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CHAPTER 2: PLASMA CONFINEMENT AND TRANSPORT
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1.  INTRODUCTION

The most developed concept for realizing continuous energy (electricity) production

from fusion reactions is the tokamak, based on an axisymmetric toroidal plasma.  In recent

years there has been considerable development of databases and accumulation of knowledge of

the behavior of tokamak plasmas around the world, and these make it possible to design an

experimental fusion reactor for energy production.  However, a degree of uncertainty still

exists in predicting the confinement properties and plasma performance in such a device.

A precise theory of the classical collisional transport losses has been developed.  Since

this does not completely explain the transport processes across magnetic surfaces (as discussed

in Section 2), additional processes driven by plasma turbulence are required to be taken into

account.  Significant theoretical efforts are being devoted to understanding the cross-field

transport in tokamaks due to the turbulence and a few models are broadly consistent with

present experiments.  On the other hand, since tokamaks with a range of sizes, operating

parameters and heating powers have been constructed, empirical scaling laws derived from

these are useful for predicting plasma performance in any new device.  Furthermore, the

empirical scalings serve as a benchmark for theoretical models.  One expects that predictions

with such scaling laws will be improved if one imposes dimensional constraints on the form of

these laws in the scaling studies.  It is also recognized that transport codes solving radial

transport equations numerically are also useful for obtaining quantitative predictions.  As a

result, three approaches are being pursued at the moment for providing predictions for

confinement: these are (a) derivation of empirical global scaling laws, (b) non-dimensionally

similar studies, and (c) one dimensional transport modeling codes.

The main strengths of the empirical energy confinement scaling method (described in

Section 6) are its simplicity and the fact that all of the physical processes are contained within

the data.  Its main weakness is that the modeling of the energy confinement time τE by a simple

log-linear form, or even by more sophisticated forms, can only, at best, be a very approximate

description of the physical processes taking place, since no knowledge of the heating,

temperature or density profiles, or atomic physics for that matter, is built into the analysis.  The
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log-linear form itself is equivalent to assuming that a single turbulence mechanism with one

scale size is responsible for the transport.  This seems unlikely to be the case for the ELMy

H-mode, the operational mode foreseen for ITER, where the core region may be dominated by

short wavelength turbulence of the gyroBohm type, and the behavior in the edge region is

possibly determined by MHD events such as the ELMs (Edge Localized Modes).  These two

processes will scale differently with the main scaling parameter ρ*, the normalized Larmor

radius (≡ ρi/a).

There is also the possibility that there are hidden parameters that are not being taken into

account in the analysis.  One parameter which may affect the confinement in some situations,

but which is not presently being taken into account, is the edge neutral pressure; another

possible important parameter is the Mach number of the toroidal rotation M (≡ Vφ/cs).  Both

these parameters are currently being added to the database, but their effect on the ITER

predictions is as yet unclear.  The degradation of confinement associated with proximity to

operational limits, such as the Greenwald density limit, β limit and H-mode power threshold, is

still an area of active studies and not yet well quantified by the available database.

One can assess the statistical uncertainty in the ITER energy confinement time τITER

using the techniques that are described in Section 6.5.  The 95% interval estimate for the

prediction of τITER from the ELMy H-mode log-linear scaling Eq. (26) is τITER = (4.4–6.8) s.

With this narrow uncertainty interval, ITER would definitely ignite, although operation at

higher current or higher density might be required to preserve ignition at the lower end of this

interval.  A larger interval, τITER = (3.5–8.0) s, has been derived by taking various non log-

linear forms and other considerations into account.  At the lower end of this range the minimum

Q (≡ thermonuclear power/input power) would be above 6.

The dimensionless physics parameter scaling technique (described in Section 7)

overcomes one of the shortcomings of the energy confinement scaling approach, namely the

influence of the plasma profiles on the confinement.  In fact, in the simple case of a single

dominant turbulence mechanism, one can obtain directly, by a simple projection, from those of

current experiments, the temperature and density profiles in ITER provided the source profiles

of heat and particles are the same.  A further key advantage of this approach is that the MHD
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stability properties (i.e. the ELM and sawtooth behavior, discussed in Section 5) would be the

same in ITER as those of the similarity discharge in the present device.

The technique does not entirely overcome one of the major possible shortcomings of the

log-linear energy confinement scaling approach, that is the existence of different types of

turbulence dominating the edge and core regions.  In this situation a more complex projection

of the profiles of a current device to ITER would be required.

Another concern with this technique is whether all of the key dimensionless parameters

have been identified.  Several theoretical papers have proposed that the turbulence in a tokamak

can be quenched by shear in the toroidal flow.  This implies that the Mach number M is an

important dimensionless parameter.  This is certainly not being kept constant in the ρ* scaling

experiments completed so far, which use neutral beam injection heating.  Clearly experiments

in which the Mach number is varied around the values anticipated for ITER, whilst other

dimensionless parameters (i.e., ρ*, β and ν*) are kept fixed, are required. (Toroidal

momentum confinement is discussed in Section 10.)

The range of uncertainty of the ITER prediction using this technique is quite large for

extrapolation from a single machine (see Table VIII).  This uncertainty comes about from the

narrow range in ρ* available on a given machine (typically a factor of 2) compared to the

distance in ρ* (a factor of 5.5 in JET) by which one has to extrapolate to ITER.  To reduce this

uncertainty a database with joint ρ* scans from different devices will be required.

Work on the full 1-D modeling approach is progressing well and there are currently

several 1-D models, of both the purely theoretical type and the semi-empirical type, which are

reasonably successful in reproducing the temperature profiles in the core (Section 8.4).  The

edge region 0.9 < r/a < 1 is still a problem, since at the present time there is no tested model

for this region.  Coupled with the strong sensitivity of some of the 'stiffer' 1-D models to the

edge conditions, this makes the prediction of the performance of ITER using this technique

rather difficult, as is shown in Section 8.5.  An additional uncertainty is the differing manners

in which the models treat stabilization of the turbulence by E×B  velocity shear.

The three techniques do at least have overlapping confidence intervals, and efforts need

to be directed in the next few years at reducing the confidence interval of each technique.
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There is a further uncertainty associated with the use of the ELMy H-mode as the

operating regime in that there is a power threshold which has to be exceeded before the ELMy

H-mode is achieved.  This is discussed in detail in Section 4; the presently projected power in

ITER would appear to be sufficient to exceed the threshold provided the transition to the

H-mode is achieved at a low density.

Besides the ELMy H-mode, several other improved confinement modes have already

been realized as discussed in Section 3.  One of the most promising ones is the negative, or

reversed, shear configuration which involves an internal transport barrier.  It can be used to

realize a continuous operation of the tokamak, since there is a significant fraction of bootstrap

current with a self-consistent profile.  The RI-mode also has attractive features such as a high

confinement at very high density, approaching or exceeding the Greenwald density limit, with

the major portion of plasma energy radiated from plasma periphery.

Furthermore, in order to achieve continuous operation, particle control is essential, in

addition to heat exhaust.  Thus, for D-T burning plasmas, helium ash exhaust is an important

requirement; the helium density as well as the impurity ion density must be kept sufficiently

low in order to minimize the dilution of fuel ions.  To solve these problems the particle

transport properties in fusion plasmas must be characterized; this is discussed in Section 9.  In

particular, the sawtooth seems crucial for controlling the helium ash and impurities in the

central region and ELMs at the plasma edge; these are discussed in Section 5.

Finally, it should be noted that there are several interesting but unresolved challenges to

our understanding of transport, such as profile resilience, the isotope effect, nonlocal effects,

fast time scale phenomena, etc.  A better understanding of these processes could contribute to

improving the prediction of the fusion performance of reactor grade plasmas.

2.  MECHANISMS OF TRANSPORT IN A TOKAMAK

There is a precisely formulated theoretical model for the transport of plasma particles

and energy across the magnetic surfaces due to Coulomb collisions in a stable, quiescent

toroidal confinement system.  This process, which takes account of the particle orbits in an

axisymmetric inhomogenous toroidal magnetic field [1] and leads to higher levels of collisional
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transport than in a cylindrical plasma (which is called classical transport), is known as

neoclassical transport [2–5] and will always be present in a tokamak.  The classical diffusion

coefficient can be estimated by Dc ≈ νei ρe2 for plasma particles and the ion thermal

diffusivity by χi ≈ νii ρi2, which is greater than both Dc and the electron thermal diffusivity

χe ≈ νee ρe2 by a factor of (mi/me)1/2.  Here ν is a 90 degree collision frequency and ρ is a

Larmor radius, ρ = Vth/Ω, which is proportional to the ratio of a thermal speed Vth to a

cyclotron frequency Ω = eB/mc, where B = |B| is the magnetic field strength and m  is the

particle mass.  The neoclassical transport levels exceed the classical ones by geometrical

factors: q2ε-3/2 in the low collision frequency 'banana' regime (ν* < 1.0) and q2 in the

collisional fluid limit, as a result of the toroidal geometry.  Here, ε = r/R is the inverse aspect

ratio with r and R being the minor and major radii of the magnetic surface, and q ≈ rBT/RBp is

the safety factor where BT and Bp are the toroidal and poloidal magnetic field components,

respectively.  The collisionality parameter is ν* ≡ νeff/ωb, where νeff ≡ νei/ε is the effective

collision frequency for particle detrapping and ωb ≈ ε1/2Vth/(Rq) is the trapped particle

averaged bounce frequency.

In spite of its larger value, neoclassical transport cannot normally explain the observed

perpendicular transport in a tokamak.  For the usual low confinement regime (L-regime) in

auxiliary heated tokamaks, the neoclassical transport theory predicts confinement times longer

than those experimentally measured by up to two orders of magnitude for the electrons and one

order of magnitude for the ions.  Plasma turbulence is probably a dominating effect in causing

plasma cross-field transport.  However, for some improved confinement regimes and in

localized regions of the plasma, transport can be reduced to the neoclassical level [6–8].

The objective of the transport calculations is the determination of the magnitudes and

radial profiles of the plasma parameters (such as density, temperature, etc.).  To do so, it is

useful to formulate the transport problem in a macroscopic way [9].  On transport time scales, a

fluid representation is generally used.  Axisymmetry is assumed and plasma observables are

averaged on a flux surface over the poloidal angle.  In this way, a set of one-dimensional fluid-

like equations can be derived to represent the evolution of the density, momentum, and energy

for each plasma species:
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Here, the subindex a indicates the particle species, the subindex i indicates the components of

the velocity vectors, Γa, Φa, and Qa are the particle, momentum, and energy fluxes, and Sa,

Ma, and Pa are the source, sink, and transfer terms for particles, momentum, and energy.  The

radius r is a generalized minor radius that labels each magnetic surface.

In the magnetic field diffusion equation, Eq. (4), η is the parallel resistivity and Jb is the

bootstrap current predicted by neoclassical theory.  To understand the origin of this neoclassical

effect, we observe that the circulating electrons carry the parallel current in response to the

toroidal electric field and other current drive inputs.  This parallel current response is

determined by the balance between the collisional friction of circulating electrons with ions and

the viscous drag on their poloidal flow produced by collisions with the trapped electrons.  The

predicted parallel resistivity, η, agrees well with experimental results.  Another element of the

parallel transport, the bootstrap current [10], Jb ≈ ε Bp( ) dp dr( ), has also been shown to be

in good agreement with theoretical predictions [11, 12].  Therefore, the theoretical picture of

neoclassical parallel transport is consistent  with experiment.

The fluxes contain all the dynamic information on the transport processes.  While

neoclassical theory gives an explicit expression for them, there is not a general form for

turbulent transport. In practice, these fluxes have been parameterized by analogy with the

structure given by neoclassical theory.  For instance, the simplest assumption of diffusive

fluxes would give



Rev 2, 4 April 1999

IPB-Chapter 2 7 Confinement & Transport Expert Group
Confinement Database & Modeling Expert Group

Γ a = −Da
∂na

∂r
 , (5)

Φia ia
iaV

r
= −χ ∂

∂
 , (6)

Q
T

ra a
a= −χ ∂

∂
 . (7)

In practice, each of the fluxes depends on all the thermodynamic forces (profile

gradients) and a full matrix of fluxes must be considered, including non-diffusive and non-

diagonal terms.  For advanced tokamak scenarios, it is important to include the radial electric

field [13] in the transport model, since the gradient of the radial electric field is predicted to

reduce transport coefficients [14], and the coupling of its evolution to the set of equations given

above.  The calculation of the plasma profiles using Eqs. (1)-to-(4) requires the knowledge of

these diffusivities and also the appropriate boundary conditions, particularly as the predictions

of some ‘stiff’ transport models involving marginally stable profiles can be sensitive to these

[15].  The boundary conditions will be discussed at the end of this Section and in Section 4.2.

The determination of the diffusivities has long been the goal of transport studies.  There are

many existing reviews on this topic [16–23] and, here, we give only a very simplified

overview.  In understanding the transport coefficients, there are three possible ways of making

progress: (1) theoretical, (2) numerical simulation and (3) experimental.  We discuss these

approaches in the remainder of this section.

We have seen that the transport theory based on particle collisions can incorporate the

geometry of the tokamak magnetic system, but neoclassical theory still assumes that the plasma

is in equilibrium and is axisymmetric.  Real tokamak plasmas always show the presence of a

broad spectrum of fluctuations, e.g., in plasma density, temperature, and electromagnetic fields

[17, 24]; thus, real tokamak plasmas are turbulent and intrinsically three-dimensional.  The

turbulent fluctuations give rise to transport across the equilibrium magnetic surfaces and it is

necessary to incorporate their effect in a comprehensive transport theory.  From the theoretical

point of view, most of the instabilities that we think are responsible for the observed plasma

turbulence have a very small component of the wave number vector parallel to the magnetic
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field, compared to the perpendicular component.  That is, most of the turbulent eddies are

quasi-perpendicular to the toroidal magnetic field.  Therefore, we can expect that turbulence

dominates perpendicular transport, but the influence of the plasma turbulence on the parallel

transport is rather small, as experiment confirms.

Hydrodynamic turbulence is an unresolved complex physical problem [25].  Plasma

turbulence is even more complex.  Since we can describe plasmas as a combination of several

fluids (an electron fluid plus ion fluids), we can imagine plasma turbulence as the result of

these multiple turbulent fluids coupled through electromagnetic, friction, and energy exchange

effects.  It is not surprising, therefore, that there is not yet a theory or even a comprehensive

approach to this problem.

Plasma turbulence differs in many ways from fluid turbulence, starting from the

structure of sources and sinks.  Plasma turbulence is driven by the free energy sources of the

many plasma micro-instabilities, essentially the gradients of the density and temperature [26–

29].  Thus in the core of the plasma there are micro-instabilities driven by the ion temperature

gradient (ITG); these are the electrostatic ITG drift modes and trapped ion modes.  These

modes are often characterized by a value η i = d(ln Ti)/d(ln n) and referred to as 'η i modes'.

Others are driven by the electron temperature gradient: electrostatic trapped electron and shorter

wavelength electromagnetic ηe drift modes, and micro-tearing modes.  There are also fluid-like

instabilities driven by pressure gradients: the current diffusive ballooning [30] and neoclassical

tearing modes [31–33].  At a collisional plasma edge there is a range of fluid instabilities driven

by gradients in pressure, resistivity and current.  In Table I, we give a summary view of

plasma instabilities that are possible underlying mechanisms for plasma turbulence in

tokamaks.  In the edge region it is possible that atomic physics processes can play a part, so

that in addition to those instabilities shown in Table I, another candidate at the plasma edge is

the ionization instability [34–36], even if the validity of the linear theories has been questioned

[37].  The plasma drives couple directly, through these instabilities, to a broad range of

turbulence scale lengths.  Therefore, in general, one cannot separate between the driving and

inertial ranges, as is done in hydrodynamic turbulence.  The dissipative terms do not have the

simple form of a collisional viscosity.  The complicated magnetic geometry of a tokamak adds
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even more difficulties to this problem.  In spite of this, research on tokamak plasma turbulence

has proceeded at several levels: (1) renormalization of simple sets of equations modeling the

turbulence; (2) scale invariance and dimensional analysis techniques; and (3) numerical solution

of turbulence models.

Table I.  Main Instabilities that Contribute to the Anomalous Transport Losses
in Tokamaks† [29]

(ηj = density scale length/temperature scale length for species j)

Group Instability
Source
of Free
Energy

Subspecies Properties

Ion
Instabilities

ηi modes

∇ Ti

Slab modes

Toroidal modes

Trapped ion modes

 ω ≤ ω*i

 ηi > ηic

LTi
R < LTi

R( )
crit

Electron Drift Waves ∇ ne
Slab modes

Toroidal modes

ω ω≈ ∗ e

Dissipative Trapped
Electron Modes

∇ Te εω < νe ≤ ε3/2Vthe / qR
ε ρ ν εn s e n sq k L c< ≤⊥

Electron
Instabilities

Collisionless
Trapped Electron
Modes

∇ Te νe < εω ≤ ε3/2Vthe / qR
εnq < k ⊥ ρs ≤ 1

ηe modes ∇ Te
Slab modes

Toroidal modes
ωpe / c < k ⊥ < ρe

−1

k||Vthe,ωbe < ω < ω∗ e
EM-drift waves ∇ ne ω ω≈ ∗ e

k⊥ ρs ≤ 1

Fluid-like
Instabilities

Resistive Ballooning
Modes

∇ P Fast modes

Slow modes

ω ≈ ω∗ e

k||Vthe < ω
Current Diffusive
Ballooning Modes

∇ P k | |Vthe < ω

† Here ω, k| |  and k⊥  are the frequency and parallel and perpendicular wavenumbers of the

instability; ω∗ j  is the diamagnetic frequency of species j, ωpe the electron plasma frequency,

ρs the ion Larmor radius at the electron temperature, cs the sound speed, LT the temperature
scalelength of species j, εn  the ratio of density scalelength Ln  to major radius R  and
η j = Ln / LT j

.

The renormalization approach starts from perturbation theory.  When summing the

perturbation series, the characteristic time scale associated with the nonlinear processes, τc,

must be determined in a self-consistent manner [38, 39].  If it is approximated by the linear
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time scale (inverse of the linear growth rate, γ, of the appropriate plasma instability),

conservation laws are violated.  The renormalization approach introduces a recursive

determination of the nonlinear time scale (in a way similar to the determination of the electron

mass in Q.E.D.).  The most common closure scheme is the direct interaction approximation.

The adequacy of this closure scheme has been tested with numerical calculations within the

accuracy achievable with present numerical resolution.  The determination of the basic

turbulence scale length, ∆T (mixing length-like length scale) [40], and the decorrelation time,

τc, allows the construction of an effective turbulent diffusivity, DT  ≈ ∆T2 τc.  In practice, to

apply renormalization techniques, the problem must be reduced to a single-, or at most two-

equation model.  Otherwise, it is practically impossible to solve the problem analytically, or

even numerically.  Analytical approaches are also limited because the approximations needed in

solving the equations restrict the applicability of the solutions to a small range of plasma

parameters, while experiments cover, in general, a broad parameter range.  However, these

techniques are essential for making progress in understanding.  In some simple models [41–

43], it has been shown that ∆T is proportional to the inverse perpendicular wave number, k⊥ ,

and the following form for the turbulence diffusivity can be adopted D kT ≈ ⊥Λ γ 2 , where, Λ is

weak function (logarithmic or just a constant) of the plasma parameters [44, 45].  This

formulation of the turbulent diffusivities has been adopted in an ad hoc fashion in some of the

transport models.

The scale invariance approach [46, 47] is an alternative approach for the determination

of the transport coefficients.  It is based on the idea of intermediate asymptotics [48], and, in

some simple models, it has been shown to be equivalent to the renormalization group technique

[49].  In this approach, one identifies all the independent transformations under which the

dynamical equations are invariant.  It has been applied to several types of turbulence dynamics

and it can be a powerful tool in identifying the main dependencies of the diffusivities.  The

minimal form of the scale invariance approach is the dimensional analysis that will be discussed

in the context of the empirical determination of the transport coefficients.  Another analytical

approach invokes marginal stability criteria, e.g., [50–52].  Yet another approach is the study

of the saturation of turbulence spectra by nonlinear plasma dynamics [53–55].
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The numerical solution of the primitive equations allows us to cover a broader

parameter range than by the analytical approaches.  It is a promising method when computer

capabilities allow calculations with sufficient resolution.  The numerical calculations can be

carried out at different levels:

1. Particle calculations.  In this case, the motion of individual particles in the plasma is

followed in time.  This approach requires considerable computational resources.  A

great deal of progress has been made by using the gyrokinetic approach.  In this

approach the particle motion is averaged over the fastest time scale, Ω-1, the inverse

cyclotron frequency.

2. Fluid calculations.  Moments of the distribution function for each plasma species are

followed in time as fluid quantities.  A closure scheme is needed to limit the number

of moments.  When the closure scheme incorporates Landau damping the approach

is called gyrofluid [56].  These are absent from reactive fluid models [57].

Considerable progress has been made in recent years through gyrokinetic [58, 59]  and

gyrofluid calculations [60], and it has been shown that these calculations can be used for the

determination of the scaling of ∆T and τc with plasma parameters [15].  At present, there is not

good agreement between these two numerical models; active work is underway to understand

and resolve the reasons for the differences.

The turbulent transport picture seems to fit some of the qualitative features of

perpendicular transport in a tokamak.  To provide a sound basis for this mechanism, research

effort has been concentrated on identifying the connection between the observed plasma

fluctuations and transport.  In doing so, it is convenient to distinguish between two plasma

regions: the core and the edge.  At the plasma edge, the fluctuations are, in general, large (of

the order of the equilibrium quantities).  They are dominantly electrostatic, unless the plasma

pressure approaches the ideal magnetohydrodynamic (MHD) stability limit, and, because of the

low plasma temperature, detailed measurements can be made with probes.  From these

measurements, it has been inferred that the edge particle loss can be explained by fluctuation-

induced transport [24].
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Core fluctuation levels are low (a few percent of the equilibrium values of density etc.)

[17, 24]; their measurement by non-intrusive techniques is complicated.  Several of these

techniques are used: for instance, beam emission spectroscopy [61], reflectometry [62–64],

and correlation measurements of electron cyclotron emission (ECE) signals [65, 66].  The first

two measure density fluctuation levels and the third electron temperature fluctuations; therefore,

we have no knowledge of the turbulence driven fluxes.  The heavy ion beam probe [67] can

determine both density and potential fluctuations, and therefore the particle flux.  However, its

use has been limited.  The fluctuation measurements indicate that the spectrum is peaked at long

wavelengths and radial correlations lengths are of the order of a centimeter or less.  In some

experiments, fluctuation levels seem to correlate well with global, and even local, transport

[68], but without determination of the fluxes no unambiguous correlation with transport can be

established.  The turbulence characteristics are consistent with calculations of ion temperature

gradient driven turbulence, but comparisons have only been carried out for a limited number of

discharges.  Plasma core turbulence may have a significant magnetic component.  Although

there are measurements of the magnetic field fluctuations at a fixed wavelength [69], there is

not yet a direct measurement of this component for a broad range of wavenumbers and its role

in transport is controversial [70].  Recently, other fluctuation measurement techniques have

become available that enable us to measure ion temperature and parallel velocity fluctuations

[68].  Hopefully, these measurements will help in clarifying the plasma turbulence drive and

will shed some light on turbulence-induced energy transport.

The turbulence-driven transport theory has also been effective in the interpretation of

improved confinement regimes. For instance, there is much theoretical and experimental

evidence that E×B velocity shear (i.e., radially varying profile of the E×B plasma flow) can

reduce turbulent transport, as will be discussed in Sections 3.3 and 4.1.  The theories seem

consistent with the observation of a causal correlation between the build up of the sheared radial

electric field and the suppression of turbulence [71].  Some of the limitations of the transport

based on turbulence are discussed at the end of this section and in Section 8.

Since fully convincing transport predictions cannot yet be made from first principles, it

is necessary to use empirical approaches to predictive transport.  Even in this case, the transport
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coefficients cannot be arbitrarily chosen.  There are dimensional constraints that follow from

invariance principles [72, 73], discussed more fully in Section 7.  These constraints reduce the

number of experiments to be performed in order to determine these coefficients.  To establish

these constraints, we need to identify the relevant invariance principle and dimensionless

parameters.  This can only be done within some given theoretical framework.  The broader the

framework, the less constrained are the transport coefficients.  On strict theoretical grounds,

even assuming transport is due to quasi-neutral plasma physics processes, the number of

dimensionless parameters for a confined plasma is large, up to 19 have been identified [74].

They include plasma physics parameters such as β, the ratio of the plasma kinetic pressure to

the magnetic pressure, the collisionality, ν* ≡ νeff/ωb, and the normalized ion Larmor radius,

ρ* ≡ ρi/a.  There are also parameters describing the magnetic field geometry, such as the safety

factor q, aspect ratio A ≡ R/a, the ellipticity κ and triangularity δ of the plasma cross section,

and parameters representing the plasma composition:  Te/Ti, me/mi, Zeff, ...  For a local

diffusion coefficient, we have to include the parameters related to plasma profiles, such as the

ratios of scale lengths, LT/R, Ln/R, ...  From dimensional arguments and assuming a power

law dependence on ρ*, the diffusivities can be expressed in the following form:

D = csρs(ρ*)α F(ν*,β,q, A,κ ,δ, LT / R, Ln / R,...,me / mi ,Te / Ti )  , (8)

where cs ≡ Te mi  is the sound speed, ρs = 2miTe / eB  is the ion Larmor radius evaluated

at the electron temperature, and F is a function of the dimensionless parameters that is to be

determined.  The main change in plasma parameters in going from present experiments to the

fusion reactor is in the value of ρ*.  Therefore, determining the transport scalings with ρ∗  is

critical.  Two limits that are often discussed in transport studies are defined by Eq. (8). When α

= 1, the scaling law is called gyroBohm.  This is the expected scaling from most local

turbulence theories for which the turbulent scale length ∆Τ is proportional to ρi.  For α = 0, the

scaling is called Bohm, when the turbulence scale length involves the macroscopic size of the

plasma.  Of course the confinement time can be determined by boundary conditions on the
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transport equations as well as the thermal diffusivities themselves; this could introduce a

different dependence on  ρ* [75] as discussed in Section 4.2.

A series of experiments have been performed to resolve the scaling of D with different

dimensionless parameters, in particular with ρ*.  They will be discussed in Section 7.  In a

given device, tokamak discharges that have the same dimensionless parameters apart from ρ*

must be produced.  The level of control required for these experiments makes them very

difficult.  In present devices, only a limited range of variation in ρ* can be achieved (less than a

factor of two).  A larger range of variation in ρ* can be obtained by using different devices, but

in this case the experiments are even more difficult.  At present and for the low confinement L-

mode, some experimental results for the energy confinement time, τE, are consistent with or

close to Bohm-type scaling [74, 76, 77], while others are between Bohm and gyroBohm [78].

In the high confinement mode (H-mode), the diffusivities seem to be consistent with

gyroBohm scaling.  However, the problem is more complicated than stated because the electron

diffusivity may be different from the ion diffusivity.  The separation between both transport

channels requires more diagnostics and makes the analysis of the experimental results more

difficult.  Only a few experiments separating electron and ion channels have been performed;

they will be discussed later in this section.  Scalings of D with β and ν* have also been carried

out.

The basis of this empirical approach to the determination of the transport coefficients

needs to be established.  The non-dimensional parameter scalings are based on plasma physics.

However, plasma experiments are affected by edge conditions, plasma wall interactions, etc.  If

these boundary conditions modify confinement in an essential manner, the non-dimensionally

similar discharges would not be enough to determine the scaling of the transport coefficients.

To test the basis of this approach, discharges with the same dimensionless parameters must be

set up in devices of different sizes to test if they are equivalent.  Experiments comparing DIII-D

and JET similar discharges have given positive results [79].

The basic picture and scalings for plasma transport presented here is challenged by

some experimental observations.  These observations underline the fact that we are far from



Rev 2, 4 April 1999

IPB-Chapter 2 15 Confinement & Transport Expert Group
Confinement Database & Modeling Expert Group

having resolved all the scientific issues in plasma transport.  Examples of these open questions

are:

1. Bohm scaling and local fluctuations.  Since the basic scale length of the

microinstabilities is ρi, a simple random walk argument leads to transport coefficients that are

characterized by a gyroBohm scaling.  However, this seems to disagree with the experimental

observation in L-mode plasma confinement.  To explain a departure of the core turbulence from

a gyroBohm scaling, two kinds of models have been proposed so far. First, many instabilities

are sensitive to the toroidal geometry.  This geometrical effect introduces a coupling between

poloidal components. In a homogeneous system, this results in eigenmodes that extend over

the size of the device, similar to phonons in a crystal.  In the linear regime, this leads to the

concept of “global” eigenmodes that exhibit non-gyroBohm radial lengths and growth rates

[80–83].  However, it is expected that these correlations over large distances are destroyed in a

fully developed turbulence, which should therefore exhibit a gyroBohm scaling.  This may not

be true close to the turbulence threshold when the turbulence level is low.  Indeed, a simplified

numerical simulation shows long-lived global modes in this case.  More precisely, the

correlation lengths scale as ρi, but the correlation time does not follow the gyroBohm

prediction [84].  The second kind of model relies on the concept of Self-Organized Criticality

[85], for which the paradigm is the sandpile.  Such a system exhibits large scale events

(avalanches), which dominate the transport scaling in spite of their scarcity [86, 87].  This

leads to a non-gyroBohm behavior.  A velocity shear results in a recovery of a gyroBohm

scaling through a decorrelation process of the large scale events [88].  The correlation lengths

scale as a gyroradius in this model.  Moreover, the gradients are below the critical value for

moderate fluxes.  Most of these models predict the scaling of the correlation lengths and times.

Therefore, the experimental determination of the scaling of correlation functions should clarify

this issue.

2. Isotope effect on plasma confinement.  In Eq. (8), if we only consider the

scaling of D with the ion atomic mass, we obtain D A F Ai i∝ ( )α / 2  [α  = 0 for Bohm models, α

= 1 for gyroBohm].  Unless there is a strong dependence of F on the ion mass, this result does

not agree with experiment.  One observes in almost all tokamaks that plasma properties depend
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on the plasma gas [89], and, contrary to what is expected from the simple scaling, confinement

has a positive dependence on Ai.  Although there are some preliminary indications supporting a

positive dependence of confinement on Ai from gyrokinetic calculations and theories based on

nonlinear ion Landau damping [53], there is not yet a satisfactory theoretical explanation of this

effect.  For ELMy H-mode, ELMs could cause an isotope effect to appear through boundary

conditions.  Phenomenological observations will be described in Section 3.

3. Fast time scales and non-local effects.  When a transient local perturbation in

plasma density n or temperature T is applied to a tokamak, one might expect its effect to

propagate across the magnetic surfaces on a time scale that is related to the diffusion

coefficients characterizing steady state particle and energy balance.  In fact, observations of heat

pulses generated by, for instance, sawtooth collapses or localized auxiliary heating such as

ECRH, show that these signals propagate as if the diffusion coefficient exceeded that

determined from steady studies by a factor typically in the range of 1-to-5 [90].  This could be

understood if the diffusion coefficients are themselves functions of n and T and their radial

gradients, i.e., the transport fluxes are nonlinear functions of the driving gradients.  In fact,

many theories of turbulent transport have this feature.  L-mode transient transport experiments

on ASDEX Upgrade [91] indicate that for small, ECH-generated electron temperature

transients, the response is adequately described by such diffusivities.

However, a number of dramatic observations involving transient behavior pose serious

challenges to our understanding of the processes underlying transport in tokamaks.  Three

examples are:  (i) the fast propagation of the cold pulse [92] associated with the injection of

pellets into a tokamak, (ii) the almost instantaneous effect of the low-to-high (L-H) confinement

transition at the plasma edge on the transport coefficients in the plasma core as observed in JET

[93, 94], and (iii) the heating of the plasma center within a few milliseconds of injecting

impurities at the plasma edge in TEXT [95] and TFTR [96].  These transient effects can

propagate radially with velocities ~102 m/s, two orders of magnitude faster than results from a

normal diffusive process.  Evidence that the magnetic configuration remains as nested toroidal

surfaces is needed to support these transient tests of thermal diffusivities.
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An entirely satisfactory mechanism to explain these surprising results is not yet

available.  However, several conjectures have been proposed.  The ones based on long

correlation lengths of either fluctuations or the transport events given above for Bohm scaling

can be applied here.  The rational surface at q = 1 appears to play a role in the fast propagation

of the cold pulse [97].  This might suggest that some MHD activity is triggered by the cooling

there and, possibly through toroidal coupling, affects the radial transport.  Another model

involves the nonlinear growth and interaction of neoclassical magnetic islands on different

rational surfaces.  This produces regions of stochastic magnetic field when the islands overlap

spatially.  The resulting rapid plasma transport allows fast communication across the plasma

radius [98].  A further  proposal is stimulated by the empirical observation that tokamak

plasmas have a tendency to take up certain preferred radial profiles, termed profile consistency

or resilience.  This model assumes that turbulent processes associated with MHD instabilities

cause the profiles to relax to these special ones on a fast time scale.  Theoretical arguments have

been advanced for these preferred profiles and the idea has been incorporated in the so-called

Canonical Temperature Profile transport model, which can also describe the inward heat

pinches sometimes observed in tokamaks [99, 100].  Similar fast propagation may be

anticipated from stiff transport models such as those that drive profiles to marginal stability

[15].

3.  EXPERIMENTAL DESCRIPTION OF CONFINEMENT AND TRANSPORT

3 . 1 . Introduction

Early tokamaks were heated Ohmically but it became clear that ohmic heating to ignition

was not efficient, so the confinement properties of tokamaks with auxiliary heating by energetic

neutral beams or radio frequency waves have been thoroughly investigated.  Nevertheless there

will be phases in which ITER will be without additional power and the confinement properties

of Ohmically heated devices can shed light on our understanding of confinement in general.

Thus in Section 3.2 we first characterize confinement in Ohmically heated tokamaks.  The
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application of auxiliary power, while producing higher energy content in the tokamak, is

associated with a degradation in energy confinement time relative to that in the Ohmic phase;

this so-called L-mode is also discussed in Section 3.2.  As a consequence an ignited tokamak

operating in L-mode would have to be unacceptably large.  Fortunately, it was discovered that

when sufficient auxiliary power was applied, a transition to an improved confinement mode,

the H-mode, occurred.  This mode, which involves the formation of an edge transport barrier,

forms the basis for the design of ITER and its confinement properties are described in Sections

3.3 and 6.2.  A number of other improved confinement modes have since been discovered.  In

Section 3.4, improved confinement modes associated with internal transport barriers, including

those involving negative, or low, magnetic shear in the center of the plasma, are described, and

in Section 3.5, improved confinement regimes involving edge radiation are discussed.

3 . 2 . General Results for Ohmic and L-Mode

An ohmic plasma is one that is resistively heated with a power given by IpVres, where

Ip is the plasma current and Vres is the resistive portion of the loop voltage.  The electrons are

heated directly, while the ions are heated by the equipartition energy flow from the electrons.

There are two principal ohmic regimes.  At low density, the confinement time is found to

increase linearly with density (χe ∝  1/ne) up to some critical value; this is the linear ohmic

confinement (LOC) regime.  Beyond this critical density, the confinement time remains

constant with density; this is called the saturated ohmic confinement (SOC) regime.  The

coupling between the electrons and the ions becomes stronger in the LOC as density increases

and electron temperature decreases, causing Ti to increase [22 and references therein].

In the LOC regime, the energy confinement time is also found to increase with device

size and with safety factor.  The confinement time in the LOC is conveniently represented by

the neo-Alcator scaling [101]

    τE(sec) = 0.07ne(1020 m−3 )qκ 0.5R(m)2 a(m)
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where q is the safety factor at the plasma surface, κ  is the elongation of the plasma cross-

section, R is the major radius and a is the minor radius.  From a series of ohmic experiments on

the Japanese tokamaks, JFT-2, JFT-2M, JT-60, and DIVA, the parametric dependence of the

critical density for transition from LOC to SOC with gas fueling was found to be [103]

    n
crit(1020 m−3 ) = 0.65Ai

0.5BT (T) / qR(m)

where BT is the toroidal magnetic field and Ai is ion mass number in AMU.  The energy

confinement time was found to be higher in deuterium plasmas relative to hydrogen ones, i.e.,

τE ∝ Ai
α  with α ≈ 0.5 in small tokamaks [22] and with α ≤ 0.2 in large machines such as JET

[103] and TFTR [104].

Although in some devices (e.g., Alcator A [105], ISX-A [106], and T-11 [107]), the

level of energy confinement at high density can be explained by the neoclassical ion thermal

conduction losses, in other experiments with gas fueling, an anomalous high ion conduction

was identified as a reason for the confinement saturation.  Density profile peaking resulting

from pellet injection on Alcator C was associated with confinement time increases in otherwise

SOC discharges up to values predicted by the LOC scaling for intermediate densities [108].

This re-establishment of LOC scaling at high density was also seen on other tokamaks with

pellet injection and resulting density profile peaking.  The strong influence of edge conditions

on core confinement in ohmic plasmas was shown in ASDEX experiments in which a reduction

in the gas feed at a certain time in the discharge led to a slow peaking of the density and current

profiles, and re-establishing the linear dependence of confinement time on density [109].

While confinement times given by the LOC scaling could be extrapolated to values

acceptable for reactor scenarios, it was recognized early that the ohmic regime was inefficient

for achieving the necessary temperatures.  As temperature increased, the resistive heating

decreased, and, therefore, auxiliary heating would help to increase the plasma temperature to

that level required for significant fusion power production. Auxiliary heating was performed by

a variety of techniques, including neutral beams and RF (ion and electron cyclotron, lower

hybrid, and ion Bernstein waves).  While the temperature and stored energy increased with this
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auxiliary heating, the incremental increase in stored energy was less than that expected from the

ohmic scalings, resulting in a degradation of global confinement.  This mode of operation, with

degraded energy confinement time, is called the L-, or low confinement, mode. Characteristic

features of L-mode plasmas are the low temperatures and temperature gradients near the plasma

periphery.

The L-mode is typified by not only a degradation in confinement from the ohmic value,

but a continuous degradation of confinement with increasing auxiliary heating power.  While

the confinement was found to be a strong increasing function of q in ohmic discharges, for

auxiliary heated discharges the confinement is not found to be a function of q, but rather scales

linearly with the plasma current.  Any direct dependence of confinement time on plasma current

in ohmic discharges may be masked by the explicit dependence of the ohmic heating power on

the plasma current.  The global confinement of auxiliary heated plasmas, unlike that of ohmic

discharges, shows no explicit dependence on the toroidal magnetic field [101].  Under direct

electron heating, such as ECRH on T-10 [110] or LH on Tore-Supra [111], when the electron

transport losses dominate, the confinement increases linearly with density.  This suggests that

(χe ∝  1/ne) may be intrinsic to the electron transport dominated regime (or to regimes with no

fast ion component).  With ion heating and ion transport losses predominant (e.g., with NBI,

ICRH), the global confinement depends only weakly on plasma density, although more of a

dependence on plasma density is found for the thermal energy confinement time [112].

Increased plasma elongation and plasma size result in higher confinement.

The effect of the plasma isotope on confinement is ambiguous.  While most

experiments show some improvement of confinement on Ai, the magnitude of the effect varies

from device-to-device and from isotope-to-isotope [113, 114; and 22 and references therein].

Comparing discharges with H and D for either the working gas or beam species, no

dependence of confinement on ion mass was observed in L-mode discharges in DIII-D or Tore-

Supra.  A weak dependence ( Ai
0.3) was observed in ASDEX, PDX, TFTR, and JET.  A

stronger dependence ( Ai
a ,α ≥ 0.45) was observed in DIII,  DIII-D at ECRF heating, and in JT-

60U.  In more recent DD/DT L-mode experiments on TFTR, the isotope effect was found to be

strong for both the thermal plasma and beam component, with Wth ∝ Ai
0.5−1.0 and



Rev 2, 4 April 1999

IPB-Chapter 2 21 Confinement & Transport Expert Group
Confinement Database & Modeling Expert Group

Wbeam ~ Ai
0.7[115].  The isotope effect was found to be stronger at higher beam power.  In

TFTR  experiments with ICRF heating, the isotope scaling in L-mode discharges was found to

be Ai
0.35−0.5  [116] (see Section 6.3).

It is important to note that the L-mode confinement parametric dependencies are

generally consistent with the Bohm and high-β scaling constraints [112].

Perturbative experiments (i.e., current ramps) have shown that the plasma current

global variable is not necessarily an appropriate parameter with which to describe the energy

confinement.  In these experiments [117, 118], the energy confinement time was found to

change on time scales much slower than that of the current ramp and close to that of the current

profile relaxation.  This led to the recognition that the current profile, not the global plasma

current, may be the controlling factor in determining the plasma energy transport, with higher

confinement being associated with the more peaked current profile for this transient phase.

As with ohmic plasmas, the anomalous transport loss is governed by microturbulence

whose source, however, is still not known. Measurements of density fluctuations during

parametric scans show changes in fluctuation levels and radial correlation lengths consistent

with the resulting change in energy confinement [119].

3 . 3 . Regimes with Edge Transport Barrier (H-mode) and

Recommended Regime for ITER

The high-confinement mode (H-mode) associated with a spontaneous formation of an

edge transport barrier was first discovered in ASDEX [120] and, as is discussed in Section 4,

has now been seen on a wide variety of magnetic confinement devices under a wide range of

conditions.

As is discussed in Section 6, the general forms for the global energy confinement

scaling in L-mode and H-mode are similar, although the former scaling is Bohm-like, while the

latter is more gyro-Bohm.  The H-mode exhibits global energy confinement values about a

factor to two better than L-mode.  Part of this is due to the formation of the edge transport

barrier, as is discussed further in Sections 4.1 and 4.2.  Another part of this improvement is
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due to a reduction in local transport throughout the plasma after the L to H transition.

Experiments comparing L-mode and H-mode local transport rates under as similar conditions

as possible have shown reductions in the electron thermal diffusivity, ion thermal diffusivity

and angular momentum diffusivity, with the reduction in the electron thermal diffusivity being

especially prominent.  An example of these results is shown in Fig. 1 [121].
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FIG. 1.  Comparison of electron thermal, ion thermal and angular momentum diffusivity in the
limiter L-mode and divertor H-mode discharges in DIII-D. The discharges were prepared to
have very similar plasma shapes and identical line averaged densities, plasma currents, toroidal
fields and input powers at the time of comparison [121].

There are several reasons why the H-mode has been chosen over the other improved

confinement modes as the primary operating mode for ITER.  First, as is discussed further in

Section 4, the H-mode is robust, having been seen under a wide variety of conditions in a large

number of devices.  Many of the other improved confinement regimes (e.g. TFTR "supershot"

[122], TEXTOR RI-mode [123, 124], ISX Z-mode [125], ASDEX counter-injection mode

[126]) have been seen in only one device under a limited range of operating conditions. In

addition, steady-state operation in many of these modes remains to be demonstrated.  The H-

mode with edge localized modes (ELMy H-mode) has been run for as long as 20 seconds on

JET [127] with the duration limited only by power supply considerations.  Second, the H-
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mode requires little in the way of special wall conditioning, unlike, for example, the supershot

regime, although it does benefit from reduced particle recycling.  Third, the H-mode exhibits

flat density profiles in the plasma core, which are consistent with reduced peaking of impurities

and helium ash. The DIII-D results [128], for example, show flat helium density profiles in H-

mode plasmas with ne(r)/nHe(r) ≈ const.  Fourth, the H-mode exhibits good confinement even

in high density cases where the electron and ion temperatures are equilibrated; this is consistent

with the alpha particle heating and high density operation that will be needed for ITER.  Several

of the other improved confinement modes (high βp mode [129], supershot and enhanced

confinement modes associated with weak or negative central shear) have only been seen so far

in cases where Ti >> Te.  Fifth, the H-mode requires no special current profile control for

long pulse operation, unlike the operating modes with negative central magnetic shear.

Although the negative central shear operating regime may ultimately improve characteristics of a

tokamak-reactor, it is not sufficiently investigated to be considered as the main operational

regime for ITER.

The physics of the L-to-H mode transition including scalings for the heating power

required for the transition are discussed in Section of 4, and effects of large-scale MHD

phenomena (ELMs and 'sawteeth') on the H-mode confinement are described in Section 5.

3 . 4 . Regimes with Internal Transport Barriers

Recently, core or internal transport barriers (ITB) have been discovered which lead to

significant enhancements in confinement and plasma performance.  Transport barriers

associated with weak or negative shear have been observed on all of the large tokamaks (the

enhanced reverse shear (ERS) mode on TFTR [6], negative central shear (NCS) mode on DIII-

D [130], optimized shear scenario [131] and PEP mode [132] on JET, and reverse shear mode

on JT-60U [133]).  Internal transport barriers are also observed in plasmas with monotonic q

profiles.
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3.4.1. Barriers associated with reversed or weak magnetic shear

For most of the regimes with reversed magnetic shear, shear reversal is obtained

through a combination of a rapid current ramp and auxiliary heating early in the plasma

discharge.  The enhanced performance of these plasmas is at present transient, however, and

experiments are now being designed to extend this regime of operation to steady-state.

Recently, ELMy reversed shear H-mode discharges were sustained in DIII-D [134] and JT-

60U [135] for ≥1.5 s although with a relatively low figure of merit Ffus = βNH/q2 ≤ 0.5,

where H is the enhancement factor above the L-mode confinement scaling [136] and βN =

β/(I/aBT).  The highest transient value of Ffus achieved so far in negative central shear

discharges is about 1.2 [6] which should be compared with Ffus ≈ 0.64 expected in ELMy H-

mode in ITER.

In TFTR enhanced reverse shear (ERS) plasmas [6, 137–139], dramatic reductions in

the ion thermal conductivity and particle diffusivity are found shortly after the onset of nearly

balanced neutral beam injection.  Both quantities fall to or below present-day standard

neoclassical predictions.  Evidence for exceptional particle confinement is obtained through

particle balance analysis [6, 137, 138], as well as tritium and helium gas puffing and lithium

pellet injection [140].  The transport reductions are accompanied by local reductions in the

fluctuation levels [139].  Interestingly, the electron thermal transport appears to be relatively

unaffected by the reduction in fluctuations.  This observation, coupled with the observed

improvement in particle confinement, may have practical implications with respect to the issue

of helium ash accumulation in such regimes.  Pressure and density profiles in ERS plasmas are

characterized by strong central peaking, with the transport barrier located at or near the location

of the minimum in the q profile.  Steady-state operation is limited by plasma disruption,

triggered either by qmin falling below 2, or by the high pressure gradient region slowly

expanding through the radius of weak magnetic shear.

Significant reductions in transport are also observed on DIII-D in NCS plasmas with

internal transport barriers [130, 141, 142].  As in TFTR, the thermal transport reduction is

observed primarily in the ion channel.  Large increases in the ion temperature, electron
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temperature and electron density are observed inside the radial location of the ITB, with large

gradients in the ion temperature and electron density developing in the region of the ITB.  The

ion thermal diffusivities are below standard neoclassical levels in the core for NCS plasmas

with L-mode plasma edge properties. For NCS plasmas with H-mode plasma edges in DIII-D,

the ion thermal diffusivities are below standard neoclassical levels for nearly the entire plasma

cross-section [143], and fluctuation levels, measured by far infrared scattering are dramatically

reduced as well. L-mode edge NCS plasmas are characterized by a dramatic peaking of the

density profile, much like TFTR ERS plasmas. Large reductions in the particle diffusivity are

observed inside the ITB.  The cores of these discharges are in the second stable regime for

ballooning modes due to the weak or negative magnetic shear and high central q.  However, L-

mode edge NCS discharges normally disrupt when normalized β, βN = β/(I/aB), exceeds 2.0

to 2.5 as a result of becoming unstable to global resistive interchange modes.  In general, for

H-mode edge NCS plasmas, the broad density profile results in a relatively broad pressure

profile that is better aligned with the weak shear and exhibits greater stability.  Larger βN value

are obtained in plasmas with H-mode edges than with L-mode edges, which is consistent with

ideal MHD calculations [144]. Contrary to the observations on TFTR, these plasmas are stable

to the passing of qmin through 2.

On JT-60U, transport barriers are also observed with [133] and without shear reversal.

With shear reversal, the region of small transport is again located near qmin.  It is inferred that

the electron thermal transport can also be reduced in these plasmas [145], in contrast to the

conclusions drawn from TFTR and DIII-D core transport barrier formation with reversed

shear.  From power and particle balance analysis, it also appears that the improvement in

confinement is constrained to region of steep gradients.  Radial expansion of the transport

barrier after formation is observed. It has been demonstrated on JT-60U that the barrier can be

sustained if RF power is substituted for neutral beam power, indicating that the physics of

transport barrier sustainment does not depend on particle fueling or density gradients per se

[2.3.49].  Like TFTR ERS plasmas, but unlike DIII-D NCS plasmas, these plasmas exhibit

high disruptivity near qmin = 2.
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In the JET tokamak, transport barriers are also observed with reversed or weak

magnetic shear [131, 147–149] through use of lower hybrid current drive, ICRH heating, or

pellet fueling.  The transport barriers are characterized by strong gradients in the ion and

electron temperature, electron density, and toroidal rotation.  Power balance analysis indicates

that thermal conduction in both the electron and ion channels is reduced in these plasmas.  The

particle diffusivity is reduced, and the confinement of electrons deposited in the core is

sometimes similar to that observed in DIII-D NCS, TFTR ERS, and JT-60U enhanced reverse

shear plasmas.  A characteristic of the plasma evolution is the large radial expansion of the

transport barrier once the barrier is formed.  Using the radial location of the minimum in the q-

profile obtained from equilibrium calculations, it is inferred that the barrier moves far outside

qmin, in contrast to the observations made on other machines. It is inferred that the optimum q

profile for the formation of the barrier has slightly negative or flat shear with q > 1 everywhere.

Candidate theory-based models for transport barrier formation have been proposed that

rely on the shear reversal itself [150; 151], E×B shear suppression [6, 130, 137–141, 152],

strong Shafranov shift gradient [151, 153], or a combination of two or all three of these

mechanisms.

There is experimental evidence that E×B shear is necessary and Shafranov shift effects

and shear reversal are not sufficient to sustain enhanced confinement [154].  Transport and

fluctuation levels remain low until the characteristic shearing rate of turbulence [155] is reduced

through the applied torque below a threshold value.  Recent observations of local core poloidal

velocity excursions prior to the onset of ERS confinement point to a possible similarity in the

bifurcation physics of core and edge barrier formation [156].

In DIII-D high performance NCS plasmas, there is both a temporal and spatial

correlation between the reduction in transport and the reduction in electrostatic fluctuations

when the E×B flow shear exceeds the local microinstability growth rates [121].  This large

flow shear results from the strong peaking of toroidal rotation inside the region with weak

or negative magnetic shear, in contrast to TFTR ERS plasmas, where the origin of E×B flow

shear is large pressure gradients formed in part by strong central fueling. 
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Although Shafranov shift gradient stabilization extrapolates well to a reactor scale

device, the ρ* scaling of the diamagnetically driven E×B shear stabilization does not

extrapolate favorably unless an external source of rotation (for instance the neutral beam

injection or ion Bernstein wave (IBW) radio frequency heating) is applied.  However, further

theoretical and experimental confirmation of these ideas for transport barrier creation,

dynamics, and control is required before fully quantitative extrapolations from present devices

can be made for ITER.

3.4.2. Other improved core confinement regimes without edge radiation

To this class belong the supershot regime in TFTR , the VH-mode in DIII-D, the high-li

(internal inductance) regime in TFTR and Tore-Supra, the high βp-mode of JT-60U, Improved

L-Modes in JFT-2M, the LHEP (Lower Hybrid Enhanced Performance) mode of Tore-Supra,

and the PEP (Pellet Enhanced Performance) mode obtained in several machines.

The supershot regime in TFTR [2.3.23] is characterized by extremely peaked density

and pressure profiles, along with high Ti >> Te (Ti(0) ≤ 45 keV, Te(0) ≤ 14 keV) and

confinement enhancements of up to 3 over L-mode.  The supershot regime shows a strong

isotope scaling of confinement; in DD versus DT plasmas, τE was found to scale as Ai0.85

[115].  The single most important controlling parameter for supershot generation is minimizing

the ion influx from the wall.

VH-mode operation on DIII-D represents an enhanced confinement regime that is not

linked with reversed or weak magnetic shear [157].  Magnetic braking experiments suggest that

toroidal flow shear is important for enhanced core confinement in these cases [158].

The high-li and LHEP regime on Tore-Supra [159] are both characterized by an

enhancement factor for the electron energy content of up to 1.7 over the Tore-Supra L-Mode

scaling.  LHEP discharges up to 2 minutes in duration have been obtained in Tore-Supra with

the lower hybrid current drive [160].  The formation of transport barriers and a reduction of

electron thermal diffusivity coefficients to near neoclassical values have been observed in the

plasma core, where the magnetic shear is weak or negative.
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D-T plasmas with increased plasma inductance have been produced in TFTR [161] by

expanding the plasma minor radius during the current rise in the startup phase.  These plasmas

show an enhanced stability due to an increase in the maximum possible βN, proportional to li,

and stay in the L-mode, unlike the high-li discharges obtained by a current ramp down.  The li

values up to 2, corresponding to βΝ values of up to 3, and pressure peaking factors from 3 to

6.2 have been observed.

In JT-60U, improved L-mode confinement has been observed in deuterium high-βp

discharges at low density with centrally peaked beam deposition [162].  Boronization is

essential to get a low density target plasma and sawtooth activity and locked modes are

suppressed by careful control of the internal inductance and the toroidal rotation.  It is obtained

at values for the cylindrical equivalent safety factor q* between 4 and 11, and is characterized

by (i) confinement improvement over the L-mode by a factor of about 3, increasing linearly

with εβp up to about 0.5, (ii) bootstrap current fractions of about 60%, (iii) high central

temperatures (Ti(0) > 40 keV, Te(0) > 10 keV, Ti(0)/Te(0) ~ 4 to 5), and (iv) high fusion

neutron rates. It is further characterized by a highly peaked Ti and ne profile, a broad Te profile,

and a relatively broad current density profile, with li < 1.2, where the weak shear develops in

response to the generation of bootstrap current [163].  The existence of an internal transport

barrier is deduced from the shape of the ion temperature and toroidal rotation profile [164].

This regime is terminated by β collapse due to ideal low-n kink ballooning modes.  The β

collapse can be avoided through the beneficial effects of an H-mode pedestal and pressure

profile broadening [165], and through increased plasma triangularity [166].  As contrasted with

reverse shear operation on JT-60U, nearly steady-state operation of these plasmas has been

demonstrated [8].

In JFT-2M, the improved L-mode is transiently obtained just after an H-L transition

[167].  The other improved L-mode is transiently obtained with counter neutral beam injection

associated with  a peaking of the electron density.

A transient increase in confinement has been found in L-mode discharges in several

machines using pellet injection in ohmic and additionally heated discharges (PEP-mode) [168–

170].  A strong peaking of the electron density and temperature profiles is observed, together
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with reduced core (r/a < 0.5) transport and a reduction in χeff.  Enhancement factors versus

L-mode scaling of up to 1.6 have been observed, deteriorating with increasing heating powers.

Improved L-mode without additional impurity radiation occurs in ASDEX Upgrade

when the H-mode power threshold is high.  The high H-mode threshold can be obtained by (i)

directing the ion grad-B drift [171] away from the X-point, (ii) by Ho injection, or a

combination of both.  Power degradation is weaker than that of the usual L-mode scaling and

confinement approaches that of the H-mode with increasing heating powers, as shown in

Fig. 2, independent of how the high threshold was obtained.  An isotopic dependence of

confinement has been observed proportional to Ai0.5.
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FIG. 2.  Confinement time versus total heating power in ASDEX Upgrade: pure deuterium
plasmas, both ion gradB drift directions, Ip = 1 MA, BT = ± 2.5 T.

3.5. Enhanced Confinement with Edge Radiation

Included in this class are the RI-mode of TEXTOR-94 [172–174], the improved

L-mode regime of ASDEX-Upgrade [175] and the IL-mode [176] and RI-mode like regimes of

DIII-D [177-179].  All these modes are characterized by strong radiation in the edge caused by

edge impurity seeding.

The RI-mode on TEXTOR-94 has been obtained in deuterium discharges heated by

neutral beam deuterium co-injection (NBI-co) alone or in combination with ICRH and/or
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counter injection.  The RI-mode can be obtained with Ne, Ar, Si and Si + Ne seeding and has

been observed (i) with PNBI-co/Ptot ≥ 25%, (ii) at sufficiently large densities such that the

Greenwald number ne / nGR  ≥ 70% [where nGR = Ip/(πa2) with units 1020 m-3, MA, m], and

(iii) with impurity seeding such that the radiated power fraction, γ = Prad/Ptot, exceeds about

50%.

The RI-mode combines simultaneously many attractive features that are promising for

application to a future fusion reactor: (i) high confinement as good as ELM-free H-mode; (ii)

high plasma β, up to βN = 2.1 with simultaneous values for product βN×H89P up to 4.5; (iii)

high density, presently observed from 0.75 up to 1.2 times the Greenwald density; (iv)

confinement increasing linearly with density given by τRI = ( ne / nGR )τITERH93-P, both for Ne

and Ar seeding, as illustrated in Fig. 3 (here τITERH93-P is the energy confinement time

predicted by ITERH93-P scaling for ELM-free H-mode [180]); (v) long and quasi-stationary

pulses up to 160 times the energy confinement time, which is very close to the ratio of the burn

time to the confinement time foreseen for ITER, or about the skin resistive time without

impurity accumulation (versus time) in the center of the discharge; (vi) no difficulty with

operation at low qa (checked presently down to qa = 2.7) leading to values for the figure of

merit for ignition margin up to H89P/qa = 0.8; (vii) promising heat removal capabilities by edge

radiation with a radiated power fraction up to 0.95; (viii) no ELMs, no power threshold

observed so far, and (ix) concentration of the seeded impurity sufficiently low such that the

neutron yield is not decreasing with respect to discharges without neon seeding.  Injecting

pellets into RI-mode shots can lead to a further quasi-stationary increase in confinement [181].

At the highest currents explored up to now (Ip = 520 kA), where the highest densities can be

reached, central Zeff values around 2 are observed.
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FIG. 3. Comparison between the experimentally observed confinement times and the

predictions of the RI-mode scaling law τ RI = (ne / nGR )τ ITERH93−P ∝ I0.06ne
1.17Ptot

−0.67 for Ne, Ar, Si

and Si + Ne seeded RI-mode discharges in TEXTOR-94.

The extrapolation of this regime to a future fusion reactor has to be assessed

experimentally in order to gain more knowledge on the influence of larger machine size and

different plasma parameters on the transport of the energy and particles (D, T and impurities).

First encouraging results with Ne and Ar seeding in deuterium discharges have been obtained

recently on TFTR [182], Tore-Supra and DIII-D [183, 184].

ASDEX Upgrade has obtained improved confinement in L-mode discharges by Ne

impurity seeding, studied in D+ or H+ plasmas heated with Do and Ho NBI respectively, at

power levels between 1 MW and 10 MW and q95 between 3 and 4.  The confinement increases

with radiated power and, at high radiation powers, reaches 80% of that of the H-mode [175].
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The IL-mode of DIII-D has been obtained with Ne seeding in both single null and

double null configurations after an H-L transition.  Confinement of the IL-mode is between 1.4

and 1.8 times L-mode.  Both electron and ion thermal transport is reduced, with a doubling of

the central electron temperature.  The IL-mode can make a transition to the H-mode, and a

confinement has been observed in this subsequent H-mode phase by a factor of 3 higher than

that in L-mode.

Recently, enhanced confinement with impurity seeding has been observed in DIII-D in

both ELMing H- and L-mode deuterium plasmas in diverted and limited configurations. Both

Ne and Ar have been used as radiating impurity and all plasmas were heated with NB co-

injection. A variety of confinement modes have been observed ranging from L- to H- and even

VH-mode. The results obtained so far in the parameter range 1.2 < Ip < 1.4 MA, 1.5 < Bt <

2.05 T, 3 < qa < 4.5, 4.5 < Padd < 13.4 MW, ne / nGR  ≤ 1, can be summarized as follows:

(i) In inner limiter plasmas the elongation was κ = 1.4-1.6; maximum values obtained

for the Greenwald number and the radiated power fraction are ne / nGR  ≈ 80% and γ = Prad/Ptot

≈ 80%.  At the highest densities, values of the energy confinement time between those

characteristic for ELMing and ELM-free H-mode were observed with moderately peaked

density profiles.

(ii) In a divertor configuration, the H-mode plasmas with ne / nGR  ≈ 70-80%, radiation

fractions Prad/Ptot ≈ 95% and a confinement characterized by fL89 ≥ 1.6, equivalent to fH93 ≥ 1

(i.e. better than ELM-free H-mode confinement) was observed.  A promising scenario leading

to quasi-stationary conditions is the so-called "puff and pump" scenario with impurity seeding

[179].  Under those conditions, phases have been obtained with a duration of about 3.5s or 30

× τE , βN values up to 2.3 and βN× fL89 product up to 4.5.

(iii) In addition, the VH-mode was observed in upper single null plasmas at high target

densities and radiation levels.  A value of βN × fL89 = 6 has been obtained for up to 1.6s and

for nearly the entire period βN stayed at the stability limit (≈ 4 × li ). In transient phases,

confinement improved to values fL89 ≥ 4 equivalent to fH93 ≥ 2, at densities up to ne / nGR  ≈

60% and radiation fractions Prad/Ptot ≈ 50%. In these high performance discharges, it was

difficult to increase the radiation further by impurity seeding, possibly due to the very high
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gradient of the density profile at the edge, leading to radiating mantles with a limited radial

extent.

Like the TEXTOR RI-mode, these regimes need further studies before extrapolation to

ITER can be made.

 4.  L-H AND H-L TRANSITION PHYSICS

The H-mode of confinement is one of the most robust and reactor compatible of the

improved tokamak confinement regimes, combining good energy confinement [185] with high

beta [186] and, in the presence of ELMs, with acceptable particle transport rates for the control

of density, impurity and helium exhaust [128, 187].  In addition to its practical importance, the

attempt to explain the turbulence reduction and confinement improvement that occur in H-mode

have led to fundamental insights in plasma physics.

The H-mode, first discovered in ASDEX [120], has been obtained in all divertor

tokamaks that have operated since 1982, in limiter discharges in several tokamaks [188–192],

in a current-free stellarator [193–195], in a heliotron/torsatron [196, 197], and in a linear

tandem mirror machine [198].  H-mode has also been produced with a wide variety of

techniques: heating with neutral beam injection, electron cyclotron heating [193–195, 199,

200], ion cyclotron heating [188, 201], lower hybrid heating [202] and Ohmic heating [203–

206].  Furthermore, H-mode has also been produced by biasing the plasma using an external

electrode [207, 208] or by biasing the limiter [198].

There is a set of common features that are seen in all devices which obtain H-mode.

The first to be identified was the formation of a transport barrier at the plasma edge [209] where

the density and temperature gradients steepen after the transition.  The formation of this barrier

is associated with a drop in the Dα radiation all around the plasma, indicating a significant

decrease in the particle outflux.  In addition, later work showed that the density fluctuation

amplitude decreases in the region where the transport barrier forms [210–212].  A reduction in

the amplitude of magnetic fluctuations has also been observed [213, 214].  Finally, at the same

time as the formation of the transport barrier and the reduction in fluctuations, a steep gradient
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region develops in the radial electric field Er at the plasma edge [215–219].  These features have

been seen in all tokamak discharges where diagnostics capabilities allow [220, 221] and have

also been seen in the stellarator and mirror results [195, 198].

4 . 1 . Physical Processes of Transition

Because the H-mode confinement improvement appears in many configurations and has

been produced by many means, an understanding of the confinement improvement requires

some universal mechanism.  The leading hypothesis to date involves the reduction of turbulent

transport by sheared E×B flow [14, 222, 223].  The fundamental idea is that the sheared flow

tears apart the turbulent eddies in the plasma, reducing their radial extent and, hence, reducing

the transport that they cause.  Both a non-zero first radial derivative [14, 222, 223] or second

radial derivative [224, 225] of the E×B flow can reduce transport.  Because the shear in the

E×B flow can have the same effect on a wide variety of turbulence, this mechanism has the

universality needed to explain the transport decrease in a wide range of conditions.  This same

sort of shear decorrelation by E×B flows has also been seen in the edge of Ohmically heated

limiter discharges in TEXT [226].  It has further been seen on the open field lines beyond the

separatrix in diverted plasmas [227] when a sheared electric field is created with divertor bias.

Decorrelation of turbulence by sheared flows is a mechanism that also functions in

ordinary fluids [228, 229].  However, because the sheared flow is also a source of free energy

which can drive Kelvin-Helmholtz instabilities, situations in which net reduction of turbulence

occurs are infrequent. In magnetized plasmas, the stabilization of Kelvin-Helmholtz instabilities

by shear in the magnetic field allows the flow shear decorrelation to produce a net turbulent

transport reduction [14].  Accordingly, this explanation of the H-mode confinement

improvement has led to a fundamental contribution to the understanding of the physics of

fluids.

A full understanding of the L-H transition requires an understanding of the physics

which controls the radial profile and magnitude of Er which is governed by the radial force

balance equation for ions
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Er + VpBT − VTBp = −(Zinie)−1dpi / dr  (9)

There has been a large theoretical effort devoted to this issue which has led to the

formulation of equations to describe Er near the plasma boundary in toroidal geometry with

neoclassical and anomalous effects included [230–233].  The experimental assessment of

theory is very difficult due to the fact that many of the quantities of interest cannot be measured

with the existing diagnostic capability. The ideas which are being actively pursued can be

divided into four categories:

1.  Ion orbit loss [222, 223, 234, 235]. Ions are preferentially lost from the plasma

edge because ions in the loss cone intersect material surfaces.  Thus, the plasma is charged up

negatively.  Alternatively one can see this as causing a torque generating poloidal flow in

competition with the damping due to neoclassical parallel viscosity and charge exchange

processes [236, 237].

2.  Stringer spin-up [238–240].  A large poloidally asymmetric sink or source of

particles overcomes the natural damping of poloidal rotation and allows a large poloidal rotation

to develop.  The relationship between poloidal rotation and Er has not been specified in this

model.

3.  Pressure-gradient drive [241–243].  A toroidal equilibrium naturally develops a

negative radial electric field to balance the ion pressure gradient.  Thus, the large and negative

Er is effectively a consequence of good confinement.

4.  Anomalous viscosity [230, 244, 245, 221, 222] or turbulent Reynolds stress [246–

251, 199, 233].  Transport of momentum can modify the average flow profile of the plasma.

The relation between plasma velocity and Er has been specified for these models.

Although we have a model of turbulence stabilization and confinement improvement

due to E×B shear stabilization, we still need to validate a model which can predict the Er value

under given conditions.  Considerable experimental effort is being devoted to this area, but

quantitative tests of the various models require, in many cases, development of novel

diagnostics.  In addition, since there is no fundamental understanding of energy and particle
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transport in the plasma edge, even if we had such a model for Er, we could not predict the edge

plasma conditions in ITER with sufficient certainty to utilize it.  Furthermore some models

[236, 237, 248] are dependent on, or modified by, the presence of neutrals which can be

affected by details of the magnetic configuration.  Accordingly, as is discussed in Section

2.4.3, estimation of the power threshold for ITER is being done empirically.  Nevertheless, the

L-H transition is an edge phenomena and the transition conditions should be expressible in

terms of edge parameters rather than global ones like heating power.  Empirical relations of this

type are emerging (as discussed in Section 4.3 and in Chapter 4, Sections 3.7 and 3.8) and will

help to provide experimental tests of theory.

4 . 2 . Edge Pedestal

A defining feature of the H–mode is the existence of a transport barrier near the plasma

boundary.  Although the H–mode edge transport barrier can be quite narrow (≤2% of the minor

radius in DIII-D), the characteristics of this layer are significant in the overall plasma

performance and in divertor effects.

Stiff ITG-mode turbulent transport models [243, 75] predict that the core temperature is

strongly linked to the edge temperature suggesting that ITER may require relatively high edge

temperature for ignition.  This result is in qualitative agreement with data from DIII–D [252]

and C-MOD [253].  On DIII–D, HH93 ∝  (Te
PED)0.55(ne

PED)0.58/BT
0.93 , where HH93 is the

energy confinement enhancement factor relative to the ITER93H-P scaling [180], and PED

refers to values at the top of the H–mode pedestal (Fig. 4 [252]).  ASDEX Upgrade also shows

a direct relation between stored energy and pedestal pressure gradient (Fig. 5) [254].

The study of the H–mode pedestal parameters can be separated into the analysis of the

scaling of the width of the steep pressure gradient region, which is expected to be set by

turbulence suppression physics [220], and the magnitude of the edge gradient.  The height and

width of the H-mode transport barrier depends on the type and level of ELM activity (Chapter

3, Section 2.6 and Chapter 4, Section 3.8; see also Section 5.2 of this Chapter).  The highest

values of the electron temperature at the top of the H-mode transport barrier occur just prior to
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the crash of a type I ELM.  The maximum pressure gradient is usually consistent with ideal

ballooning mode stability at the edge [255].  However, data from D III-D shows that the edge

gradient can exceed the nominal infinite-n ballooning limit [252] by factors of two to three.

Type III ELMs often, but not always, have lower pedestal pressures and lower confinement

(e.g., Fig. 4).

Fig. 4.  H-mode energy confinement enhancement factor relative to ITER93 H-mode scaling

increases with increasing H-mode pedestal pressure (kPa) averaged over ELMs in DIII-D

[252].
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Fig. 5.  Relation between thermal stored energy and edge electron pressure gradient for

discharges in ASDEX-Upgrade near the ideal ballooning limit at the edge [254].

There is considerable variation in the experimental results for the scaling of the pedestal

width.  Experiments on JT-60U have reported that electron and ion temperature pedestal widths

δ scale as δ ∝  ρpi, the poloidal ion Larmor radius, in the ELM free phase [256] and that it is 2–

3 times greater in the ELMy phase.  Results from JET, in which the pedestal pressure is

measured and it is assumed that the steep edge gradient is limited by the ideal MHD high-n

ballooning limit [257], imply a scaling δ ∝  (ρpiL)1/2, where L is a macroscopic length.  Direct

measurements of the width in JET [258] yield different results.  In ELM-free H-mode the

electron temperature barrier width δTe is nearly constant at 3-4 cm; between ELMs it is 5-6 cm.

A scaling δTe ∝ (Te
PED )−0.16   independent of plasma current I, is found, i.e., not correlated with

ρpi.  The electron density barrier width δn ~ δTe/2.  During ELM-free H-mode the ion

temperature barrier width scales as δTi ∝ Ti
PED  with δn ≤ δTi.  Recent JET experiments on the

isotope scaling indicate that the pedestal height increases strongly with the isotope mass [259].

In ASDEX Upgrade the barrier width δ is fairly constant (δ ~ 2–2.5 cm) and is independent of

I, again implying it is not related to ρpi [254].  Experiments on DIII-D with parameters chosen

to be similar to ITER indicate that δ can be fit with two forms, δ/R ∝  (ρpi/R)2/3 (stronger than
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the other experiments) or δ/R ∝  (βpPED)1/2.  These results can be used to estimate the edge

temperature in ITER by assuming type I ELMs will occur at the same α  (the normalized

pressure gradient parameter for ideal MHD ballooning modes) as in DIII–D or other

experiments at the ITER value of q.  Scaling from DIII-D discharges with a strong scaling with

ρpi, δ/R ∝  (ρpi/R)2/3 gives TPED ∝  (LBT/nG3) ≈ 1 keV for ITER [this scaling also implies δ

∝  (L/nGBT)1/2, and pPED ∝  (BT3/nGL)1/2].  The form of the scaling more consistent with the

other experiments of δ/R ∝  (βpPED)1/2 gives a significantly higher pedestal temperature TPED

∝  (LBT/nG) ≈ 5 keV for ITER (here δ ∝  L, and pPED ∝  BT2).  Similar values (~ 4 keV) are

obtained from extrapolations from other experiments (Chapter 4, Section 3.8).

4 . 3 . Power Threshold Scaling

The H-mode is reached above a certain threshold power, Pthr, which depends on

plasma conditions and machine size and it is essential to predict what value is needed for ITER.

The threshold dependence on plasma configuration and parameters, studied in single devices

during the past years [171, 260–268], can be summarized as follows.  The threshold power is

about 2 times lower for the single null (SN) configuration with the ion ∇ B drift towards the X-

point than for the opposite direction or double null (DN) configuration; the threshold is about

2 times lower in deuterium than in hydrogen; reduction of neutral density and impurities by

appropriate wall conditioning and good divertor retention is favorable for achieving low

threshold powers.  The studies in single devices also show a rather clear linear dependence of

Pthr on ne  and BT.  However, the size dependence, an essential element for extrapolation,

cannot be deduced from experiments made on single devices.  Therefore, since 1992 the ITER

H-mode Threshold Database has been constructed [269] and presently includes 10 divertor

tokamaks [270–273]: Alcator C-Mod, ASDEX, ASDEX Upgrade, COMPASS-D, DIII-D,

JET, JFT-2M, JT-60U, PBX-M and TCV.  The present version of the database contains about

150 variables which describe the magnetic configuration, the core and the edge regions of the

plasma.  The latter is believed to play a major role in transition physics as shown in Section

4.1.  Care was taken to include in the database data representing the lower threshold from each
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device and, in particular, from discharges with good wall conditions.  Apart from allowing

studies of the size scaling, the database provides a unique framework for systematically

comparing threshold data from several tokamaks.  The database confirms the earlier results

from single devices, in particular the BT dependence, but also shows differences for the density

dependence.  The threshold power generally shows a minimum at a density  ne,min  in the range

0.1–0.25 × 1020 m–3 (sometimes even exhibiting an apparent density threshold [265]), except

for Alcator C-Mod for which ne,min  ≈ 0.8 × 1020 m–3.  The value of ne,min  is around 20%-

to-30% of the Greenwald density limit, but no clear relation could be established so far.  Above

ne,min  the power threshold increases linearly with density up to a density around 80% of the

Greenwald density limit.  Above this value the power threshold  increases with a strong

nonlinear dependence [274].

Scaling expressions for Pthr are obtained from the database by performing a linear

regression of the net heating power   PL = Pheat − «W  versus ne , BT and machine size and

geometry using R, a, S and/or κ (major radius, minor radius, plasma surface area, elongation).

The time slices are taken just before the L-to-H transition, for conditions providing low power

threshold: deuterium plasmas, ion ∇ B drift toward X-point.  Previous results were presented in

[269–273].  More recent analyses from the last version of the database (ITERTH DB2.3,

September 1997) are given in Table II.  Results show that the RMSE is significantly reduced

when the size regressors R  and a  (Expression 2) or S  (Expression 3) are used, instead of R

only.
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Table II. Summary of the Threshold Analyses with Global Parameters†

Eq. Excluded
tokamaks

Obs. Num.
factor ne,20 BT R a S

rmse
%

Low
95%
MW

ITER
pred.
MW

Up
95%
MW

Constr
equ.

(1) none 512 0.70 0.94 0.80 2.12 30.5 67 1 2 4 230 3.04

(2) none 512 1.79 0.78 0.76 1.14 0.78 28.3 53 9 5 169 2.8

(3) none 512 0.057 0.64 0.83 0.89 28.8 49 8 8 157 2.15

(4) ASDEX, TCV

COMPASS-D

432 0.041 0.69 0.91 0.96 25.2 70 1 1 6 192 2.39

(5) ASDEX, TCV

COMPASS-D

432 1.38 0.77 0.92 1.30 0.76 25.1 79 1 3 2 224 2.54

†  The columns from left to right indicate: the expression numbering, the tokamaks not included in the

regression, the number of time slices included in the analysis, the numerical factor, the exponents of density,

magnetic field, major and minor radius, plasma surface area, RMSE of the regression, the lower values of the

95% confidence interval (usual definition) of the ITER prediction, the threshold power predicted for ITER, the

upper 95% confidence interval, the results of the sum determined by constraint with dimensionless parameters

(see later in the text). The units used are m-3, T, m, m2, MW.

Using κ as an additional regressor does not modify the results significantly.  Moreover

the κ dependence is not well assessed because it is only provided by the fact that ASDEX has a

circular cross-section whereas all the other tokamaks are elongated with 1.3 ≤ κ ≤ 1.7.

Further analyses show that two groups of tokamaks can be distinguished: ASDEX

Upgrade, Alcator C-Mod, DIII-D, JFT-2M, JT-60U, JET, PBX-M on one hand, ASDEX,

COMPASS-D and TCV on the other hand.  Making a regression with data from the first group

yields Expressions 4 and 5, which have a low RMSE and are represented in Figs. 6 and 7.

The seven (7) tokamaks of this group agree with the fit within one standard deviation. The

three (3) tokamaks of the second group are on a line parallel to that of Expression 4 but higher

by 60% (Fig. 6).  For COMPASS-D and TCV the reason for this effect may be attributed to

the small size of the devices in which the influence of neutrals is expected to become important.

For ASDEX it may be attributed in addition to the circular cross-section.  When Expression 5 is

considered (Fig. 7) only COMPASS-D and TCV are above the line defined by the other seven

tokamaks, whereas ASDEX agrees with this fit.
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At present there is no strong reason allowing a decisive conclusion to be drawn from

Table II or Figs. 6 and 7.  The values given here represent the extrapolation uncertainties of the

H-mode threshold power in ITER based on the present database. Expressions (4) and (5) of the

above Table are conservative, take into account plasma geometry as complete as can be

obtained from the database and have a good RMSE. By these reasons they might be

recommended for extrapolation to future devices.

The H-mode being determined by conditions at the plasma edge, the power flux across

the edge,   PL = Pheat − «W − Prad
core , is a global parameter better suited to describe the power

threshold.  The radiation inside the separatrix, Prad
core , can be subtracted only for some of the

analyses because, due to the limited data available.  This excludes devices, increases the RMSE

of the regression [272, 273] and is not taken into account here.  Further data and work are

necessary to obtained a reliable result.
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FIG. 6.  Comparison of experimental power thresholds with the scaling expression 4 (solid

line).  Dashed line is the expression 4 multiplied by 0.66, and the dotted line which fits

ASDEX, COMPASS-D and TCV data is 60% above the expression 4.
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FIG. 7. Comparison of experimental power thresholds with the scaling expression 5, same

meaning of lines as in Fig. 6.

To analyze the database one may also be guided by the observation that, for fixed

values of the controllable plasma parameters, the H mode transition occurs at the plasma edge

and that a minimum power flux across the separatrix is required.  Starting from this

assumption, using the usual dimensionless plasma variables, ν*, ρ*, β and assuming that a

power law expression for the threshold power, Pthr = ne
XBT

YRZ  satisfies the high β

(Kadomtsev) constraint, one obtains the following relation between the exponents: 8X + 5Y –

4Z = 3 [270, 271].  This approach implies that the L-H transition is only governed by plasma

physics parameters, which is not necessarily the case at the plasma edge where atomic physics

might also play a role.  The exponents of Table II yield for 8X + 5Y – 4Z values between 2.2

and 2.6, as indicated in Table II, therefore approaching but not quite meeting the condition

derived with dimensionless variables.

Under the assumption of a linear BT dependence (Y = 1) as observed in all the

tokamaks, P thr = C BTne
0.75R2 is dimensionally correct and in rough agreement with the

experimental observation within the uncertainties.  The uncertainties can be formulated by the
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quantity (neR2 )α  where α  is determined from the analysis of the database.  This leads to the

following expression (10), given in [271], where the reader can find a complete derivation:

Pthr = C(R / a,κ ,q,α )BTne
0.75R2 (neR2 )α (10)

where C is a non-dimensional coefficient. Using the database version ITERTH DB2.1,

(September 1996), one finds: – 0.25 ≤ α  ≤ 0.25 and C = (0.45±0.1) × 0.6α .  The range in

α  is obtained by analyzing the data scattering of the database while varying the density

exponent X in the Kadomtsev constraint 8X + 5Y – 4Z = 3 and maintaining Y = 1, as

explained in [271].  Expression (10) leads to a range for the threshold power prediction for

ITER between ~50 MW and ~200 MW.  The uncertainty is dominated by the R dependence,

R1.5 to R2.5.  Since this work was performed, efforts have been made to reduce the scattering

of the data and are expected to somewhat reduce the uncertainties of future results.

The power threshold in ITER predicted by the database at present has a considerable

uncertainty (from ~50 MW to ~200 MW) and the upper value exceeds the currently planned

heating power.  The high required power and the large range of the uncertainty are due mainly

to the exponent on the size dependence which is close to 2 in all the cases.  It must be stressed

here that, extrapolating from JET and JT-60U to ITER, the size dependence is the major

contribution compared to those from ne  and BT.  For the extrapolation to ITER one assumes

that the conditions for a low threshold, as required in present tokamaks and listed above, will

be fulfilled.  This will be most probably the case: a SN configuration with favorable ion gradB

drift is foreseen in ITER, high divertor retention and low recycling wall conditions will provide

low neutral density.  The expressions given by in Table II are obtained by a free fit through the

standard dataset. According to present knowledge effects causing a particularly high threshold

in ITER are not expected. On the contrary, one may expect the threshold power in ITER to be

kept low for the two following reasons. First, if one assumes that the above conditions that

provided the lowest threshold values in present tokamaks can be achieved in ITER, one may

reduce the numerical factor of Expressions 4 and 5 such that corresponding line goes through

the lower point boundary, as suggested by the dashed line in Figs. 6 and 7.  This decreases the
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threshold prediction for ITER by about 30%.  Second, as was mentioned above, the power

threshold is lower in deuterium than in hydrogen.  Very recent experiments in JET with tritium

indicate a ~25% decrease of the power threshold in D-T (50%-50%) plasmas [275].  These

results yield a power threshold which is inversely proportional to the effective plasma mass.

This might also lower the power threshold in ITER by about 25% in D-T operation.  It may

even be valuable to first  reach the H-mode in pure tritium to take advantage of the lower

threshold and then add the necessary  deuterium.  In several devices a power hysteresis has

been observed for the H-mode threshold: about 1.5-to-2 times more power is required to

achieve the H-mode than to sustain it.  However, the hysteresis is not observed in JET [276]

and it disappears when the density is increased towards the density limit, as shown in ASDEX

Upgrade [274].  The latter effect is attributed to confinement degradation observed at high

density [277].  Therefore one cannot rely on the hysteresis for ITER prediction in the present

status of understanding and further investigations are necessary on this topic.

A more precise assessment of the ITER threshold power demands further

understanding and quantification of the influence of plasma geometry, edge parameters and

neutrals on the threshold, as well as a reduction of the data scatter for each tokamak.  Such

studies are being actively pursued in several tokamaks and in the framework of the database

activity.  The understanding of the effect of neutrals is still controversial, in particular for the

region around the X-point.  For the rest of the main plasma it is clear that smaller devices and

low density cases are sensitive to viscous damping of rotation by neutrals, whereas in larger

devices at high density neutrals only affect the very edge of the plasma, and possibly do not

reach the region where the L-H transition happens.  Significant progress has been made on

threshold studies with edge data and their comparison with theory (see above Sections).  It

appears in several devices that the edge electron temperature at the L-H transition consistently

depends linearly on BT, seems to increase with  Ip
γ , with   0.5 ≤ γ ≤1, and depends only

weakly on ne . Note that these dependencies are in agreement with the global scaling presented

above, even for Ip and ne , as demonstrated by the following explanation.  The required edge

temperature depends on heating power and edge transport.  Therefore, the higher edge

temperature necessary at higher Ip is provided, at least partly, by the increase of confinement



Rev 2, 4 April 1999

IPB-Chapter 2 46 Confinement & Transport Expert Group
Confinement Database & Modeling Expert Group

with Ip (L-mode confinement).  Thus Pthr  depends weakly on Ip at given BT and ne .

Similarly, the weak dependence of the edge temperature on density is consistent with the linear

dependence of Pthr  on ne : at higher ne  the edge density is also higher and more power is

required to sustain the same edge temperature for given  Ip and BT.

However the large scatter of the edge data presently available in the threshold database

prevents one from making a meaningful prediction for ITER; this which still requires additional

work.  It is also to be underlined that a prediction of the required edge values to achieve the L-

H transition in ITER will be of practical significance only if one is also able to predict the

associated heating power. For this purpose reliable transport modeling will be necessary.

5.  IMPACT OF GLOBAL INSTABILITIES ON TRANSPORT

A number of large scale MHD phenomena, described more fully in Chapter 3, Section

2, can have an impact on global confinement.  Two of these are the periodic sawtooth

instability, which can have a significant effect on the profiles of temperature, density and

impurities in the central core region, and the edge localized modes (ELMs) which periodically

affect the plasma edge region.  These are discussed more fully in Sections 5.1 and 5.2

respectively.  A third candidate is the transport induced by low m, n magnetic islands where m

and n are poloidal and toroidal mode numbers; such an island is located at the resonant surface

rs where m = nq(rs), q being the safety factor.  Because the temperature is rapidly equilibrated

along the reconnected magnetic field lines within islands, they effectively short-circuit the

normal transport across nested toroidal magnetic surfaces, decreasing the effective size of the

plasma.  An expression for the deterioration in plasma energy δW arising from the presence of

an island of width w located at a rational surface rs in a plasma of minor radius a  is [278, 279]

δW
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where W is a stored energy without the magnetic island.  These magnetic islands can arise from

tearing modes, possibly of a neoclassical origin (Chapter 3, Sections 2.2 and 2.3).  They will

therefore tend to occur near operational limits, e.g., low q, or higher βN (the normalized β); in

particular they could lead to an onset of confinement degradation when βN  > 2.  The transport

effects of low m, n modes have been observed in TFTR supershots [279].

5 . 1 . Sawteeth

When the central value of the safety factor q falls below unity, relaxation oscillations are

normally observed in the core of a tokamak plasma.  These appear on a number of plasma

parameters but are particularly evident in the central electron temperature Te(0) [280].  The

oscillations in Te(0) exhibit a time trace with a distinctive sawtooth shape consisting of a slow

rise or 'ramp' phase, during which the plasma inside q = 1 heats up, followed by a rapid

collapse or 'crash' when the plasma energy is redistributed from the core to the region outside q

= 1, i.e. over a region within the so-called mixing radius rm.  This then propagates as a heat

pulse to the plasma periphery.  The position where the perturbation in Te changes sign is

known as the inversion radius ri.  This pattern repeats with a period τsaw.  This mechanism has

the effect of degrading the global energy confinement time τΕ as rm/a becomes significant,

typically for q95 ≤ 3.  Experiments on DIII-D (discussed in [281]) show that the increase of H-

mode confinement with current saturates for Ip/BT ≈ 1 MA/T, corresponding to q95 ~ 3,

although JET shows no appreciable degradation down to q95 ~ 2.0 [282].  Varying q95 in DIII-

D by means of scan over elongation  κ shows that it is not q95 that determines the confinement

degradation due to sawteeth. Rather, experiments on DIII-D and JET indicate that this

degradation increases with rm / a .  JT-60U has demonstrated a deterioration in confinement as

the sawtooth period τsaw decreases [283, 284].  Chang and Callen [278] have proposed a

model for the sawtooth degradation factor fsaw  depending on Am, the relative area of sawtooth

mixing, and x = τsaw/τE.  For a constant thermal diffusivity and central heating this takes the

form

f saw = (1 − Am )g(x) +1 − g(x)    ,      with g(x) = (1 − e−x ) / x
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Sawteeth have an effect on the plasma density and also the distribution of impurities.

There is evidence that some plasma density is removed from the sawtoothing region, leading to

an outwardly propagating density pulse.  However, the effect is less than in the case of

temperature; for example, the density profile in the core becomes somewhat less peaked, rather

than flat, in the TEXT tokamak [285].  The impact on impurities is more significant.  The

sawtooth can both effectively purge accumulated core impurities and allow impurities diffusing

inwards to rapidly penetrate the region inside q = 1.  Reference [286] provides a source of

references on the experimental evidence for this.  In particular ASDEX Upgrade, operating in

the CDH (Completely Detached H-mode), demonstrates a density peaking, improved

confinement and impurity accumulation when sawteeth are absent [287].

Because the thermonuclear power depends nonlinearly on plasma pressure p (Pfus ∝

p2) the  redistribution of plasma energy due to sawteeth would cause a periodic overall power

loss in an ignited tokamak.  If the scale-length for the central pressure is rp so that p = p0(1 –

r2/rp2), the fractional loss of power at a sawtooth collapse would be ~1/2(ri/rp)6.  This would

typically imply a power loss of tens of MW.  Thermal pulses from the sawtooth collapse could

lead to undesirable transient heat loads on divertor plates when the mixing radius is large.  A

large sawtooth crash could excite other MHD phenomenon, e.g. ELMs or neoclassical tearing

modes.

The sawtooth phenomenon is believed to be associated with an instability having an

m = n = 1 structure which arises when a q = 1 surface is present.  The q-profile also

oscillates with a sawtooth behavior, falling during the ramp as the central current density

increases with increasing Te and rising sharply at the crash, typically by a few per cent.

Measurements of the central q vary; typically q0 ~ 0.7 is observed [288] but there are cases

with q0 ~ 1 reported.

Kadomtsev proposed a resistive MHD model to explain early observations of sawtooth

behavior.  During the ramp phase, as Te(0) heats up and q0 falls, a magnetic island begins to

grow at the q = 1  surface as the result of an m = n = 1  instability.  The resulting magnetic

reconnection occurs on a crash timescale τc ~ (τRτA)1/2 where τR is the resistive diffusion time
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and τA the Alfvén time.  As a consequence there is a redistribution of poloidal magnetic flux

which terminates when q > 1 everywhere.  Associated with this there is a similar redistribution

of energy leading to a flattening of the n  and Te profiles out to the mixing radius

rm ~ 2r(q = 1) [289].

However, later experiments exposed a number of weaknesses in this model: (i) it is

unclear why the instability does not grow throughout the period when q < 1;  (ii) the event

which triggers the onset of the crash and sets the period τsaw of the sawteeth is a mystery; (iii)

the timescales for the crash in larger, hotter tokamaks are much shorter than predicted by this

resistive model; and (iv) the small changes in q0 arising from resistive diffusion are

incompatible with q0 ~ 0.7 , suggesting that the very center does not undergo magnetic

reconnection; on the other hand, Te  is flattened throughout the core region.  All these topics are

areas of active research and possible explanations have been proposed.

Nevertheless, the Kadomtsev description offers a basis for incorporating the effects of

sawteeth in transport codes. The basic features of such a model for the effect of the sawtooth

are as follows.  When q0 falls below unity (or some other critical value, say 0.7) a repetitive

flattening of Te  and Ti (and possibly n) over a specified region r < rm is performed each

sawtooth period τsaw.  Both rm and τsaw can be regarded as parameters to be explored, though

prescriptions like rm ~ 2r(q = 1) and determining τsaw from kinetic stabilization criteria for the

m = n = 1 mode have been invoked [290].  More complex prescriptions have been proposed to

explain why q0 remains well below unity [291].  A model for this redistribution of impurities,

based in the same ideas as in Ref. [291], has been given in Ref. [286].

The interaction of sawteeth and energetic particles, arising as fusion products and from

RF heating, is another topical research area.  While there is conflicting evidence from JET on

whether such particles undergo the redistribution experienced by the thermal particles [292], a

substantial redistribution of alpha-particles has been observed on TFTR, although losses are

small [293].  Transport codes for simulating burning plasmas can prescribe an instantaneous

loss of alpha-heating power at the sawtooth crash to represent a possible loss of alpha-particles,

which then recovers over an alpha-particle slowing down time.  On the other hand there is

experimental evidence from JET [294, 295] and TFTR [296] and theoretical arguments [290,
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297] that energetic particles can stabilize sawteeth for long periods.  In such a case the tokamak

experiences large amplitude "monster" sawteeth [294]; these effects can also be incorporated in

modeling codes [290].  The collapse of such a monster sawteeth could have serious

implications for divertor target heat loads.

Advanced tokamaks could possibly achieve improved performance by stabilizing

sawteeth by: (i) current profile control to maintain q > 1; (ii) local current profile control near q

= 1, and (iii) energetic particle stabilization.

5 . 2 . Edge Localized Modes

The Edge Localized Mode (ELM) is a relaxation oscillation triggered by an MHD

instability which leads to a fast (millisecond) loss of particles and energy from the plasma edge.

ELM physics has been summarized in recent reviews [298, 299] and is discussed more fully in

Chapter 3, Section 2.6.  From the ITER viewpoint, ELMs are beneficial because they lead to

impurity and helium ash expulsion from the plasma edge, allowing cleaner plasmas.  However,

as is discussed in Chapter 4, Sections 3.8, 4.2.4 and 6.4, the cost of these benefits is the need

to handle the heat pulses to the divertor plates produced by the ELMs. Although ELMs do

reduce the global energy confinement by 10 to 20%, as will be seen presently, they have a

much larger effect on the particle confinement than on the energy confinement. Accordingly,

the use of ELMs to control impurities and helium ash does not impose a large energy

confinement penalty.

There are two major types of ELMs of interest to ITER.  Type I ELMs exhibit a

repetition frequency which increases with increasing input power while type III ELMs have a

repetition frequency which decreases with increasing input power.  In general, type III ELMs

occur when the edge electron temperature is fairly low while type I ELMs occur at higher edge

electron temperatures [298].  The exact MHD mode associated with ELMs is, as yet, unknown.

The edge density and temperature parameter range for the various types of ELMs is illustrated

in Fig. 8 for a case from DIII-D [252].  The type I ELMs appear to be driven primarily by the

edge pressure gradient [255] while the type III ELMs depend both on the edge density and the
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edge electron temperature [252, 300] suggesting a role for resistivity or edge current [298,

264].  As is seen in Fig. 8, there appears to be two branches for the type III ELMs, one at low

density and one at low temperature.  Clear MHD precursors have been seen for the type I and

type III ELMs, although the precursors for the type I are much more difficult to detect [301].

In small machines (e.g., ASDEX), type III ELMs can be seen even at input power levels

adequate to drive the plasma to the MHD beta limit.  In larger machines (ASDEX Upgrade,

DIII-D, JET), the power needed to approach the beta limit is sufficient to heat the edge to the

point where type I ELMs occur. Based on this observation, ELMs in ITER will probably be

type I ELMs, although it may be possible and more desirable to operate with smaller type III

ELMs which occur if the edge density is sufficiently high.

An examination of the global power balance in type I ELMing H modes in DIII-D [302]

showed that PELM, the power lost through ELMs, is less than 20% of the total input power PT.

In DIII-D this fraction was found to decrease with increasing PT so that the energy loss per

ELM, δE, decreased with PT while the ELM frequency νELM was proportional to PT.

Accordingly, PELM was roughly independent of PT over the power range studied [302].

However, in later work, PELM was found to be proportional to PT [252].  A similar behavior is

found in ASDEX Upgrade [303] where δE is independent of PT and νELM increases with PT,

leading to PELM/PT ~ 25 to 40%.  The difference between the two behaviors may be the longer

duration of the ELMs in the earlier DIII-D study.  There the plasma appears to transiently return

to L mode after each ELM with the duration of the L mode decreasing with increasing PT.

Above a certain heating power, which will depend on the H mode threshold power, the

duration of the ELM is roughly constant.  Thus, the statement that the energy loss per ELM is

roughly constant, would be valid only above a certain heating power.

Since type I ELMs can induce a return to L mode [304], the ITER design must assure

that there is sufficient power flow through the plasma edge to allow a return to H mode after an

ELM at the parameters characteristic of the burn phase.
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FIG. 8.  The edge electron density and temperature in DIII-D discharges with different types of
ELMs [252].

The energy loss due to ELMs causes a reduction of the global energy confinement time

τE.  Studies on DIII-D showed that, in type I ELMing discharges, τE is reduced by 10 to 15%

[304, 305], although JT-60U shows larger reductions in the presence of higher frequency

'giant ELMs' [283, 306].  A more general investigation of the influence of ELMs on τE was

done by establishing a scaling of τE in ELMy H-mode [305].  A comparison with a similar

scaling for the ELM-free H mode shows that, for present experiments, the reduction in τE is

indeed around 10-to-20%.  For larger devices, especially for the ITER parameters, the two

scalings agree within the statistical errors.  Such a result is expected if ELMs can be considered
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a surface effect.  However, the scaling given in [305] mixes data with type I and type III ELMs

with their different power dependencies of the repetition frequency.  Accordingly, we need

better data without this confusion to make a firmer conclusion for ITER.  In any case, it

appears that the confinement reduction will probably not be larger than 20%.

A different way to estimate the confinement degradation due to ELMs is to quantify the

reduction due to ELMs by a factor η defined by

η = τ E
ELMy / τ E

ELM− free

The precise value of η has to be found by an analysis of the profile effects due to the ELM.

Assuming a diffusive process and spatially separated source and sink profiles, which is a

reasonable assumption for centrally peaked heating profiles, one can calculate [307]

η = 1 – [1 – (rELM/a)2] PELM/PT

Accordingly, due to the localization of the ELMs, the confinement degradation is appreciably

lower than the fraction of power transported across the separatrix by ELMs.  Typical values

from ASDEX Upgrade are PELM/PT = 0.3 and rELM/a = 0.8 [308], resulting in η = 0.9.  This

agrees reasonably well with the η = 0.85 result from DIII-D mentioned above.  The scaling of

η for future machines critically depends on the scaling of rELM, which also enters into the

scaling of δE and, therefore, PELM.  A model for the loss of energy by ELMs based on

transport due to the stochastic magnetic field caused by the ELM precursors has successfully

described results from COMPASS-D [309, 310] and also ASDEX Upgrade.

The effect of the ELMs on the particle confinement time is also of major  interest.  A

quantitative analysis of the effect of ELMs on particle confinement time has not yet been given.

Experimental results on a number of machines clearly show that the density is constant in

ELMy H-mode while it increases monotonically in ELM-free H-mode.  In both modes of

operation, the total energy content reaches a steady value.  These results indicate that ELMs

reduce global particle confinement time much more than they reduce τE.  As was shown in

DIII-D, the particle density control in ELMy H mode also makes removal of helium ash from

the plasma possible [128, 187].
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The difference in the effect of ELMs on particle and energy loss can be due to the

different source profiles of energy and particles: as was pointed out in [311], an edge localized

loss phenomenon is most severe for a quantity whose source profile is also edge localized, as is

the case for particles.  For a central source profile, which is mostly the case for plasma heating,

the source is not directly affected and the effect on global confinement is less severe.  This will

be also true for ITER, where the alpha-heating profile will be comparable to present-day neutral

beam heating profiles.

6.  GLOBAL ENERGY CONFINEMENT SCALINGS

6 . 1 . Introduction

Due to the complexity of the processes determining heat and particle transport in

thermonuclear plasmas, it is not yet possible to provide a first principles derivation of the

dependence of energy confinement properties on plasma parameters.  The description of the

global energy confinement time by empirical scalings that are based on relevant datasets within

specific operating regimes such as L-mode or H-mode has therefore become the key tool in

extrapolating plasma performance to ITER.  As well as predicting the performance of a next

step device such as ITER in terms of its basic design parameters, such scalings can also be

used as a normalization for plasma energy in 1-D simulation codes which use various

transport models that predict the plasma behavior in ITER, or as an approximate constraint on

the form of theoretical models.  When expressed in terms of dimensionless plasma parameters,

scaling expressions can also serve as a guide to modelers by emphasizing different types of

theory based transport loss mechanisms, for example electrostatic versus electromagnetic loss

mechanisms which differ in their dependence on beta.

The present database activity originated in an international L-mode database, initiated by

S. Kaye, in the early eighties that led to the ITER89-P scaling [136] during the ITER

conceptual design activity (CDA) phase.  The initial multi-tokamak H-mode confinement

database was assembled by an H-mode Database Working Group in 1989 with contributions
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from six machines (ASDEX, DIII-D, JET, JFT-2M, PBX-M, and PDX).  Basic

documentation and analysis of this dataset can be found in [312].

An extended version of this database [180, 313, 314] formed the basis of such scaling

expressions as ITERH92-P(y) [305] and ITERH93-P scaling [180], describing the global

thermal energy confinement time in ELMy and ELM-free discharges, respectively.  This

database included extended plasma parameter ranges for most of the constituent devices, as

well as improved estimates of the thermal energy confinement time.  It also addressed several

detailed issues such as the combination of different energy measurements (from diamagnetic

measurements and MHD equilibrium fits) and the correct B (or q) and κ [314] exponents.

Most recently a new working version of the database has been established ("DB3")

which includes data from additional tokamaks. Details of the new dataset are discussed in

Section 6.2 and in [315].  This has necessitated the development of a new set of selection

criteria, for example to include RF heated as well as NBI heated plasmas.  The subset of ELMy

data in the new database has been improved considerably in terms of the uncertainty in

projecting to ITER, as is discussed in Section 6.3 and 6.4.

In Section 6.3, by using physical relationships that hold "on radial average",

confinement scaling expressions given in engineering variables (which are directly under the

control of the experimentalist or machine designer) are transformed into expressions in

dimensionless physical variables, which have a close connection to physical theories, e.g. ρ∗

the normalized ion Larmor radius, β the normalized plasma pressure and ν* the normalized

plasma collisionality [72, 73].  On a logarithmic scale this corresponds to a linear

transformation of the response and regression variables.  Within the class of simple power law,

or log-linear, models one then has the same scaling expressed in two different sets of variables

[313, 316].

In Section 6.4 the uncertainties associated with these ITER projections are discussed

and functional forms other than the simple power law form are touched upon (a more detailed

discussion is given in the Appendix).

Issues concerning the impact on confinement of ITER’s proximity to operational limits,

such as the Greenwald density limit and β limit, are areas for future study as new data near
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these limits is added to the database.  Although difficult to achieve, good H-mode confinement

has been obtained above the Greenwald density, for example n/nGW <1.5 with pellet injection

in DIII-D [317], indicating that there is no fundamental obstacle to operation in this density

regime (see Chapter 3, Section 3; Chapter 4, Sections 3.3, 3.4 and 6.2; and Chapter 9, Section

3.4 for details).

6 . 2 . H-Mode Global Confinement Database

The assembly of the latest version of the ITER H-mode confinement database,

ITERH.DB3, was completed in September 1997.  This version contains data from 12 different

tokamaks: ASDEX*, ASDEX Upgrade, COMPASS-D, JET*, TCV and TEXTOR from

Europe; JFT-2M* and JT-60U from Japan; Alcator C-Mod, DIII-D*, PBX-M* and PDX*

from the U.S.A. (* indicates contributors to the old database ITERH.DB2).  All the

ITERH.DB2 data are in the new database and a detailed description of these data can be found

in [313].  The main characteristics of the new H-mode data specific to ITERH.DB3 are detailed

in Table III.

Table III.  Main Characteristics of the New H-mode Data Specific to the New

ITER H-mode Confinement Database, ITERH.DB3

Alcator C-Mod ICRF-heated ELM-free and ELMy data

ASDEX Upgrade ICRF- and NBI-heated Type I ELMy data

COMPASS-D Ohmically heated ELM-free and ELMy data

ECRF-heated ELMy data

DIII-D ECRF- and NBI-heated ELM-free and Type I ELMy data

JET ICRF- and NBI-heated ELM-free and Type I ELMy data

JT-60U NBI-heated ELMy data

TCV Ohmically heated ELM-free and ELMy data

TEXTOR ICRF- and NBI-heated RI-mode data (for comparison with H-mode)
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It should be noted that the number of discharges contributed by some of the new

machines is very small.  Whereas the data from each of the six contributing tokamaks in

ITERH.DB2 included both ELM-free and ELMy NBI-heated H-mode data, it is apparent from

Table III that the ELM-free subset of ITERH.DB3 does not contain data from all the machines.

A second new feature is that no single heating method is employed to obtain H-mode on all

devices.  As a result, it has been necessary to redefine the selection criteria used to delimit the

standard analysis dataset of ITERH.DB2 [313] to avoid excluding some machines from the

standard analysis dataset of ITERH.DB3.  The new selection criteria, which are comparable to

the previous criteria but allowing all heating schemes, are listed in Table IV.

Applying these criteria to ITERH.DB3 results in a standard ELM-free H-mode dataset

of 1131 observations with contributions from nine tokamaks (Alcator C-Mod, ASDEX,

COMPASS-D, DIII-D, JET, JFT-2M, PBX-M, PDX and TCV) and a standard ELMy H-mode

dataset of 1398 observations from 11 Tokamaks ( Alcator C-Mod, ASDEX, ASDEX Upgrade,

COMPASS-D, DIII-D, JET, JFT-2M, JT-60U, PBX-M, PDX and TCV).

Table IV. Selection Criteria for the Standard Analysis Dataset of ITERH.DB3

1.  H-mode data only, with no restriction on heating scheme

2.  All essential data available

3.  Pellet discharges are excluded

4.  Limits on dW/dt

5.  Limits on total radiation

6.  Limits on q95

7.  Limits on fast ion energy content

8.  Limits on β

9.  Hot ion H-mode data are excluded

10. 1987 JET data are excluded

6 . 3 . Power Law Scaling Expressions
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The power law scaling expressions for thermal energy confinement time, τth, can be

expressed either in “engineering” variables as,

τ th
fit = C Iα I Bα B Pα P nα n Mα M Rα R εα ε κα κ  , (11)

or in “physics” variables as,

τ th
fit = C1 τB

xτB ρ*
xρ* ν*

xν* βxβ M xM q
xq εxε κ xκ (12)

The “engineering” variables are R = major radius (geometric center), I = plasma

current, B = toroidal magnetic field (at major radius R), P = loss power (corrected for charge

exchange and orbit losses), n = line average density, κ = elongation, ε = inverse aspect ratio,

and M = average ion mass.  The “physics” variables are the Bohm time, τB, normalized

toroidal Larmor radius, ρ*, normalized collisionality (with Zeff = 1 assumed), ν*, normalized

plasma pressure, β, cylindrical safety factor, q, and are defined by,

τB = (minor radius)2

Bohm diffusion coefficient
= a2 B

T
∝ ε 2R2BT −1, (13)

ρ* = ion gyroradius

minor radius
= 2eTi

Mi







1/2
Mi

eBa
∝ MT( )1/2 / εRB, (14)

β = plasma pressure

magnetic pressure
= 2µone(Te + Ti )

B2 ∝ nTB−2, (15)

ν ν ε*
/ /

/= =










 ∝ − −connection length

trapped particle mean - free path ii
i

i

M

eT

R

a
qR nRT q

1 2 3 2
2 3 2, (16)

qcyl = RB

ε2I
f (κ ,δ) ∝ BRI−1 ε2κ , (17)

with Ti in eV and f(κ,δ) a function of the plasma shape parameters.  These obviously vary

across the plasma profile, but for a global analysis temperature T can be replaced by
Pτ th

6π2enε2κR3 , using the power balance relation. (See Section 7 for a more detailed discussion

of dimensionless parameters).
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On a logarithmic basis the power law expressions are linear and the above relations for

the “physics” variables define a linear transformation between the “engineering” and “physics”

variables and between their exponents in the scaling expressions.  In the following subsections

ordinary least square regression techniques have been used to determine the exponents in the

scaling expressions.  This requires that the errors on the independent (regressor) variables are

negligible compared to that on the confinement time.  As this is not satisfied for the “physics”

variables the regressions must be done using the “engineering” variables.  In addition, various

"physics constrained" scalings can be tested against the data.  A constrained scaling has one or

more constraints imposed on the exponents in the scaling.  For example, for the high β [73], or

Kadomtsev [72], constrained scaling the constraint is xτB = 1 in physics variables (or

4αR - 8αn - α I - 3αP - 5αB = 5 in engineering variables).  The gyro-Bohm constrained

scaling [47] has two constraints imposed, that of the high β constraint and xρ* = –1 (or 6αR –

22αn – 9α I – 12αP – 15αB = 0).  The Bohm constrained scaling also has two constraints

imposed, that of the high β constraint and xρ* = 0 (or αR - 7αn - 4αI - 7αP - 5αB = 0).  See

also Ref. [316] for further details.  In the above definitions the quantities τB, ρ* and β are

based on toroidal quantities, but definitions based on poloidal quantities can also be formulated.

6.3.1. ELMy H-mode thermal confinement scalings

The new ELMy H-mode standard dataset as defined in Section 6.2 for ITERH.DB3 is

significantly better conditioned than that of ITERH.DB2. Not only is the database mean of each

of the engineering parameters closer to the ITER parameters, but the ranges in R,  n,  I,  P and

B  are larger. Only three correlation coefficients are larger than 0.7 (between I and P; I and R/a ;

I and κ). Principal component analysis shows that the extrapolation to ITER is greater than 4

standard deviations in only one direction and that this is along the largest principal component.

This implies that the uncertainty in the ITER prediction using log-linear scalings is reduced.

The new ELMy H-mode standard dataset provides the basis for a robust confinement

prediction for ITER.  Even large perturbations to the dataset, such as removing each tokamak in

turn, systematically increasing or decreasing the confinement of each tokamak in turn by 10%,
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the application of equal tokamak weightings, and the use of various forms of open/closed

divertor corrections to the ASDEX and/or PDX data, do not change the prediction to a large

extent.  In only a few cases do the ITER predictions differ by as much as 20%.  Moreover, in

contrast to ITERH.DB2, the ITERH.DB3 ELMy H-mode standard dataset satisfies the high-β

constraint.  The addition of Alcator C-Mod data seems to be responsible for this last result.

The resulting high-β constrained ELMy H-mode scaling expression for ITERH.DB3 is, in

“engineering” variables,

τE,th
ELMy = 0.0365 I0.97B0.08P−0.63n0.41M0.20R1.93ε0.23κ 0.67 , (18)

(in sec, MA, T, MW, 1019 m-3, AMU, m), which translates to the “physics” form,

τE,th
ELMy ∝ τ Bρ*

−0.83β−0.50ν*
−0.10M0.97q−2.52ε−0.55κ 2.72 . (19)

The RMSE for this [Eq. (18)] fit, which is shown in Fig. 9, is 15.8%.  For ease of

future reference, we call this scaling IPB98(y).  Its confinement time prediction for ITER is 6.0

s.  As described in Section 6.4, other empirical log-linear scalings have been derived that are

based on subsets of the standard dataset and which use another definition of kappa to account

for the relatively high confinement in the bean-shaped PBX-M tokamak. One such scaling,

IPB98(y,2), is expressed in engineering variables as

τ ε κE,th
ELMy = −0 0562 0 93 0 15 0 69 0 41 0 19 1 97 0 58 0 78. . . . . . . . .I B P n M R a

 , (20)

(in sec, MA, T, MW, 1019 m-3, AMU, m), and in “physics” variables as

τ τ ρ β ν ε κE,th
ELMy

B *
0.70 0.90

*
0.01 0.96 3.0 0.73 2.3∝ − − − −M q a

 . (21)

The RMSE of this scaling [Eq. (20)] with respect to the ITERH.DB3 standard dataset is

15.6% and its prediction for ITER is 4.9 s. It should be mentioned that the Kadomtsev

constraint is not satisfied when Alcator C-MOD is removed from the dataset on which IPB(y,2)



Rev 2, 4 April 1999

IPB-Chapter 2 61 Confinement & Transport Expert Group
Confinement Database & Modeling Expert Group

was based. Everything else being kept the same, this leads, instead of Eq. (20), to the

IPB98(y,3) scaling in Table V, which gives a very similar point prediction for ITER as

IPB98(y,2). At present, available physical empirical evidence is felt not to be conclusive

enough to justify making a preferential recommendation between the just mentioned log-linear

scalings.

The scalings (18) and (20) are not very different from the ITERH.EPS97(y) scaling

[315] which was based on an earlier version of the DB3 data base and on using TAUC93 rather

than TAUC92.  (As in previous regression analyses, a correction factor TAUC92 [305] or

TAUC93 [180] has been used to normalize the data from closed divertor configurations in

ASDEX and PDX to data from the more ITER-like configurations found in the other devices.

TAUC92 and TAUC93 differ only in the method for normalizing the PDX data, see [180,

305].) Eqs. (18) and (19) were developed using TAUC92.  However, when the TAUC93

normalization is used instead, the data also satisfy the gyroBohm constraint and the

confinement time prediction for ITER increases by less than 5%.
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FIG. 9.  Comparison of H-mode thermal energy confinement time with the scaling expression

in Eq. (18) for ELMy data in the ITER H-mode database version ITERH.DB3v5.

Although the new dataset is clearly better conditioned than the previous dataset, some of

the existing problems remain and new complications have been added.  For example, a

limitation is that it is still not possible to establish distinct scalings for the various ELM types

with the current database.  It should also be noted that the different heating schemes may

introduce new systematic differences between the machines through heating profile effects

which are not dealt with in this global database.

6.3.2. ELM-free H-mode thermal confinement scaling

The ITERH.DB3 ELM-free H-mode standard dataset of 1131 observations as defined

in Section 6.2 satisfies both the high-β and the gyroBohm constraints, as was the case for
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ITERH.DB2.  The resulting high-β constrained ELM-free H-mode scaling expression for

ITERH.DB3 in “engineering” variables is,

τE,th
ELM-free = 0.0314 I0.94B0.27P−0.68n0.34M0.43R1.98ε0.10κ 0.68  , (22)

(sec, MA, T, MW, 1019m-3, AMU, m), which translates to the “physics” form,

τE,th
ELM−free ∝ τ Bρ*

−0.89β−0.92ν*
−0.13M1.78q−2.77ε−1.17κ 2.90  , (23)

The RMSE for this fit is 15.6% and the distribution of the fit is shown in Fig. 10.  The

Eq. (22) is similar to the scaling developed from ITERH.DB2, referred to as ITERH93-P

[180] and the projections to ITER are almost the same.
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FIG. 10.  Distribution of H-mode thermal energy confinement time about the scaling

expression in Eq. (22) for ELM-free data in the ITER H-mode database version

ITERH.DB3v5.

6.3.3. L-mode thermal confinement scaling

The present L-mode database [112] consists of 2938 observations from 14 tokamaks

(Alcator C-Mod, ASDEX, DIII, DIII-D, FTU, JET, JFT-2M, JT-60U, PBX-M, PDX,

TEXTOR, TFTR, Tore-Supra, and T-10), of which 1881 are L-mode points.  The remainder

relate to ohmically heated and enhanced L-mode operation.  The L-mode database contains

sufficient fast ion information, in the case of neutral beam injection, to calculate both the

thermal and the global (i.e., including fast ions) confinement times.  This subsection is

concerned with the results for the thermal confinement time.

In the L-mode database, 1312 observations contained enough information to determine

τth. Of these, 861 were from limiter discharges and 451 were from divertor discharges.  The

latter came predominantly from more modest sized devices with greater shaping capability, for

example DIII-D and JFT-2M.  The limiter subset contained 627 observations from JET, JT-60,

TFTR, and Tore-Supra, while the divertor subset contained no TFTR or JET L-mode.

Discharges with helium gas were excluded to avoid difficulties with the species dependence

(i.e. both A and A/Z).

A standard power law regression gives the following fit to the thermal confinement data

for the combined limiter and divertor data subsets,

τE,th
L = 0.023 I0.96 B0.03P−0.73n0.40 M0.20 R1.83ε−0.06κ 0.64 , (24)

(sec, MA, T, MW, 1019m-3, AMU, m). The Kadomtsev constraint is satisfied within statistical

uncertainty. Multiplication of (24) by R-0.05 leads to the exactly constrained "physics"

expression

τE,th
L ∝ τBρ*

0.15β−1.41ν*
0.19M0.67q−3.74ε−0.09κ3.22. (25)
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The RMSE is 15.8% (see Fig. 11) and the thermal energy confinement-time

extrapolation for ITER is 2.2 sec. Virtually no overall difference between the divertor and

limiter data with respect to the fit to the scaling expression has been found.

A comparison of the H-mode thermal confinement times from the ITERH.DB2 database

with the L-mode scaling expression, shows that the ELM-free data have an average

enhancement factor (over L-mode) of 1.72, while ELMy data have an average enhancement

factor of 1.48. However, as is apparent from Fig. 12 the enhancement factor varies with the

size of the machine, tending to be larger in larger devices. The transformation between the

engineering and plasma-physical parameters naturally inflates the difference in the exponents

between the L- and H-mode scalings [315,320].
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FIG. 11.  Comparison of L-mode thermal energy confinement times with the scaling

expression in Eq. (24) derived from the L-mode database version DB1.
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FIG. 12.  Confinement enhancement factors of the ELMy discharges in the working dataset of

ITERH.DB3, as a function of minor radius, a(m). The different symbols denote the various

tokamaks.

6 . 4 . Point and Interval Estimation for the Confinement Time in ITER
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Statistical forecasting is sometimes viewed as a game against Nature, considered as an

intelligent opponent [318].  Given the possible consequences associated with losing such a

game, it goes without saying that a reliable empirical prediction of the confinement time of a

device with the importance of ITER requires a thorough search for alternative possibilities,

based on several data analyses.  In this vein, in the present section we investigate, in somewhat

more detail than in section [136, 180, 312], (a) point prediction from log-linear scalings based

on various subsets of the working dataset, (b) regression fits to the data by log non-linear

scalings, and (c) construction of an interval estimate for the confinement time.  The main results

are presented here, while further details of a more technical nature are given in Appendix.

As can be seen in Appendix, the full DB3 working dataset contains several additional

devices and is less homogeneous with respect to the additional heating than the DB2 standard

dataset.  Two influences on the point prediction for ITER, the variation due to several different

subsets of the standard dataset and the impact on aspect ratio scaling as a result of using an

alternative definition of κ that de-emphasizes the extreme (i.e., bean) shaping of PBX-M, are

summarized in Table V.  The table contains exponents and predictions for ITER for several log-

linear scalings. Scalings IPB(y) and IPB(y,1) are based on the full working dataset, IPB(y,2)

is based on the dataset DB2.8 (i.e. DB3 restricted to NBI discharges only, but including

Alcator C-Mod), IPB(y,3) on DB 2.5 (i.e. DB3 restricted to NBI only, and excluding Alcator

C-Mod), and IPB(y,4) on DB2.8(IS) (i.e. DB2.8, restricted to its 5 ITER-similar devices).

The point predictions in Table V vary between 4.9 and 6 seconds with an average (rounded

within ± 2%) of 5.5 s. Since the Kadomtsev constraint was satisfied within statistical

uncertainty, the dimensionally restricted form of the scalings is presented in the Table for

IPB(y), IPB(y,1-2), and IPB(y,4). In the case of IPB(y,3) the Kadomtsev constraint is not

satisfied, and the free regression fit is shown.

Table V. Exponents of the Several Empirical Log-Linear Scalings based on

ITERH.DB3

Scaling C

(10-2)

I B n P R κa
1)

a/R M N rmse

(%)

ITER

τE(s)
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IPB98(y) 3.65 0.97 0.08 0.41 -0.63 1.93 0.67 0.23 0.20 1398 15.8 6.0

IPB98(y,1) 5.03 0.91 0.15 0.44 -0.65 2.05 0.72 0.57 0.13 1398 15.3 5.9

IPB98(y,2) 5.62 0.93 0.15 0.41 -0.69 1.97 0.78 0.58 0.19 1310 14.5 4.9

IPB98(y,3) 5.64 0.88 0.07 0.40 -0.69 2.15 0.78 0.64 0.20 1273 14.2 5.0

IPB98(y,4) 5.87 0.85 0.29 0.39 -0.70 2.08 0.76 0.69 0.17 714 14.1 5.1

1)  The quantity κa has been defined as area/πa2 in the scalings IPB98y(1,2,3, and 4) and as κ = b/a in the scaling
IPB98y. For IPB98y(4) the kappa exponent is underlined to indicate that it imposed (as the average of
IPB98y(1,2, and 3)) on the regression fit. For the ITER predictions, a cross section area of 39.1 m2 was used,
see [2.6.15]. Wherever being compatible with the data, the Kadomtsev constraint has been applied.  For IPB(y,3)
the free fit is presented.

Comparison of the first two cases in the table shows, for the full DB3 working data set,

the impact on aspect ratio scaling associated with redefining elongation.  PBX-M has

systematically high residuals with respect to usual log-linear scaling expressions, such as

Eq. 18, which corresponds to the first case in Table V.  To account for this, the elongation

has been defined in the remaining four cases in the table as κa = area/πa2, which leads to a

similar aspect ratio dependence as when PBX-M is dropped from the dataset.  The ratio κa/κ is

1.3+/- 0.1 for PBX-M and 0.9+/- 0.1 for all other tokamaks in the standard dataset, the

difference being directly related to the indented shape of the PBX-M plasmas.  The first two

lines in the table indicate that redefining kappa in this way does not notably change the ITER

prediction.  On the other hand, restricting the full working dataset to its 3 subsets defined above

gives a range in ITER confinement prediction between some 5 and 6 seconds, and only a small

variation in the aspect ratio dependence.  On average, the IPB98(y)(1 to 4) scalings in Table V

lead to a 10% more conservative prediction for ITER and to a stronger inverse aspect ratio

dependence than the IPB98(y) scaling.

Another topic is the variation of the predictions with respect to weighting the

observations (between equal weight per observation and per tokamak).  This is addressed in

Appendix, and summarized in Fig. 27.  In summary, this aspect increases the range of the

predictions, even at a weighting exponent 1/3, which is somewhat closer to equal observation

than to equal tokamak weighting.

Even with these facets taken into account, the log-linear scalings do not reflect the full

range of statistically 'admissible' point predictions that stem from log non-linear scalings.

While this topic is further addressed in the Appendix, we give a brief discussion here.



Rev 2, 4 April 1999

IPB-Chapter 2 70 Confinement & Transport Expert Group
Confinement Database & Modeling Expert Group

Since a log-linear model corresponds to a similar scaling of the core plasma and of the

edge plasma, the possibility that the global ELMy H-mode confinement is actually better

described by a log non-linear model than a log-linear model should not be dismissed lightly.

To estimate its impact on the prediction for ITER, we consider a variety of alternative empirical

models.  One ("DK-96") is an interaction model [321] which contains a significant cross term

between qcyl on the one hand and (na2)1/2(q95/qcyl) on the other. Secondly, an offset-linear

scaling [440] based on the (DB2) ELM-free data set is taken and multiplied with an empirical

factor cELMy found by looking at the residuals from the ELMy (DB2.5) dataset with respect to

this scaling.  The resulting scaling is labeled as OK-96.  Finally, an ELMy offset non-linear

scaling [320] based on DB2 plus JT-60U ("TT-96") is employed.  These scalings and their

predictions are described more fully in Appendix, Section A1. The ensuing point estimates for

the confinement time in ITER vary between some 4.4 and 7.3 seconds.  If one wants to be

pessimistic, it is possible to obtain considerably lower predictions (some 3 s or below) by

optimizing non-linear models with respect to the RMSE of the fit and, simultaneously, towards

a low value of ITER confinement.  However, such a procedure is not considered to be

statistically  admissible and is not pursued any further here.

In addition to investigating the variation of the point estimates, it is interesting to look at

statistical confidence intervals associated with each of the models and data subsets.  This is

easily done for log-linear models where, according to [312, 315], the classical statistical

interval can be written as

ln(√τE ) ± c 1+
√λ ITER, j

2

√λ pc, j
2











j=1

p
∑

1/2

. (26)

As derived in [312], this equation is based on the representation in which the data from

the p explanatory variables are geometrically described by a data cloud of N observations in p

dimensional space. This cloud is approximated by a family of concentric ellipses that match all

first and second order moments. The projections of the data on the principal axes of the ellipses

are called the principal components. In Eq. (2.6-14) λpc,j denotes the standard deviation of the



Rev 2, 4 April 1999

IPB-Chapter 2 71 Confinement & Transport Expert Group
Confinement Database & Modeling Expert Group

j-th principal component and λITER,j is the distance of the center of the database to the ITER

reference operating point in the direction along the j-th principal axis.

A delicate point is the proportionality factor c in this expression, which is traditionally

2√σ / N  for a (two-sided) 95% interval, with √σ  the root mean squared error (RMSE) of the

fit.  In a simple approach, the total number of observations, N , is replaced by Neff,

representing the number of independent data points.  As a first approximation it has been

assumed [320] that Neff = N/4, where the factor 4 roughly accounts for the correlations

between data points, e.g. stemming from the fact that several have been taken during the same

discharge.  A more thorough assessment of the proportionality constant has been developed in

[321] and is summarized in Appendix.  This approach yields a 95% log-linear uncertainty

interval for the confinement time of (+25%, -20%), to be interpreted as the range of values into

which 95% of a large number (say 1000) of discharges performed at the ITER standard

operating point would fall.  This interval, which includes the variation in point prediction from

the different weightings in Fig. 27, presupposes, however, that a log-linear model is

"essentially" correct and all major influences have been taken into account.  Since we know this

is only approximately true, we have to consider a larger range of possibilities.  This has led to

several "definitions" of a 95% interval estimate [320, 321], each definition describing a

particular aspect of the uncertainty.  From the discussion in the Appendix, we recall the

variation due to the (point) predictions from "admissible" non-linear models, which is about

twice as large as the interval above, see Table XIV.  In addition, "jackknife-type" interval

estimates can be considered, based on the variation of point estimates from log-linear models

fitted to subsets obtained by deleting data from one tokamak in turn from the database.  The

statistical justification of this somewhat automatic approach is rather subtle. In fact, there are

two versions of this type of estimate, which give intervals close to the above mentioned log-

linear and log non-linear intervals, respectively, see the Appendix and [321, 322] for further

details.

The summary interval estimate from the Appendix is graphically represented in

Fig. 13.  In this Figure, the large interval is interpreted as a 95% log-nonlinear interval, and

the smaller interval as both a 2/3 log non-linear and a 95% log-linear interval.  It should be
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noted that all log-linear and log non-linear scalings discussed in Appendix give point

predictions for the nominal ITER parameters [323], which are within or above the smaller

interval (see Table XIV).

With respect to other factors that may influence the confinement time, but which are

poorly accounted for in the dataset, we mention that, for practical reasons, the power lost by

radiation inside the separatrix of the existing devices has been neglected when deriving the

scalings.  However, for ITER, such radiation is subtracted from the loss power when

calculating the projected energy confinement time.  This approach has been motivated by the

fact that ITER, in contrast to the present day tokamaks, will have a substantial amount of

bremsstrahlung and cyclotron emission from the plasma center.  The ensuing somewhat (10-

15%) conservative effect on the ITER prediction is qualitatively counterbalanced by the

difference in heating profile between the high-Z wall material small devices (ASDEX, JFT-2M,

PDX, PBX-M) and low-Z wall material larger devices (ASDEX Upgrade, DIII-D, JET) in the

DB 2.5 (NBI only) dataset.  Some aspects of the role of wall conditioning (by analyses similar

to those in [324]), and of difference between closed and open divertor machines have been

dealt with in the correction factor TAUC92.  However, analysis of ASDEX L-mode

confinement [321] suggests that the latter influence is more complicated than is assumed in the

present simplified approach.  An element not present in these simple log-linear scalings is a

possible reduction of the confinement time for plasmas near the H-mode existence region.

Further issues are that the possible effects of plasma rotation on local transport, and hence

global confinement, have not been addressed, nor are those from the profile  shapes of the

plasma current, magnetic configuration and electron density.  On the one hand such effects can

lead to modifications of the present scalings, while on the other they could possibly provide

additional flexibility to optimize the energy confinement in ITER over the accessible operating

range.
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FIG. 13. Interval estimation of the energy confinement time in ITER at the reference operating

point. The inner box indicates a '95% log-linear' interval, whereas the region enclosed by the

whiskers is an estimate of a '95% log non-linear' interval. In this case, the inner interval

corresponds roughly to a `2/3 log non-linear' interval. The center of the intervals approximately

coincides with the average of the IPB98(y) and IPB98(y,2) scalings.

7.  SCALING STUDIES WITH SIMILAR DIMENSIONLESS PHYSICS PARAMETERS

7 . 1 . Basics

Quasi-neutral plasma turbulence is believed to govern transport processes in the core of

tokamak plasmas.  This led Kadomtsev to observe [72] that transport in the plasma core should

be fundamentally governed by three physical dimensionless plasma parameters denoted by

ρ*, ν*, and β, as well as other geometrical and engineering parameters {pi} defined below

which, at least in principle, are under the control of the experimental physicist and, in present

machines, can be made close to ITER values.  The non-dimensionally similar approach to

confinement scaling is to create, in present machines, discharges which are as similar to ITER

as possible, with fundamental dimensionless parameters being the measure of similarity.  These

have become known as ITER Demonstration Discharges.  For those parameters which cannot

be matched, experimental scans are carried out to determine both the actual value of the energy
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confinement time as well as its scaling with dimensionless parameters.  An analogy has often

been drawn between this approach and wind-tunnel tests of aircraft designs.

Mathematically, the non-dimensionally similar approach implies that the non-

dimensional energy confinement time ΩiτE can be expressed as

  Ωi τE = F ρ*,ν* , β, {pi} (27)

The list of other parameters {pi} is long [see Eq. (8)].  Table 1 in Ref. [74] presents a list of 18

dimensionless parameters.  Representative examples are q, κ , R/a, Ti/Te, Zeff, single-null

divertor, H-mode edge, as well as density profile shape and auxiliary power deposition

profiles.  Contemporary theories of flow-shear stabilization suggest that the toroidal Mach

number vφ(T/M)-1/2 is a key dimensionless parameter which has previously been neglected.

The definitions we adopt are as defined in Eqs. (13) through (17) and the degree to which these

parameters can be made identical to ITER will be discussed below.

The concept of  discharges with similar dimensionless parameters arises from

dimensional analysis of the equations governing microinstability plasma turbulence [73] which

proceeds in a 5-dimensional phase space - only the fast gyration motion of particles around the

field lines can be averaged over.  The fundamental equation is a Boltzmann equation for a 5

dimensional distribution function coupled with the constraint that the divergence of the current

density moment must vanish. Definitions given by Eqs. (13) to (17) are motivated by the fact

that when a characteristic spatial length of  the ion gyroradius and a characteristic velocity —

the diamagnetic drift velocity — are introduced, as well as a typical fluctuating amplitude

ñ/n ~ ρ*, [47, 326-328] then the dimensionless, nonlinear Boltzmann equation contains

coefficients of order unity, indicating that a self-consistent scaling has been obtained.  A

secondary expansion in collisionality ν* is often made, because ITER will lie in the region

where ν* << 1.  A key step in this procedure is to assume that the turbulence is local and that

its saturation level is governed by local quantities, such as T, and their gradients.

An examination of the requirements for matching dimensionless parameters shows that

ITER can be matched in the ν* and β parameters, but not in the parameter ρ*.  ITER will have
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ρ* values 5-8 times less than present tokamaks. In order to match ITER ν* and β values  in

present tokamaks, the discharge density and temperatures should be scaled from ITER values

according to [329]

n  ∝  B4/3 R–1/3             T  ∝  B2/3 R1/3 (28)

Table VI lists representative discharge conditions with the same β and ν* values as

ITER. They are compatible with standard operating regimes in the various devices, indicating

that present tokamaks can be in the same physics regime as ITER.

For the remaining parameter ρ*, the standard assumption is that the function F can be

taken to be a power law in ρ*

  F = ρ* ±(2+α) F( ν*, β, {pi}) (29)

where the exponent α  is expected to lie in the range 0 ≤ α  ≤ 1, the upper and lower limits

corresponding to Bohm or gyroBohm scaling, respectively.  The power law form is equivalent

to the assumption that there is no characteristic value of ρ*, and hence no characteristic length,

which governs microinstability turbulence scaling apart from the particle gyroradius and plasma

size a.  The value of the exponent α  then determines a characteristic turbulence scale size

  ≈ ρi
α a1±α .  Even though one can identify other characteristic microscopic lengths in the core

plasma, for constant β and ν* these lengths scale as ρi and thus would not change the relation

between α and .  This is fortunate because it is planned to operate ITER near its β-limit so that

a power law assumption for β scaling is not generally valid.  Instead, physics arguments

suggest that the confinement should be independent of β at low β where the turbulent transport

is a consequence of electrostatic micro instabilities and should degrade dramatically as the MHD

β limit is approached.  On the other hand, because ν* << 1, magnetically trapped particles

bounce many times before detrapping occurs, so one would expect transport to be governed by

collisionless physics and only weakly dependent on ν*.
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Table VI.  Representative Discharge Parameters scaled from ITER at
constant β, Ζeff, and ν*

Parameter ITER JET JT-60U ASDEX-U

DIII-D

C-Mod COMPASS-D

B (T) 5.7 2.5 1.8 2.1 5.0 2.2

R (m) 8.1 2.9 3.2 1.67 0.67 0.56

n20 1.0 0.47 0.3 0.45 1.9 0.68

T(0) (keV) 20.0 8.2 6.8 6.1 8.0† 4.3†

ρ*/ρ*ITER 1.0 4.6 4.7 7.3 8.7 17.4
† C-Mod and COMPASS-D need additional auxiliary heating to reach this value.

From Table VI we note that the ρ* value for ITER is 4.6 times smaller than the values

achieved on JET and that the range of ρ* available is roughly a factor of 3.  (Recognize that

many of the devices in Table VI can be operated at lower fields than indicated and hence at

greater ρ*.)  The additional range in ρ* represented by Alcator C-Mod and COMPASS-D

would serve to reduce the uncertainty of ITER projections.  Smaller values of ρ* could be

attained by 4T operation on JET (reducing ρ*/ρ*ITER to ρ*/ρ*ITER = 3.3) if there were

sufficient auxiliary heating power to attain ITER β and ν* values.

This approach to the analysis of transport and confinement based on similar

dimensionless physics parameters addresses the fact that, in principle, the gyroradius scaling of

plasma turbulence could depend on β, collisionality, or any other nondimensional parameter.

For example,  different scalings might arise in the collisionless (ν* << 1) and collisional (ν* >>

1)  regimes.  Expressed in terms of Eq. (29), this implies that the exponent α  could be a

function of β, ν*, or density profile index α n (= [(a2 – r2) /2rne] × dne/dr).  Indeed,

experiments find that the exponent α  differs for L- and H-mode discharges, indicating a

dependence on other nondimensional parameters.  For this reason, it is important to determine

the ρ*-scaling exponent at ITER-relevant ν* and β values and with ITER-like flat density

profiles.

While most of the scaling studies with similar dimensionless parameters have focused

on the ρ*-scaling of nominal ITER discharges, it is also of interest to determine how ITER
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confinement will depend on other parameters under experimental control, e.g. q, β, and ν*.

These studies are needed to project the response of ITER to variations in  operating conditions.

Scans in these parameters can be carried out at fixed ρ* which, while much larger than the

ITER value, is nonetheless sufficiently small that one can argue that there is a common physics

governing transport. The case would be strengthened by observation of common β- and ν*-

scalings at several ρ* values.

7 . 2 . Discharges with Identical Dimensionless Parameters

An evident question for transport scaling with similar dimensionless parameters is: do

experiments support Eq. (27)?  The answer lies in preparing discharges with identical

dimensionless parameters, but distinctly different physical values.  The value of ΩiτE should

remain invariant.  Such comparisons have been made for circular ohmic tokamaks [74] and for

auxiliary-heated, ITER-like tokamaks [330, 315], albeit at β values below the planned ITER

value.  Good agreement was obtained.  Table VII presents the results for an ITER-like

JET/DIII-D comparison [330].

Table VII.  JET and DIII-D Non-Dimensionally Identical Discharges

a(m) B(T) Ip(MA) n19 W(MJ) Ptot(MW) τth (s) B τth

DIII-D 0.56 2.10 1.14 7.6 0.60 6.1 0.10 0.21

JET 0.97 1.07 1.0 2.4 0.84 4.25 0.20 0.21

Further comparisons are planned for C-Mod, DIII-D, and JET. In addition, an

extension of this approach to the H-mode power threshold is also under consideration.  For

discharges with identical dimensionless parameters, the relation Pthresha3/4 = (const.) is

predicted.  One can also note that unconstrained, power law regression analyses of global

confinement scaling fulfill a constraint on the exponents derived from Eq. (27).  Based on

present evidence, one can conclude that experiments are indeed in accord with Eq. (27) [315].
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7 . 3 . Results of Experiments with Similar Dimensionless Parameters

Scans in ρ* with similar dimensionless parameters β and ν* have been carried out for

ELMy H-mode ITER Demonstration Discharges on ASDEX-Upgrade [91], Alcator C-Mod

[331], DIII-D [76, 330, 332] , JET [276], and JT-60U [322].  Results for L-mode scaling are

available for DIII-D, ASDEX-U, and JT-60U.  A principal conclusion is that the confinement

scaling exponent, α, depends on the confinement mode.

A successful ELMy H-mode ρ* scan requires careful matching of β and ν* profiles, an

operating regime that attains Te ≈ Ti, and similar, preferably flat, density profile shapes.

Figure 14, taken from [76], illustrates the excellent agreement obtained on DIII-D ρ* scans.

Similar success was achieved on JET  and JT-60U ρ* scans, as well as JET and DIII-D β and

ν* scans.  Table VIII, adopted from [315], presents the values of α obtained in the DIII-D and

JET experiments, together with a simple estimate of the 2σ-uncertainty.
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FIG. 14.  Radial profiles of (a) relative ion Larmor radius, (b) thermal beta, (c) ion
collisionality, (d) ratio of electron to ion temperature, (e) nondimensional density scale length,
and (f) nondimensional ion temperature scale length at 1.9 T (solid lines) and 0.95 T (dashed
lines) for H-mode discharges in DIII-D [76].

Table VIII.  Experimental Determination of the ρ*-Scaling Exponent α for

ELMy H-Mode Discharges

Tokamak βN ρ*/ρ*ITER α δα τ th,ITER (s) δτ (σ)

DIII-D 2.1 7.7 1.1 ±0.4 28 ±18

JET 2.2 5.5 0.7 ±0.3 6.4 ±3
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The errors in δτ are assumed to arise entirely from errors in the determination of the

parameter α in the ρ* scaling experiments.  For a standard error of ± 15% (2σ) in the stored

energy, the 2σ error in the parameter α will be δα = ±0.4 for DIII-D and δα = ±0.3 for JET.

The reason the errors are so large is due to the fact that the range in ρ* is very small in the

experiments (DIII-D; ρ*1T/ρ*2T = 1.6 and JET;  ρ*1T/ρ*2.6T = 1.9 ).

To reduce the errors in the prediction of confinement, it will be necessary to complete a

joint ρ* scan on at least two machines of different sizes to increase the range of ρ*.  Table VI

indicates that Alcator C-Mod and COMPASS-D ρ* scans would be valuable additions to the

database.

JT-60U [232] has also carried out an ELMy H-mode ρ* scan at βN = 0.8 and qeff =

4.4. Profiles of β and ν* were well-matched.  High triangularity was used to reduce the effect

of ELMs on confinement.  The results show α = 0.8 and, like DIII-D, an appreciable

difference between L-mode and H-mode in the ρ* scaling of the ion heat transport.  ASDEX

Upgrade [91] finds gyroBohm scaling in H-mode when local profiles are matched, but Bohm

scaling in L-mode.  ASDEX Upgrade was unable to reach a density low enough to match ITER

ν* values.  Initial H-mode scaling studies on Alcator C-Mod find α = 1.1±0.7, i.e. gyroBohm

scaling with appreciable uncertainties.

Figure 15 portrays the results of JET and DIII-D ρ* scans compared to the ITER93H-P

scaling relation, which has α = 0.7.  It is clear that, for discharges carefully constructed to be

as ITER-like as possible with present devices, this value of α = 0.7 describes the experimental

situation well.
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FIG. 15.  Comparison of BτE measured in ρ* scans on JET and DIII-D with the ITER93H-P

scaling relation.

JET and DIII-D have also carried out an investigation of β scaling and ν* scaling.  The

results indicate that confinement is independent of β for βN < 2.0.  Moreover, the ν*

dependence is non-existent for L-modes and weak, ΩiτE ∝  (ν*)–0.3, for H-modes.  The DIII-D

Team argued that the weak ν* scaling could be attributed to ion neoclassical physics, which

would be negligible in ITER.  The β scaling experiments found little dependence of

confinement on β, which disagrees with global scaling relations.  Collinearities in the global

database are a possible explanation [334].  Alcator C-Mod reported a 1/ν* dependence on

collisionality  [335].

Turning to L-mode results, global L-mode ρ* scaling experiments, carried out by

TFTR, DIII-D, ASDEX-Upgrade, and JT-60U, have concluded that the τE scaling is Bohm-
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like, which again indicates that the scaling exponent, α, must depend on some nondimensional

parameter that differs from L-mode to H-mode.

It is illuminating to analyze the parameters of ITER Demonstration Discharges locally.

In a ρ* scan, one can compute, as a function of minor radius, the ratio of thermal conductivity

(or heat flux) between member discharges of a ρ* scan.  With the aid of transport analysis

codes  this can be done for the total heat flux or for the electron and ion channels separately.

Analysis of data from JT-60U [333] and DIII-D [76] indicates that the major change between

H-mode and L-mode discharges is the scaling of the ion thermal flux, which improves from

worse-than-Bohm in L-mode to close-to-gyroBohm in H-mode.  Interestingly, the electron

channel exhibits gyroBohm scaling for both L- and H-mode.  The overall Bohm scaling in L-

mode results from the combined electron and ion channel scaling.  Under the assumption of

local transport, the difference between L-mode and H-mode must result from a change in some

other local, nondimensional parameter, such as the density gradient index αn.

7 . 4 . Limitations on Transport Scaling Studies with Similar

Dimensionless Parameters

Conceptually, the nondimensional approach to determining confinement scaling is

simple and direct: create a discharge as close to ITER conditions as possible and then

experimentally determine the scaling in the single remaining parameter, ρ*.  Limitations  arise

because of bias and correlations that are generated in attempting to create ITER-like discharges.

A discussion of some of these limitations follows.

Arguably the most important potential source of bias is toroidal rotation and rotational

shear arising from the directed NBI heating commonly used on tokamaks.  It is argued that this

shear will suppress microinstabilities and improve confinement.  Comparison of discharges

with radio-frequency heating, which has effectively no source of angular momentum input,

versus those with directed NBI on the same device should elucidate, and perhaps resolve, the

flow shear issue.  The JET facilities are well suited to this investigation.
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Successful scaling experiments with similar dimensionless parameters call for

appropriately scaled plasma densities and identical plasma density profile shapes — an area

where experimental control is limited at best.  Plasma fueling via gas puff, NBI, and

inside/outside launch pellets can act to produce variations in the density profile which could

affect transport scaling properties.  Because only peripheral pellet or gas puff fueling is

anticipated for ITER, very flat density profiles are likely, in accord with observations on JET.

Planned upgrades to present experimental capabilities, including both highly baffled divertors

with domes and efficient inside pellet fueling, may serve to increase the degree of experimental

control on the profile shape.  Active control of the density profile shape would elucidate a

presently poorly characterized aspect of transport and its scaling.

A continuing anomaly in tokamak transport arises from the observation, on the one

hand, of gyroBohm-like core confinement scaling and, on the other, the observed isotope effect

wherein heavier hydrogen isotopes exhibit somewhat superior confinement.  Simple gyroBohm

scaling is well-known to have a weak inverse isotope effect. Some additional mechanism and

its associated nondimensional parameter must, therefore, be at work.  Suggestions include

ELM-induced confinement degradation, impurity modes and impurity concentrations, flow

shear effects, nonlinear ion Landau damping processes and fast-ion concentrations.  In fact the

recent JET experiments on the isotope scaling have shown that the positive mass scaling comes

from the pedestal [259] and not the plasma core.  Although there has been a strong

observational program focused on identifying that an isotope effect exists [116], the problem

has not been approached from the view of validating candidate mechanisms.  More fully

developed theoretical models of the various proposed mechanisms are needed so that a set of

predicted consequences is available for experimental tests.  The goal is to achieve an intellectual

framework which can support both gyroBohm scaling and a (albeit weak) positive isotope

effect — as is currently employed for ITER confinement projections.  One should keep in mind

that isotope effects may involve more than one mechanism.

Scaling experiments with similar dimensionless parameters focus on the thermal plasma

and neglect any influence from energetic ions arising from NBI or radiofrequency heating.  In

present devices, the ratio of total fast ion energy to thermal energy is of order ~ 0.2, while in
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ITER the fast ion energy content will be negligible because the ratio of ion slowing down time

to the energy confinement time will be much less than unity.  At present there is no systematic

understanding of whether or how the presence of fast ions could affect transport.

Indeed, one can generalize this potential source of bias to the question: what is the

appropriate definition of collisionality?  The conventional choice of ν*  governs whether

trapped particles can complete a full banana orbit.  The quantity τEνie, which measures the

importance of electron-ion energy exchange and the fast particle concentration, could provide

another definition.  This parameter assumes importance in supershot plasmas, where the value

τEνie ~ 1 permits Ti >> Te, a condition known theoretically and experimentally to reduce

transport.  Such plasmas are not accessible for ITER, which will have τEνie >> 1.  In ITER

Demonstration Discharges, operational steps are taken to assure Te ≈ Ti.

A current and key issue for tokamak transport is: how “stiff” is the transport arising

from ion-temperature-gradient modes, where the ion heat diffusivity depends on the departure

of the ion temperature gradient from a critical gradient. In a “stiff” system, where the ion heat

flux increases rapidly when the critical gradient is exceeded, small relative deviations form the

critical gradient will be observed.  This causes difficulties for nondimensional scaling analyses

and, in its extreme form,  makes the core temperature directly proportional to the boundary

temperature, which may not have the same physics scaling.  Due to measurement inaccuracies

and theoretical uncertainties in the critical gradient, it is difficult to apply dimensionless scaling

to stiff systems.  Some ion-temperature-gradient theories result in a stiff system [75].

Transient L-mode transport experiments on ASDEX-Upgrade, however, suggest the system is

not stiff [91].

ELMs constitute a rather uncontrolled boundary condition for heat transport.  To

minimize ELM effects on transport scaling, it is desirable that only a small fraction of the power

outflow across the separatrix occurs as a result of ELMs.  A key scaling difficulty is that

present ITER  Demonstration Discharges have a power loss through the separatrix well above

the H-mode power threshold, resulting in strong type I ELMs.  The difference in the scaling of

the threshold and transport-loss powers indicate that ITER will operate close to the H-mode

power threshold, which can affect ELM activity.
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Summarizing, dimensionless transport studies can benefit from experiments on present

facilities which can remove or reduce the limitations described above.

7 . 5 . Summary

Dimensionless scaling studies are performed under the assumption that the problem of

scaling transport from present experiments to ITER can be reduced to the determination of a

single exponent, α , defined in Eq.(29).  Experiments to determine the scaling exponent on

several devices conclude that α is not a constant, but can depend on the transport regime and

thus on the other nondimensional variables of the discharge.  Therefore, it is important the

transport scaling for ITER be determined by discharges with ITER-like nondimensional

parameters.  For H-modes, the overall scaling in dimensionless similarity experiments is close

to gyroBohm, with α = 1.0±0.2, in accord with the concept that plasma transport is dominated

by low-β, electrostatic, collisionless instabilities. L-mode discharges, on the other hand,

exhibit Bohm scaling, which is further found to be a combination of gyroBohm electron

transport and worse-than-Bohm ion transport.  To a good measure, these observations are

common to several  tokamaks, engendering confidence in the results.  Nevertheless, a local

control parameter that governs the transition to gyroBohm scaling remains unidentified.

Reducing the uncertainty in α expressed in Table VIII will require experiments with a

greater range in ρ* ∝  Ip-2/3R-1/6.  Therefore, it would seem that the largest and smallest

tokamaks—JET and COMPASS-D—can generate the greatest difference, and this emphasizes

the importance of 4 T operation on JET and the beginning of ρ* scans on COMPASS-D.  JT-

60U could also lower the ρ*-ratio to ρ*/ρ*ITER ≈ 3.3 at ITER-like β and ν*, if operation at

n20 = 0.6 and B = 3.0 T were possible.

Because confinement scaling depends on the confinement mode, it becomes important

to determine what dimensionless parameter(s) is the key to H-mode scaling.  Two candidates

are: (i) the presence of an edge transport barrier, or (ii) the magnitude of the density gradient

relative to the temperature gradient.  The latter parameter meshes with the concept of local

turbulence, while an edge criterion which affects core transport scaling is decidedly non-local,
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but can be realized in a stiff transport model via sensitivity to the edge boundary condition.

Observations indicate that the Bohm-like or worse ion scaling in L-mode correlates with

regions of strong density gradient [336].  If it is a relatively steep density gradient that is

responsible for L-mode confinement with Bohm scaling, then this could imply that density

gradients introduce long wavelength, trapped ion modes, which would not exhibit scale

separation between the equilibrium and the turbulence and would, therefore, yield Bohm

scaling for transport.  Since ITER will likely have flat core density profiles because of its size,

even with an L-mode edge, the influence of the density gradient on confinement scaling must

be clarified particularly in view of the fact that there are several counter examples of steep

density gradients with good confinement , e.g. TFTR supershots [337] and the ERS mode

[338].

From a nondimensional scaling perspective a key question is: does ITER need an H-

mode transport barrier at the edge to attain gyroBohm core transport scaling?
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8.  1-D TRANSPORT MODELS

8 . 1 . Introduction

Calculations of the expected fusion power from ITER can be carried out at various

levels.  The simplest is to use a global energy balance, taking the confinement time τE from

extrapolating empirical scaling relations as discussed in Section 6 or employing dimensionally

similar scaling studies as in Section 7.  These calculations take some account of profile effects

by assuming particular forms (e.g., T = T0(1− r2 / a2)α T , treating αT as a parameter to be

chosen or explored), and specify levels of impurities in terms of a global Zeff and the fraction of

He ash using a lifetime τ He
* .  The next simplest step would be to use profiles that crudely

represent known physics.  Thus, one could take n and T flat within the q = 1 surface, or the

mixing radius, to represent sawtooth effects (see Section 5.1), invoke edge pedestals to

represent the H-mode transport barrier (see Section 4.2) and then use a simple, say linear,

radial interpolation between; this would produce a trapezoidal shape.  A more realistic step

would be to use a 1-D transport model, which contains models for heating due to fusion power

and additional heating, losses due to radiation, and sources of particles and impurities,

including He ash, with simple empirical forms for particle transport (see Section 9).  A semi-

empirical approach to such modeling of the energy transport can be employed in which one

chooses forms for the radial profiles of χi and χe that are known to reproduce experimental

profiles well, but one fits their overall magnitudes to ensure some particular global scaling

expression for τE is reproduced; again models for sawteeth and the H-mode barrier can be

added.  The ultimate aim of this 1-D modeling, however,  is to have a complete transport model

which predicts both the temperature profile and confinement time.  (It is worth noting that

profile modeling is not only relevant to energy confinement, but can potentially provide realistic

profiles with which to test the MHD stability of ITER.)

Transport models can themselves be subdivided.  Both energy and particle transport

models can be semi-empirical in which, while physical ideas like dimensional analysis and

critical gradients are employed, the choice of the structure and the magnitude of diffusivities is
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guided largely by experimental comparisons.  The extrapolation to ITER of results using such

models is subject to reservations similar to these encountered in extrapolating global scaling

laws for τE.  On the other hand it is also possible to derive physics based models which permit

extrapolation to ITER with more confidence, since they automatically respond to differing

conditions - provided no new phenomena unanticipated by the model appear.  Not only does

this apply to extrapolation in size for a particular confinement mode (say ELMy-H mode) but, if

the physics model is adequate, the same model could simultaneously describe other modes,

such as reverse or optimized shear, which might eventually be invoked for ITER.  These

physics based models can be derived entirely from first principles or contain just a few fitting

parameters which arise from estimates in theories that are not quite complete (e.g., turbulence

saturation levels).  A physics based model which is also capable of providing a good fit to data

is an aim of transport modeling activity.

There is a range of transport models that have been proposed and partially tested against

various tokamaks.  If these are to be used for predicting the performance of ITER, a

considerable extrapolation from existing devices, it is important to understand how well they

represent as wide a range as possible of existing tokamaks.  This has led to the development of

the ITER Profile Database [339] which contains fully analyzed profile data, specified in a

standardized manner, from many tokamaks and covering a variety of confinement modes.  By

defining transport models in a standard form, using the same variables as defined in the Profile

Database, and using transport codes which are also written in a standardized form and

benchmarked against each other, it is possible to carry out reliable and verifiable testing of

transport models.  All the resulting modeled profiles are available to each modeler and various

'figures of merit' have been defined to help quantify how successfully each model performs.

To avoid the need for a H-mode transport barrier model, still an active research topic, the

testing employs an experimental boundary condition for temperatures at r = 0.9a.  Results of

predictive modeling of specified ITER reference cases, which prescribe the edge temperature

and the mean density as parameters to be explored, are also available.  Predictive codes can also

be used to investigate models for the sawtooth cycle (Section 2.5.1) and its impact on

confinement and profiles.
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8 . 2 . Theoretical and Semi-Empirical Transport Models

Within the framework of neoclassical collisional transport theory it has proved possible

to obtain precise expressions for transport fluxes [4, 340, 341] (Section 2).  However, most

tokamaks experience a level of anomalous transport that exceeds neoclassical values although

the ion neoclassical thermal diffusivity may sometimes play a significant role, particularly in

enhanced confinement regimes with transport barriers (modifications to the basic theory to

account for such features as the steep gradients in these cases are being developed).  This

anomalous transport is believed to be caused by the fine scale turbulent fluctuations that are

observed in tokamaks.  These in turn are believed to be the result of the nonlinear saturation of

various micro-instabilities: electron drift waves, ion temperature gradient (ITG) modes,

pressure driven ballooning modes etc.  Many estimates (e.g., mixing length ones) of the

turbulent transport coefficients associated with these fluctuations have been made over the years

[17, 28, 29] (Section 2).  Such models, which are inevitably gyroBohm in nature, usually

contain a single overall constant available for fitting.  Particular models can often capture some

of the basic scalings of global confinement. For example, a number of features of Ohmic

confinement (Section 3.2) result from electron drift wave and ITG models. In the linear Ohmic

confinement (LOC) regime, the increase of confinement (and decrease of electron temperature)

with increasing density is consistent with a reduction in transport with density due to trapped

electron modes [22]. The improved Ohmic confinement (IOC) associated with a steeper density

gradient has been modeled using ITG models; the ultimate saturation with density has been

attributed to ion neoclassical transport [108]. However, these simple models are sometimes

challenged by other experimental results such as the current scaling, and often fail to predict the

correct shape of profiles [342, 343].

The Weiland-Nordman reactive drift wave model [344] is a more complete version of

this approach, calculating the whole transport matrix (including impurity fluxes) according to

the quasi-linear theory, using a particular mixing length rule; the validity of this approach has

been supported by two-dimensional fluid mode-mode coupling simulations [345].  Features of
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this model are the important role of a critical ion temperature gradient for the excitation of ITG

turbulence and pinch terms due to toroidal geometry.  As a result, this model is able to

overcome some of the weaknesses above [346–348].

The Multi-mode model has evolved from earlier versions [349, 350] and now brings

together a version of the Weiland-Nordman model, a resistive ballooning model due to Guzdar

and Drake, a kinetic ballooning mode model and neoclassical transport [351].  The Multi-mode

model currently treats the κ-dependence of the transport coefficients in an empirical manner,

guided by global scaling laws.  Full profile and global features are reproduced with the Multi-

mode model, partly as a result of the role played by the resistive ballooning mode contribution,

which becomes important near the more resistive plasma edge [350–353].  It is interesting to

note that this model, which is inherently gyroBohm, models well the Bohm-like L-mode

discharges. In the modeling, this is attributed primarily to variations in neutral penetration and

edge temperature profiles, which give rise to non-gyroBohm behavior near the plasma edge.

A particularly sophisticated extension of this physics based approach is the GLF23

model [354, 355] which aims to capture the anomalous transport due to the whole of so-called

drift-ballooning physics; the only free parameters in this model are chosen by fitting to more

detailed theory, not experiment.  The model captures many features of tokamak behavior,

including the formation of internal transport barriers.  An important step in the development of

physics based models is the use of extensive numerical simulations of turbulence to determine

the parametric dependence of transport coefficients.  The IFS/PPPL model [15, 75] is a leading

example of this, combining gyro-fluid simulations of ITG turbulence in a representative thin

annular region of the tokamak poloidal cross-section with more complete gyro-kinetic

calculation of the critical ion temperature gradient for instability.  The model was first

successfully tested on TFTR L-mode discharges.  Recent advances in the stabilizing effect of

radial electric field shear (see Section 4.1) have led to modifications to the IFS/PPPL model.

The GLF23 and IFS/PPPL models, as opposed to the Multi-mode model, have the property of

being 'stiff', i.e., the thermal diffusivity (due to the ITG turbulence) becomes very large once a

critical ion temperature gradient is exceeded and this inhibits departure of the ion temperature

profile from this marginally stable profile.  However, this feature of the GLF23 and IFS/PPPL
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models is an active research topic.  These models are based on gyro-fluid simulations in a local

annular region of the plasma cross-section; related simulations using more fundamental, but

more computationally challenging, gyro-kinetic simulations predict considerably lower

transport.  Possible reasons for this discrepancy are: the treatments of poloidal flow damping,

particle noise, non-linear wave-particle resonances and linear theory characteristics.  Careful

cross-checking of these codes is underway addressing these possibilities [356–359].  Results

from predictive modeling efforts have indicated that features of the core plasma are well

modeled using the ion temperature gradient mode as a basis for transport there [15, 75, 348–

356].

A somewhat different physics based model is the Current Diffusive Ballooning Mode

(CDBM) model [360].  This is based on a one point renormalization of pressure driven

'resistive MHD' turbulence but with the important difference that a self-consistent turbulent

electron viscosity due to electron inertia replaces collisional resistivity in Ohm's Law and

sustains the turbulent transport.  In this theory the turbulence has a sub-critical nature, which is

supported by direct numerical simulations [361] and the transport is not particularly dependent

on the linear instability criterion.  The model incorporates effects of a large Shafranov shift in

the equilibrium and reflects favorable aspects of ideal MHD ballooning stability: reduced

transport for low (or negative) and high magnetic shear and high pressure gradients; transport

reductions due to sheared radial electric fields can also be included [362].  The theory involves

one undetermined numerical coefficient which is chosen once and for all to optimize the fit to a

dataset.  The model has captured satisfactorily the essential features of the Ohmic, L-mode, the

internal transport barrier for the high βp mode of JT-60U [363] and current profile control by

LHCD [364].

One of the challenges for theory based models is to recover the isotope effect observed

in experiments [experimentally, confinement often appears to improve with increasing ion mass

(Sections 3 and 6)].  Several drift wave based models are gyroBohm in nature and would be

expected to predict the opposite effect (Section 2); the models can only predict the observations

through some indirect effect (for example, through boundary conditions or a correlation

between the density profiles and the isotope employed, which might result as a consequence of



Rev 2, 4 April 1999

IPB-Chapter 2 92 Confinement & Transport Expert Group
Confinement Database & Modeling Expert Group

different particle fueling characteristics).  However, the stabilizing tendency of the velocity

shear on turbulent transport increases with isotopic mass and this might provide a possible

explanation.  The CDBM model does have an explicit isotopic dependence which is in the same

direction as that observed.

Another approach to modeling is the semi-empirical one, based on a view that we

cannot yet satisfactorily calculate turbulent transport fluxes, or even fully identify the

underlying cause.  Thus expressions for these are proposed which embody theoretical concepts

like dimensional analysis and critical gradients but whose particular form is partly influenced by

experimental evidence.  Thus the gyroBohm Rebut-Lallia-Watkins (RLW) model [365] is

based conceptually on the excitation of microscopic magnetic islands when a critical electron

temperature gradient is exceeded, but is tuned to describe a wide range of experimental results

from JET.  This has been modified by Boucher (RLWB) to contain Bohm-like ion transport in

the light of evidence for the Bohm-like scaling in L-mode.  The Culham model is influenced by

ideas from collisionless skin-depth [366] and pressure-driven turbulence and constructed to

represent a number of L-mode discharges from an early version of the ITER Profile Database.

Taroni and co-workers [367] have devised the so-called Mixed model, a combination of simple

Bohm and gyroBohm terms suggested by drift wave driven transport, with the Bohm term

containing a non-local element which responds to edge conditions.  In this way it is able to

describe a diversity of steady and transient experiments on JET.  This model has been modified

to the mixed-shear model by Romanelli and co-workers [368, 369] to embody theoretical

predictions that the Bohm contribution will be reduced for low magnetic shear.  The T11 model

contains a combination of ion neoclassical transport and a gyroBohm electron term suggested

by experimental studies on the T-11 tokamak, but which is also close to the transport expected

from fluctuations on the collisionless skin depth scale [107].  Recent extensions to include

anomalous ion transport guided by dimensional analysis (uniquely, in that it allows the Debye

length to enter) and experiment have led to the Semi Empirical Transport (SET) model [370].

Finally, we mention the Canonical Profiles Transport Model (CPTM) which contains a

combination of empirical background anomalous transport and additional terms which tend to
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force the profiles back to so-called 'canonical' ones suggested by MHD energy minimization

arguments [371].

All the models above, which are representative of models available in the fusion

literature, are being actively tested against the ITER Profile Database at present, at least as far as

energy transport is concerned (particle transport is discussed briefly below and in Section 9).  It

is to be anticipated they will develop further in the light of further research and it is desirable

that future (and indeed other existing) models be similarly tested.

Complete modeling of a discharge requires transport equations for temperature and

particles, valid across the whole plasma profile.  While some models (e.g., the Multi-mode

model) prescribe the particle transport, a number of the above models do not; in this latter case

experimental density profiles are taken.  However, some general theoretical arguments for the

density profile can be advanced [372].  Thus in the presence of low frequency ionic turbulence

the electrons, particularly the trapped ones, diffuse conserving their adiabatic invariants: µ the

magnetic moment and J the longitudinal invariant.  The implication of this is that, if particle

sources are weak, the electron density takes up a 'canonical' profile which is peaked on axis:

the degree of peaking depends on the relative responses of trapped and passing electrons to the

turbulence.  Calculations [373] show that, for an ITER-like magnetic geometry,

ne (0) ~ 1.5ne ( ped), if only trapped particles respond; alternatively, using a ratio for this

relative response that fits DIII-D data, one finds ne (0) ~ 2ne ( ped) (here ne ( ped) is the density

at the top of the H-mode edge density transport barrier).

Since not all models attempt to model the edge region and H-mode barrier (say, r >

0.9a) at the moment, or the central sawtooth region (say r < 0.2a), testing is restricted to 0.2a <

r  < 0.9a.  Thus, it has been agreed to prescribe the experimental temperature at r = 0.9a as a

boundary condition for the models.  However, some models do represent the edge region

(e.g., Multi-mode [350, 351]) and others contain an explicit H-mode barrier model (e.g., Ref.

[367] involves a narrow neoclassical layer); the inclusion of this physics is necessary if one is

to give a first principles transport model for the H-mode.  Some transport models contain

relatively simple sawtooth models (e.g., periodic Kadomtsev mixing within the sawtooth

region, as in the Culham model [366]), but others have proposed prescriptions for the sawtooth
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period based on MHD stability criteria and rules for its periodic effect on the profiles based on

reconnection and relaxation ideas [290, 374, 375] (Section 5.1).  It is interesting that including

the stabilizing effect of alpha-particles allows a long period for the sawtooth (~100 s), leading

to a 'monster' sawteeth [290].

8 . 3 . Plasma Profile Database

The ITER Profile Database is being developed to provide a facility for testing and

developing transport models against reliable, well documented data in an open and verifiable

manner [339, 376].  One objective of the database is therefore to provide all the profile and

global data required for comparing transport predictions with experimental observations in a

readily accessible form.  By September 1997, 141 discharges from 9 tokamaks were available

from the database.  These discharges are not all up to the same standard: limited diagnostic

capability prevented some tokamaks from providing all the necessary information — the safety

factor (q) and effective charge (Zeff) are notoriously difficult to provide.  As a consequence the

descriptions of the discharges are still evolving with time as more information is made

available.

The choice of discharges provided in the Profile Database results from a balance

between the need to cover as wide a range in plasma parameters as possible - tokamak sizes and

range of parameters within each tokamak - and the need to include discharges that emphasize a

specific transport phenomena, such as cold pulse experiments, reversed central shear

configurations, supershots or parameter scans.  A brief summary of the discharges available in

the database is given in Table IX.
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Table IX.  Database Discharges

Tokamak R / a
(m)

Heating
(MW)

Field
(T)

Current
(MA)

Phase† Comments

Alcator
C-MOD

0.67 / 0.22 ICRH
0 – 2.5

5.2 0.8 - 1.0 L,
H,

HSELM

High magnetic field

DIII-D 1.69 / 0.63 NBI
0 – 15

1.0 - 2.0 0.5 - 2.0 L,
HSELM

Scans:
temperature
density
elongation, ρ*

JET 3.0 / 1.1 NBI
0 – 18

1.0 - 3.2 1.0 - 3.0 L,
HSELM,
Hot Ion H

Scans:
ρ*, β, ν*

JT-60U 3.2 / 0.89 NBI
5 – 23

2.4 - 4.2 1.0 - 3.5 L,
Hot Ion H

TFTR 2.5 / 0.87 NBI
4 - 36

2.1 - 5.5 0.8 - 2.3 L,
ERS,

H,
Supershot

Impurity injection:
Xenon,  Krypton
Scans:
current, ρ*, β, ϖ*,
power
Comparison between
DD and DT discharges
Cold pulses
experiments.

RTP 0.72 / 0.16 ECH
0 – 0.35

2.2 0.077 Ohmic,
L

Hollow Te profile

T-10 1.5 / 0.32 ECH
0 – 1.7

2.8 0.2 - 0.4 Ohmic,
L

TEXTOR 1.75 / 0.46 NBI
2.8

2.25 0.4 L,
I-mode

Transition I-mode to L-
mode

TORE
SUPRA

2.3 / 0.7 ICRH
2.8

2.2 0.4 L Enhanced Performance
mode

†  L: L-mode, H: ELM-free H-mode, HSELM: ELMy H-mode (small ELMs), ERS: Enhanced Reversed Shear

8 . 4 . Results of 1-D Modeling Tests

The existence of the ITER Profile Database (Section 8.3) provides an opportunity to

carry out extensive and verifiable testing of transport models such as those described in

Section 8.2.  Table X displays models and modelers who have placed simulations on the ITER

Profile Database.  A large variety of transport codes using various procedures — ranging from

fully predictive (sources/sinks computed by the code) to fully interpretive (sources/sinks taken

from the database) — have been used to test the models against experiments. Because of the

different implicit assumptions made by these codes, the model testing outputs were found to
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depend on the particular transport code being used.  To overcome this difficulty, a standard

procedure has been defined and used as a reference.  This standard procedure prescribes a

reference set of transport equations and standard inputs (sources and sinks) to these equations.

The models themselves have been standardized by specifying exactly how each quantity

entering in the model expressions is to be made consistent with the standard equations and

inputs.  The procedure has been implemented in three different transport codes to ensure that

the tests of the models were indeed totally transport code independent.

A standard subset of discharges which are relevant to ITER operation (i.e., L-mode and

ELMy-H mode) and have all necessary variables properly available in the database, has been

defined. It consists of 55 discharges from 4 tokamaks (JET, DIII-D, TFTR, JT-60U).  To

check that the standard transport equations have been properly implemented two types of

benchmarking have been carried out.  In the first place, the results have been compared with a

set of analytic solutions to the transport equations, using an artificial model χ = ne(0)/ne, by

Mikkelsen; the maximum error is less than 0.5% from both SMC, the standard code of

Boucher, and the HYPED code.  Secondly, the results from separate codes (e.g., the MLT

code of Waltz, the SMC code and the HYPED code) using another artificial model χ = 1 m2/s

and a special benchmark dataset have been compared.  Finally, the predictions of the codes for

the models discussed in Section 8.2 have been calculated for the standard dataset and placed on

the ITER Profile Database server.

Analysis software is also available on this server to generate the various figures of merit

for testing models shown in Table XI.  We have chosen to concentrate on (i) figure of merit 1)

in Table XI which represents the ability of the models to simulate the experimental energy

contents W (we present comparisons for the total energies above the edge pedestal, i.e., the

'incremental' energies Winc, since the pedestal energy is an input through the edge boundary

condition and is particularly important for H-modes) and (ii) figure of merit (6a) in Table XI,

which represents the distance between the modeled and simulated electron or ion temperatures

profiles (this is taken over the 'transport region' 0.2 <ρ  < 0.9, where ρ  is the normalized

toroidal flux excluding the sawtooth region and the edge region where additional transport

mechanisms might need to be incorporated in some of the models).
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Table X.  Models and Modelers

Model Modeler Physics
Weiland J. Weiland (EU), D. Mikkelsen (US),

R. Waltz (US)
ITG

Multi-mode J. Kinsey (US), G. Bateman (US)
D. Mikkelsen (US)

Drift waves,  RBM,
Kinetic Ballooning,
Neoclassical

Waltz GLF23 R. Waltz (US), J. Kinsey (US) ITG
IFS/PPPL, no E × B;

IFS/PPPL, E × B

M. Turner (EU), S. Attenberger (US),
B. Dorland (US), D. Mikkelsen (US),
R. Waltz (US), Y. Ogawa (JA),
D. Boucher (JCT)

ITG

CDBM A. Fukuyama (JA), S. Attenberger (US),
D. Mikkelsen R. Waltz (US)
D. Boucher (JCT), J. Kinsey (US),
Y. Ogawa (JA)

Current Diffusive
Ballooning Modes

RLW B, RLW D. Mikkelsen (US), D. Boucher (JCT) Semi-empirical
Culham M. Turner (EU), S. Attenberger (US)

D. Boucher (JCT)
Semi-empirical

Mixed A. Taroni (EU) Semi-empirical
Mixed-shear G. Vlad / M. Marinucci (EU),

D. Boucher (JCT), Y. Ogawa (JA)
Semi-empirical

T11 / SET A. Polevoi (RF) Semi-empirical
CPTM Yu. Dnestrovskij (RF) Semi-empirical

Table XI.  Figures-of-merit

1: Ratio of incremental total stored energy:
Wsim

inc

Wexp
inc  where W inc = Σ(3 / 2)(ne

ƒTe + ni
ƒTi )dV

and     
ƒT(ρ) = T(ρ)− T(0.9)

4: χ 2 = Σ (Ts − Tx )2

Nσ 2

where σ is the experimental error
and N the number of observations.

2:
W

W
sim
inc

inc

eexp







 and 

W

W
sim
inc

inc

iexp







 (separating e and i) 5:

βs
*2

βx
*2  where β*2 = Σni

2Ti
2dV

3:

 
(ni,ρ=0.3Ti,ρ=0.3W)s

(ni,ρ=0.3Ti,ρ=0.3W)x

6a: STD =  
Σ(Ts − Tx )2

ΣTx
2

,

6b: OFF = 
Σ(Ts − Tx )

ΣTx
2

for electrons and ions separately.

The results are displayed in Figs. 16 – 19.  Figures 16 and 17 show the mean and the

mean square deviations of the predictions for Winc from each transport model, expressed as
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< Rw >= ∑ Wsim
inc

Wexp
inc −1



















 / N  and ∆Rw = ∑ Wsim

inc

Wexp
inc −1











2

/ N ,

where N = number of discharges modeled, displaying them separately for (i) H-modes with

giant ELMs (HGELM), (ii) H-modes with small ELMs (HSELM) and (iii) L-modes from the

standard dataset.  The standard dataset comprises 3 HGELM, 14 HSELM and 38 L-mode

discharges.  Standard code results for all of these discharges are not yet available for all

models, as shown in Table XII.  Each entry in the figures for a given model corresponds to an

average over the results from the standard codes for each discharge and then averaged over the

discharges modeled.  (However, in the case of the Weiland and T11/SET models no standard

code results were available so the modeler’s own results were used.  For the Multi-mode model

an average of standard code results and those from the authors’ own modeling with the

BALDUR code were employed).  Figures 18 and 19 show equivalent results for STD(Te) and

STD(Ti), respectively.

Table XII.  Number of Discharges from Standard Dataset
Used in Testing of Each Model

Model H-mode with
giant ELMs

H-mode with
small ELMs

L-Mode ALL

Weiland 1 5 3 9
Multi-mode 3 14 25 42
GLF23 3 14 30 47
IFS/PPPL no E×B 3 14 38 55
IFS/PPPL E×B 2 14 34 50
CDBM 3 14 38 55
RLW 3 14 38 55
RLWB 3 14 38 55
Culham 3 14 38 55
Mixed-shear 3 14 38 55
T11/SET 0 13 14 27

On the basis of these tests it would appear that the Multi-mode and the IFS/PPPL ExB

models perform the best from amongst the physics based models ; both predict incremental

stored energy to an accuracy of within 24% overall.  (Simulations with the Multi-mode model

using the BALDUR code give slightly better predictions with an accuracy of within 22%)  Of
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these, the Multi-mode model gives a better prediction for the electron temperature profiles with

an average STD value of 13% as against 25% for the IFS/PPPL E×B model, but both perform

equally well in the prediction of ion temperature profiles with an STD value of 18% overall.

However several of the semi-empirical models are competitive with these two physics based

models, particularly the Mixed-shear and Culham models with accuracies of 26% for the

predictions of the incremental stored energy.  It could be that uncertainties in experimental

inputs could generate discrepancies of these magnitudes.  We note that some credit might be

given to a model on the grounds that it is physics based, particularly if it is able to correctly

predict results in other regimes, such as reversed shear, without modifications to the model.

Such a model can improve its performance by artificially adjusting its coefficients in the thermal

diffusivities.  For instance the GLF23 model achieved a reduction in the mean square deviation

on a 46 discharge subset of the database from 26.9% to 19.6% using such a recalibration.  The

CDBM model has a single overall constant multiplier which is to be chosen to provide the best

fit to the data; a renormalization of this model could clearly improve its performance.  In fact a

consequence of this modeling exercise using the ITER Profile Database is that some of the

semi-empirical models have evolved, improving their performance in the process.

The testing procedure described above has not yet proved decisive in choosing

preferred models. It was the simplest and most direct exercise that could be attempted to

complement the global database activity in support of ITER. The true value of the investment in

the Profile Database is that it will facilitate physics based investigations: specific scaling studies

on ρ*, v*, β, flow shear, Te/Ti, etc. on the one hand and comparisons with perturbative and

transient experiments on the other.  For example, there is a proposal on DIII-D to compare

models with pulsed localized ECH experiments which will test the stiffness of models such as

the IFS/PPPL one.  The discharges supplied by TFTR provide a number of cases involving

perturbative data for such tests.
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FIG. 16.  Ratio of simulated to experimental incremental stored energy using figure of merit 1.
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FIG. 17.  Mean square deviation of the ratio of simulated to experimental incremental stored
energy using figure of merit 1.
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FIG. 18.  Distance between modeled and experimental electron temperature profiles using
figure of merit 6a.
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FIG. 19.  Distance between modeled and experimental ion temperature profiles using figure of
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8 . 5 . Predictions of Transport Models for ITER

The use of local transport models can effectively complement the two methods detailed

earlier in this chapter: global confinement scaling expressions and non-dimensionally similar

discharges, by providing additional information such as: temperature profiles, the ratio between
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ions and electrons transport ultimately determining the ratio Ti/Te and the determination of the

total fusion power consistently with heat and particle sources and sinks.

The transport models presented in this document, however, are still evolving or are not

necessarily suitable for extrapolation to ITER.  The RLWB model for instance was essentially

developed to fit L-mode discharges using a purely Bohm-like ion transport which would not be

suitable for ELMy H-mode regime which exhibits gyroBohm scaling.  Other empirical models,

which by definition include adjustable parameters, have not yet been fully calibrated against the

experimental data — as is visible on Fig. 16 — without this necessary step, the predictions of

fusion power in ITER are premature.

Extrapolations are more meaningful however with transport models such as the Multi-

mode model which has been carefully fitted against experiments and models without adjustable

parameters such as IFS/PPPL and GLF23. But in this latter case, as well as fitting against

experiments the models need to be fitted against the most accurate numerical turbulence

simulations  if they are to be used as valid predictors of the transport level predicted by theory.

The independent work from the Cyclone Group [356] indicates that this might not be the case.

Nevertheless, as a guide toward the further development of these transport models,

empirical or theory based, it is instructive to study their prediction of ITER fusion power

performance.

Since most of the models being tested address energy transport and not particle

transport or the physics of the transport barrier in H-mode, a set of ITER target density and

current profiles and  boundary conditions has been prepared to allow the comparison of ITER

predictions using the various models in an objective fashion and with the same input

parameters. To simplify the testing procedure and facilitate the comparisons between models,

t he  r ange  o f  t he  s cann ing  pa r ame te r s  was  r educed  t o :

τ τHe E aux e GWP n n* / = = >=10,   100MW, < 1.5  where n G W  is the Greenwald density

( nGW = × −8.5 10 m19 3  at 21 MA), and values of T(0.9) were chosen to cover a wide range: from

1 keV to 5 keV.  Figure 20 summarizes the range covered by a representative set of models

both empirical and theory based. Not surprisingly at this early stage of model testing and

calibration, the range is large: about of factor 6 between extremes.  The Multi-mode model  is
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very close to the reference fusion power found independently using global scaling expressions

for energy confinement time prediction.  The models based on gyro-fluid numerical treatment

of electrostatic turbulence occupy the lower range and predict a similar amount of fusion

power.  The Multi-Mode model, although also based on similar drift wave electrostatic

turbulence and giving a better fit to experimental data, predicts about three times the fusion

power.  This higher level of fusion power, quite in line with other independent projections, is

also found in general if one uses the more complete gyro-kinetic numerical simulation of drift

wave electrostatic turbulence [356].
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FIG. 20.  Fusion power predicted by various models with an edge temperature T(0.9) = 3 keV.

An important aspect of the fusion power predictions is their sensitivity to the assumed

edge temperature.  Figure 21 illustrates how the predicted fusion power - normalized for clarity

independently for each model to its value at T(0.9) = 3 keV - varies with the edge temperature

as it is varied from 1 to 5 keV.

Combining the fusion power predictions from Fig. 20 and the edge dependence of

Fig. 21, one can deduce what edge temperature would be required for each model in order to

achieve a given fusion power: 1.0 or 1.5 GW.  Figure 22 indicates that, despite the wide

disparity between models, an edge temperature up to 4 keV would ensure at least 1.0 GW (Q =
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10) from all models, with the exception of the original version of the IFS/PPPL model that did

not take E×B stabilization into account.  An edge temperature up to 5 keV would ensure 1.5

GW (Q = 15).
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FIG. 21.  Relative sensitivity of the predicted fusion power to the edge temperature.  The
fusion power is normalized, independently for each model, to its value at T(0.9) = 3 keV.
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The fusion power prediction for local transport model come from a combination of

dominant factors: the edge temperature, the magnitude of the transport coefficient - χe and χi -

in the core and finally the shape of these coefficients.  To study the influence of the shapes and

therefore the impact on fusion performance of the temperature profiles, one can define the

quantity    [Ti (ρ) − Ti(0.9)] / Ti (ρ) − Ti(0.9) , which represents the normalized ion

temperature profile inside ρ of 0.9.  Figure 23 plots this quantity for the various models.

Despite self-consistent calculation of sources and sinks, the normalized profiles are

remarkably close, with the exceptions of the CDBM and Mixed-Shear models whose central

peaking can be attributed to the weak shear inside the q=1 surface assumed in the target safety

factor profiles. Nevertheless, if one computes the fusion power that would be produced from

these shapes - after imposing T(0.9) = 3 keV and forcing all profiles to correspond to the same

12 keV volume average temperature - it is found that it would differ by less than 10% between

extremes.
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compared between various local transport models and for DIII-D and JET ITER Demonstration
Discharges.
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In conclusion, the incomplete nature of the calibration of the models, either against

experiments for empirical models or against detailed numerical turbulence simulations for

theory based models, makes the prediction of fusion power in ITER from the models still

premature. Nevertheless, a number of conclusion can be drawn: the Multi-Mode model which

gave the best fit to experimental data, predicts a fusion power for ITER close to that

independently predicted by global scaling expressions.  An edge temperature, at ρ = 0.9, above

4 keV is consistent with more than 1.0 GW of fusion power from all models considered.

IFS/PPPL without E×B correction being about 20% lower.

'Stiff' models such as IFS/PPPL or GLF23 are found to be very sensitive to the edge

temperature with the fusion power increasing by about a factor of 4 when the temperature is

raised from 2 to 4 keV.  Clearly, a reduction of both sources of uncertainties - edge temperature

scaling and treatment of drift ballooning driven turbulence - are required before such models

predictions can be relied upon for estimation of the fusion power in the ELMy H-mode in

ITER.

9.  PARTICLE TRANSPORT: HYDROGEN, HELIUM, IMPURITIES

While most attention has been focused on energy transport, issues of particle transport

also impact the design of the ITER device.  In particular, the design and operation of the fueling

and pumping systems will depend on the anticipated transport properties of the fuel species,

helium ash, and impurities.

A key factor determining performance projections for ITER is the fraction of helium ash

accumulation during long pulse or steady-state operation.  The primary effect is dilution of the

fuel and reduction of the fusion power.  The impact of helium ash can be quantified in terms of

the simple ratio of the effective helium particle confinement time to the global energy

confinement time, τ He
* / τ E , where τ He

*  takes into account finite recycling and helium

pumping; that is,

τ He
* = τ He / (1 − Reff )

(30)
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where τ He
*  is the particle confinement time for helium nuclei and Reff is the effective recycling

coefficient (<1) to the core plasma.  Steady-state ignited solutions exist only for values of the

ratio η = τ He
* / τ E < ηcrit  where ηcrit is a number of order 10.  A full derivation has been given

by Reiter [377, 378]; here we will merely sketch the main ideas of that derivation.

The key point is that the fusion power production rate and the helium production rate

are exactly proportional to each other.  Therefore we can  write the power balance and helium

particle balance each in terms of the usual fusion parameter neτE so that the ignition condition

can be written

3
2

ne(1 + f i + f Z + f He )T
τ E

= 1
4

ni
2 < σv > Eα − ne

2Rrad (31)

where ƒi = ni/ne is the fraction of hydrogenic species, ƒHe = nHe/ne is the helium fraction, ƒZ is

the fraction of other impurities, Eα is the alpha particle energy, <σv> is the DT fusion reaction

rate and Rrad is the radiation cooling rate from all species.  Here we have simplified the problem

by taking nD = nT = ni/2, and by neglecting spatial profiles of n and T.  Considering only a

single, low-Z impurity, the charge neutrality condition becomes 1 = ƒi + ZƒZ + 2ƒHe.  In the

same terms, the helium particle balance becomes

f He = neτ E
< σv >

4
f i

2η (32)

Using the charge neutrality condition to eliminate ƒi and equating the two expressions for  neτE

we obtain a cubic equation for ƒHe involving η, T, and ƒZ.  On substituting back the physically

relevant solutions, we obtain ignition loci in the neτE –T plane, with the ratio η = τ He
* / τ E  as a

parameter [377].  These loci exist and form closed contours only for values of η less than some

number of order 10, the precise value depending on assumptions about the impurity

concentration and profile effects.

From the above discussion, the important quantity is τ He
* / τ E , which depends on both

the core particle transport properties and the pumping efficiency.  Experimental studies with

injected helium have demonstrated that satisfactory values of this ratio can be obtained in
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present tokamaks in L-mode [379−382], supershots [382] and in ELMy H-mode [128].

Expectations of efficient helium ash removal in supershots were confirmed with recent

measurements of helium ash production and pumping in TFTR DT plasmas [383].  In the

ELMy attached divertor experiments, helium was introduced into an H-mode discharge by gas

puffing, and the concentration in the core measured by charge exchange recombination

spectroscopy.  Pumping was accomplished by means of an in-vessel cryopump conditioned

with Argon frost.  Values of τ He
* / τ E  between 8 and 10 were inferred from these

measurements.  The shape of the helium profile remained essentially unchanged during the

active pumping phase, indicating that the effective exhaust of helium from the core is limited by

the pumping speed and not by core He transport.  Modeling using the MIST code [384]

indicates a best fit to the data using a time-dependent effective recycling coefficient for helium

with a starting value R He = 0.95 and a spatially varying diffusivity in the range

0.5 ≤ D ≤ 1.75m2 / s .  It is reported that over a range of ELMing discharges in DIII-D the

inferred value of τ He
* / τ E  is in the range of 10-20.  Values of τ He

* / τ E  between 6 and 8 are

also reported with enhanced wall pumping in high-βp ELMy H-mode on JT-60U [385].  These

results are encouraging for ITER.  By contrast, experiments in ELM-free H-mode discharges in

TEXTOR [386] indicate ratios in the range of τ He
* / τ E  approximately 70, which would not be

acceptable.  This result emphasizes the importance of the confinement regime and coupling to

the pumping system in determining the performance.  Helium pumping has been demonstrated

in completely detached H-mode experiments in ASDEX Upgrade, in which feedback-controlled

neon injection was used to create a steady detached plasma with type III ELMs [387].

However, in ASDEX Upgrade the divertor and pumping geometry (outboard turbomolecular

pumping) differs from the ITER design (pumping from the private flux region) and the core

impurity concentration was unacceptably high.

Transport of intrinsic or injected impurities of higher charge is also of critical

importance to ITER.  Although a strongly radiating boundary would be a desirable means of

distributing plasma power losses, such a boundary leads to the potential danger of excessive

core radiation and fuel dilution if impurities tend to accumulate in the core.  Perhaps because of

the availability of spectroscopic techniques, studies of impurity transport  have been carried out



Rev 2, 4 April 1999

IPB-Chapter 2 109 Confinement & Transport Expert Group
Confinement Database & Modeling Expert Group

for a long time, and in some respects it is better characterized than majority transport.  The

workhorse technique is laser blow-off [388] which uses a high power laser pulse incident on a

target material, usually in the form of a thin film, to create a population of energetic neutrals

directed toward the plasma.  Spectroscopic techniques are used to follow the impurities into and

back out of the discharge.  Codes such as MIST [384] may be employed to model the atomic

physics and transport phenomena.  A scaling for impurity confinement time in Ohmic plasmas

[389] which fits data from a number of early experiments is

τimp (s) = 0.75 a R3/4 (Zeff / q)(mbg / Zbg) (33)

where R(m) is the major radius, a(m) is the minor radius, q is the safety factor and mbg and Zbg

are the mass number and charge of the background (majority) species.  The impurity transport

appears to be independent of the impurity species, and, somewhat surprisingly, of the target

density.  Studies of impurity confinement in JET and Tore Supra [390] found that Eq. (33)

yields an impurity confinement time that is much too large for those devices and proposed the

alternate scaling for Ohmic and L-mode plasmas

τ imp = 7.4Vp
0.70Ip

0.31(Pin / ne )−0.57 (s) (34)

where Vp(m3) is the plasma volume, Ip(MA) is the plasma current, Pin(MW) is the Ohmic plus

auxiliary heating power and ne(m–3) is the volume averaged electron density.  In H-mode and

other improved energy confinement regimes, impurity confinement is also improved.  These

improvements are not easy to capture in global scaling relationships.  Considerations of gross

particle confinement time provide the coarsest representation of particle transport phenomena.

For more detailed performance projections, which rely on profiles of reacting species and

impurities, it is necessary to consider the local transport properties (although sawteeth and

ELMs can produce more macroscopic effects, as discussed in Section 5).  The simplest useful

characterization of local transport in tokamak plasmas identifies the local particle flux as a

combination of a diffusive term and a 'pinch' term.  A simple example, using a fixed radial

form for the relationship between the pinch and diffusive terms, is
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Γ = –D∇ n + nV = –D(∇ n + Cv n2r / a2) (35)

where D and V are each supposed to be functions of local plasma parameters.  Here the velocity

V is a convenient way of representing those components of the particle flux which are not

driven directly by the particle gradient; this notational simplification conceals substantial

physics, some aspects of which are better understood than others.  The most common example

of such an off-diagonal transport flux is the so-called neoclassical pinch [4], which is an

(inward) particle flux driven by the parallel electric field.  Other terms, more difficult to

interpret, may arise in the form of particle fluxes driven by temperature gradients.

Experimentally, studies of local particle transport rely on two sorts of measurement:

quasi-steady flux balance analysis and perturbative (transient) techniques.  From quasi-steady

profile analysis we can at best determine only the (perhaps spatially varying) ratio Cv  of

transport coefficients in Eq. (35).  Determination of both coefficients requires analysis of the

time response of the system, using perturbative techniques.  These may rely on intrinsic

perturbations, such as sawteeth or ELMs, or on active methods such as oscillating gas puffs,

pellet injection, or, in the case of impurity transport, laser blow-off.  Numerous examples

[391–399] of such experiments, and associated analyses, exist in the literature.

Despite the large number of experiments, a clear description of majority species particle

transport in tokamaks has not emerged; indeed, the level of consistency with respect to particle

transport appears to be even less than that which typifies the energy transport problem.

Nevertheless, some general observations may be made.  Many experiments indicate an inward

pinch in the outer region of the core that is coupled with a high diffusivity in order to reproduce

the dynamics of the plasma density evolution for r/a ≥ 0.7.  However, in this region the error

bars are large because of uncertainties in the sources.  The presence of ELMs further

complicates edge particle transport analysis.  Deeper in the core the evidence for a particle pinch

is mixed.  In most larger devices, which may be more relevant to ITER, analysis of density

transients indicates the particle pinch is extremely small and not inconsistent with the

neoclassical value.  For example, measurement of the DT neutron generation profile in TFTR
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tritium injection in supershots [400] has provided a first and unique determination of the local

transport properties of hydrogenic species.  The results indicate a negligible anomalous pinch in

the core.

Typically, but not always, D exhibits an inverse dependence on density.  A strong

temperature dependence of the electron particle fluxes was found in a temperature scan at

constant density in TFTR L-mode plasmas [401].  Both D  and V typically increase in

magnitude toward the edge of the plasma.  As the density limit is approached, both D and V

exhibit dramatic increases, particularly in the outer region of the plasma.  Pellet injection

experiments [92] indicate that fueling beyond this edge layer increases fueling efficiency

dramatically and can lead to density limits that are higher than achieved with gas injection or

high recycling.  However, further pellet experiments in conjunction with active divertor

pumping are needed to clarify the roles of the fuel source, recycling and edge transport

properties for ITER projections.  The dependence of effective particle confinement on the

source distribution (e.g., pellets or gas) is important for plasma density and fuel isotopic

control [402].

Experiments indicate a strong correlation between local thermal and particle transport

properties in the core plasma, with the particle diffusivity more closely aligned with the ion

thermal diffusivity.  Ratios of χ/D vary, but in DIII-D χeff/D is reported to be typically of order

unity in both L- and H-mode as shown in Fig. 24 [187].  In TFTR L-modes and supershots He

diffusivities were comparable to and correlated with the ion thermal diffusivity [401].  The T

(tritium) diffusivity was also comparable to the ion thermal conductivity in supershots [401].

In Alcator C-Mod χe/D ~ 1–2 in L-mode [403].  In JET L-mode plasmas the local diffusivity of

impurities is strongly decreased in the core where the dimensionless shear parameter,

s = d(lnq)/d(lnr), drops below 0.5 [404].  Enhanced confinement mode operation often results

in enhanced fuel and impurity confinement.  Injection into ELMy H-mode discharges in Alcator

C-Mod resulted in impurity particle confinement times of a few hundred ms, compared to

typically 20 ms in L-mode.  In ELM-free H-mode discharges, impurity confinement times are

even longer than in the ELMy case.  While the impurity transport in L-mode is consistent with

purely diffusive behavior with  Dimp ~ 0.5 m2/s, the H-mode transport is characterized by
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greatly reduced Dimp, especially in the outer portion of the plasma, and a strong inward

convection; the edge particle transport coefficients are comparable to neoclassical values [405].

In PEP mode discharges in the same device, impurity accumulation consistent with neoclassical

transport was observed, with inferred diffusivities Dimp ≈ 0.25 m2/s (about a factor of 2 below

De) and pinch velocity at the half-radius up to 30 m/s, or about an order of magnitude larger

than the electron velocity Ve.  Neoclassical impurity transport was inferred following pellet

injection on Alcator C [406].  In reverse shear plasmas [6] particle transport can also be

reduced to neoclassical levels in the core.

FIG. 24.  Comparison between DHe and χeff in DIII-D: (a) L-mode, (b) ELM-free H-mode,
(c) ELMy H-mode and d) VH-mode.

For the purpose of modeling ITER discharges it is recommended that a reference

particle diffusivity similar to the ion thermal diffusivity Dan / χi
an ~ 1 be used, with Dan

independent of charge or mass for fuel, He and low-Z impurities (e.g., Be).  The implications

of Dan / χi
an   as low as 0.3 should be considered for its impact on the design of the fueling

and pumping systems.  However, because the relevant factor in He accumulation is D/χeff , a
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small value of D/χe may lead to deleterious accumulation of He in enhanced confinement

regimes where the ion conductivity and particle diffusivity and selectively reduced.  In the edge

region, 0.7 ≤ r/a ≤ 1.0, a particle pinch and ELM activity strongly affect the coupling between

the scrape-off and core plasma.  The neoclassical contributions to the particle fluxes and ion

thermal conductivity must also be included because these have been shown be important in the

core under improved confinement conditions.  Although models for ELMs are just now being

developed and not well tested, experimental evidence supports a periodic partial expulsion of

the particles from plasma edge to the scrape-off and divertor.

10.  MOMENTUM CONFINEMENT

Injection of toroidally oriented neutral beams into tokamak plasmas adds toroidal

angular momentum to the plasma and results in toroidal plasma rotation.  The study of the

confinement of toroidal angular momentum and plasma rotation is of interest for several

reasons.  First, the beam-induced toroidal plasma rotation can suppress the growth of the error

field instability in a tokamak and improve the stabilizing effect of the resistive wall for low-n

kink-like modes.  Second, the toroidal plasma rotation can contribute to a flow velocity shear

suppression of microinstabilities.  Third, angular momentum confinement investigations

provide further insight into the general problem of confinement in tokamak plasmas.

The toroidal rotation velocities attained in experiments with tangential high-power

neutral-beam injection are rather high, i.e., Vφ ~ 100-400 km/s which correspond to a Mach

number Vφ/cs up to about 0.3, where cs is the ion sound velocity.  The observed rotation

velocities are however very small compared to predictions based on the neoclassical transport

theory [407].

Measurements of the momentum confinement time τφ are based on the global angular

momentum conservation equation

dVnimiVφ∫
τφ

= Pb
2mb

Eb







1/2
Rtan

R




 (36)
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where Rtan is the tangency for the injected neutral beam, Pb is the beam power, mb and Eb are

the mass and energy of beam particles, and nim i is the plasma mass density.  Rotation

velocities are usually measured by the Doppler shift of emission lines of hydrogen-like impurity

ions resulting from charge exchange reaction of fully stripped ions with injected fast

hydrogenic particles.  It is supposed frequently that rotation velocities of the main plasma ions

and impurity ions are the same. However, detailed calculations show that these can differ

within the framework of neoclassical theory [408].

Many tokamaks have reported similar magnitudes for the momentum confinement time

τφ and the energy confinement time τE [409–416].  Figure 25 shows a comparison of τφ with

τE measured in JET during tangential neutral beam injection [416].  One can see that τφ and τE

are approximately equal for steady state L-mode and ELMy H-mode discharges, in agreement

with earlier results obtained on ASDEX [413] and Doublet III [411].  Experiments on Doublet

III have shown that τφ and τE scale in the same way with plasma current and neutral beam

power.  These results together with the identical shapes of the beam energy and the toroidal

angular momentum deposition profiles suggest that heat and momentum transport at steady

state conditions is governed by related mechanisms [22].

There are, however, experimental conditions when τφ deviates from τE. In transient

ELM-free phase of hot ion H-mode discharges in JET, the angular momentum confinement

time reaches of value of only about 0.6 times the energy confinement time (see Fig. 25). The

authors explain this effect by J × B transfer due to particles injected into trapped orbits and

producing the radial current of fast ions between the point of birth and the first orbit average

[416].  In high-βp H-mode discharges in PBX-M, the ratio τφ/τE was observed to increase

significantly (from ~1 to ~3), at the same heating power and unchanged τE, when the direction

of the neutral beam injection was changed from tangential to nearly perpendicular [414].  The

authors explain the observed behavior of τφ by a strong negative dependence of τφ on the net

torque Tnet, i.e., τφ ∝  Tnet-0.8. Another reason for τφ increase is a possible change in a beam-

induced radial electric field Er which can affect the toroidal rotation velocity according to Eq.

(9).
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The MHD activity can strongly affect toroidal rotation.  Experiments on DIII-D have

shown that some discharges which never exhibit sawtooth oscillations have essentially zero

rotation velocity in spite of the input neutral beam torque [411].  In these discharges, the

connection between τφ and τE is clearly broken, since τφ drops to zero while τE decreases by a

factor of two from its value with sawteeth.  Similar phenomena have been observed in ASDEX

[417] and JET [418, 419].  They have been explained in terms of the growth of large,

stationary magnetic islands (i.e., "locked" modes) that are capable of transferring angular

momentum through an electromagnetic interaction between the MHD mode and either the

vacuum vessel or a fixed stray field.  A model describing the toroidal force balance for MHD

mode locking consistent with observed toroidal momentum loss in ASDEX is suggested in

[420].  The model includes both the electromagnetic forces due to interaction with a resistive

wall and error fields as well as the viscous coupling between the island structure and the bulk

plasma.  Other similar works appear in [421, 422].  Suppression of the growth of the locked

modes by the beam-induced plasma rotation is discussed in more detail in Chapter 3, Section

2.5.
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FIG. 25.  Toroidal angular momentum confinement time of thermal particles during
neutral beam injection vs. simultaneously measured energy confinement time for steady
state L-mode and ELMy H-mode discharges (crosses) and for transient ELM-free phase
of hot ion H-mode discharges (squares) in JET [416].

In most experiments, Er is not measured directly because of lack of appropriate

techniques.  It can be found however from Eq. (9) if other terms in the equation are known.

Recently, the toroidal and poloidal rotation velocities and the densities and temperatures of the

main ions (He2+) and impurity ions (C6+ and B5+) have been measured in H-mode helium

plasmas in DIII-D [423].  It was shown that the values of Er deduced from the main ion and

impurity ion measurements coincided within the error bars, confirming the validity of Eq. (9).

It was shown also that the toroidal rotation velocities of the main ions, Vφi, and impurity ions,

VφI, are quite similar in the plasma core, but significantly different in the edge region.  The

measured difference (Vφi – VφI)  was found to agree with the neoclassical predictions which

relates the velocities to radial gradients of densities and temperatures [408].

The radial electric field plays an important role in toroidal rotation characteristics

observed in ICRF heated plasmas in the absence of direct input of toroidal momentum.

Toroidal rotation velocities of Ar16+ impurity ions greater than 120 km/s in the co-current

direction have been observed in ICRF heated H-mode discharges in Alcator C-Mod [424].  The

magnitude of the rotation velocity increases with the stored energy increase.  The rotation

velocity of the main (deuterium) ions is estimated to be about 1.5 times higher than that of the

Ar16+ impurity ions and three times higher than the main ion diamagnetic drift velocity –∇

pi/eniBp, with the dominant term proportional to the radial electric field (Er up to 300 V/cm was

deduced from Ar16+ ion rotation velocity neglecting its diamagnetic and poloidal rotation

terms).  The mechanism for the observed rotation remain obscure.  Similar results have been

obtained during ICRF heated H-mode  in JET [425].  The toroidal rotation velocities up to 60

km/s in co-current direction have been observed in these experiments with a good correlation of

the local angular momentum density and the ion pressure.  The authors conclude that the ion

pressure gradient may be the major driving mechanism for toroidal rotation.

Let us consider now results of measurements of radial profiles of the toroidal

momentum diffusivity χφ(r).  Detailed measurements of χφ(r) and the electron and ion thermal
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diffusivities χe(r) and χi(r) have been performed on DIII-D in the hot-ion L- and H-modes

[426, 121].  The results presented in Fig. 1 show that the most dramatic improvement at the L-

to-H mode transition is in χe(r)  and χφ(r), which improve by about a factor of three

throughout the plasma.  Outside of ρ = 0.3, χe and χφ are basically equal, within the error

bars, in both L-mode and H mode. χi is significantly less than χe and χφ in the center of both

the H- and L-mode plasmas, being close to the predictions of the neoclassical theory inside of ρ

= 0.3 for the H-mode.  On the other hand, similar measurements in the hot-ion L-mode on

TFTR have shown that χφ is close to χi and DHe (the helium diffusion coefficient) and is

greater than χe (Fig. 26) [380].  Similar results have been reported for TFTR L-mode with Ti

≈ Te [427].  The values of χφ ≈ χi/Z  have been deduced in JET experiments [428].

The above results are related to effective values of χφ.  Transient toroidal momentum

transport has been examined in JT-60U [429] by using a momentum source modulation

technique.  Assuming that the toroidal momentum flux consists of diffusive and convective

terms, it has been found that there is a non-diffusive inward flux of the toroidal momentum,

similar to the pinch term in particle transport (Section 9), comparable in absolute value with the

diffusive flux.

Experimental values χφ discussed above are significantly higher than neoclassical

toroidal viscosity, which is χφ = (6/5) νiiρi
2  in the Pfirsch-Schlüter regime [407] or χφ =

0.1νiiρi
2q2  in the banana regime [430, 431].  Turbulence based theoretical models for χφ

include that due to ITG turbulence: χφ = 1.3 (ρs
2cs / Ls )(1 + ηi ) / τ , where Ls is a magnetic

shear length, τ = Te/Ti and ρs = cs/Ωi [432].  This gyroBohm theory leads to χi = χφ which is

observed in some experiments.  Another model based on small scale turbulence leads to very

low values of τφ ≈ τEme/miβe [433] that contradict experiments.
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FIG. 26.  Similarity of the toroidal momentum diffusivity χφ, helium diffusion coefficient DHe,

and ion and electron thermal diffusivities χi and χe in a hot-ion L-mode discharge in TFTR
[380].

The toroidal plasma rotation frequency in a reactor at a moderate injection power of ~50

MW and at Eb ~ 1 MeV is expected to be significantly lower than in present-day experiments,

i.e., fφ,NBI ~ 1 kHz for the ITER basic parameters as follows from Eq. (36) assuming τφ = τE.

In practical units this relation can be  written as

fφ,NBI ≈ (1200Hz)
Pb

50MW






τφ

6s







2000m3

Volume







1020 m-3

ni







1MeV

Eb







1/2
mb

mi







mD

mb







1/2
Rtan

6.5m






8m

R






2
. (37)

Results of 1-D modeling of toroidal plasma rotation in ITER for various plasma densities and

beam energies at χφ = χi are given in [434].  The natural diamagnetic frequency [435], which

is considered as a measure of the toroidal rotation frequency in the absence of direct toroidal

momentum input, is given by

fφ,dia ≈
ρip

2πRr
υti ≈ (100Hz)

〈Ti 〉
10keV







21MA
I







. (38)
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It should be noted, however, that estimates based on Eqs. (37) and (38) can be inaccurate in

reactor conditions, where Pb << Pα and alpha-particles can strongly contribute to the radial

electric field.

A more precise prediction of the toroidal plasma rotation needs the creation of a toroidal

momentum confinement database and the development of a theoretical model for momentum

transport validated against the database.

11.  SUMMARY

The basic theory of the transport of heat and particles in a tokamak by both classical and

non-classical turbulent process is becoming mature, although unresolved characteristics of

turbulent transport still remain.  Qualitative models describing most of the observed phenomena

in tokamaks, such as the transport in the plasma core, the L-H transition, sawteeth and ELMs

are available.  However at the present time we do not have a reliable model describing the

transport across the entire plasma profile that could be used in ITER extrapolations.  Good

progress has been made in testing theoretical transport models in the plasma core region

(Section 8) and some of the models give a reasonable fit to the data.  This is encouraging and

suggests that with further theoretical development, especially for the edge region (e.g., the

pedestal temperature), it may be possible to produce a model that gives a good enough fit to the

data to be reliably used in ITER predictions.

At the present time the main approach used in predicting the performance of ITER in its

main regime of operation, the steady ELMy H-mode, is the global confinement time scaling

approach described in Section 6.  In the last 2 years the global confinement steady-state ELMy

H-mode database has been considerably expanded with the inclusion of data from 5 new

machines and new data from existing devices.  This has reduced the uncertainty in the ITER

prediction.  Based on the log-linear models applied to various subsets of the data in Section

6.4, the interval estimate is (4.4–6.8 s).  This comes close to a classical statistical interval

estimate based on the fit for the standard working dataset from Section 6.3, allowing for a

multiplication factor (roughly accounting for some of the modeling imperfections).  Allowing

for non-linear models, and some additional considerations as presented in Section 6.4, the 95%
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interval estimate is (3.5–8 s).  In the latter case, the smaller interval (4.4-6.8 s) corresponds

roughly to a 66% interval estimate.

ITER is projected to ignite throughout the narrow confidence interval although steps

might have to be taken such as operation above the Greenwald density, nGW, using pellet

injection, or operation at higher plasma current, to preserve ignition at the very lower end of

this confinement interval (4.4-4.8 s).  With the wider interval, the lowest confinement range

(3.5-4.4 s) would require driven operation. The performance in driven mode depends on

accessibility of densities above nGW, the amount of available heating power and/or higher

plasma current.  Nevertheless, under nominal conditions  (n/nGW < 1, Paux = 100 MW, I = 21

MA) the minimum Q in this range would be above 6.

To reduce the confidence interval an understanding of the reasons for the systematic

differences between the confinement in different devices must be obtained.  The identity

experiments on different machines used to verify dimensionless scaling approach will be

particularly useful in this respect.

The non-dimensional similarity approach of Section 7 is closely related to the global

confinement scaling approach, in that the data itself is used to determine the performance of

ITER.  The 95% interval estimate of the dimensionless parameter scaling approach is still larger

than that of the global scaling approach.  To reduce it, a multi-machine database of these types

of pulses will need to be constructed, ensuring similarity of toroidal rotation, and the range of

operation of the largest device, JET, be extended to 4 T with 40 MW of heating.

The comforting aspect of these three approaches is that the confidence intervals are

overlapping and there is a program to narrow these intervals.

Our knowledge of particle transport is rather weaker than that of energy transport;

however the recommendation of Section 9 that the best procedure is to take D ~ χi means that

there will be adequate transport of the helium ash, for helium poisoning and the consequent

reduction in the fusion power not to be a problem.

The MHD events such as sawteeth described in Section 5 will undoubtedly reduce the

fusion performance of ITER but are not thought to have a dominant effect on the confinement

projections and may have a beneficial effect on removing the helium ash from the plasma
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central region.  On the other hand the ELMs which are beneficial in controlling density and

impurities, also control the height of the edge pedestal and do clearly have an effect on

confinement, the type III ELMs leading to lower confinement than the type I's.  Although at the

present time we do not have good model for this edge region both model development and

testing are proceeding very rapidly.

Turning to the H-mode threshold, we also find that although there is a reproducible

phenomenology of the L → H transition we do not have a tested quantitative theory.  The

scaling studies of Section 4 give a rather large range for the required power for an H-mode in

ITER.  Further effort to understand the reasons for the large scatter in the data and a

quantification of the influence of the plasma geometry, edge parameters and neutrals on the H-

mode threshold are needed.

Thus in summary, a qualitative understanding of the energy confinement process taking

place in a tokamak is now available and fairly firm confidence intervals have been given for the

ITER predictions; the challenge in the next few years is to narrow these intervals.  A further

positive feature is that new operational regimes with improved confinement such as those with

reversed shear, described in Section 3, continue to be developed and the use of these regimes

will further improve the existing ignition margins of ITER.
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Appendix

ITER ENERGY CONFINEMENT PROJECTION

A 1 . Point and Interval Estimation based on Log-Linear and Log Non-

Linear Scaling Expressions

As noted in Section 6.2, the working dataset of DB3, consisting of data from 11

tokamaks, leads to an ELMy log-linear scaling (Eq. 18) that is similar to ITERH-92P(y), the

ELMy log-linear scaling derived from DB2 [305].  Restricting attention to the statistically

significant differences only, this new ELMy scaling is proportional to n0.11M−0.2κ 0.13 times

ITERH-92P(y) or n0.24M−0.21B−0.24ε0.34 times ITERH-93P.  The predictions for the ITER

EDA standard operating point are approximately the same (assuming 15% confinement

degradation due to ELMs in ITER).

It is important to realize that such log-linear scalings only provide a first order

approximation to the true regression surface by a linear regression plane on a logarithmic scale.

In fact, several types of empirical log non-linear scalings have been developed, from which one

can get some insight about the accuracy of this approximation. In one approach [324, 180,

305] interaction models are considered, which express, on a logarithmic scale, the confinement

time as a sum of not only (first-order) linear but also (second-order) cross-product terms with

respect to the basic plasma parameters, while in another approach [136, 436–438] offset-linear

type scalings have been derived, which describe the thermal plasma energy as the sum of two

power-law scalings.  Offset-linear scalings have been studied for many years [436] and posses

a practical physical and empirical motivation.  However, actual fitting such scalings to the data

is a fairly high dimensional non-linear problem.

In Section A1, we discuss in somewhat more detail than in Section 6.4, the variation of

point predictions from several log-linear scalings (based on various subsets of the working

dataset), as well as fits to the data by log non-linear scalings.  In Section A2 we provide

statistical background and address some practical aspects of interval estimation for the

confinement time in ITER.
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The ELMy H-mode confinement scalings based on DB3 in this Appendix are based on

the working datasets characterized in Section 6.4.  An equivalent alternative description is as

follows.  There are, in fact, several intermediate steps in the transition between DB2 and DB3.

In roughly increasing order of heterogeneity with respect to an overall log-linear scaling: DB2.2

(DB2+ASDEX Upgrade), DB2.5 (DB2.2+JT-60U), DB2.8 (DB2.5+Alcator C-Mod), DB3

(DB2.8+TCV+COMPASS-D).  In each step the tokamak has been added which is most in

agreement with the log-linear scaling based on the dataset under consideration.  Finally, we

consider the restricted subset DB3r(IS) consisting of the large to medium-size tokamaks that are

similar in shape to ITER (JET, ASDEX Upgrade, DIII-D, JFT-2M, Alcator C-Mod).

There are several issues, related to the coherence of the dataset, which, for simplicity,

are not addressed in the present discussion: (i) the question how closed the Alcator C-Mod

divertor is with respect to the other machines and the difference between the two divertor types

at JET, (ii) the inclusion of a part of the ELM-free JFT-2M data set which exhibits small ELMs

in the Dα  signal [439], (iii) the influence of different heating methods on the observed

confinement times; (iv) the effect of systematic inconsistencies between various (diamagnetic,

equilibrium and kinetic) measurements of the plasma stored energy.  With respect to point (iii)

it can be stated qualitatively that inclusion of the Ohmic and ECH discharges from the smaller

machines (TCV, COMPASS-D, albeit not for Alcator C-Mod) tends to lead to higher

predictions for ITER whereas inclusion of the JET ICRH discharges tends to produce

somewhat lower predictions for ITER than those from the dataset with only NBI heating.

It should also be acknowledged that the present ELMy dataset constitutes a mixture of

type I and type III and possibly other types of ELMs.  To some extent the type of ELMs is

controlled by the engineering plasma parameters, including the proximity to operational limits.

(This is one of the reasons that the difference between ELM-free and ELMy scalings is more

complicated than a simple multiplication factor, and compatible with the fact that the regression

surface of the ELMy confinement time seems to be better described by a simple power law, i.e.

to be less curved on a logarithmic scale, than that of the ELM-free confinement time [438,

320].)  Insofar as the type of ELMs is controlled by the engineering plasma parameters,  the

effect of the change in ELM-type on confinement is in part reflected by the scalings.
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Table XIV describes how well a number of scalings predict the observed confinement

times in two of the working datasets and what their prediction is for ITER (at the standard

operating point).  The first two scalings are log-linear scalings based on DB2. The next scaling,

IPB98(y), is based on DB3 and uses κ=b/a.  The following 4 scalings are based on each of the

four working datasets, respectively, and use κa = area / πa2.  The last 4 scalings in the Table

are log non-linear scalings.  The most notable difference between the log-linear scalings using

κ=b/a and the other ones is the aspect ratio dependence.

As is shown in Table XIV, the standard log-linear fits to the above restricted versions

of the standard dataset give ITER predictions of 4.8 s (DB2.8, i.e., with ALC C-MOD) and

4.9 s (DB2.5, i.e., without Alcator C-Mod), respectively.  According to the subset DB3r(IS)

of the "ITER-similar" tokamaks, the log-linear point prediction is 5.6 s.  Compared with the

6 s standard estimate of DB2 [180, 305, 320], about 1/3 of the slightly more than 1 s

reduction in confinement time in the first two cases is due to a change in the ITER operating

point (i.e., ne from 13.0 to 9.7×1019 m-3, P from 192 to 180 MW) and about 2/3 is due to the

data from the additional machines.  If the Ohmic and ECRH H-mode data from COMPASS-D

and TCV as well as the JET ICRH discharges are added to DB2.8, then the predictions for the

new operating point increase to 5.6 s (IPB98(y,1) with κa =1.53) and 6 s (IPB98(y) with κ

=1.73), respectively.

The number of data points contributed by each of the tokamaks varies considerably over

the database.  This raises a question about how one should weight the data points in the

regression.  Figure 27 displays the sensitivity of the ITER predictions with respect to weighting

the observations from tokamak j  by Ntok, j
-a  for 0 < a < 1, where Ntok, j

-a stands for the number of

observations (i.e. time slices) contributed by tokamak j.   (For a = 0 all observations and for a

= 1 all tokamaks are weighted equally.)  One can see that the dissimilarity between the ITER

predictions tends to become larger when a increases.  The correct value of a would be 0

provided all systematic differences between the tokamaks affecting the confinement would have

been accounted for.  Since we know this is only approximately true, there exists no hard

statistical rule for the choice of a.  Practical experience with analyzing the present data set data
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may suggest that a moderate value of a (1/3 or 1/2) could lead to somewhat improved estimates

with respect to the choice a = 0 used in the standard analysis.

As a preamble to a more detailed discussion of several log non-linear models, a study

performed in [437, 438] is illustrated: two models of the offset-linear type were fitted to the

ELM-free DB2 dataset, while using extensively the principle of (non-linear) least squares

minimization.  Since the full offset-linear model contains 8 geometrical parameters and only 6

devices were available in DB2, the aspect ratio exponents in both the linear and the offset term

in [438] were not fitted to the data, but left as free parameters.  A sensitivity study of the

change in the other regression exponents with respect to these two unknown aspect ratio

exponents over a certain range, led to the compact class of two-term power-law scalings of the

form Wth = Wo + τincP  for ELM-free H-mode plasma energy content, with the exponents in

both terms represented graphically in Fig. 28.  These scalings are based on DB2 and, since the

ELM-free data set has not been extended very much, essentially also on DB3.  For ELMy

confinement, an offset-nonlinear scaling, based on the DB2 data set extended with confinement

data from JT-60U, has been proposed in [439].
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FIG. 27.  Sensitivity of the ITER confinement time prediction with respect to
weighing the data from tokamak j proportional to Ntok, j

−a , 0< a < 1

(where Ntok j, stands for the number of time slices included from tokamak j) for
log-linear regressions based on each of the 4 subsets of ITERH.DB3. For a=0
all time slices and for a=1 all tokamaks are weighed equally in the regression fits.
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FIG. 28. Estimated exponents (±2 standard deviations shown as shaded parts)
in both terms of an ELM-free offset-linear scaling (OL-95), together with their
sensitivity with respect to a variation of the two aspect ratio exponents. The
exponents aε and bε (which correspond to the inverse aspect ratio exponents of
the linear and the offset part, respectively) have been varied independently over
a range as simultaneously indicated by their three sensitivity lines. This induces
a change in the least-squares estimates of the other exponents as shown by the
other sensitivity lines.

We consider in this Section three non-linear scalings (on a logarithmic scale).  First, as

one of the models that tend to give a rather low confinement prediction for ITER, Dorland and

Kotschenreuther have investigated the influence of the interaction between the engineering

safety factor qcyl∝  a2Bκ/IR and the ratio of the square root of a dimensionless, normalized

pressure gradient, α ≡ −2µ0 (q2R / B2 )dp / dr , to the normalized Larmor radius, ρ* = ρi/a .  In

engineering variables this leads to a term

log g2 ≡ aintlog qcyl log
na2q95

2 h(ε,κ )

qcyl
(39)

added to a log-linear model, where h is a shape factor.  For the ELM-free dataset, the

interaction coefficient aint is significant, 0.3±0.04, and this has the interpretation that for large

machines, and at higher density, the exponent of qcyl becomes larger.  This leads to a lower

ITER prediction, about 4 s for 0.85 × ELM-free confinement based on DB2, because the value
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of qcyl for ITER is below that of the average of the database.  (Alternatively, it can be

interpreted as a decrease with qcyl of the beneficial effect of the (na2)1/2 factor on the

confinement time.)  A breakdown of this interaction term into its constituents has been analyzed

in [321].  From this it appears that ln(q95/qcyl), related to the plasma shape, exhibits an

empirical influence on confinement, in addition to the usual engineering variables.  It should be

noted that for the ELM-free dataset additional, statistically significant, interactions are present

[440, 313].  This is also apparent from the large difference between the corresponding

exponents of the offset and linear term of the offset-linear scaling, see Fig. 28.  Including

these additional interactions increases the prediction for ITER again, to some 5.0 s or above.

For the DB2.5 ELMy dataset, the interaction described above is less pronounced, aint =

0.18±0.04, and leads to an ITER prediction of 5.4 s.  With Alcator C-Mod included, an

additional interaction between current density and power per surface area is present, which

suggests a more favorable power dependence at higher current density (which is higher for

Alcator C-Mod than for ITER).  Including these two interactions leads to an ITER prediction of

5.0 s.

We consider next a prediction for ITER based on an ELM-free offset-linear scaling

while making corrections for the presence of ELMs.  In the absence of an ELM

characterization, we use for ELMy confinement OL-95 (ELM-free) [441] times a multiplier

cE L M y  which has been found from DB2.5 empirically to be proportional to

qcyl
-0.5I−0.1(n19 / j)0.3κ −0.2ε0.4 where j denotes the toroidal plasma current density.  The first two

factors indicate a difference in current and magnetic field dependence, the third factor a

tendency of ELMy and ELM-free confinement to merge somewhat near the Hugill-Greenwald

limit, and the last factor a favorable influence of a small aspect ratio on ELMy vs. ELM-free

confinement.  The multiplier cELMy is an indication to consider any fixed multiplier, e.g.

cELMy = 0.85, as merely a zeroth order approximation to the true ELMy scaling.  Furthermore,

the ELMy data show a different dependence on the net absorbed power (approximated by

P
L© = PL − PCX − POL  in [180]) for some of the tokamaks, the effective exponent being 0.3

higher for ASDEX, 0.3 lower for PDX and DIII-D, and 0.15 lower for JET (with mixed

divertor data) than that predicted by OL-95 ELM-free.  The reasons for such differences
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(divertor-type, neutrals, ELM-type) are a subject for further investigation.  The ELM-free OL-

95 scaling leads to a prediction of 6.9 s for ITER if one assumes that ELMs lead to 15%

confinement degradation in ITER, and 7.3 s if one uses the more complicated multiplier cELMy,

described above.

Finally, we consider the offset non-linear scaling derived in [439], based on the

standard ELMy DB2 dataset minus PBX-M plus JT-60U.  This scaling accommodates well the

Alcator C-Mod data. When deriving this scaling it has been assumed (in accordance with the

discussion above) that PBX-M can be considered as an outlying machine with especially good

confinement.  The formula  is

W = 0.082IBaRκ (BR1.25 )−0.1 + 0.043(In19PL )0.6 aR1.3(BR1.25 )−0.15 (40)

which gives a relatively low prediction for ITER.  The scaling has been derived without

correcting the ASDEX and PDX data to account for their "closed" divertor.  This leads to some

10% prediction bias in Table XIV.  (It is noted that the correction factor TAUC92, motivated in

[305], had a somewhat conservative influence on the ITER predictions of the ITERH-92P(y)

and ITERPBH-98P(y) scalings.)

The goodness-of-fit of the various scalings based on the several alternative data sets,

and their confinement predictions for ITER are given in Table XIV.  The goodness of fit

(expressed in "bias" and "standard deviation") indicates how well each scaling expression

agrees with the observations from two different  datasets, DB2.5 and DB3.0. With respect to

the predictions for ITER, in this Table no allowance is made for a confinement reduction close

to an operational limit (notably density, and H-mode threshold).

For reference, Table XIII gives the number of observations from each of the tokamaks

in the datasets DB2, DB2.8, and DB3. (DB2.5 is just DB2.8 minus Alcator C-Mod.) In

addition, the Table shows approximately the fraction of "essentially different" timeslices per

tokamak.  These fractions are, in Section A2, employed to estimate the proportionality factor c

in the expression for the log-linear interval estimate (Eq. 26).
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The three non-linear scalings discussed here, which give quite similar confinement time

predictions for the data in the database, complement the existing log-linear models.  While

being based on different considerations and a varied empirical basis, they give an impression of

the way in which the estimate of the energy confinement time in ITER is liable to deviate from

the (standard) log-linear ones because of a different  functional form of the scaling.

It is noted that two of the three log-nonlinear scalings lead to lower confinement time

predictions for ITER than the log-linear ones.  Because the projection from the present devices

corresponds primarily to a change in ρ*, an important difference between a log-linear and a log

non-linear model is that the first implies a simple power law in ρ* with a fixed exponent, while

the second contains an exponent that depends on the other variables in the model.  This could

have the character of a critical value of ρ* at which there is a change in the ρ* dependence of

confinement as discussed in Section 7.1.
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Table XIII. Distribution of the Number of Data Points in the Standard Working

Datasets of DB2, DB2.5 and DB3 over Various Tokamaks

 Tokamak DB2 DB2.5 DB3 Neff/N

ASDEX 298 431 431 0.48

ASDEX Upgrade - 102 102 0.45

Alcator C-Mod - - 37 0.54

COMPASS-D - - 17 0.82

DIII-D 168 270 270 0.71

JET 88 246 306 0.73

JFT-2M 59 59 59 0.32

JT-60U - 9 9 0.89

PBX-M 59 59 59 0.78

PDX 97 97 97 0.89

TCV - - 11 0.64

ALL 769 1273 1398 867/1398

NOTE: DB2.5 consists of additionally heated discharges by NBI only; DB2.8 equals DB2.5

plus the discharges from Alcator C-Mod. The last column denotes approximately the fraction of

"essentially different" time slices in DB3 (i.e. of which the mutual distance, in all variables, is

at least three estimated standard errors of the experimental accuracy).
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Table XIV. Goodness-of-fit of Various Empirical Confinement Time Scalings

for the DB2.5 and DB3.0 Standard ELMy Datasets and Their Prediction for

ITER

Scaling Type Based on

Prediction of DB2.5

(N=1273)

Prediction of DB3.0

(N=1398)

ITER

(ref.)

Bias (%) Std.dev.(%) Bias (%) Std.dev.(%) τE (s)

ITERH-P92y ll DB2 (ELMy) 2.9 15.1 2.0 17.5 5.7

ITERH-P93 ll DB2 (ELM-free)1) 0.7 18.5 0.8 19.3 6.1

IPB98(y) ll DB3 (ELMy)2) -0.8 15.2 -0.6 15.8 6.0

IPB98(y,1) ll DB3 (ELMy)  0.4 14.7 0.6 15.3 5.9

IPB98(y,2) ll DB2.8 (ELMy)  0.6 14.5 1.2 15.6 4.9

IPB98(y,3) ll DB2.5 (ELMy) -0.6 14.2 -1.0 16.1 5.0

IPB98(y,4) ll DB3r(IS)

(ELMy)3)

5.8 16.7 6.3 17.3 5.1

DK96(y) ia DB2.5 (ELMy) 1.1 14.4 0.3 16.5 5.4

DK96(y) ia DB2.8 (ELMy)4) -0.8 14.6 -0.4 15.3 5.0

OK96(y) ol DB2 (ELM-free)5) - 16.8 2.0 18.7 7.3

TT96(y) onl DB2 (ELMy)6)

                     7)

10.4

12.8

20.1

19.4

10.6

12.5

22.8

19.3

4.4

1) multiplied by 0.85 to account for ELMs;
2) Eq. (18); (negligible) bias due to rounding and to satisfying the high beta constraint;
3) zero bias and 13.5% std. dev. for the dataset DB3r(IS);
4) including a second interaction between current density and input power per surface area, which is not in a

favorable direction for ITER;
5) adjusted to DB2.8 (ELMy), see text; ITER prediction is 6.9 s for 0.85 times OK-95 ELM-free confinement;
    the values are 9.3 and 8.0 s, respectively for the ITER IDR parameters (192 MW, 1.3×1020 m-3);
6) plus JT-60U (ELMy); scaling based on analysis which does not include a correction for ASDEX and PDX

with respect to the closeness of their divertor in comparison to the other tokamaks.
7) the same scaling fitted to DB 2.5 and 2.8, respectively, without PBX-M.
Bias means the predicted minus the observed confinement time (on a natural logarithmic scale), averaged over the
data set. Extension (y) indicates that a scaling pertains to ELMy energy confinement. DB3 is the working dataset
from Section 6.3; DB 2.8 excludes ohmic H-mode and additional heating other than NBI (except for Alcator C-
Mod). DB2.5 equals DB2.8 minus Alcator C-Mod.
Abbreviations: ll: log-linear, ia: interaction, ol: offset-linear, onl: offset-non-linear.

A 2 . Framework for Interval Estimation
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Based on [320], in this Appendix some of the basic concepts of interval estimation are

described and applied to the ITERH.DB3 data set. When making predictions of the energy

confinement time that will be achieved by ITER one has to be aware of the fact that there exist

different scalings for the energy confinement time which are all compatible with large and

relatively high quality data sets, reasonably in accordance with the available (additional)

experimental evidence, and not in direct contradiction with basic principles of plasma theory.

This ambiguity is evidently related to the fact that the basic transport mechanism(s) in reactor

relevant plasmas are not sufficiently well understood while at the same time a number of

competing energy loss processes (their relative strength depending on the plasma parameters)

are playing a role in different parts of the plasma.  This makes the global confinement time a

multi-factorial quantity from which the separate influences are difficult to disentangle.

Nevertheless, predictions of energy confinement time in ITER have to be made, in the face of

uncertainty, based (as always) on incomplete information, and using the available evidence.

During the ITER CDA phase, it was sufficient to concentrate mainly on an accepted scaling of a

simple and quite robust type (so-called log-linear scaling or simple power law) and its point

prediction for ITER to provide an initial orientation [136].  However, since any point prediction

will be different from the value that actually will be achieved, the ITER engineering design

activity (EDA) requires some type of interval estimation.  We focus in this Section on a 95%

interval estimate for ITER.  As described in [320], the intuitive meaning of such an interval has

been well characterized by T. Takizuka during the ITER CDA phase.  However, in order to

obtain an operationally useful interval estimate, it is necessary to be precise about the scientific

interpretation, and, related to that, about the way such an interval is constructed.  We restrict

attention on an interval estimate of the average confinement time of a large number (say 1000)

of ITER discharges, all performed at the same operating point.  Two definitions are given, each

of which covers a (complementary) part of the complicated real situation and has to be

incorporated in some form into an estimate of the prediction margin of ITER.

(i) According to classical frequentist statistical theory, a 95% confidence interval for τE

is a random interval which covers the "true" (i.e. average) confinement time with
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95% probability under the hypothesis that (a) a specific type of model, e.g. a simple

power law scaling, is correct; (b) all essential regression variables are included; and

(c) the residual data variation can be, for practical purposes, modeled as

independent realizations of haphazard ("random") events.  For log-linear models,

such a type of interval is routinely calculated by basic statistical software packages

(such as SAS, S-PLUS and JMP) [442, 443]. As explained in [321], it is based on

error propagation from the center of gravity of the data to the ITER operating point.

A geometrical interpretation yielding formula (26), based on a simple summation of

projections in principal axes, was derived in [312], and a linearized projection

formula around a standard operating point in [320].

We know, however, that the stated hypothesis is not well satisfied in our situation, and

that the classical intervals are too narrow to be physically realistic.  To cope with this problem,

one can increase the traditional scale factor c = 2√σ / N  in the standard error propagation

formula to provide some, be it a general and hence imperfect, safety margin.  In addition, one

can make some assessment about the quality of the approximate character of the fitted log-linear

models.  The last element involves (besides graphical residual analysis) issues related to the

functional form of the regression surface and to the systematic influence of factors not

accounted for in the regression model (usually called "hidden variables").  The issue of the

functional form leads to the following interval  definition (even if idealized and departing from

classical statistics):

(ii) A 95% interval is formed by 95% (i.e. almost all) "admissible" non-linear fits (on a

logarithmic scale) to the data set.  In this context, the word "admissible" means that

the RMSE decreases significantly with respect to the best fitting log-linear model

(simple power law), and that the model selection has been based on "proper"

considerations, i.e., on relatively plausible physical arguments and/or simple

model extensions of existing first-order (log-linear) scalings, rather than on

"artificially construed" mathematical functions, directed towards especially high or

especially low ITER confinement.
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There are a number of related concepts (see [321]) which try to capture other interesting

aspects.  However, they are either rather difficult to carry out in practice, or operational

prescriptions, rather than intrinsic definitions: (a) the discharges from a large number of

"identical" machines yield a distribution of confinement times, of which 95% should be situated

within the interval, (b) exchanging the two or three thermal energy measurements available per

machine (based on Wdia, Wmhd, Wkin), yields a large number of different predictions from

which one can delete the 5% of extreme ones to obtain an interval estimate, (c) one can

construct jackknife-type interval estimates by deleting one machine at a time from the database

and looking at the variation in the ITER prediction. Alternatively, one can perform some cross-

validation by comparing the predicted confinement times of the tokamak deleted with the values

actually observed.

For practical application we return to approach (i).  Following the argumentation in

[321],  we will base the evaluation of the log-linear interval estimate on the multiplication factor

c = cα√σ / Neff H , with cα = uα Neff H / 644 , instead of on the classical value c = 2√σ / N .

Here, Neff denotes the "effective number" of data points, which means that multiple

observations in all variables (within measurement error) are excluded.  (As usual uα is defined

by the property that the probability of a standard normal random variable to exceed uα equals

α).  The quantity Neff H = − Neff, j
j=1

Ntok

∑ lb(Neff, j / Neff ) , where Ntok is the number of tokamaks,

lb denotes the binary logarithm and H is the Shannon uncertainty measure [444, 445] reflecting

the degree of non-uniformity of the distribution of the data points over the tokamaks.  For two

tokamaks, each with 32 effective data points, c is equal to the familiar 2√σ / N  corresponding

to a classical (two-sided) 95% interval.  For other values of Ntok and Neff,1,...,Neff,Ntok, a

normalization to this situation has been made.  This approach provides at least some safeguard

against remaining moderate systematic influences that are almost always present, but are not

reduced as the square root of the sample size increases.  (The absolute value of this calibration

depends somewhat on a practical judgment of the specific situation.)  The estimated values of

Neff,1,...,Neff,Ntok can be found in Table XIII.  In our case, for the DB3 ELMy dataset, Neff =

867, H/Hmax = 0.785, Hmax = lb(11) = 3.46, which makes cα = 4.8 and c = 1.5% instead of

the classical value c = 0.8%.  The scaling of the ELM-free data, multiplied with a factor 0.85 to
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account for a roughly estimated confinement loss due to ELMs in ITER, supports in general the

prediction based on the ELMy dataset.  Hence, this prediction is based on more information

than the ELMy dataset alone.  In fact, for the total (ELMy and ELM-free) DB3 dataset, we have

N=2529, Neff = 1600, H/Hmax = 0.795, Hmax = 3.46, cα = 5.6 and c = 1.27%.  Along this

line of thought, the additional information from the ELM-free data reduces the width of the log-

linear interval from the ELMy dataset by some 15% to about 1.6 times the width according to

the classical formulation.

From the second approach, a 95% confidence interval for ITER confinement should

include the interval (4–7.5) s according to the three types of non-linear scalings analyzed in

Section 2.6.4.  Although, obviously, not all possible non-linear models have been investigated,

the non-linear scalings discussed stem from a range of analyses by different investigators and

by using different approaches.  By applying automatic optimization procedures towards high

and low predictions for ITER, which disregards the "admissibility" criterion above, it is

possible to arrive at more extreme predictions.  We will not pursue this approach any further

here, but set the interval to (3.5–8) s.

Originated by Tukey [446], it has become a popular method to apply jackknife-type

estimators for the variance of the estimator of an unknown parameter of interest, partly in view

of the ease with which they can be (electronically) calculated.  Nevertheless, the statistical basis

of jackknife-type arguments ("leaving out one tokamak in turn") is quite intricate.  In [321] it

was found (by error propagation analysis) that these lead to some type of cross-validated

interval estimates c c N Hcr eff= ασ̂ /, eff  that are roughly a factor two larger than those using

c = cα√σ / Neff H  if the assumption of a log-linear model is not abandoned.  In [322] it was

argued that by applying the simple variance formula (coined "shotgun" estimator in Efron's

fundamental paper [447]) applied to the DB3 working dataset, the width of the interval estimate

increases by an additional factor of two, which amounts to about six times the classical width.

As explained in more detail in [321], these two approaches relax, in different degrees, the full

classical log-linear model assumptions, albeit without accurately specifying the class of

alternative regression models assumed.  The accuracy of the latter approach depends notably on
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the number of tokamaks (rather than on the effective number of time-slices) being sufficiently

large to yield reasonable asymptotic approximations.

A further complication arises from the large variation in scaling exponents from

different tokamak operating periods, even with respect to the present non-linear scalings.

When modeled by, a somewhat artificial, log-linear random coefficient model [321], these lead

to a different type of error propagation than a constant times the classical error.  One of the

basic problems seems to be that the shape of the true regression surface is not yet sufficiently

well known and the statistical methodology for fitting "catastrophic type" response functions

[320] is still in an initial stage of its development.  As discussed in Section 6.4, there are

various additional  issues associated with practical physical modeling of plasma transport and

with the question of hidden variables that may have additional  influence on confinement.

Further work in this area is being pursued.

As described in [320], on the basis of considerations of the type outlined here, while

utilizing the information at the Naka-95 Expert Group Meeting, a 95% (log non-linear) interval

estimate for ITER, based on DB2, was set at (3.5–9) s, and a 95% (log-linear) interval estimate

at (4.2–7.8) s, centered around the point estimate of 6.0 s.  (The latter interval corresponds

numerically to roughly a 66% log non-linear interval.)  The present analysis, based on the

various subsets of the extended database DB3,  suggests a 95% log non-linear interval estimate

of (3.5–8) s, and a 2/3 log non-linear (95% log-linear) interval of (4.4–6.8) s, centered around

the point estimate 5.5 s.  This result is graphically displayed in Fig. 13.  The shift with respect

to the previous interval is partly due to the new data and additional analysis and partly to the

change (from the IDR to the DDR values) of the reference operating point.  The dependence of

the log-linear interval width on the actual operating point (in the neighbourhood of a reference

operating point) has been expressed analytically by a simple linearized formula in [321].  For

constructing the corresponding log non-linear interval estimate, a more computer (and human-

intervention) intensive approach is presently still required, except for the simple situation that

the actual operating point does not deviate very much from the reference operating point.
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