomenology. However, these ‘narrow’ ITBs obtained at low

heating power levels do not strongly improve the global plasma performance in terms of total

stored energy or fusion yield. At higher main heating power levels, approaching 5BT, ITBs

were obtained in these experiments at wider radius (r/a ≈ 0.6) in both the LHCD and Ohmic

preheat cases. These ITBs, seen on both the ion and electron temperature profiles, were able

to provide a significant global plasma performance enhancement.
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Figure 7 shows examples of the different classes of ITB obtained during this series of

pulses for comparison. The electron temperature profiles were determined from electron

cyclotron emission (ECE) using a heterodyne radiometer with high spatial resolution, of order

2 cm, and the ion temperature profiles were measured using charge-exchange recombination

spectroscopy. In the case of the LHCD prelude phase (figure 7(i)), the location of the transport
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ion temperature profiles during low power heating following Ohmic preheat (ii). ‘Wide’ ITBs

illustrated by the ion temperature profile: during high power heating following Ohmic preheat (iii);

during high power heating following LHCD prelude (iv); and during very high power heating

following an optimized LHCD prelude (v). Open symbols show the reference conditions before a

clear ITB is seen. The error bars indicate the uncertainty in the measurement location and absolute

magnitude. In the case of Te the radial resolution is much less than this, of order 2 cm.
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barrier can be inferred from the discontinuity in the electron temperature gradient at R ≈

3.25 m. Such a discontinuity indicates a local change in the thermal diffusivity, which is

reduced in the enhanced temperature gradient region. An example of a ‘narrow’ ITB, obtained

during a low main heating phase following an Ohmic preheat, is illustrated by figure 7(ii).

Here, the reduction in the thermal transport near the plasma centre is seen as a spontaneous

increase in the ion temperature gradient in the region R < 3.2 m. The plasma heating profile

is practically the same at the two times illustrated. ITBs obtained during high power heating

in these experiments are illustrated by figure 7(iii–v). The heating profile is again essentially

unchanged in the cases shown, except that the total heating power was about 16% higher for

curve (v). The target q-profiles are: monotonic for case (iii) (i.e. ‘Ohmic preheat’ in figure 2);

‘weakly’ negative magnetic shear for case (iv) (i.e. ‘LHCD prelude’ in figure 2); and ‘strongly’

negative magnetic shear for case (v) (i.e. figure 3(d)). The first curve for case (iv) has no obvious

transport barrier and serves as a reference. The ion temperature gradient outside R ≈ 3.6 m is

similar in all cases shown, indicating that the thermal transport is unaffected in this region. All

three plasmas exhibit an increase in the ion temperature gradient, with respect to the reference

case, indicating a relative reduction in the local thermal transport.

The ‘wide’ ITBs generated during this investigation were obtained near the location of

the q = 2 surface. The term ‘wide’ is used to describe ITBs characterized by a steep gradient

that extends into the plasma region r/a > 0.5. Although the electron temperature gradient is

typically localized in the outer part of the plasma, the ion temperature gradient sometimes

extends into the plasma core, as illustrated by figure 7(iv), which has ‘weakly’ negative

magnetic shear. The equivalent example with a monotonic q-profile (figure 7(iii)) exhibits

the same increased gradient around R = 3.5 m compared with the reference profile, but the

enhancement does not extend as far into the plasma centre. This contributes to the difference

in the peak fusion yield observed in figure 1. However, there is no evidence of a significant

pressure gradient within the very high q region at the core of LHCD prelude cases with

optimized plasma initiation, as illustrated by the example in figure 7(v). The appearance of

these ‘wide’ ITBs was delayed in the case of the LHCD prelude due to the absence of any q = 2

magnetic surface at the start of the main heating pulse. The resulting delayed improvement in

fusion yield is seen in the LHCD prelude example shown in figure 1. The delay in the formation

of this ITB increased with additional heating power due to the slowing of the current profile

evolution illustrated in figure 6. This suggests that, despite the variations in current penetration

dependence on applied power, the q-profiles were similar at the moment of ITB formation.

This, together with the relatively slow current profile evolution in the cases with an Ohmic

preheat, provided reproducible q-profile shapes for the assessment of heating variations.

The identification of this ‘wide’ ITB has been made from a criterion based on the ratio

of the inverse temperature gradient scale length to the ion Larmor radius at the sound speed

(ρ∗
T ≡ ρs/LT), where a value of ρ∗

T > 0.014 corresponds to a clear ITB [42]. Figure 8 shows

the peak value of ρ∗
T, applied to the electron temperature profile in the region of the ‘wide’

transport barrier, as a function of coupled additional heating power. ITBs become evident

when the power level exceeds about 9 MW, depending on the q-profile shape and heating

arrangements. It was seen in figure 2 that a major difference between the Ohmic and LHCD

prelude cases is that the magnetic shear at the location of the ‘wide’ ITB was much lower, or

negative, in the cases where LHCD was used.

The plasmas with an LHCD prelude tend to provide a ‘stronger’ electron ITB (i.e. larger

value of ρ∗
Te) than the Ohmic preheat cases. This observation could be attributed to the reduction

in magnetic shear at the location of the q = 2 surface, which is expected to be favourable for ITB

formation, although it is interesting to note that ITBs are observed on the electron temperature

profile in JET in regions of positive or negative magnetic shear. The q-profile scan at high
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Figure 8. Maximum value of ρ∗
Te (=ρs/LTe) versus coupled power for various q-profile and heating

scenarios at B = 2.6 T. Analysis is restricted to barriers at wide plasma radius. An ITB is deemed

clear if ρ∗
Te > 1.4 × 10−2. Annotations (a) to (d) refer to the pulses illustrated in figure 3.

power also shows the generation of ‘steeper’ electron temperature gradient in the cases with an

LHCD prelude (points (b), (c) and (d) in figure 8), when compared to the Ohmic preheat plasma

(point (a)). However, in the LHCD prelude cases there is no correlation between the value of

ρ∗
Te and the value of the magnetic shear in the plasma core. This is not entirely surprising since

the peak value of ρ∗
Te for the ‘wide’ ITB occurs outside the region where ‘highly’ negative

magnetic shear is obtained. It also suggests that the achievement of ITBs that are both ‘wide’

and ‘strong’ is favoured by the presence of an off-axis minimum in the q-profile, while it may

not be sensitive to the value of central q.

Figure 8 also shows that plasmas heated predominantly with NBI generate ITBs much

more effectively than plasmas with a larger fraction of ICRH. The poorer performance with

the increased fraction of ICRH, in terms of the local electron temperature gradient achieved

at a given power level, cannot be unambiguously explained due to the simultaneous variation

of several parameters. Most of the power from the ICRH is delivered to the plasma electrons

through a highly energetic ion tail generated from the thermal plasma ion velocity distribution.

This is characteristically similar to the main heating mechanism in a fusion power plant,

where fusion produced α-particles will principally heat the plasma electrons without providing

fuelling or applying torque. A change in the ratio of the ion to electron temperature can affect

the growth rate of the drift wave instabilities believed to be responsible for turbulent transport.

Modelling of DIII-D plasmas with negative central magnetic shear has been reported where

NBI generated fast ion dilution of the thermal ions and elevated ion temperature with respect to

the electrons were calculated to be strongly stabilizing in the plasma core [43]. This effect may

play a role in the variation of ITB accessibility when comparing NBI and ICRH experiments

on JET. In these experiments, the ratio of the ion to electron temperature varied by as much as

a factor of 2. The use of combined NBI and ICRH, however, provides the possibility that the

effects of the toroidal and poloidal rotation might be tending to cancel with high fractions of
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ICRH, since the associated radial electric fields are of opposite sign when co-injected NBI is

used. Indeed, calculations of the E ×B shearing rate generated show that the toroidal rotation

term dominates in this scenario when mainly high power NBI heating is used [44]. This is

qualitatively consistent with the observations on TFTR that turbulence suppression associated

with an ITB was momentarily lost when making the transition from balanced NBI heating

to dominantly co-injection. This was attributed to the temporary reduction in the magnitude

of the radial electric field, and hence shearing rate, as it changed sign during the increase in

toroidal rotation [15]. Experiments have also been reported on DIII-D where wider ITBs were

obtained using counter-injected NBI compared with co-injection [16], and on JT-60U where

both the level of reduced transport and the radial extent of ITBs was changed by varying the

NBI momentum input using co-, counter- and balanced-injection [17]. The relative inefficiency

of the ‘high ICRH’ experiments presented here to form ITBs capable of enhancing the global

plasma performance indicates that this scenario requires further study, especially with pure

ICRH where the radial electric field cancellation can be discounted. Such investigations are

necessary to establish a basis for extrapolation to power plant regimes. The comparison of

pulses with the same ratio of NBI and ICRH, but varying the applied torque through the NBI

geometry, was inconclusive, perhaps due to the relatively small variation in torque that could

be achieved with the JET NBI geometry.

Figure 9 shows the peak value of ρ∗
T evaluated for the ion temperature profile in the same

plasma region as for the data presented in figure 8 for the electron temperature profile. The

pulses with a high fraction of ICRH during the main heating, as indicated on figure 5, have

been omitted from this figure because the relative reduction in the ion to electron heating ratio

makes it difficult to draw conclusions directly from the data. It should also be noted that

the charge-exchange recombination spectroscopy measurements are made on a sparse radial

grid (�R ≈ 10 cm) so that local enhancements in the ion temperature gradient with a radial
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extent comparable or less than the measurement separation cannot be fully resolved. Results

for cases with an Ohmic preheat are consistent with the previous JET scaling of 5BT which

would give a power requirement of about 13 MW for ITBs in this case. Clear ion ITBs are

observed at lower power levels following an LHCD prelude. The disparity in the resolution

of the ion and electron temperature measurements makes it difficult to determine whether any

slight differences in the power level required to obtain clear ITBs on the two profiles are due

to different conditions for barrier formation in the ion and electron energy transport channels.

‘Strong’ ITBs are again seen in the negative magnetic shear cases with the application of high

power heating in the q-profile scan. The lack of systematic correlation between the value of the

negative magnetic shear in the plasma core and the ITB gradient supports the conclusion that

the presence of an off-axis minimum in the q-profile is the critical component for optimizing

‘wide’ ITB generation.

The effect of these ‘wide’ ITBs on the global plasma performance is illustrated in figure 10,

which shows the peak thermal plasma stored energy as a function of coupled additional heating

power. The thermal stored energy has been evaluated by integrating the measured plasma

density (using LIDAR Thomson scattering and far-infrared interferometry) and temperature

profiles (using LIDAR Thomson scattering and charge-exchange recombination spectroscopy)

over the plasma volume. Up to 6 MW of coupled heating power the plasma exhibits an

L-mode edge (i.e. no large pedestal exists in the plasma periphery). At higher power edge

localized modes (ELMs) are observed as frequent (50–100 Hz), small amplitude bursts in the

Dα emission outside the plasma. Conventional ELMy H-modes exhibit improved confinement

compared with L-mode plasmas, largely due to a reduction in transport localized at the plasma

edge. To investigate the relative effects of the plasma core and edge confinement in this series

of experiment, the magnitude of the thermal pressure pedestal has also been determined in
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the plasma periphery. The electron temperature was determined from ECE measurements at

a plasma radius of 3.78 m in the plasma equatorial plane (within 10 cm of the last closed flux

surface) and the plasma density was measured using the far-infrared interferometer, which has

a vertical measuring chord at 3.75 m. The ion temperature is assumed equal to the electron

temperature, typically a good assumption outside the ITB radius. The effective pedestal energy

is calculated by integrating the pedestal pressure over the entire plasma volume.

Figure 10 shows the effective pedestal energy as a function of heating power. The pedestal

energy rise is roughly linear with heating power over the whole range of pulses, regardless

of the presence or absence of ELMs. The absence of an abrupt transition from L-mode to

H-mode confinement in this power range indicates that the achievement of confinement levels

higher than expected by the ITER Physics Basis IPB98(y, 2) ELMy H-mode scaling [45] at

high power is largely attributable to the presence of an ITB rather than a large H-mode edge

pressure pedestal.

In the pulses with up to 6 MW of coupled heating power, the overall confinement is about

half of the value expected from the ELMy H-mode scaling. This data includes some ‘narrow’

ITBs generated at low power levels (e.g. figure 7(ii)) and confirms the previous assertion that

they do not significantly improve the global plasma performance. In the region 8–13 MW,

where the ‘wide’ ITBs illustrated in figures 8 and 9 become evident, the global confinement

time approaches the value given by the scaling. The exception being cases with a higher

fraction of ICRH, which did not generate plasma performance equivalent to the NBI cases

in these particular pulses. Above 15 MW the confinement is comparable to or better than

expected from the ELMy H-mode scaling due to the reduced transport at the ITB.

Plasmas with negative magnetic shear and coupled heating power in the range 15–16 MW

can exhibit extremely high confinement improvement. In this regime, the pressure gradient

continues to improve after the ITB is triggered to provide transient high plasma performance

which can eventually destabilize MHD modes if the heating power level is not rapidly reduced.

In these cases large ELMs develop which destroy the ITB. The global confinement in this case

far exceeds the ELMy H-mode scaling. It is noteworthy that the power levels required to

achieve ITBs capable of providing very high plasma performance is somewhat larger than the

values at which an increase in the global confinement is first evident. At even lower power

levels ITBs can be identified that hardly enhance the overall plasma performance at all. This

leads to the conclusion that, although the power required to form ITBs in JET varies over more

than an order of magnitude depending on the shape of the q-profile and the location of the ITB,

a practical power requirement does exist for the class of ‘wide’ ITBs capable of delivering high

plasma performance. This power requirement is lowest in plasmas with an off-axis minimum

in q, but is less sensitive to variation in values of q and magnetic shear near the plasma centre.

4. High fusion performance ITB plasmas

Previous JET high fusion performance ITB experiments have exploited the regime where

a monotonic q-profile, or very ‘weakly’ negative core magnetic shear, was generated with

central q slightly below 2 using Ohmic or low power on-axis ICRH preheating during the

initial current ramp-up phase. This led to the production of 8 MW of fusion power in plasmas

using deuterium and tritium fuel [46]. In this scenario, the level of additional heating power

required to generate a localized transport reduction in JET increased with toroidal magnetic

field strength. An additional increase in heating power was required to produce a region in the

plasma interior of sufficiently low energy and particle transport that a substantial enhancement

in the fusion yield was achieved. The power required to obtain high fusion yield in this way

also increased with magnetic field strength and was typically about 30% higher than the lowest
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power level at which an ITB could be identified [47]. A graph showing the fusion yield achieved

in a large number of JET deuterium plasmas in this regime at two values of magnetic field

strength (2.55 and 3.45 T) is shown in figure 11, where it is plotted against the peak additional

heating power used. Simulations of typical plasmas using the TRANSP code suggest that the

underlying trend for neutron yield to increase with power up to the level of about 1.5×1016 s−1

can be largely attributed to reactions between the NBI produced fast ions and the background

plasma. Enhancements in the fusion yield above this baseline trend are mainly attributable to

the increased thermal neutron yield provided by the high core ion pressure inside a ‘strong’

ITB enclosing a significant plasma volume. The thermal fusion yield is calculated to exceed

the beam-target component in the highest performance examples. It can be seen that the

performance of the best pulses at B = 2.55 T with additional heating in the range 14–20 MW

easily exceeds the cases at B = 3.45 T with the same heating power, despite having a lower

plasma current, indicating the improved ITB access. The highest fusion yield was still achieved

at high magnetic field and plasma current due to the improved MHD stability and confinement.

Figure 11 shows, however, that the application of a high heating power level was required to

access the high fusion performance domain at high magnetic field in this regime.

The achievement of high fusion performance has been reported for JET plasmas with

‘highly’ negative central magnetic shear at B = 3.45 T [48, 49]. The time evolution of

such a pulse is illustrated in figure 12. In this scenario, LHCD was applied soon after the

plasma initiation until the main heating pulse at a typical power level of 2–3 MW. As with

the B = 2.6 T experiments described in the previous section, it was necessary to optimize

the plasma initiation in order to achieve ‘highly’ negative core magnetic shear [39]. This

optimization is firstly necessary to avoid a very fast initial current rise which can lead to MHD

instabilities (e.g. external kink modes) associated with the presence of a substantial current

density in the plasma periphery as q reaches low order rational values near the plasma edge.
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Plasma performance in JET 1047

3 4 5 6 7
0

1

2

0

5

10

0

2

4

0

5

10

15

Time (s)

Power (MW)

LHCD

NBI

ICRH

Neutron yield (x1016 s-1)

Wdiamagnetic (MJ)

HIPB98(y,2)

βN

Pulse No: 51976 IP up to 2.5MA / B= 3.45T

J
G

0
1
.4

2
3
-1

2
c

Figure 12. Time evolution of a pulse with high fusion performance following an LHCD prelude

showing: the additional heating power; neutron yield; plasma stored energy (Wdiamagnetic); βN

(=βtoroidalBa/Ip in % Tm MA−1); and confinement enhancement with respect to the IPB98(y, 2)

scaling (HIPB98(y, 2)).

However, it has been found that a significant fraction of the current can penetrate to the plasma

centre if the current ramp is too slow. This may be due to a delay in generating a sufficiently hot

plasma to prevent current diffusion into the core region. With the plasma initiation optimized

in this way, and the subsequent application of low power LHCD, it is possible to generate a

region of extremely large negative magnetic shear near the plasma centre. Figure 13 shows

the q-profile generated at the end of the LHCD phase for the plasma presented in figure 12. In

this class of discharge the current density at the plasma centre is close to zero [50].

As with the B = 2.6 T LHCD prelude case shown in figure 1, the formation of an ITB

at wide radius is delayed with respect to the start of the main heating pulse, and is thought

to correspond to the time when the minimum value of q reaches an integer value [41, 49].

Correlation between ITB development and the appearance of particular integer-q surfaces in

the plasma has been observed in other devices [51, 52]. A core ITB is visible on the electron

temperature profile during the LHCD prelude phase, which persists during the early part of

the main heating phase. Following the trigger event at t ≈ 5.9 s very steep gradients develop

on the profiles of the ion and electron temperature, density and toroidal rotation. The plasma

profiles before and after this event are illustrated in figure 14.

The plasma illustrated in figure 12 achieved high transient confinement compared with

the IPB98(y, 2) scaling (up to HIPB98(y, 2) ≈ 1.9) due to the steep pressure gradient at the

ITB and the relatively large volume enclosed within it. Such values are in the range required

for currently envisaged ‘advanced tokamak’ scenarios for a fusion power plant. In fact, the

local transport at the barrier may be too low in plasmas of this type. The tendency towards

neoclassical particle confinement is expected to lead to the accumulation of high Z impurities

and helium ash in reactor conditions. Evidence already exists that the plasma impurity density

increases in the core of this class of ITB plasma [53].
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The operation at relatively low plasma current (up to 2.5 MA) and the generation of a

‘wide’ ITB with very low transport resulted in the achievement of the highest values of βN in

JET at B = 3.45 T (βN up to 2.4) since the introduction of the pumped divertor in 1992/3.

This corresponds to q95 ≈ 5, which is of the order considered appropriate for ‘advanced

tokamak’ regimes, but the values of βN still need to be further increased to fully investigate

the desirable domain for a reactor. The high performance phase of the pulse illustrated in

figure 12 ended with a large ELM, followed by a disruption. The observation that very peaked

pressure profiles can limit the achievable values of βN through MHD instabilities and that

broadening these profiles can lead to an increase in plasma performance has previously been

reported on DIII-D [54], JET [55] and JT-60U [56]. In previous JET high performance ITB

plasmas without an LHCD prelude, the achieved βN increased as the ratio of peak to average

ion pressure (pi(0)/〈pi〉) was reduced [57]. A reduction of this parameter is obtained if the

radius of the ITB can be increased. Figure 15 shows the ion pressure profile peaking factor

plotted against βN for selected ITB plasmas at B = 3.45 T for which the high performance

phase was terminated with a disruption. The pulses shown without an LHCD prelude, as

well as the LHCD case with highly peaked pressure, were subject to a global pressure driven

n = 1 kink mode instability. The high βN examples are of the type shown in figure 12. MHD

stability analysis indicates that these are also near to the stability limit and that, even if the large

ELM could be avoided, a significant increase in βN would probably also require the pressure

profile to be further broadened. Previous attempts to generate ‘wide’ ITBs that are capable

of reaching high βN in roughly steady conditions have been successful without the use of an

LHCD prelude, but so far only at lower magnetic field [58].

High performance ITBs in JET are observed at the same radial location on the ion and

electron temperature profiles as well as those of the electron density and toroidal rotation.

This conclusion is difficult to draw directly from the profile measurements at a particular time,
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density was evaluated using the LIDAR system. The error bars indicate uncertainty in the absolute

magnitude of each measurement and the radial smoothing.

as illustrated in figure 14, due to the sparse radial measurements of the ion temperature and

toroidal plasma velocity, both measured using charge-exchange recombination spectroscopy,

and the limited spatial resolution and temporal frequency of the LIDAR Thomson scattering

system. It is possible, however, to determine the location of the discontinuity in the gradient

of a plasma profile associated with a transport barrier if the ITB expands such that the

outer edge of the barrier region crosses a diagnostic measuring location. This results in an

equivalent discontinuity in the time derivative of the local plasma parameters, which locates

the ‘foot-point’ of the steep gradient region at the ITB uniquely at a point in space and time.

This method has been applied to data from the heterodyne radiometer and charge-exchange

recombination spectrometer, but the resolution and frequency of measurements from the

LIDAR instrument is insufficient for this to be used in the analysis of the density profile.

Instead, data from the far-infrared interferometer is used which has eight chords passing

through the plasma at different locations. The time evolution of measurements from each

of these diagnostics, as well as a collimated neutron camera, is shown in figure 16 for a high

performance ITB generated without an LHCD prelude. The expansion of the ITB is evident

on the electron temperature where an abrupt rise is seen successively in the data from a series
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Figure 16. Time evolution of the electron temperature at various locations and of other plasma

parameters at an effective radius R ≈ 3.48 m for a high performance ITB with no LHCD prelude.

The neutron and line averaged density measurements were made using instrument chords with a

tangency point equivalent to R ≈ 3.48 m on the equatorial plane of the plasma. The expansion

of the ITB ‘foot-point’ is indicated by the abrupt rise in Te sequentially at increasing radii. The

abrupt rise in all parameters at t ≈ 6.25 s and R ≈ 3.48 m indicates the coincidence of the ITB

‘foot-point’ on the corresponding transport channels.
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of locations with increasing plasma radius. Data are also shown for each diagnostic at the

same effective plasma radius of R ≈ 3.48 m (all data mapped to the outboard equatorial plane

of the plasma). The ITB is evident at this radius on all profiles at t ≈ 6.25 s, signifying

that the ‘foot-points’ of the barriers are coincident in space (within a few centimetres, which

corresponds to the resolution of this technique) at this time.

The same technique has been applied to the plasma shown in figure 12, which has an

LHCD prelude and ‘highly’ negative core magnetic shear. In this case, the ITB location has

been identified at various times using different measurement channels for each instrument.

The results are shown in figure 17 where it can be seen that the barrier appears simultaneously

on all channels, within the resolution of the measurements, and expands coincidentally on all

profiles. The coincidence of measurement at various radii at the moment of ITB formation

does not imply a very rapid expansion, but rather the appearance of an ITB at the outer edge

of that region which results in a sudden increase in plasma parameters everywhere within it.

The observation that the location of discontinuities in the radial gradient of the various plasma

parameter profiles are correlated can only be made in the case of ‘strong’, expanding barriers.

It does not necessarily imply that the observation is general to all types of ITB observed in

JET. However, it is interesting to note this similarity in the characteristics of ‘strong’ ITBs at

large plasma radius with and without ‘highly’ negative core magnetic shear.

From figure 11 it can be seen that heating power in the range �20 MW was required

to generate transport barriers capable of producing high fusion performance at B ≈ 3.45 T

without an LHCD prelude. Figure 18 shows the peak neutron yield achieved as a function of the

peak applied heating power compared for plasmas at B ≈ 3.45 T with and without an LHCD

prelude phase. LHCD power was applied during the main heating phase in some discharges,

but the relatively low power levels and off-axis deposition resulted in little direct effect on

the electron temperature in the plasma core. Thus the NBI fast-ion slowing-down collisions,
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already dominantly with plasma ions, and the consequent beam-target fusion yield, are not

thought to have been significantly affected. With the LHCD prelude, high fusion yield was

obtained at lower heating power levels (≈16 MW), consistent with the observation of a reduced

power requirement to achieve an improved ion temperature gradient in the lower magnetic

field experiments described in section 2. This observation confirms that the LHCD prelude is

effective to modify the q-profile in such a way as to reduce the heating power requirement for

access to ITB regimes that can deliver a substantial plasma performance improvement.

5. Conclusions

The influence of the q-profile shape on plasma performance has been explored on the JET

tokamak for regimes that produce ITBs. The q-profile was varied using LHCD during the

initial current ramp-up phase of the plasma discharge. Experiments have been performed at

magnetic fields of B ≈ 2.6 and 3.45 T using combined NBI and ICRH over a wide power

range to investigate the behaviour and fusion performance capability of the ITBs produced.

The investigations varying the q-profile shape and heating system parameters at B ≈ 2.6 T

show that ITBs can be generated in a wide variety of conditions. They can appear at various

plasma radii, on various plasma parameter profiles, at various power levels and with various

plasma heating systems and q-profile shapes. It is consequently very unlikely that a universal

power threshold can be specified for the formation of ITBs based on global plasma parameters

such as those used to describe the conditions for the L-mode to H-mode transition [45].

However, only ITBs at large plasma radius contribute significantly to the enhancement of

global plasma performance indicators such as fusion yield and stored energy. In this case,

some systematic trends can be seen in the conditions for ITB generation. In general, barrier
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formation is favoured by q-profiles with a core region of negative magnetic shear and NBI

dominated heating. The sensitivity to these parameters is consistent with theories that such

transport reductions are due to the suppression of plasma turbulence by a combination of

magnetic shear and plasma flow shear. In the case of NBI dominated plasma heating, the

effect of raising the heating power tends to be to increase both the shear in the plasma flow

and the plasma Shafranov shift. The latter is also predicted to be stabilizing for drift wave

instabilities, by reduction of the growth rate, and both mechanisms may play a role in the

process of turbulence suppression and ITB formation, as suggested by the analysis of TFTR

experiments [59]. Additionally, although the purpose of the experiments presented here was

to vary the toroidal and poloidal plasma flow directly through the application of additional

heating, the possibility cannot be ruled out that self-generated zonal flows were influenced by

the heating effects and played some role in determining the local transport.

Heating power above about 10 MW is required to access this class of large radius ITB at

B ≈ 2.6 T in JET. It is possible to generate transport barriers with extremely large pressure

gradients if the power level is raised significantly above the level at which the local confinement

improvement is first observed. Although only a small number of pulses have been performed

with a large fraction of ICRH, it is significant that the performance of the ITBs in these plasmas

was inferior to cases with dominant NBI heating. ICRH on present devices is characteristically

similar to the main heating mechanism in a fusion power plant, where fusion produced α-

particles will principally heat the plasma electrons without providing fuelling or applying

torque. Consequently, further investigation of these differences is a critical issue if a basis is

to be established for extrapolation to reactor scenarios.

At B ≈ 3.45 T a similar picture is seen where high fusion yield plasmas have been

obtained at �16 MW in cases where an LHCD prelude has been used to generate negative

magnetic shear near the plasma centre, while �20 MW is required in the cases with low

central magnetic shear. The generation of plasmas with ‘wide’ ITBs giving good confinement

at modest current in the negative magnetic shear regime has allowed an extension of the

accessible βN at high magnetic field. This regime has the potential for exploitation in JET

for high fusion performance and work has already begun to develop steady ITB scenarios

following the LHCD prelude [60, 61]. Issues such as impurity accumulation and α-particle

confinement in regions of very low poloidal magnetic field have still to be addressed, and

such considerations may eventually rule out plasmas with ‘highly’ negative magnetic shear as

candidates for steady-state application in an ‘advanced tokamak’. Nevertheless, they may have

a role to play in transiently lowering the access power for ITBs if the conditions for barrier

generation are challenging in a power plant.
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Abstract

We present the results of recent experiments related to real-time control of

internal transport barriers (ITBs) in JET. Using a simple criterion to characterize

the ITB existence, location and strength, we have successfully controlled

for the first time the radial electron temperature profile within the ITB. The

dimensionless variable used in the real-time algorithm—ratio of the ion gyro-

radius to the local gradient scale length of the electron temperature—is a

measure of the normalized electron temperature gradient and characterizes

satisfactorily the main ITB features with a relatively low computational cost.

We show several examples of control of this variable in various experimental

conditions of toroidal field and plasma current, using different heating systems

as control actuators. We also present a double-loop feedback scheme where

both the global neutron rate from D–D reactions and the ITB strength are

controlled simultaneously. In this case the ITB is sustained in a fully non-

inductive current drive regime during several seconds. With the proposed

control method, disruptions are avoided by holding the plasma performance

at a prescribed target and this opens the route towards stationary operation of

tokamak plasmas with ITBs. Initial results suggest that the additional control

of the current profile is an important issue for achieving steady-state operation,

in particular in the triggering and the sustainment of the ITB.

* This paper is an extended version of a contribution to the 28th EPS Conf. on Controlled Fusion and Plasma Physics

held at Funchal, Madeira, Portugal, June 2001.
5 See the appendix of J Paméla et al Proc. 18th Int. Conf. on Fusion Energy (Sorrento, 2000) (Vienna: IAEA).
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1. Introduction

In a large number of tokamaks (DIII-D [1], JT-60U [2], TFTR [3], Tore Supra [4], ASDEX

[5], JET [6], FTU [7]), experiments have demonstrated the existence of high-performance

regimes in which a so-called internal transport barrier (ITB) appears. An ITB is defined

as a plasma region where anomalous transport is strongly reduced, i.e. where the ion and

electron thermal diffusivities may approach neoclassical values. A promising concept for a

steady-state tokamak reactor that relies on a high fraction of bootstrap current and improved

plasma confinement thus arises if one can control the emergence of ITBs and their space–time

evolution. These regimes can be achieved at reduced plasma current with the combination of

an H-mode edge transport barrier with an internal one. A common method to produce ITBs at

JET is to apply lower hybrid heating and current drive (LHCD) during the low-density plasma

current ramp-up phase, prior to the main heating pulse [8]. By this method, often referred to

as LHCD preheating, the q-profile in the plasma core is reversed at the time of application of

the main heating power, which for JET can be provided either by neutral beam injection (NBI)

or ion cyclotron resonance heating (ICRH). In recent experiments [8, 9], it was shown that the

required NBI/ICRH power to trigger an ITB is indeed reduced when LHCD preheat is applied.

Another interesting advantage of LHCD is its ability to maintain the preformed q-profile almost

stationary during the main heating phase. The effect is to slow down, and possibly stop, the

current profile peaking [10] and thus avoid some instabilities or disruptive events related to the

emergence of rational-q flux surfaces for instance. Transport barriers have been observed both

on the electron and ion heat transport. Even if the formation mechanism of ITBs is not entirely

identified, significant progress has been made in its understanding. The transport reduction

observed in a number of devices has been associated with localized turbulence suppression,

which is related with both the plasma magnetic shear and flow shearing rate [11, 12]. The

strong correlation between the triggering of an ITB and the appearance of integer-q magnetic

surfaces at particular locations has also been recently shown [13].

The objective of the experiments which are described here was to investigate practical

means of triggering and sustaining ITBs in a controlled and reproducible way, in order to take

full advantage of the resulting confinement improvement. Our goal was first to form the ITB at

a suitable time, despite some unavoidable variations in the plasma initiation and early evolution

of the discharges, and then to tune the applied heating power so as to maintain the transport

barrier and the plasma in a stable state during long periods of time. One difficulty for achieving

such a goal was to find a general objective way to quantify satisfactorily the ITB behaviour.

For that purpose, a local criterion characterizing the presence, location and strength of ITBs in

JET has been developed, which is based on a normalized measure of the temperature gradients

and which can be calculated from the direct measurements of the ion and electron temperature

profiles [14]. We have then implemented the computation of the relevant parameters in real

time, in order to detect the emergence of the ITBs and calculate some of their characteristics

such as their strength and radial position. Active feedback control through the heating powers

using these real-time signals then allowed one to sustain transport barriers while avoiding a

dangerous evolution of the plasma towards an unstable high-β state where strong MHD events

can lead to the loss of the high confinement or even to the discharge termination.

In JET, several experiments have been made over recent years to control the diamagnetic

energy and the neutron rate in real time [15]. An overview can be found in [16]. Lately, attempts

have been made for triggering the emergence and loss of ITBs in JT-60U through the balance of

co-current versus counter-current NBI [17]. These experiments were made to characterize the

open-loop plasma response to a change in the momentum injection and to display the effect

of plasma toroidal rotation on the E × B shear stabilization of microturbulence. The new
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investigations reported in this paper are, for the first time, truly dedicated to the development

and demonstration of closed-loop plasma control in high-performance, long-pulse operation

scenarios with ITBs.

Section 2 of this paper briefly describes the local ITB criterion underlying the control

scheme together with its physics basis. The different real-time signals available at JET are

presented in section 2.1 together with some technical details about the real-time control system.

Numerical transport simulations which were performed in order to investigate the potential

of various feedback algorithms prior to the realization of the experiments are presented in

section 2.2. The results of experiments performed with different feedback loop configurations

are finally presented in section 3, before some concluding remarks.

2. Proposed schemes for ITB control in advanced operation scenarios

2.1. Real-time characterization of the ITB dynamics

When an ITB appears in a tokamak discharge, the ‘foot’ of the ITB—i.e. the radial location

where the gradient of the temperature increases abruptly—and its emergence time are generally

determined in a rather subjective manner by spotting a visible ‘break’ on the slope of the

electron or ion temperature profiles. A more precise determination of the ITB characteristics

can sometimes be made from a proper heat diffusivity analysis by using complex interpretative

transport codes, but this is a long process which cannot be used for real-time control purposes.

In order to define some relevant schemes for the real-time control of the ITB dynamics, a simple

local criterion characterizing the emergence and space–time evolution of the ITBs has been

proposed [14]. It was shown on a large JET database that a dimensionless local parameter,

ρ∗

T = ρs/LT , which is an important parameter in drift wave turbulence stabilization and

anomalous transport theory, can be used to characterize at a low computational cost the main

ITB features such as their emergence time and radial location, as well as their space–time

dynamics. The ion Larmor radius at the sound speed, ρs = cs/ωci, where cs is the ion sound

speed and ωci the ion cyclotron pulsation, is indeed a fundamental characteristic length arising

from the dispersion relations of microinstabilities. Since these instabilities are driven by

plasma gradients, the drift wave scale length ρs must obviously be compared with the local

temperature gradient scale length, e.g. LT i = −Ti/(∂Ti/∂R) or LT e = −Te/(∂Te/∂R), where

Ti and Te are respectively the ion and electron temperature and R is the plasma major radius

on the equatorial plane. The proposed criterion then allows one to detect the presence of an

ITB at a given major radius, R, and at time t , with a large degree of confidence when ρ∗

T (R, t)

exceeds a threshold value, i.e.

ρ∗

T (R, t) > ρ∗

ITB (1)

This criterion was quantified empirically from an extensive experimental database, yielding

ρ∗

ITB ≈ 1.4 × 10−2 as a good estimate of a critical ρ∗

T value in JET, for a surprisingly large

range of discharge parameters such as toroidal magnetic fields and plasma currents [14]. The

underlying theoretical grounds leading to the possible relevance of ρ∗

T as a local indicator of an

improved confinement bifurcated state emerge from the breaking of the gyro-Bohm turbulence

scaling by the E ×B shear stabilization effects, which has been observed in various numerical

simulations [18]. A criterion of the form shown in equation (1) could thus be interpreted

through dimensional analysis arguments as being possibly related to the E × B shear rate

exceeding the maximum linear growth rate of the unstable modes [14].

During the 2001 experimental campaign in JET, we controlled in real time the electron

transport barrier using the maximum value of the parameter ρ∗

T e across the plasma as the
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controlled output variable. The temperature measurements from which this variable was

calculated were made with a heterodyne radiometer using the electron cyclotron emission

(ECE) from the plasma. The real-time system is based on a VME crate using a 350 MHz

Motorola PowerPC CPU and two analog-digital/digital-analog converters. Its purpose is to

acquire at 1 kHz sample frequency all the 48 analog channels of the high space resolution ECE

heterodyne radiometer.

At this stage we need to say some words about the use of the JET ECE diagnostic for real-

time temperature measurements, because the absolute calibration of the radiometer output data

is not performed during pulses. Only raw data can therefore be collected and the calibration

coefficients are determined by comparison with an ECE Michelson interferometer, a few

seconds after the end of each pulse, and automatically written in a dedicated file. As these

coefficients are mainly sensitive to the toroidal field and the plasma current, they can be read

from previous records corresponding to similar pulses, and used for an approximate real-time

calibration of the raw data signals for our control applications. During the initialization phase

of a pulse, i.e. before forming the plasma, calibration factors are read from a reference discharge

having the same toroidal field and plasma current as the coming one. When the plasma starts,

raw data are thus immediately calibrated. The system then calculates sequentially the relevant

ITB parameters which are used for the control, i.e. the maximum value of ρ∗

T e and the radii

where criterion (1) is satisfied, characterizing respectively the strength and location of the

ITB, and the core and volume-averaged electron temperatures. The width of the ITB will

be defined as the radial extension of the region where the criterion is valid. These outputs

are sent at a frequency of 100 Hz to the JET real-time central controller which receives and

sends information to the different heating systems. Due to the excellent resolution of the

ECE heterodyne radiometer (0.5 ms/2 cm) and its good accuracy, the ITB onset time can be

determined within ±10 ms and the ITB location within 6 cm.

We have used this criterion in a large variety of experimental conditions, including various

toroidal magnetic fields and ITB regimes with strong ELM activity, and we have optimized our

algorithm so that it can cope with some faulty ECE channels [19]. The different ITB signals

available in real time are presented in figure 1 (right) for a discharge exhibiting an ITB in the

outer part of the plasma (BT = 2.6 T; Ip = 2.2 MA, PNBI = 10 MW, PICRH = 5 MW). One

can see in this example that, despite the fact that the electron temperature profile is severely

perturbed by non-thermal emission at the plasma edge and that some data may be corrupted by

calibration errors (figure 1, left), the location of the ITB at 3.55 m is correctly determined by

the real-time algorithm. The time evolution of the other real-time signals is in good agreement

with the more accurate off-line analysis.

2.2. Modelling of feedback control algorithms

Once a quantitative characterization of the ITB dynamics had been made and extensively

validated from a large number of open-loop experiments, it became possible to perform a new

set of experiments whose objective was to trigger ITBs and control their evolution so that they

are more stable and can last for longer periods of time. As mentioned in section 1, in order to

maintain an ITB in steady state, one must provide the right amount of power, torque, fuelling

and/or non-inductive current drive so as to reduce the plasma turbulence, while avoiding

undesirable MHD instabilities such as those related to pressure peaking. The triggering of

ITBs has been observed to occur over a threshold power [8, 9], and their strength obviously

rises with increasing heating. In particular, the normalized temperature gradient, ρ∗

T e, has been

shown to range from 1.4 × 10−2 at the ITB threshold power (roughly 10 MW) up to 5 × 10−2

with strong power injection (typically 20 MW) [8, 20]. The aim of the different experiments
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Figure 1. (Left) Electron temperature profile deduced from ECE radiometer data at 7.4 s showing

an outer ITB (pulse #51599) and the effect of ELM activity at the edge and of two faulty ECE

channels. (Right) Time evolution of the real-time signals for the same pulse, namely ρ∗

T e, the radial

ITB position and width, and the central and average electron temperatures.

described below was therefore to assess various schemes using ICRH or NBI power to trigger

and control the ITB, either with or without LHCD during the main heating phase.

In order to prepare the experiments, numerical simulations have been done to define and

optimize the feedback control algorithms. Earlier studies for controlling ITBs through the

q-profile have already been performed with numerical codes. They have shown the possibility

of using current profile control to maintain the plasma in a quasi-steady bifurcated state despite

strong non-linear couplings [21]. Our ultimate goal is here more experiment-oriented since

it consists of implementing real-time feedback schemes capable of constraining certain ITB-

related quantities and thus improving the steadiness and performance of advanced operation

scenarios. Plasma transport modelling including real-time feedback algorithms to tailor the

various heating power waveforms has been performed using the ASTRA code [22] with the

following two quantities as input signals for the feedback loops: (i) the maximum value of ρ∗

T e

and (ii) the neutron rate RNT [20]. The actuators which were available and considered suitable

for controlling simultaneously these two variables are the ICRH and NBI powers.

The following simple proportional-plus-integral (PI) feedback control laws have been

implemented in the simulations for both the ρ∗

T e and RNT loops:

P(t) [MW] = P(t0) + GP�X(t) + GI

∫ t

t0

�X(u) du with �X(t) = Xref − X(t) (2)

where P(t0) is either the ICRH or the NBI power at the initial time t0 of the control, �X is

the difference between the target output value and the output signal (i.e. either ρ∗

T e or RNT),

and GP and GI are the proportional and integral gains, respectively. Since there are two input

and two output signals and significant loop interaction, the question of choosing the optimum

loop pairing arose. This was one of the objectives of the numerical simulations, and it was

found easier to control ρ∗

T e through ICRH and RNT through NBI than the opposite. Among the
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RNT by NBI, using PI algorithms. (GI/GP)ICRH = 25δt, (GI/GP)NBI = 5δt and δt = 10 ms. The

simulation uses the plasma parameters and power waveforms from pulse #46123 before control is

activated at t = 5 s (BT = 2.5 T, Ip = 2.5 MA).

various reasons for this result was the fact that ICRH provides electron heating without fuelling

the plasma and therefore the response from the normalized electron temperature gradient is

simpler than when heating is coupled with fuelling as with NBI. Moreover, the neutron rate

is largely dependent upon non-thermal neutrons from beam–plasma interactions and therefore

the response of RNT is more directly related to the NBI power than to ICRH. Tuning the gains

was also an important task in order to obtain an optimal response of the system and this could

also be approached through the simulations. The result of such a simulation can be seen on

figure 2, where the time evolution of a discharge under this double feedback control scheme

is shown. The control of the maximum value of ρ∗

T e across the plasma radius by ICRH, with a

constant target value of 0.015, allows one to maintain a stable barrier during the whole control

duration time. The additional control of RNT by NBI, with a 1.5 × 1016 neutron/s target,

prevents possible disruptive events which may otherwise occur as past experience shows. The

maximum powers needed according to simulations performed in our operating conditions

(BT = 2.5 T, Ip = 2.5 MA) are 16 and 4 MW for NBI and ICRH, respectively, which are

accessible powers at JET. Such simulations therefore suggested that, in this range of discharge

parameters in JET, real-time control of ITBs was feasible with the proposed scheme and with

the available heating systems.

3. Experimental implementation of various control schemes

3.1. Real-time selection of an optimum timing for the high-power heating phase

Before going to the direct application of the simulations, in particular with such a double

feedback control with two interacting loops, it was necessary to carry out some intermediate
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experimental tests and to find a reproducible scenario for triggering ITBs before a proper

control phase can start. In particular, it was found from earlier experience that the timing at

which high-power NBI/ICRH heating is applied conditions, to a large extent, the formation

and development of an ITB in the plasma. This is partly due to the evolution of the plasma

density and current density profile during the initial phase of the discharge and, because the

plasma initiation is not exactly reproducible from pulse to pulse, the choice of the best timing

generally requires a tedious optimization out of a number of discharges. There was therefore

some interest in determining this optimum timing in real time. As already discussed in section 1,

discharges with an LHCD preheat phase tend to develop ITBs with lower power thresholds, and

therefore, for the purpose of our control experiments, LHCD preheat was generally applied in

the first few seconds of the pulses. During such low-density phases, strong electron transport

barriers appear with negative magnetic shear, and periodically collapse at the onset of strong

MHD activity probably due to double tearing modes. This can be seen for instance on the

normalized temperature gradient signal in figure 3. In order for an ITB to exist in the high-

power/high-density plasma, it was indeed found necessary to apply the high-power heating

during the rising periods of the LHCD electron ITBs, in order to freeze the current density

profile in an adequate state, and also to avoid times at which MHD instabilities are present and

the LHCD barrier collapses. It was thus found advantageous to use the real-time signal ρ∗

T e

to apply the main power at some optimum time. An example of such an open-loop control is

shown in figure 3, where the ICRH power is applied after the formation of an electron ITB with

LHCD power alone. After the control phase has started (which is marked by a vertical line),

ICRH is applied as soon as ρ∗

T e exceeds a high preset value of 0.03. In this example, LHCD is

switched off at the same time. The ITB located inside R = 3.3 m is sustained during 2 s with

ICRH only. However, the application of 2 MW of NBI at t = 6 s is not sufficient to maintain

the barrier, as we see on the signal ‘ITB width’ shown in the same figure, which decreases

down to zero, meaning that there is no more barrier. This signal will also be shown in some
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#53505). Control starts at 3.3 s, and ICRH switch-on is triggered at 3.5 s when ρ∗

T e > 0.03
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other figures, because it is convenient to display the onset and loss times of the barriers. It is

worth mentioning that, before disappearing, the core barrier moves slowly inwards from 3.3

to 3.2 m in relation with current profile peaking, as will be discussed in section 3.2.

3.2. Single-loop ITB feedback control with NBI power

Let us now come back to the main purpose of our experiments which was to control the

maximum value of ρ∗

T e with NBI or ICRH and whose objective was to demonstrate the

improvement provided by the control scheme in terms of long-pulse plasma stability and

performance.

Constrained by the limitation in the maximum ICRH and NBI powers available at JET

in the ‘ITB + H-mode’ regime (respectively 6 and 18 MW), numerical simulations [20] and

observations made during the course of the experiments showed that the proportional gain in

equation (2) had to be small, and therefore the use of a relatively strong integral control (GP

around 10 and GI around 1000) was the most appropriate setting. This ensures that there is no

steady-state offset between the target and the achieved values of the controlled variables, and

avoids large and abrupt changes in the heating powers in case of a sudden rise of ρ∗

T e, though

at the expense of a larger response time.

We have displayed in figure 4 the time evolution of a few quantities corresponding to a

single-input–single-output (SISO) control algorithm of ρ∗

T e using the NBI power only. The

general objective of the algorithm is either to trigger an ITB by setting the output target to a

value larger than ρ∗

ITB, and sustain it in steady state, or conversely, after an ITB is formed, to

require that the normalized temperature gradient be reduced to a value smaller than this critical

one in the aim of quenching the ITB. Figure 4 corresponds to the latter experiment where the
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and the loss of the double electron ITB at t ≈ 46.2 s (pulse #53496, with a time offset of 40 s).

aim was to lose a strong and well-established ITB in a controlled manner, at some predefined

time. The strong electron transport barrier already present during the LHCD preheat is lost

when LHCD is reduced and then voluntarily turned off while NBI is applied. This is due to a

short lack of heating power during the slowing down of neutral beam ions. The ITB reappears

at 4.4 s after the application of 8 MW of NBI power, and expands from 3.2 to around 3.3 m.

It is also sustained by a constant 4 MW ICRH pulse. When ρ∗

T e reaches the value 0.02 at

5.6 s, active control is programmed to start after a small delay of 200 ms in order to avoid any

parasitic problem which may cause a wrong detection of the barrier. We have set the target

ρ∗

T e at 0.011, a value which is below the threshold to get an ITB. The NBI power reacts as

expected and decreases by steps, down to the 5 MW level where it stabilizes when the ρ∗

T e

target is reached. The dynamics of the ITB is shown in figure 5 where the contours of constant

ρ∗

T e are plotted, showing the space–time evolution of the electron ITB. We can see in particular

that a double ITB structure appears at 5.8 s. By construction, the control scheme deals with

the maximum value of ρ∗

T e and therefore with the strongest ITB, which here is the inner one,

the other ITB located at 3.53 m being weaker. However, as a consequence of the successful

control, both barriers disappear at 6.2 s and therefore the neutron rate decreases.

The next example of the same SISO control algorithm using NBI power (figure 6(a)) was

determinant in the selection of the best loop pairing for later controlling simultaneously ρ∗

T e

and RNT with the NBI and ICRH actuators. The control is activated at 4 s but, this time, with

the aim of maintaining the ITB in steady state. The reference target value for ρ∗

T e is chosen

equal to 0.025, which corresponds to a strong barrier. Good control is achieved during 1.7 s,

but the scheme fails at the end of the pulse when ρ∗

T e increases even though the NBI power is

continuously reduced as a result of the PI control. This illustrates the difficulty linked with the

control of the normalized electron temperature gradient, ρ∗

T e, using NBI as an actuator since

NBI heats mainly the ions and also changes both the particle fuelling and plasma rotation [9].

An alternative explanation for the uncontrolled increase of ρ∗

T e could involve the evolution of
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Figure 6. (a) Control of ρ∗

T e with NBI: time evolution of the LH power, plasma current, NBI and

ICRH powers, neutron rate, ρ∗

T e, radius and width of the ITB (pulse #53568). Control starts at

4 s and the target value for the maximum ρ∗

T e is 0.025. (b) Electron temperature profile evolution

(pulse #53568, 40 s time offset).

the q-profile linked with the absence of adequate non-inductive current drive during the main

heating phase. As the safety factor profile relaxes, the ITB located in the negative magnetic

shear region is pushed inwards. This is confirmed in figure 6(a) by the signal labelled ‘ITB

radius’. As a consequence, the central electron temperature rises (figure 6(b)), the gradient
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becomes steeper, and ρ∗

T e increases after 5.5 s. Maintaining LHCD on during the main heating

phase could be a possible solution to keep the q-profile steady and the ITB stationary. A proper

control of the q-profile requires a real-time estimation of the current density and is to be

implemented on JET for future experimental campaigns. However, while such tools are being

developed, one can also envisage either using mainly ICRH to control ρ∗

T e, as this will hold the

plasma density constant while acting on the temperature gradient, or using a double feedback

scheme where the ICRH electron heating source controls the temperature gradient and NBI

controls the central pressure through the neutron yield for better plasma stability. This pairing

is justified as the ICRH power is deposited mainly on the electrons inside the ITB radius,

allowing a more accurate control of the local electron temperature gradients, while NBI acts

on the particle fuelling and ion pressure. We have tested both control algorithms, in several

configurations of toroidal field and plasma current.

3.3. Single-loop ITB feedback control with ICRH

The results of controlling ρ∗

T e with ICRH only are presented in figure 7(a). The normalized

electron temperature gradient at the ITB location is controlled during 3.4 s by the ICRH power

in a regime with Ti0 = Te0 = 7 keV. The achieved value of ρ∗

T e remains close to the target

value (0.025), and the inner barrier, which is linked with a negative shear region located at

3.3 m, shrinks again as the LHCD is switched off. The existence of a negative shear region is

confirmed by the time evolution of the safety factor profile calculated during the main heating

phase, up to the time when the ITB is lost (see figure 7(b)). The reconstruction of the magnetic

flux surfaces and of the corresponding pressure and current density profiles is obtained with

the equilibrium code EFIT [23] conditioned by Faraday rotation data. These results are in

agreement with the ones produced independently by constraining the EFIT code with MSE

data instead of polarimetry data, at times when MSE measurements are available. At the end

of the LH preheat (t = 4 s), the q-profile shows extreme reversal due to the combined effect of

the fast current ramp-up which delays current penetration and of off-axis LHCD which tends to

enhance the q-profile reversal. During the high-power phase, the current profile relaxation is

governed by classical magnetic diffusion, but it is slowed down by the intense plasma heating.

Thus, the q-profile remains non-monotonic until the end of the heating phase (t = 8 s) although

LHCD is switched off. Figure 7(b) shows that the ITB remains located in the negative magnetic

shear region of the time-evolving q-profile. Compared to the previous control experiments with

NBI only, the control with ICRH was more efficient and did not raise any specific operational

problem. In addition, because of the intrinsic characteristics of the ICRH sources, the power

responds more smoothly and more accurately to variations of the maximum ρ∗

T e.

3.4. Double-loop feedback control with combined ICRH and NBI

As a direct application of the simulations described in section 2.2, an experiment with a

double-loop simultaneous control of ρ∗

T e (with ICRH) and of the D–D neutron rate (with

NBI) is depicted in figure 8. It shows that a high degree of reproducibility is achievable in

controlling high-performance regimes in view of steady-state operation [10, 24]. The values

of the maximum normalized Te gradient, ρ∗

T e, and of the neutron rate are maintained constant

at 0.025 and 0.9 × 1016 neutrons/s, respectively. The control of the ITB is sustained during

7.5 s until the end of the preprogrammed power waveform envelope within which the NBI and

ICRH powers are allowed to vary. During the whole period of time when the control is applied,

the plasma parameters of the discharge are fairly stationary, e.g. the loop voltage is close to

0 V, βP is stable around 1.2, the internal inductance li stays low, and a mild and continuous
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Figure 7. (a) Control of ρ∗

T e with ICRH: time evolution of the LH power, plasma current, NBI and

ICRH powers, Te0, Ti0, ρ
∗

T e, radius and width of the ITB (pulse #53570). Control starts at 4 s and

the target value for ρ∗

T e is 0.025. (b) q-profile evolution calculated from EFIT [23] constrained by

polarimetry data during the main heating phase (pulse #53570).

ELM activity is present (figure 9). The bootstrap current fraction has been estimated with

interpretative transport code simulations (TRANSP [25, 26]) and is also steady around 50%.

Here, contrary to previous examples where LHCD was turned off at the beginning of the high-

power heating phase, the LHCD power is kept constant (∼3 MW) during the whole control
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phase. A noticeable transient can be observed on the central safety factor (figure 10) which is

not related to a different control algorithm, but to a new combination of non-inductive current

sources at time t > 4 s. Such transients, frequently observed during simulations, are caused by

a transformer effect [21] due to the generation of non-inductive currents and are quite sensitive

to changes in their profiles and amplitudes (at t > 4 s neutral beam and bootstrap currents

appear, the LH deposition profile is modified, and the LHCD efficiency decreases when the

density rises with NBI). Avoiding such transients would require an accurate control of the

central current density and this will be the aim of future experiments. However, the interesting

observation here is that the relaxation of the current density profile in the region where the

magnetic shear vanishes is now extremely slow, as can be seen by comparing figures 7(b) and

10, and as confirmed by the time evolution of the internal inductance (figure 9). This provides

a better intrinsic control of the ITB position, which is practically frozen around R = 3.4 m

(see figure 12, top frame) where q ≈ 3 and the magnetic shear is negative. Finally, it is worth

stressing that the ‘grassy’ ELM activity depicted in figure 9 does not perturb the ITB evolution,

nor the quality of the real-time electron temperature signals.

Similar pulses with large non-inductive current fractions have also been performed without

the real-time feedback control of the ITB [10, 24]. Figure 11 shows a comparison between

some time traces from such a high-performance discharge (pulse #53521) realized without the

ρ∗

T e/RNT control, and from the pulse just described above (pulse #53697). These discharges
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have been realized with identical toroidal fields (3.4 T), and the additional heating and current

drive switch-on times and powers are the same, except for NBI and ICRH when the control

is active in pulse #53697. The plasma current is about 10% larger in pulse #53521 (2.0 MA

instead of 1.8 MA). The pulse without ρ∗

T e/RNT control repeatedly reaches MHD limits as we
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can see from the different drops in the time evolution of the neutron rate and ρ∗

T e. In the high-

power phase, the event at t = 6.7 s is associated with an n = 1 MHD mode in the core of the

discharge. The second drop which occurs later in the pulse, at t = 11.1 s, is connected with a

radiative core instability caused by the accumulation of a high-Z impurity, identified as nickel

[27]. Despite these large variations, the ITB is never lost during the pulse, showing a strong

resilience to core instabilities. But using the active control scheme enabled us to reach much

more stationary and reproducible conditions, and to prevent the occurrence of core collapses.

In particular, we can also note from figure 11 that the surface loop voltage evolution is more

stable in pulse #53697, where it remains close to 0 V, an ultimate objective for this steady-

state tokamak operation regime. This stationarity is also shown in the top frame of figure 12.

The coloured area indicates the space–time domain where the normalized electron temperature

gradient exceeds the threshold value, ρ∗

ITB, defined in section 2.2 (equation (1)), with a given

degree of probability related to measurement uncertainties. This contour representation is a

clear and objective way of displaying the dynamics of the electron ITB. A confidence factor for

satisfying criterion (1) has been defined [14] and plotted with the colour code shown on the right

of the figure. The constant-confidence-factor contours are only plotted for values between 50%

and 100%, a range which maps to ρ∗

T e(R, t) � ρ∗

ITB for the experimental expectation value of

the ρ∗

T e parameter. Large values of the confidence factor (e.g. approaching 100%) also indicate

strong ITBs as they correspond to expected values of ρ∗

T e(R, t) much larger than ρ∗

ITB.

Some further comments can finally be made about the impurity behaviour in these

discharges. Figure 12 (bottom frame) shows a comparison of the nickel density time traces

in the plasma core, for the same two discharges (#53697 and #53521). We note that in both

pulses the nickel impurity originating from wall–plasma interactions tends to accumulate in

the core consistently with neoclassical predictions [27]. Nevertheless, it does not behave in

a similar manner in both cases. For pulse #53697, after an accumulation phase following the
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same trend as for pulse #53521, a stable phase starts from t ≈ 9 s maintaining the impurity

level constant at about half the maximum value reached in pulse #53521 in the absence of ITB

control. Following an unexpected reduction of the LHCD power from 3 MW to about 2 MW

(cf figure 8), the impurity level then suddenly drops at t ∼ 10 s. The off-axis LH current

decrease entails an evolution of the safety factor profile which is not controlled in real time,

leading to a slow shrinking of the ITB position (figure 12, top frame). This power reduction

leads to a loss of the foreseen control, in particular for the neutron rate. These phenomena

can explain the fast expulsion of the nickel from the plasma center at t ≈ 10.2 s, although

other effects can also be invoked such as a moderate n = 1 MHD activity, a reduction of the

core plasma rotation or a modification of the electron density profile. After t ≈ 10 s there

is no further sign of a central impurity accumulation in pulse #53697, up to the end of the

heating phase, i.e. for about 2 s. Despite these events, the normalized temperature gradient is

maintained at its target value during the whole process due to the ICRH feedback.

In summary, the double-loop feedback scheme which has been tested has shown that

disruptions, core collapses and impurity accumulation could be avoided or mitigated while the

ITB regime was sustained with preset—though slightly conservative—plasma performance.

Quasi-steady-state operation was achieved for about 5 s, limited only by the preprogrammed

waveform envelopes imposed on the heating systems. Achieving stationary conditions over

longer periods of time was presently prevented by the slow resistive relaxation of the current

density profile, confirming therefore that an additional control of the q-profile, in particular

through LHCD, is necessary.

4. Conclusion

The real-time calculation of a normalized electron temperature gradient profile, ρ∗

T e(R, t),

from ECE radiometer data allowed for the first time to control ITBs in JET through a local

existence criterion of ITBs and a quantitative characterization of their space–time dynamics.

The various experiments carried out during the 2001 campaign show that it is possible to
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access high-performance quasi-steady-state plasmas with ITBs in the H-mode regime, using

a double feedback algorithm to control simultaneously the neutron production rate from D–D

reactions and the normalized electron temperature gradient, using NBI and ICRH, respectively.

As a result of implementing such a control scheme in the operation of JET, the reproducibility

of improved confinement discharges can be increased. It has been found that the use of

NBI to control the electron temperature gradient is not optimum and can lead to poor control

performances. On the contrary, it was demonstrated that ICRH is a promising tool to control the

ITB strength characterized by ρ∗

T e, first because of its flexibility and ability to accurately deliver

the requested power (within the limits of the system capabilities), and also because it heats the

plasma mainly through the electron channel, without particle fuelling. The cumulative effect

of a second control loop for the core plasma pressure, e.g. through the neutron production rate

and the NBI actuator, allows one to combine good ITB control with high-β plasma stability

and disruption avoidance.

All along the course of these experiments, we have seen the important role played by

LHCD for the long-pulse stationarity of these discharges and, in particular, of the current

density profile. Setting up a suitable frozen-in magnetic flux configuration, characterized by a

non-monotonic q-profile, seems to be a key condition for achieving a stable and controllable

ITB, with the concomitant improved plasma confinement. Other signals characterizing the

ITB features, including the safety factor at various radial locations, will be available in real

time at JET, and the development of more elaborate algorithms using these quantities will

open up a new field of applications in view of controlling and sustaining stationary advanced

tokamak discharges. Future JET experimental campaigns should therefore allow one to make

further significant steps towards the ultimate goal of genuine steady-state tokamak operation,

through a possible demonstration of combined real-time current and pressure profile control

in high-performance plasmas with a large bootstrap current fraction.
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RÉSUMÉ en français
Les scénarios avancés, développés depuis moins d’une dizaine d’année avec la découverte
des barrières internes de transport et la maîtrise du profil de courant, insufflent un nouvel
élan au tokamak en direction d’un futur réacteur à fusion thermonucléaire contrôlée. Le Joint
European Torus (JET) installé au Royaume-Uni, est actuellement le dispositif expérimental le
plus performant au monde en terme de puissance fusion. Il a permis d’acquérir une riche
expertise sur ces régimes à confinement amélioré. La réduction du transport turbulent,
désormais indissociable de l’optimisation de la forme du profil de courant - obtenue par
exemple avec l’onde hybride ou le courant autogénéré de bootstrap, peut être caractérisée
simplement à l’aide d’un critère qui donne accès à la plupart des informations utiles
concernant les barrières . Ses deux principaux domaines d’utilisation sont l’analyse des
bases de données et les applications temps réel. Les modèles de transport dits de courbe en
« S » exhibent des propriétés intéressantes que conforte l’expérience, tandis que les
dépendances non-linéaires et multivariables de la diffusivité thermique du plasma peuvent
être approchées grâce à un réseau de neurones, suggérant un nouveau moyen
d’investigation et de modélisation du transport. Enfin, les toutes premières démonstrations
expérimentales de contrôle en temps réel des barrières internes de transport et du profil de
courant ont été réalisées sur JET, ouvrant la voie à des systèmes d’asservissement
sophistiqués.

TITRE en anglais
CHARACTERISATION, MODELLING AND CONTROL OF ADVANCED SCENARIOS IN
THE EUROPEAN TOKAMAK JET

RÉSUMÉ en anglais
The advanced scenarios, developed for less than ten years with the internal transport
barriers and the control of current profile, give rise to a ‘new deal’ for the tokamak as a future
thermonuclear controlled fusion reactor. The Joint European Torus (JET) in United Kingdom
is presently the most powerful device in terms of fusion power and it has allowed to acquire a
great experience in these improved confinement regimes. The reduction of turbulent
transport, considered now as closely linked to the shape of current profile optimised for
instance by lower hybrid current drive or the self-generated bootstrap current, can be
characterised by a dimensionless criterion. Most of useful information related to the transport
barriers are thus available. Large database analysis and real time plasma control are
envisaged as attractive applications. The so-called “S”-shaped transport models exhibit some
interesting properties in fair agreement with the experiments, while the non-linear multivariate
dependencies of thermal diffusivity can be approximated by a neural network, suggesting a
new approach for transport investigation and modelling. Finally, the first experimental
demonstrations of real time control of internal transport barriers and current profile have been
performed on JET. Sophisticated feedback algorithms have been proposed and are being
numerically tested to achieve steady-state and efficient plasmas.
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