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PLASMA CONFINEMENT AND TRANSPORT
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2. PLASMA CONFINEMENT AND TRANSPORT

(Formatted, edited, re-numbered by N. Uckan 2/12, 2/17, 3/18 & 3/29/98; agreed by V. Mukhavatov 3/29).

2.1. INTRODUCTION

(M. Wakatani, J.G. Cordey; revised by J.Connor 06/23/97; agreed by M.Wakatani 06/27/96, revised by the Editors
08/01/97. Joined with 2.10 and revised by J.G. Cordey 1/6/98, revised by J. Connor 1/16/98, added amendments
of O. Kardaun 02/16/98).

The most devel oped 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 classcal collisonal transport losses has been developed
(Section 2.2). Since this does not completely explain the transport processes across magnetic
surfaces, 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 2.6) are its smplicity and the fact that all of the physical processes are contained within
the data. 1ts main weakness is that the modeling of the energy confinement time tg by a smple
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. Thelog-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 r *, the normalized Larmor radius (+ r j/a).

There is also the possbility 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 (+ Vi/cg). Both these
parameters are currently being added to the database, but their effect on the ITER predictionsis
asyet unclear.

One can assess the statistical uncertainty in the ITER energy confinement time t|Ter using
the techniques that are described in Section 2.6.5. The 95% interval estimate for the prediction of
t)TER from the ELMy H-mode log-linear scaling Eq. (2.6-14) is t|TER = (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, t|TeR = (3.5-8.0) s, has been derived by taking various non log-linear forms and other



congderations 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 2.7)
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 smple case of a single
dominant turbulence mechanism, one can obtain directly, by a smple projection, from those of
current experiments, the temperature and density profilesin ITER provided the source profiles of
heat and particles are the same. A further key advantage of this approach is that the MHD
stability properties (i.e. the ELM and sawtooth behavior) would be the same in ITER as those of
the similarity dischargein 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.

Ancther 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 r* 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., r *, b and n*) are kept fixed, are required.

The range of uncertainty of the ITER prediction using this technique is quite large for
extrapolation from a single machine (see Table 2.7-111). This uncertainty comes about from the
narrow rangein r * available on a given machine (typically a factor of 2) compared to the distance
in r* (a factor of 5.5 in JET) by which one has to extrapolate to ITER. To reduce this

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



Work on the full 1-D modeding 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 2.8.4). The
edgeregion 0.9 <r/a< 1is ill a problem, since at the present time there is no tested modd for
this region. Coupled with the strong sengtivity 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, asis shown in Section 2.8.5. An additional uncertainty is the differing mannersin which
the models treat stabilization of the turbulence by E¥ B velocity shear.

The three techniques do at |east have overlapping confidence intervals, and efforts need to
be directed in the next few years at reducing the confidence interval of each technique.

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 2.4, the presently projected power in
ITER would appear to be sufficient to exceed the threshold provided the transition to the H-mode
isachieved at alow density.

Besides the ELMy H-mode, several other improved confinement modes have already been
realized. 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 thereis a significant fraction of bootstrap current with a self-consistent profile.

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 fue ions. To solve these problems the particle transport
properties in fusion plasmas must be characterized. In particular, the sawtooth seems crucia for
controlling the helium ash and impuritiesin the central region.

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

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

2.2. MECHANISMS OF TRANSPORT IN A TOKAMAK

(B. Carreras, J. Connor, M. Wakatani, edited by J. Connor 06/26/97:R4; Incorporation of corrections BAC
07/01/97, re-edited by J Connor 09/09/97); Incorporation of comments from Garching ITER Expert Group Mesting
(J Connor) 10/03/97; Response to editors comments (neoclassical issue till under discussion) by J Connor
12/19/97; with final changes by B. Carreras (12/31/97)

Thereis a precisely formulated theoretical mode 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 [2.2.1] and leads to higher levels of collisonal transport
than in acylindrical plasma (which is called classical trangport), is known as neoclassical transport
[2.2.2—2.2.5] and will always be present in a tokamak. The classical diffusion coefficient can be
estimated by D¢~ ngi 1 &2 for plasma particles and the ion thermal diffusivity by ¢i ~ nijj rj2, which
is greater than both D¢ and the dectron thermal diffusivity ce™ neer &2 by a factor of (mi/mg)0-5.
Here n is a 90 degree collison frequency and r is a Larmor radius, r = Vin/W, which is
proportional to the ratio of a thermal speed Vi to a cyclotron frequency W= eB/mc, where
B = |B| isthe magnetic fidld strength and m is the particle mass. The neoclassical transport levels
exceed the classical ones by geometrical factors: gq2e32 in the low collision frequency 'banana
regime (n* < 1.0) and g2 in the collisional fluid limit, as a result of the toroidal geometry. Here,
e=r/Ris 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 By are the toroidal and poloidal
magnetic fiedd components, respectively. The collisonality parameter is n* + nef/wy, where
Nt + Nei(R/a) is the effective collision frequency for particle detrapping and wy ™ Vin/(RQ) is the

averaged bounce freguency.



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 e ectron and ion confinement
times longer than those experimentally measured by up to two orders of magnitude. 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 [2.2.6-2.2.8].

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 [2.2.9]. On transport time scales, afluid
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-dimensiona fluid-like
equations can be derived to represent the evolution of the density, momentum, and energy for

each plasma species:.

In,_ 1% )

= T (G)+s. (2.2-1)
Vi 19

myn, ﬂtla =- _I“ﬁ rF ia]+ Mia (2.2-2)

3, 17, __11¢ Se.T.0u )

2% T ggba +3Calagg*Pa (2.2:3)

and the poloidal magnetic field, By, diffusion equation:

e B )o
B, _ 1 LM_ l(th)- (2.2-4)
9t frémr 9r g Tr

Here, the subindex a indicates the particle species, the subindex i indicates the components of the

velocity vectors, G, F 5, and Qg are the particle, momentum, and energy fluxes, and S, Mg, and



Pa are the source, sink, and transfer terms for particles, momentum, and energy. Theradiusr isa
generalized minor radius that labels each magnetic surface.

In the magnetic fidd diffuson equation, Eq. (2.2-4), h is the parald resgtivity and Jy is
the bootstrap current predicted by neoclassical theory. To understand the origin of this
neoclassical effect, we observe that the circulating eectrons carry the parallel current in response
to the toroidal dectric field and other current drive inputs. This parald current response is
determined by the balance between the collisiona friction of circulating eectrons with ions and
the viscous drag on their poloidal flow produced by collisions with the trapped electrons. The
predicted parald resistivity, h, agrees well with experimental results. Another element of the
parallel transport, the bootstrap current [2.2.10], J, » (JE/ Bdep/ dr), has also been shown to be
in good agreement with theoretical predictions[2.2.11, 2.2.12]. Therefore, the theoretical picture
of neoclassical paralle transport is consistent with experiment.

The fluxes contain al 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

G, =- Da% , (2.2-5)

F = Cia% | (2.2-6)
T

Q,=- ca% : (2.2-7)

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 dectric field [2.2.13] in the
transport model, since the gradient of the radial eectric field is predicted to reduce transport

coefficients [2.2.14], and the coupling of its evolution to the set of equations given above. The



calculation of the plasma profiles using Egs. (2.2-1)-to-(2.2-4) requires the knowledge of these
diffusivities and also the appropriate boundary conditions, particularly as the predictions of some
‘gtiff’ transport models involving marginally stable profiles can be sensitive to these [2.2.15]. The
boundary conditions will be discussed at the end of this Section and in Section 2.4.2. The
determination of the diffusivities has long been the goal of transport studies. There are many
existing reviews on this topic [2.2.16-2.2.23] 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 smulation and (3) experimental. We discuss these approachesin 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 ill assumes that the plasmais
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 [2.2.17,
2.2.24]; thus, real tokamak plasmas are turbulent and intrinscally three-dimensonal. 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 ingtabilities that we think are responsible for the observed plasma
turbulence have a very small component of the wave number vector paralld to the magnetic field,
compared to the perpendicular component. That is, most of the turbulent eddies are quas-
perpendicular to the toroidal magnetic field. Therefore, we can expect that turbulence dominates
perpendicular transport, but the influence of the plasma turbulence on the paralle transport is
rather small, as experiment confirms.

Hydrodynamic turbulence is an unresolved complex physical problem [2.2.25]. Plasma
turbulence is even more complex. Since we can describe plasmas as a combination of several
fluids (an dectron fluid plus ion fluids), we can imagine plasma turbulence as the result of these

multiple turbulent fluids coupled through eectromagnetic, 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, essentialy the gradients of the density and temperature [2.2.26-2.2.29]. Thus
in the core of the plasma there are micro-ingtahilities driven by the ion temperature gradient
(ITG); these are the eectrostatic ITG drift modes and trapped ion modes. These modes are often
characterized by a value hj = d(In T;j)/d(In n) and referred to as 'hj modes. Others are driven by
the eectron temperature gradient: electrostatic trapped eectron and shorter wavelength
electromagnetic he drift modes, and micro-tearing modes. There are also fluid-like instabilities
driven by pressure gradients. the current diffusive ballooning [2.2.30] and neoclassica tearing
modes [2.2.31-2.2.33]. At acollisonal plasma edge thereisarange of fluid instabilities driven by
gradients in pressure, resistivity and current. In Table 2.2-1, we give a summary view of plasma
ingtabilities that are possible underlying mechanisms for plasma turbulence in tokamaks. 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, asis
done in hydrodynamic turbulence. The disspative terms do not have the smple form of a
collisonal viscosity. The complicated magnetic geometry of a tokamak adds even more
difficultiesto this problem. In spite of this, research on tokamak plasma turbulence has proceeded
at several levels: (1) renormalization of smple sets of equations modeling the turbulence; (2) scale

invariance and dimensional analysis techniques; and (3) numerical solution of turbulence models.



Table2.2-1. Main Instabilitiesthat Contributeto the Anomalous Transport Lossesin
Tokamaks[2.2.28]
(hj = density scale length/temperature scale length for speciesj)

Source
Group Instability of Free | Subspecies Properties
Energy
h; modes Slab modes W E Wi
lon éTi . hi > h;
Instabilities Toroidal modes ! Ic
. _ Ly /R< (Lt /R),.
rapped ion modes crit
Electron Drift One Slab modes W » W,
W .
aves Toroidal modes
Dissipative Trapped | 6Te ew<ng£ e3/2Vthe /gR
E|eCtI‘0n MOdeS enq < k\ r < £ nel_n/ecS
Electron | Collisonless 6Te Ne < EWE e thhe /gR
Instabilities | Trapped Electron e.q<kir £1
Modes " S
he modes 0Te Slab modes Wpe /€< kn <1t
Toroidal modes | KiV the:Wpe <W <Wee
EM-drift waves One W » W,
Karg£1
o Resistive Ballooning | 6P Fast modes W » Wi g
Fuid-like | Modes KV the <W
Instabilities Slow modes
Current Diffusive oP KV the <W
Ballooning Modes

The renormalization approach starts from perturbation theory. When summing the
perturbation series, the characteristic time scale associated with the nonlinear processes, t ¢, must
be determined in a saf-consistent manner [2.2.34, 2.2.35]. If it is approximated by the linear time
scale (inverse of the linear growth rate, g, of the appropriate plasma instability), conservation laws
are violated. The renormalization approach introduces a recursive determination of the nonlinear
time scale (in a way smilar to the determination of the eectron 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
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numerical resolution. The determination of the basic turbulence scale length, ?+ (mixing length-
like length scale) [2.2.36], and the decorrdation time, tc, allows the construction of an effective

~

turbulent diffusivity, Dt ~ ?12t¢. In practice, to apply renormalization techniques, the problem
must be reduced to a single, or at most two-equation modd. 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 smple models [2.2.37—2.2.39], it has been shown that Dr is proportional to the inverse
perpendicular wave number, ka, and the following form for the turbulence diffusivity can be
adopted D; » L g/k? , where, L is wesk function (logarithmic or just a constant) of the plasma
parameters [2.2.40, 2.2.41]. Thisformulation of the turbulent diffusivities has been adopted in an
ad hoc fashion in some of the transport models.

The scale invariance approach [2.2.42, 2.2.43] is an dternative approach for the
determination of the transport coefficients. It is based on the idea of intermediate asymptotics
[2.2.44], and, in some simple moddls, it has been shown to be equivalent to the renormalization
group technique [2.2.45]. 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.

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 individua particlesin the plasmais

followed in time. This approach requires considerable computational resources. A
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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, W1, 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 [2.2.46].

Considerable progress has been made in recent years through gyrokinetic [2.2.47, 2.2.48]
and gyrofluid calculations [2.2.49], and it has been shown that these calculations can be used for
the determination of the scaling of ?1 and t ¢ with plasma parameters [2.2.15]. 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 e ectrostatic, 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
[2.2.24].

Core fluctuation levels are low (a few percent of the equilibrium values of density etc.)
[2.2.17, 2.2.24]; their measurement by non-intrusive techniques is complicated. Several of these
techniques are used: for instance, beam emission spectroscopy [2.2.50], reflectometry [2.2.51—
2.2.53], and correlation measurements of eectron cyclotron emisson (ECE) signals [2.2.54,

2.2.55]. The first two measure density fluctuation levels and the third eectron temperature

12



fluctuations; therefore, we have no knowledge of the turbulence driven fluxes. The heavy ion
beam probe [2.2.56] can determine both density and potentia 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 [2.2.57], 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 sgnificant magnetic
component. Although there are measurements of the magnetic field fluctuations at a fixed
wavelength [2.2.58], there is not yet a direct measurement of this component for a broad range of
wavenumbers and its role in transport is controversial [2.2.59]. Recently, other fluctuation
measurement techniques have become available that enable us to measure ion temperature and
parald veocity fluctuations [2.2.57]. 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 veocity shear (i.e, radialy varying profile of the E¥B plasma flow) can reduce
turbulent transport, as will be discussed in Sections 2.3.3 and 2.4.1. Some of the limitations of
the transport based on turbulence are discussed at the end of this Section and in Section 2.8.

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
coefficients cannot be arbitrarily chosen. There are dimensional constraints that follow from
invariance principles [2.2.60, 2.2.61], discussed more fully in Section 2.7 These congtraints
reduce the number of experiments to be performed in order to determine these coefficients. To
establish these condraints, we need to identify the relevant invariance principle and dimensionless

parameters. This can only be done within some given theoretical framework. The broader the
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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 [2.2.62]. They include
plasma physics parameters such as b, the ratio of the plasma kinetic pressure to the magnetic
pressure, the collisionality, n* + ngi/W, and the normalized ion Larmor radius, r* + rij/a. There
are also parameters describing the magnetic field geometry, such as the safety factor g, aspect
ratio A + R/a, the dlipticity k and triangularity d of the plasma cross section, and parameters
representing the plasma composition: Tg/Tj, mg/mi, Zgf, ... For alocal diffusion coefficient, we
have to include the parameters related to plasma profiles, such asthe ratios of scale lengths, L1/R,

Ln/R, ... From dimensiona arguments and assuming a power law dependence on r*, the

diffusivities can be expressed in the following form:

D=cg (r*)*F(n*b,q,AK,d, Lt /gLy /R.com /M, T/ T;) (2.2-8)

where cs © [T,/m; isthe sound speed, rs =./2mT, /B is theion Larmor radius evaluated at

the eectron 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 r*. Therefore, determining the transport scalings with r* is
critical. Two limits that are often discussed in transport studies are defined by Eq. (2.2-8). When
a = 1, the scaling law is caled gyroBohm. This is the expected scaling from most local
turbulence theories for which the turbulent scale length Dy is proportional to rj. For a = 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
transport equations as well as the thermal diffusivities themselves; this could introduce a different
dependenceon r* [2.2.63] asdiscussed in Section 2.4.2.

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

dimensionless parameters, in particular with r *. They will be discussed in Section 2.7. In agiven
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device, tokamak discharges that have the same dimensionless parameters apart from r * must be
produced. The level of control required for these experiments makes them very difficult. In
present devices, only alimited range of variation in r * can be achieved (less than a factor of two).
A larger range of variation in r* 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, tg, are consistent with or close to Bohm-
type scaling [2.2.62, 2.2.64, 2.2.65], while others are between Bohm and gyroBohm [2.2.66]. In
the high confinement mode (H-mode), the diffusivities seem to be consstent with gyroBohm
scaling. However, the problem is more complicated than stated because the eectron diffusivity
may be different from theion 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 eectron and ion channels have been performed; they will be discussed
later in thissection. Scalings of D with b and n* 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 essentiad 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 dimensi onless parameters must be set up
in devices of different sizesto test if they are equivalent. Experiments comparing DIII-D and JET
smilar discharges have given positive results [2.2.67].

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 having
resolved all the scientific issuesin plasmatransport. Examples of these open questions are:

1. Bohm scaling and local fluctuations. Since the basic scale length of the
microingtahilities is rj, a smple random walk argument leads to transport coefficients that are

characterized by a gyroBohm scaling. However, this seems to disagree with the experimental
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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 eéigenmodes that extend over the size of the
device, smilar to phononsin a crystal. In the linear regime, this leads to the concept of “global”
eigenmodes that exhibit non-gyroBohm radial lengths and growth rates [2.2.68-2.2.71].
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 islow. Indeed, a smplified numerical
smulation shows long-lived global modes in this case. More precisdy, the correlation lengths
scale as rj, but the correlation time does not follow the gyroBohm prediction [2.2.72]. The
second kind of modd relies on the concept of Salf-Organized Criticality [2.2.73], 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 [2.2.74, 2.2.75]. This leads to a non-gyroBohm
behavior. A veocity shear results in a recovery of a gyroBohm scaling through a decorrelation
process of the large scale events [2.2.76]. The correlation lengths scale as a gyroradius in this
model. Moreover, the gradients are below the critical value for moderate fluxes. Most of these
moddls predict the scaling of the corrdation lengths and times. Therefore, the experimental
determination of the scaling of correlation functions should clarify thisissue.

2. |sotope effect on plasma confinement. In Eq. (2.2-8), if we only consider the
scaling of D with the ion atomic mass, we obtain D p Aa’ZF(A) [a = 0 for Bohm models, a = 1
for gyroBohm]. Unless there is a strong dependence of F on the ion mass, this result does not
agree with experiment. One observesin aimost all tokamaks that plasma properties depend on the
plasma gas [2.2.77], and, contrary to what is expected from the smple scaling, confinement has a
positive dependence on A;. Although there are some preliminary indications supporting a positive
dependence of confinement on A from gyrokinetic calculations, and the reduction in turbulent

transport by velocity shear is more effective with increasing Aj, there is not yet a satisfactory
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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 2.3.

3. Fast time scales and non-local effects. When a transient local perturbation in
plasma dengty 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 [2.2.78]. This could be understood if the
diffuson 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 [2.2.79] 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 [2.2.80] associated with the injection of
pellets into a tokamak, (ii) the amost instantaneous effect of the low-to-high (L-H) confinement
trangition at the plasma edge on the transport coefficients in the plasma core as observed in JET
[2.2.81, 2.2.82], and (iii) the heating of the plasma center within a few milliseconds of injecting
impurities at the plasma edge in TEXT [2.2.83] and TFTR [2.2.84]. 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.

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
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ether fluctuations or the transport events given above for Bohm scaling can be applied here. The
rational surface at q = 1 appears to play arole in the fast propagation of the cold pulse [2.2.85].
This might suggest that some MHD activity is triggered by the cooling there and, possbly
through toroidal coupling, affects the radial transport. Another moded involves the nonlinear
growth and interaction of neoclassical magnetic idands on different rational surfaces. This
produces regions of stochastic magnetic field when the idands overlap spatially. The resulting
rapid plasma trangport allows fast communication across the plasma radius [2.2.86]. A further
proposal is stimulated by the empirical observation that tokamak plasmas have a tendency to take
up certain preferred radia profiles, termed profile consistency or resilience. This mode assumes
that turbulent processes associated with MHD ingtabilities cause the profiles to relax to these
gpecial 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 [2.2.87, 2.2.88]. Similar fast propagation may be anticipated from stiff transport
model s such as those that drive profiles to marginal stability [2.2.15].

2.3. EXPERIMENTAL DESCRIPTION OF CONFINEMENT AND TRANSPORT

(S_Kaye, K. Burrdl, Yu. Esipchuk, T. Fujita, P. Gohil, S. Lebedev, Y. Miura, J. Ongena, F. Ryter, E. Synakowski,
T.Takizuka, K.Toi; edited by J.Connor 06/27/97; corrected by S.Kaye 07/02/97; re-edited by JW Connor 07/08/97,
edited 9/26/97 by Expert group in Garching; edited by M. Wakatani 10/29/97; edited by V.Mukhovatov 01/23/98)

2.3.1. 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. Thusin
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Section 2.3.2 we first characterize confinement in Ohmically heated tokamaks. The 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 2.3.2. 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 trangition 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 2.3.3 and 2.6.2. A number of other
improved confinement modes have since been discovered. In Section 2.3.4, 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 2.3.5, improved

confinement regimes involving edge radiation are discussed.

2.3.2. General Resultsfor Ohmic and L-Mode

An ohmic plasmais onethat is resistively heated with a power given by |pVres, Where I is
the plasma current and Vyes 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 densty, the confinement time is found to increase linearly
with density (ce 1 1/ng) up to some critical value this is the linear ohmic confinement (LOC)
regime. Beyond this critical density, the confinement time remains constant with density; thisis
called the saturated ohmic confinement (SOC) regime. The coupling between the eectrons and
the ions becomes stronger in the LOC as density increases and electron temperature decreases,
causing T to increase [2.3.1 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 [2.3.2]
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t £(sec) = 0.07n, (10°m™*)gk *°R(m)%a(m)

where q is the safety factor at the plasma surface, k is the elongation of the plasma cross-section,
R is the maor radius and a is the minor radius. From a series of ohmic experiments on the
Japanese tokamaks, JFT-2, JFT-2M, JT-60, and DIV A, the parametric dependence of the critical

density for transition from LOC to SOC with gas fueling was found to be [2.3.3]
n" (10®m3) = 0.65A>°B; (T)/ qR(m)

where Bt is the toroidal magnetic fidd and A;j is ion mass number in AMU. The energy
confinement time was found to be higher in deuterium plasmas relative to hydrogen ones, i.e.,
te u A® witha ™ 0.5in small tokamaks [2.3.1] and with a = 0.2 in large machines such as JET
[2.3.4] and TFTR[2.3.5].

Although in some devices (e.g., Alcator A [2.3.6], ISX-A [2.3.7], and T-11 [2.3.8]), 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 [2.3.9]. Thisre-
establishment of LOC scaling at high density was seen on other tokamaks with pellet injection and
resulting dengity profile peaking as well. 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 dow peaking of the density and current profiles,
and re-establishing the linear dependence of confinement time on density [2.3.10].

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,
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and, therefore, auxiliary heating would help to increase the plasma temperature to that leve
required for significant fusion power production. Auxiliary heating was performed by a variety of
techniques, including neutral beams and RF (ion and dectron cyclotron, lower hybrid, and ion
Bernstein waves). While the temperature and stored energy increased with this 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 g in ohmic discharges, for auxiliary
heated discharges the confinement is not found to be a function of g, 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 [2.3.2]. Under direct eectron
heating, such as ECRH on T-10 [2.3.11] or LH on Tore-Supra [2.3.12], when the eectron
transport losses dominate, the confinement increases linearly with density. This suggests that (ce
KM 1/ng) may be intrinsic to the eectron transport dominated regime (or to regimes with no fast
ion component). With ion heating and ion trangport losses predominant (e.g., with NBI, ICRH),
the global confinement depends only weakly on plasma density, athough more of a dependence
on plasma density is found for the thermal energy confinement time [2.3.13]. 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 A, the magnitude of the effect varies from device-to-
device and from isotope-to-isotope [2.3.14, 2.3.15; and 2.3.1 and references therein]. Comparing

discharges with H and D for ether the working gas or beam species, no dependence of
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confinement on ion mass was observed in L-mode dischargesin DIIlI-D or Tore-Supra. A weak
dependence (Ai0'3) was observed in ASDEX, PDX, TFTR, and JET. A stronger dependence
(A’,a 3 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 W, pA,-O‘s' 10 and Wieam ~A,-O'7[2.3.16]. 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 Ai0'35' 05 [2.3.17] (see Section
2.6.3).

It isimportant to note that the L-mode confinement parametric dependencies are generally
cong stent with the Bohm and high-b scaling constraints [2.3.13].

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 [2.3.18, 2.3.19], the energy confinement time was found to
change on time scales much dower 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 thistransient phase.

As with ohmic plasmas, the anomalous transport loss is governed by microturbulence
whose source, however, is ill 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 [2.3.20].

2.3.3. Regimeswith 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 [2.3.21] and, asis discussed in Section 2.4,
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has now been seen on a wide variety of magnetic confinement devices under a wide range of
conditions.

Asisdiscussed in Section 2.6, 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 2.4.1 and 2.4.2. Ancther part of this improvement is 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 smilar conditions as possible have
shown reductions in the eectron therma diffusivity, ion thermal diffusivity and angular
momentum diffusivity, with the reduction in the eectron therma diffusivity being especialy

prominent. An example of theseresultsis shown in Fig. 2.3-1[2.3.22].
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FIG. 2.3-1. Comparison of eectron 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 smilar plasma shapes and identical line averaged densities, plasma currents, toroidal fields
and input powers at the time of comparison [2.3.22].
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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 2.4, the H-mode is robust, having been seen under a wide variety of conditionsin alarge
number of devices. Many of the other improved confinement regimes (e.g. TFTR "supershot”
[2.3.23], TEXTOR RI-mode [2.3.24, 2.3.25], ISX Z-mode [2.3.26], ASDEX counter-injection
mode [2.3.27]) 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
[2.3.28] with the duration limited only by power supply considerations. Second, the H-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 [2.3.29], for example, show flat helium density profiles in H-mode
plasmas with ng(r)/nHe(r) = const. Fourth, the H-mode exhibits good confinement even in high
density cases where the eectron 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 by mode [2.3.30], supershot and enhanced confinement
modes associated with weak or negative central shear) have only been seen so far in cases where
Tj >> 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 regimefor 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 2.4, and effects of large-scale MHD

phenomena (ELMs and 'sawteeth’) on the H-mode confinement are described in Section 2.5.
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2.34. Regimeswith Internal Transport Barriers

Recently, core or internal transport barriers (ITB) have been discovered which lead to
sgnificant 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 [2.3.31], negative central shear (NCS) mode on DIII-D
[2.3.32], optimized shear scenario [2.3.33] and PEP mode [2.3.34] on JET, and reverse shear
mode on JT-60U). Interna transport barriers are also observed in plasmas with monotonic q

profiles.

2.3.4.1. 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 plasmasis 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 [2.3.35] and JT-60U [2.3.36] for =1.5 s athough

with a reatively low figure of merit Frys = byH/Q2 = 0.5, where H is the enhancement factor
above the L-mode confinement scaling [2.3.37] and by = b/(1/aBT1). The highest transient value
of Ffys achieved so far in negative central shear discharges is about 1.2 [2.3.38] which should be
compared with Fsys™ 0.64 expected in ELMy H-modein ITER.

In TFTR enhanced reverse shear (ERS) plasmas [2.3.31, 2.3.39-2.3.41], 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 [2.3.31, 2.3.39, 2.3.40], as well as tritium and helium gas puffing and
lithium pellet injection [2.3.42]. The transport reductions are accompanied by local reductionsin
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the fluctuation levels [2.3.41]. Interestingly, the éectron 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
hedium ash accumulation in such regimes. Pressure and dengity 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
ether by gmin falling below 2, or by the high pressure gradient region dowly 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 [2.3.32, 2.3.43, 2.3.44]. Asin TFTR, the thermal transport reduction is
observed primarily in the ion channdl. Large increases in the ion temperature, eectron
temperature and electron density are observed inside the radial location of the ITB, with large
gradientsin the ion temperature and electron density developing in the region of the ITB. Theion
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 [2.3.45], and fluctuation levels, measured by far infrared scattering are dramatically
reduced as well. L-mode edge NCS plasmas are characterized by adramatic 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 arein the second stable regime for
ballooning modes due to the weak or negative magnetic shear and high central g. However, L-
mode edge NCS discharges normally disrupt when normalized b, by = b/(1/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 by value are

obtained in plasmas with H-mode edges than with L-mode edges, which is consistent with ideal
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MHD calculations [2.3.46]. Contrary to the observations on TFTR, these plasmas are stable to
the passing of gmin through 2.

On JT-60U, transport barriers are also observed with [2.3.47] and without shear reversal.
With shear reversal, the region of small transport is again located near gmin. It isinferred that the
electron thermal transport can also be reduced in these plasmas [2.3.48], in contrast to the
conclusions drawn from TFTR and DIII-D core transport barrier formation with reversed shear.
From power and particle balance analyss, it also appears that the improvement in confinement is
congtrained 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 DI11-D NCS plasmas, these plasmas exhibit high disruptivity near gmin = 2.

In the JET tokamak, transport barriers are also observed with reversed or weak magnetic
shear [2.3.33, 2.3.50-2.3.52] through use of lower hybrid current drive, ICRH heating, or pellet
fueling. The transport barriers are characterized by strong gradients in the ion and eectron
temperature, electron density, and toroidal rotation. Power balance analysis indicates that thermal
conduction in both the eectron and ion channels is reduced in these plasmas. The particle
diffusivity is reduced, and the confinement of eectrons 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 isthe large radial expansion of the transport barrier once the
barrier is formed. Using the radial location of the minimum in the g-profile obtained from
equilibrium calculations, it is inferred that the barrier moves far outside gmin, in contrast to the
observations made on other machines. It is inferred that the optimum q profile for the formation
of the barrier has dightly 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 itsalf [2.3.53; 2.3.54], E¥ B shear suppression [2.3.31, 2.3.32, 2.3.39-
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2.3.43, 2.3.55], strong Shafranov shift gradient [2.3.54, 2.3.56], or a combination of two or all
three of these mechanisms.

Thereis an experimental evidence that E¥ B shear is necessary and Shafranov shift effects
and shear reversal are not sufficient to sustain enhanced confinement [2.3.57]. Transport and
fluctuation levels remain low until the characteristic shearing rate of turbulence [2.3.58] 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 [2.3.59].

In DI1I-D high performance NCS plasmas, there is both a temporal and spatial correlation
between the reduction in transport and the reduction in eectrostatic fluctuations when the E¥ B
flow shear exceeds the local microinstability growth rates [2.3.22]. 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 fuding.

Although Shafranov shift gradient stabilization extrapolates well to a reactor scale device,
ther * scaling of the diamagnetically driven ExB 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 hesting) 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.
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2.3.4.2. Other improved core confinement regimes without edge radiation

To this class belong the supershot regime in TFTR , the VH-mode in DIlI-D, the high-I;
(internal inductance) regime in TFTR and Tore-Supra, the high bp-mode of JT-60U, Improved
L-Modesin 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 Tj >> Te (Tj(0) = 45 keV, Tg0) = 14 keV) and confinement
enhancements of up to 3 over L-mode. The supershot regime shows a strong isotope scaling of
confinement; in DD vs DT plasmas, tg was found to scale as A0-85 [2.3.16]. 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 [2.3.60]. Magnetic braking experiments suggest that
toroidal flow shear isimportant for enhanced core confinement in these cases [2.3.61].

The high-lj and LHEP regime on Tore-Supra [2.3.62] are both characterised 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 [2.3.63]. 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 isweak or negative.

D-T plasmas with increased plasma inductance have been produced in TFTR [2.3.64] 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 by, proportional to Ij, and
stay in the L-mode, unlike the high-lj discharges obtained by a current ramp down. The |j values
up to 2, corresponding to by values of up to 3, and pressure peaking factors from 3 to 6.2 have
been observed.
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In JT-60U, improved L-mode confinement has been observed in deuterium high-bp
discharges at low density with centrally peaked beam deposition [2.3.65]. Boronization is
essential to get a low dendity 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 g« between 4 and 11, and is characterised by (i)
confinement improvement over the L-mode by a factor of about 3, increasing linearly with ebp up
to about 0.5, (ii) bootstrap current fractions of about 60%, (iii) high central temperatures
(Ti(0) > 40 keV, Te(0) > 10 keV, Tj(0)/Tg0) ~ 4 to 5), and (iv) high fuson neutron rates. It is
further characterised by a highly peaked Tj and ne profile, a broad Te profile, and a relatively
broad current density profile, with |j < 1.2, where the weak shear develops in response to the
generation of bootstrap current [2.3.66]. The existence of an internal transport barrier is deduced
from the shape of the ion temperature and toroidal rotation profile [2.3.67]. This regime is
terminated by b collapse due to ideal low-n kink ballooning modes. The b collapse can be
avoided through the beneficial effects of an H-mode pedestal and pressure profile broadening
[2.3.68], and through increased plasma triangularity [2.3.69]. As contrasted with reverse shear
operation on JT-60U, nearly steady-state operation of these plasmas has been demonstrated
[2.3.70].

In JFT-2M, the improved L-mode is transiently obtained just after an H-L transition
[2.3.71]. The other improved L-mode is transiently obtained with counter neutral beam injection
associated with a peaking of the eectron density.

A transient increase in confinement has been found in L-mode discharges in severa
machines using pdlet injection in ohmic and additionally heated discharges (PEP-mode) [2.3.72—
2.3.74]. A strong peaking of the electron density and temperature profiles is observed, together
with reduced core (r/a < 0.5) trangport and a reduction in ceff. 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
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theion grad-B drift [2.3.75] 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.2.3-2, independent of how
the high threshold was obtained. An isotopic dependence of confinement has been observed
proportional to A;0-2,

Improved confinement regimes considered in this Section are of interest for understanding

the transport physics in a tokamak, however, neither regime seems to be reactor relevant.
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FIG. 2.3-2. Confinement time versus total heating power in ASDEX Upgrade: pure deuterium
plasmas, both ion gradB drift directions, Ip =1 MA, Bt =+ 25T.

2.3.5. Enhanced Confinement with Edge Radiation

Included in this class are the RI-Mode of TEXTOR-94 [2.3.76-2.3.78], the Improved
L-mode (IL-mode) of ASDEX-Upgrade [2.3.79] and the IL-mode of DIII-D [2.3.80]. All three
modes are characterised 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 counter
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injection. The RI-Mode can be obtained with Ne or Ar seeding and has been observed (i) with
PnBI-co/ Prot = 25%, (ii) at sufficiently large densities such that the Greenwald number N, /g =

70% [where ngr = I p/(pa?) with units 1020 m3, MA, m], and (iii) with impurity seeding such that
the radiated power fraction, g = Pyrag/Ptot, €xceeds about 50%.

The RI-Mode combines smultaneously 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 b, up to the previoudly observed limit of TEXTOR (bn = 2.0); (iii) high dengty,
presently observed from 0.75 up to 1.2 times the Greenwald density; (iv) confinement increasing
linearly with density given by trl = (Ng/Ngr)tITERHI3-P, both for Ne and Ar seeding, as
illustrated in Fig.2.3-3 (here t | TERHO3-P IS the energy confinement time predicted by ITERHI3-P
scaling for ELM-free H-mode [ 2.3.83]); (v) long and quasi-stationary pulses up to 100 times the
energy confinement time, or about the skin resistive time without impurity accumulation (versus
time) in the center of the discharge; (vi) no difficulty with operation at low g5 (checked presently
down to g5 = 2.8) leading to values for the figure of merit for ignition margin up to Hgop/ga = 0.6;
(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 [2.3.81]. It should be noted however that typical value of Zgt in these

discharges arerdatively high (i.e, Zgs = 2.8).
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FIG. 2.3-3. Comparison between the experimentally observed confinement times and the
predictions of the RI-mode scaling law t g = (Re/ Ngr)t iTerue. p M 12 ®nET P for Ne and Ar
seeded RI-mode dischargesin 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 [2.3.82], Tore-Supraand DIlI-D.

ASDEX Upgrade has obtained improved confinement in L-Mode discharges by Ne
impurity seeding, studied in D* or H* plasmas heated with D° and HO NBI respectively, at power
levels between 1 MW and 10 MW and qos between 3 and 4. The confinement increases with
radiated power and, at high radiation powers, reaches 80% of that of the H-mode [2.3.79].

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
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times L-mode. Both eectron 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. Like
TEXTOR RI-mode, this regime needs further experimental studies in other devices before
extrapolation to ITER can be made.

2.4. 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 [2.4.1] with high
beta [2.4.2] and, in the presence of ELMSs, with acceptable particle transport rates for the control
of density, impurity and helium exhaust [2.4.3, 2.4.4]. 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 insightsin plasma physics.

The H mode, first discovered in ASDEX [2.4.5], has been obtained in all divertor
tokamaks that have operated since 1982, in limiter discharges in several tokamaks [2.4.6-2.4.10],
in a current-free stellarator [2.4.11-2.4.13], in a heliotron/torsatron [2.4.14, 2.4.15], and in a
linear tandem mirror machine [2.4.16]. H mode has also been produced with a wide variety of
techniques: heating with neutral beam injection, eectron cyclotron heating [2.4.11-2.4.13, 2.4.17,
2.4.18], ion cyclotron hesting [2.4.6, 2.4.19], lower hybrid heating [2.4.20] and Ohmic heating
[2.4.21-2.4.24]. Furthermore, H mode has also been produced by biasing the plasma using an
external eectrode [2.4.25, 2.4.26] or by biasing the limiter [2.4.16].

Thereis a set of common features that are seen in all devices which obtain H mode. The
first to be identified was the formation of atransport barrier at the plasma edge [2.4.27] where the
density and temperature gradients steepen after the transition. The formation of this barrier is
associated with adrop in the D5 radiation al around the plasma, indicating a significant decrease

in the particle outflux. In addition, later work showed that the density fluctuation amplitude
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decreases in the region where the transport barrier forms [2.4.28-2.4.30]. Finadly, at the same
time as the formation of the transport barrier and the reduction in fluctuations, a steep gradient
region develops in the radial dectric field E; at the plasma edge [2.4.31-2.4.35]. These features
have been seen in all tokamak discharges where diagnaostics capahilities allow [2.4.36, 2.4.37] and

have also been seen in the stellarator and mirror results [2.4.13, 2.4.16].

24.1. Physical Processes of Transition

(K.Burrédl, 06/20/97; edited by J.Connor 06/26/97:R4; further revision K. Burrell 9/5/97)

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 [2.4.38-2.4.40]. 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 anon-zerofirst radial derivative [2.4.38—2.4.40] or second radial derivative
[2.4.41, 2.4.42] 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 [2.4.43]. It has further been seen on the open field lines beyond the separatrix in
diverted plasmas [2.4.44] when a sheared dectric field is created with divertor bias.

Decorrdation of turbulence by sheared flows is a mechanism that also functions in
ordinary fluids [2.4.45, 2.4.46]. However, because the sheared flow is also a source of free
energy which can drive Kelvin-Hemholtz instabilities, stuations 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
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turbulent transport reduction [2.4.40]. 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 E; which is governed by the radia force balance

equation for ions

E, +V,Br - V1B, =-(Zne) "dp /dr (2.4-1)

There has been a large theoretical effort devoted to this issue which has led to the
formulation of equations to describe E; near the plasma boundary in toroidal geometry with
neoclassical and anomalous effects included [2.4.47-2.4.50]. 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. lon orbit loss [2.4.38, 2.4.39, 2.4.51, 2.4.52]. lons are preferentially lost from the
plasma edge because ions in the |oss cone intersect material surfaces. Thus, the plasma s charged
up negatively. Alternatively one can see this as causing a torque generating poloidal flow in
competition with the damping due to neoclassical paralle viscosity and charge exchange
processes [2.4.53, 2.4.54].

2. Stringer spin-up [2.4.55-2.4.57]. 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 E; has not been specified in this
modd.

3. Pressure-gradient drive [2.4.58-2.4.60]. A toroida equilibrium naturally develops a
negative radial eectric field to balance the ion pressure gradient. Thus, the large and negative E;

is effectively a consequence of good confinement.
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4. Anomalous viscosity [2.4.47, 2.4.61, 2.4.62, 2.4.37, 2.4.38] or turbulent Reynolds
stress [2.4.63-2.4.68, 2.4.17, 2.4.39]. Transport of momentum can modify the average flow
profile of the plasma. The relation between plasma velocity and E; has been specified for these
models.

Although we have a model of turbulence stabilization and confinement improvement due
to E¥B shear dabilization, we ill lack a mode which can predict the E; 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 transport in the plasma edge, even if
we had such a mode for E;, we could not predict the edge plasma conditions in ITER with
sufficient certainty to utilize it. Furthermore some models [2.4.53, 2.4.54, 2.4.65] are dependent
on, or modified by, the presence of neutrals which can be affected by details of the magnetic
configuration. Accordingly, asisdiscussed in Section 2.4.3, estimation of the power threshold for
ITER is being done empirically. Neverthdess, the L-H transtion is an edge phenomena and the
trangition 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 Chapter 3,
Section 3.3 and will help to provide experimental tests of theory.

24.2. Edge Pedestal

(K.Burrell 06/20/97; edited by J.Connor 06/26/97, D. Post 03/03/98)

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
radiusin DIII-D), the characteristics of this layer are significant in the overall plasma performance
and in divertor effects.

Stiff ITG-mode turbulent transport models [2.4.60, 2.4.69] predict that the core

temperature is strongly linked to the edge temperature suggesting that ITER may require
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reatively high edge temperature for ignition. This result is in qualitative agreement with data

from DIlI-D [2.4.70] and C-MOD [2.4.71]. On DIII-D, Hygz 1 (Tet0) %% (nSEP)%-%8/2%3,

where Hyo3z is the energy confinement enhancement factor relative to the ITER93H-P scaling
[2.4.72], and PED refers to values at the top of the H-mode pedestal (Fig. 2.4-1a [2.4.70Q]).
ASDEX Upgrade also shows a direct relation between stored energy and pedestal pressure
gradient (Fig. 2.4-1b) [2.4.73].

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 [2.4.36], 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 (83.2.3 and
84.3.8). The highest values of the el ectron temperature at the top of the H-mode transport barrier
occur just prior to the crash of a type | ELM. The maximum pressure gradient is usually
consistent with ideal ballooning mode stability at the edge [2.4.74]. However, data from D 111-D
shows that the edge gradient can exceed the nominal infinite-n ballooning limit [2.4.70] by factors
of two to three. Type Il ELMs often, but not always, have lower pedestal pressures and lower

confinement (eg., Fig. 2.4-1a).
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FIG. 2.4-1b. Relation between thermal stored energy and edge electron pressure gradient for
discharges in ASDEX-Upgrade near the ideal ballooning limit at the edge [2.4.73].

There is consderable 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 d

scaleasd | 1 pj, the poloidal ion Larmor radius, in the ELM free phase [2.4.75] 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
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[2.4.76], imply ascaling d i (1 pi L)Y2, where L is a macroscopic length. Direct measurements of
the width in JET [2.4.77] yield different results. In ELM-free H-mode the eectron temperature
barrier width dye is nearly constant at 3-4 cm; between ELMs it is 56 cm. A scaling
dpe 1 (Te™) ™ independent of plasma current |, is found, i.e, not correlated with r . The
electron dendity barrier width dn ~ dreg/2. During ELM-free H-mode the ion temperature barrier
width scales as d u T with dn = dj. In ASDEX Upgrade the barrier width d is fairly
constant (d ~ 2-2.5 cm) and is independent of |, again implying it is not related to r i [2.4.73].
Experiments on DIII-D with parameters chosen to be similar to ITER indicate that d can be fit
with two forms, d/R P (r ;i/R)%3 (stronger than the other experiments) or d/R p (bpPED) V2,
These results can be used to estimate the edge temperature in ITER by assuming type | ELMs will
occur at the same a as in DIII-D or other experiments at the ITER value of g. Scaling from
DIII-D discharges with a strong scaling with rpi, d/R p (r pi/R)%3 gives TPED pi (LBy/ng3) ~
1 keV for ITER [this scaling also impliesd p (L/ngBt)Y2, and pPEP p (B13/ngL)Y2]. The form
of the scaling more consistent with the other experiments of d/R u (bpPEP) V2 gives a significantly
higher pedestal temperature TPED i (LB1/ng) ~ 5 keV for ITER (hered p L, and pPEDP p Bt2).

Similar values (~ 4 keV) are obtained from extrapol ations from other experiments (84.3.8).

24.3. Power Threshold Scaling

(by F.Ryter and Y.Miura; edited by J. Connor 06/24/97: R2, editor remarks taken into account by F. Ryter
09/10/97, changes after ITER Meeting 10/02/97 and new analyses 10/13/97 by F. Ryter, 10/16/97 after comments
from threshold group by F. Ryter, 11/12/97 for V. Mukhovatov comments, 11/27/97 for Ivanov comments)

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 [2.4.78-2.4.87], can be summarized as follows. The threshold power is about

2 times lower for the single null (SN) configuration with the ion 6B drift towards the X-point

than for the opposite direction or double null (DN) configuration; the threshold is about 2 times
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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 Pty on N, and Br.
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 [2.4.88] and presently includes 10 divertor tokamaks [2.4.89—
2.4.92]: 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 rolein transition physics as shown in Section 2.2.4.1. Care was taken to
include in the database data representing the lower threshold from each 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
dependence, but also shows differences for the density dependence. The threshold power
generally shows a minimum at a density iy, in the range 0.1-0.25 ¥ 1020 n3 (sometimes
even exhibiting an apparent density threshold [2.4.84]), except for Alcator C-Mod for which
e min ~ 0.8 ¥ 1020 mr3, The value of Mgy is around 20%-t0-30% of the Greenwald density

limit, but no clear relation could be established so far. Above N, 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 [2.4.93].

Scaling expressions for Py, are obtained from the database by performing a linear
regression of the net heating power B = Pgqt - W versus Ne, BT and machine size and geometry
usng R, a, Sand/or k (major radius, minor radius, plasma surface area, elongation). The time
dices are taken just before the L-to-H transition, for conditions providing low power threshold:
deuterium plasmas, ion 6B drift toward X-point. Previous results were presented in [2.4.88—

2.4.92]. More recent analyses from the last version of the database (ITERTH DB2.3, September
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1997) are given in Table 2.4-1. Results show that the RMSE is significantly reduced when the

szeregressorsR and a (Expression 2) or S (Expression 3) are used, instead of R only.

Table 2.4-1. Summary of the Threshold Analyses with Global Parameters’

Expres Excluded Numb. | Num. rmse | Low | ITER | Up [ Constr.
-sion tokamaks of factor [ne20 | BT | R a S % |95 |predic |95 equ.
observ. % t %M
M MW | W
W
(1) none 512 | 0.70 | 0.94 | 0.80| 2.12 305 | 67 | 124 | 230| 3.04
(2 none 512 | 1.79 | 0.78 | 0.76| 1.14 | 0.78 28.3 | 53 95 [169]| 28
(3) none 512 | 0.057| 0.64 | 0.83 0.89| 28.8 | 49 88 [157| 215
(4) | ASDEX,TCV | 432 |0.041| 0.69 091 096|252 | 70 | 116 | 192 | 2.39
COMPASS-D
(5) | ASDEX,TCV| 432 | 138 | 0.77 |0.92]| 1.30 | 0.76 251 | 79 | 132 |224| 254
COMPASS-D

T The columns from left to right indicate: the expression numbering, the tokamaks not included in the regression,
the number of time dices 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 unitsused are m™3, T, m, m2, MW.

Using k as an additional regressor does not modify the results significantly. Moreover the
k 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 =k = 1.7.

Further analyses show that two groups of tokamaks can be distinguished: ASDEX
Upgrade, Alcator C-Mod, DIII-D, JFT2-M, JT-60U, JET, PBXM 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 alow RMSE and are represented in Figs. 2.4-2 and 2.4-3.
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 aline paralld to that of Expression 4 but higher by 60%
(Fig 2.4-2). 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
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ASDEX it may be attributed in addition to the circular cross-section. When Expresson 5 is
considered (Fig. 2.4-3) only COMPASS-D and TCV are above the line defined by the other seven
tokamaks, whereas ASDEX agrees with thisfit.

At present there is no strong reason alowing a decisive conclusion to be drawn from
Table2.4-1 or Figs. 24-2 and 2.4-3. The vaues given here represent the extrapolation
uncertainties of the H-mode threshold power in ITER.

The H-mode being determined by conditions at the plasma edge, the power flux across the
edge, R = Py - W- PSX®, isaglobal parameter better suited to describe the power threshold.

core

The radiation inside the separatrix, P, , can be subtracted only for some of the analyses

because, due to the limited data available. This excludes devices, increases the RMSE of the
regresson [2.4.91, 2.4.92] and is not taken into account here. Further data and work are

necessary to obtained areliable result.
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FIG. 2.4-2. 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. 2.4-3. Comparison of experimental power thresholds with the scaling expression 5, same
meaning of linesasin Fig. 2.4-2.

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, n*, r*, b and assuming a power law expression for
P = ﬁg(B}( R, one obtains the followi ng relation between the exponents: 8X + 5Y — 4Z = 3,
[2.4.89, 2.4.90]. Thisapproach impliesthat 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 arole. The exponents of Table 2.4-1 yield for 8X + 5Y — 4Z values between 2.2 and 2.6, as
indicated in Table 2.4-1, therefore approaching but not quite meeting the condition derived with

dimensionless variables.
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Under the assumption of a linear Bt dependence (Y = 1) as observed in all the tokamaks,
the following expression was derived in [2.4.90], using the database version ITERTH DB2.1,
(September 1996):

Py = C(R/a,k,q,a)B; A0 "R (AR?)? (2.4-2)

with 025 = a = 0.25 and C a non-dimensiona coefficient. The database lead to
C=(0.45+0.1) ¥ 0.68. The range in a is obtained by analyzing the data scattering of the
database while varying the density exponent X. This expression 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-> to R25, 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 iscloseto 2 in all the cases. 1t must be stressed here
that, extrapolating from JET and JT-60U to ITER, the size dependence is the major contribution
compared to those from n, 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.
Thiswill 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 2.4-1 are obtained by a free fit through the standard
dataset. According to the 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 Expressons 4 and 5 such that corresponding line goes through the lower point
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boundary, as suggested by the dashed line in Figs. 2.4-2 and 2.4-3. This decreases the threshold
prediction for ITER by about 30%. Second, as it was mentioned above that 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 [2.4.94]. These results yield
that the power threshold is inversaly 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 [2.4.95] and it disappears when the density is
increased towards the density limit, as shown in ASDEX Upgrade [2.4.93]. The latter effect is
attributed to confinement degradation observed at high density [2.4.96]. Therefore one cannot
rely on the hysteresis for ITER prediction in present status of understanding and further
investigations are necessary on thistopic.

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. In particular,
significant progress has been made on threshold studies with edge data and their comparison with
theory, but predictions for ITER ill require additional work.

2.5. IMPACT OF GLOBAL INSTABILITIES ON TRANSPORT

(edited by J.Connor 06/23/97:R1, re-edited 07/08/97 re-edited 09/08/97), incorporated comments at Garching
ITER Expert Group meeting (JW Connor) 10/03/97; edited by M. Wakatani 10/29/97

A number of large scale MHD phenomena can have an impact on global confinement.

Two of these are the periodic sawtooth instahility, which can have a significant effect on the
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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 2.5.1 and 2.5.2 respectively. A third candidate is the transport induced by low m, n
magnetic idands where m and n are poloidal and toroidal mode numbers; such an idand is located
at the resonant surface rs where m = nq(rs), g being the safety factor. Because the temperature is
rapidly equilibrated along the reconnected magnetic field lines within idands, 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 dw arisng from

the presence of an idand of width wlocated at arational surfacersin aplasmaof minor radiusa is

[2.5.1, 2.5.2]
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where W is a stored energy without the magnetic idand. These magnetic idands can arise from
tearing modes, possibly of a neoclassical origin (Chapter 3, Section 3.2.2). They will therefore
tend to occur near operational limits, e.g., low g, or higher by (the normalized b); in particular

they could lead to an onset of confinement degradation when by > 2. The transport effects of

low m, n modes have been observed in TFTR supershots [2.5.2].

25.1. Sawteeth

(J.W. Connar)
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 eectron temperature Te(0) [2.5.3]. The

oscillationsin Tg(0) exhibit a time trace with a distinctive sawtooth shape consisting of a dow rise
or 'ramp' phase, during which the plasma inside g = 1 heats up, followed by a rapid collapse or

‘crash’ when the plasma energy is redistributed from the core to the region outside g = 1, i.e. over
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aregion within the so-called mixing radiusrm,. 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
radiusri. This pattern repeats with a period t 5. This mechanism has the effect of degrading the
global energy confinement timet g as ri/a becomes significant, typically for qos £ 3. Experiments
on DIII-D (discussed in [2.5.4]) show that the increase of H-mode confinement with current
saturates for 1/Bt 2 1 MA/T, corresponding to ggs ~ 3, although JET shows no appreciable
degradation down to qgs ~ 2.0 [2.5.5]. A scan over ongation k in DIII-D shows that gos iS not
the proper control parameter; experiments on DIII-D and JET imply a dependence on rp/a JT-
60U has demonstrated a deterioration in confinement as the sawtooth period tsgy decreases
[2.5.6]. Chang and Callen [2.5.1] have proposed a model for the sawtooth degradation factor

fsaw depending on A, the relative area of sawtooth mixing, and X = tgw/tg. For a constant

thermal diffusivity and central heating this takes the form

faw = @- ADIO)+1-9(9) . withg(x)=(1- €7)/Xx

Sawteeth have an effect on the plasma density and also the distribution of impurities.
Thereis 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 |ess peaked, rather than flat, in the
TEXT tokamak [2.5.7]. 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 insde q = 1. Reference [2.5.8] 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 [2.5.9].

Because the thermonuclear power depends nonlinearly on plasma pressure p (Prus 1 p2)

the redistribution of plasma energy due to sawteeth would cause a periodic overall power lossin

48



an ignited tokamak. If the scale-length for the central pressureisrp so that p = po(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. Therma 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 g-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 go ~ 0.7 by a few per cent. Measurements
of the central g vary; typically isobserved [2.5.10] but there are cases with gp ~ 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 g falls, a magnetic idand begins to grow
at theq=1 surfaceastheresult of anm=n=1 ingability. The resulting magnetic reconnection
occurs on a crash timescale t¢ ~ (trt A)Y2 where tR is the resistive diffusion time and t the
Alfvén time. As a consequence there is a redistribution of poloidal magnetic flux which
terminates when q > 1 everywhere. Associated with thisthereisa similar redistribution of energy
leading to aflattening of the n and Te profiles out to the mixing radius r,, ~ J2r(q=1 [2.5.11].
However, later experiments exposed a number of weaknessesin thismodel: (i) it isunclear
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 t 5y Of the sawteeth is a mystery; (iii) the timescales for
the crash in larger, hotter tokamaks are much shorter than predicted by this resistive modd; and
(iv) the small changes in qp arising from resistive diffuson are incompatible with o ~ 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 modd for the effect of the sawtooth are
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asfollows. When qq falls below unity (or some other critical value, say 0.7) a repetitive flattening
of Te and Tj (and possibly n) over a specified region r < ry is performed each sawtooth period
tsaw. Both rmp and t 5 can be regarded as parameters to be explored, though prescriptions like
r ~.J2r(q=1) and determining t sa from kinetic stahilization criteria for the m = n = 1 mode
have been invoked [2.5.12]. More complex prescriptions have been proposed to explain why go
remains well below unity [2.5.13]. A mode for this redistribution of impurities, based in the same
ideas asin Ref. [2.5.13], has been given in Ref. [2.5.8].

The interaction of sawteeth and energetic particles, arising as fusion products and from RF
heating, is another topical research area. While thereis conflicting evidence from JET on whether
such particles undergo the redistribution experienced by the therma particles [2.5.14], a
substantial redistribution of alpha-particles has been observed on TFTR, although losses are small
[2.5.15]. Transport codes for smulating burning plasmas can prescribe an instantaneous loss of
alpha-heating power at the sawtooth crash to represent a possible loss of apha-particles, which
then recovers over an apha-particle dowing down time. On the other hand there is experimental
evidence from JET [2.5.16, 2.5.17] and TFTR [2.5.18] and theoretical arguments [2.5.12, 2.5.19]
that energetic particles can stabilize sawteeth for long periods. In such a case the tokamak
experiences large amplitude "monster” sawteeth [2.5.16]; these effects can also be incorporated in
modeling codes [2.5.12]. 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 g = 1, and

(iii) energetic particle stabilization.
25.2. Edge L ocalized M odes

(K.Burrdl; edited by JConnor 06/26/97: R2; further revisions by K K. Burrel 9/5/97 re-edited J Connor
09/07/97)); incorporated comments from Garching ITER Expert Group Meeting (J. Connor) 10/10/97
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The Edge Localized Mode (ELM) is a relaxation oscillation triggered by an MHD
ingtability which leads to a fast (millisecond) loss of particles and energy from the plasma edge.
ELM physics has been summarized in a recent review [2.5.20] and is discussed more fully in
Chapter 3, Section 3.3. 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, 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. Typel ELMs exhibit arepetition
frequency which increases with increasing input power while type 111 ELMs have a repetition
frequency which decreases with increasing input power. In general, type Ill ELMs occur when
the edge dectron temperature is fairly low while type I ELMs occur at higher edge eectron
temperatures [2.5.20]. The exact MHD mode associated with ELMs is, as yet, unknown. The
edge density and temperature parameter range for the various types of ELMsisillustrated in Fig.
2.5.2-1 for a case from DIlI-D [2.5.21]. The type | ELMs appear to be driven primarily by the
edge pressure gradient [2.5.22] while the type [1I ELMs depend both on the edge density and the
edge electron temperature [2.5.21, 2.5.23] suggesting a role for resistivity or edge current
[2.5.20, 2.5.24]. Asisseenin Fig. 2.5-1, there appears to be two branches for the type Il ELMS,
one at low density and one at low temperature. Clear MHD precursors have been seen for the
type | and type 1l ELMSs, although the precursors for the type | are much more difficult to detect
[2.5.25]. In small machines (e.g., ASDEX), type lll 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 | ELMs occur. Based on this observation, ELMs in ITER will probably be type |
ELMs.
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An examination of the global power balancein type | ELMing H modesin DIII-D [2.5.26]
showed that Pg| v, the power lost through ELMS, is less than 20% of the total input power PT.
In DI1-D this fraction was found to decrease with increasing Pt so that the energy loss per ELM,
dE, decreased with Pt while the ELM freguency ngim was proportional to Pt. Accordingly,
PeLm was roughly independent of Pt over the power range studied [2.5.26]. However, in later
work, P v was found to be proportional to Pt [2.5.21]. A similar behavior isfound in ASDEX
Upgrade [2.5.27] where dE is independent of Pt and ngp v increases with P, leading to
PeLM/PT ~ 2510 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 transently 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 | ELMs can induce a return to L mode [2.5.28], 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. 25-1. The edge eectron density and temperature in DIII-D discharges with different types
of ELMs[2.5.21].

The energy loss due to ELMs causes a reduction of the global energy confinement time

te. Studies on DIII-D showed that, in type | ELMing discharges, tg is reduced by 10 to 15%
[2.5.28, 2.5.29], dthough JT-60U shows larger reductions in the presence of higher frequency
‘giant ELMs [2.5.30, 2.5.31]. A more general investigation of the influence of ELMs on tg was
done by establishing a scaling of tg in ELMy H-mode [2.5.29]. A comparison with a smilar
scaling for the ELM-free H mode shows that, for present experiments, the reduction in tg is
indeed around 10-to-20%. For larger devices, especialy for the ITER parameters, the two
scalings agree within the statistical errors. Such aresult is expected if ELMs can be considered a
surface effect. However, the scaling given in [2.5.29] mixes data with type | and type 11l ELMs
with their different power dependences of the repetition frequency. Accordingly, we need better
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data without this confusion to make a firmer conclusion for ITER. In any casg, 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 afactor h defined by

h = tIIEELMy/tIIEELM- free

The precise value of h has to be found by an analysis of the profile effects due to the ELM.
Assuming a diffusive process and spatialy separated source and sink profiles, which is a

reasonabl e assumption for centrally peaked heating profiles, one can calculate [2.5.32]
h=1-[1-(reLm/@)?] 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 Pg /Pt = 0.3 and rgpm/a = 0.8 [2.5.33], resulting in h = 0.9. This agrees
reasonably well with the h = 0.85 result from DIII-D mentioned above. The scaling of h for
future machines critically depends on the scaling of rgp v, which also entersinto the scaling of dE
and, therefore, Pe.m. A mode 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 [2.5.34, 2.5.35] and also ASDEX Upgrade.

The effect of the ELMs on the particle confinement time is aso of maor interest. A
guantitative 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 tg. As was shown in DIII-D, the particle
density control in ELMy H mode also makes removal of helium ash from the plasma possible

[2.5.36, 2.5.37].
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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 [2.5.38], an edge localized loss
phenomenon is most severe for a quantity whose source profile is aso 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 aso true for
ITER, where the aphaheating profile will be comparable to present-day neutra beam heating

profiles.

55



2.6. GLOBAL ENERGY CONFINEMENT SCALINGS

(K. Thomsen 10/13/97, J. DeBoo 10/17/97, O. Kardaun - 09/22/97, 16/02/98, edited: J.G. Cordey, K. Thomsen
12/3/98, DeBoo/K ardaun 23/3/98 (in red)).

2.6.1. Introduction

Due to the complexity of the processes determining heat and particle transport in
thermonuclear plasmas, it is not yet possible to provide afirst principles derivation of the dependence
of energy confinement properties on plasma parameters. The description of the globa energy
confinement time by empirica 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
performanceto ITER. Aswell as predicting the performance of a next step device such as ITER in
terms of its basic design parameters, such scalings can aso be used as a normaization for
plasma energy in 1-D smulation codes which use various transport models that predict the plasma
behavior in ITER, or as an approximate constraint on the form of theoreticd 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
el ectrostatic versus el ectromagnetic 1oss 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 [2.6.1] during the ITER conceptua
design activity (CDA) phase. Theinitia multi-tokamak H-mode confinement database was assembled
by an H-mode Database Working Group in 1989 with contributions from six machines (ASDEX,
DIlI-D, JET, JFT-2M, PBX-M, and PDX). Basic documentation and analysis of this dataset can be
found in [2.6.2].

An extended version of this database [2.6.4, 2.6.5, 2.6.6] formed the basis of such scaling
expressions as I TERH92-P(y) [2.6.3] and ITERH93-P scaling [2.6.4], describing the globa 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
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combination of different energy measurements (from diamagnetic measurements and MHD
equilibrium fits) and the correct B (or g) and K [2.6.6] 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 2.6.2 and
in[2.6.7]. 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 2.6.3 and 2.6.4.

In Section 2.6.3, by using physical relationships that hold "on radia 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. plthe normaized ion Larmor
radius, [3 the normalized plasma pressure and v* the normalized plasma collisondlity [2.6.8, 2.6.9].
On a logarithmic scale this corresponds to a linear transformation of the response and regression
variables. Within the class of smple power law, or log-linear, models one then has the same scaling
expressed in two different sets of variables[2.6.5, 2.6.10].

In Section 2.6.4 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

isgivenin Appendix A.2).

Issues concerning the impact on confinement due to ITER's proximity to operational limits,

such as the Greenwald density limit and 3 limit, are areas for future study as new data near 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/ngyw <1.5 with pellet injection in DIII-D

[2.6.11], indicating there is no fundamental obstacle to operation in this density regime (see Section
3.3 for details).
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2.6.2. 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 datafrom 12 different tokamaks: ASDEX*,
ASDEX Upgrade, COMPASS-D, JET*, TCV and TEXTOR from Europe; JFT-2M* and JT-60U
from Japan; Alcator C-Mod, DIlI-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 [2.6.5]. The main characteristics of the new H-mode data

specific to ITERH.DB3 are detailed in Table 2.6-1.

Table 2.6-1. Main Characteristics of the New H-mode Data Specific to the New
ITER H-mode Confinement Database, I TERH.DB3

Alcator C-Mod | CRF-heated ELM-free and ELMy data
ASDEX Upgrade ICRF- and NBI-heated Type | ELMy data
COMPASS-D Ohmically heated ELM-free and ELMy data
ECRF-heated EL My data
DIII-D ECRF- and NBI-heated ELM-free and Type | ELMy data
JET | CRF- and NBI-heated ELM-free and Type | ELMy data
JT-60U NBI-heated ELMy data
TCV Ohmically heated ELM-free and ELMy data
TEXTOR | CRF- and NBI-heated RI-mode data (for comparison with H-mode)

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 2.6-1 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. Asaresult, it has been necessary
to redefine the selection criteria used to delimit the standard analysis dataset of ITERH.DB2 [2.6.5] to

avoid excluding some machines from the standard analysis dataset of ITERH.DB3. The new
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selection criteria, which are comparable to the previous criteria but allowing al heating schemes, are
listed in Table 2.6-11.

Applying these criteriato ITERH.DB3 results in a standard EL M-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, DIlII-
D, JET, JFT-2M, JT-60U, PBX-M, PDX and TCV).

Table 2.6-11. 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. Limitson qos

7. Limitson fast ion energy content
8. Limitson 3

9. Hot ion H-mode data are excluded
10. 1987 JET data are excluded

2.6.3. Power Law Scaling Expressions

The power law scaling expressions for therma energy confinement time, Ty, can be

expressed either in “engineering” variables as,

Tt = C 1% BYBpdP pn MO RIRgIey Ik (2.6-1)
orin“physics’ variables as,

T = g p VI B Mg ek (2.6-2)

The“engineering” variables are R = magjor radius (geometric center), | = plasma current, B = toroidal
magnetic field (at major radius R), P = loss power (corrected for charge exchange and orbit losses), n

= line average density, Kk = elongation, € = inverse aspect ratio, and M = average ion mass. The
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“physics’ variables are the Bohm time, tg, normalized toroidal Larmor radius, p*, normaized
collisonality (with Zgff = 1 assumed), v*, normalized plasma pressure, 3, cylindrical safety factor,
g, and are defined by,

. .12 2
Iy = (m.mor_radlus) .2 B He2rpT! 1 (2.6-3)
Bohm diffusion coefficient T
ion gyroradius _ [ReT, ' M,
= 10N DYTOAALS IE L g(MT)Y2/eRB, (2.6-4)
minor radius M; eBa
_ _plasma pressure _ 2uone('|;e *T) gnte2, (2.6-5)
magnetic pressure B
connection length OM ﬁIZDRﬁlz
Vr = = i gRONRT 2qs®'2,  (2.6-6)

= = V. -
trapped particle mean - freepath " HeTH Cab

q :§ f(k,5) OBRI ek
€“l , (26-7)

with Tj in eV and f(k,0) afunction of the plasma shape parameters. These obviously vary across the

Pti, )
——— using the
6reens kR g

plasma profile, but for a global analysis temperature T can be replaced by
power balance relation. (See Section 2.7 for amore detailed discussion of dimensionless parameters).

On alogarithmic 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.
Thisrequires 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 B [2.6.9], or Kadomtsev [2.6.8], constrained scaling the

constraint is x;g = 1 in “physics’ variables (or 40R - 80 - 0} - 30p - 50p =5 in “engineering”
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variables). The gyro-Bohm constrained scaling [2.6.12] has two constraints imposed, that of the
high 3 constraint and Xp* = -1 (or 6aRr — 220, — 90 — 12ap — 1508 = 0). The Bohm constrained
scaling also has two constraints imposed, that of the high 3 constraint and X+ = 0 (or aRr - 7ap, - 4q
- 70p-50p =0). See dso Ref. [2.6.10] for further details. In the above definitions the quantities
1B, p* and 3 are based on toroidal quantities, but definitions based on poloidal quantities can also be

formulated.
2.6.3.1. ELMy H-mode thermal confinement scaling

The new ELMy H-mode standard dataset as defined in Section 2.6.2 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 rangesin R, n, I, P and B are larger.
Only three correlation coefficients are larger than 0.7 (between | and P; | and R/a ; | and k). Principa
component analysis shows that the extrapolation to ITER is greater than 4 standard deviations in only
one direction and that thisis along the largest principa component. This implies that the uncertainty
inthe ITER prediction using log-linear scalingsis significantly 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,
systematicaly increasing or decreasing the confinement of each tokamak in turn by 10%, 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 significantly. 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-3 constraint. The addition of Alcator
C-Mod data seemsto be responsible for this last result. The resulting high-3 constrained ELMy H-

mode scaling expression for ITERH.DB3 is, in “engineering” variables,

TEI,_tl"Yly =0.0365 | 0.97BO.08P—0.63n0.41M 0.20 R]'9380'23K 0.67 ’ (2_6_8)
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(in sec, MA, T, MW, 1019 m-3, AMU, m), which translates to the “physics’ form,

ELMy

-0.83,-0.50,,-0.10 s 0.97 ,—2.52.—0.55 , 2.72
TEm Utgpe B Vi M . (2.6-9)

q ek

The RMSE for this[Eq. (2.6-8)] fit, whichisshownin Fig. 2.6-1, is 15.8%. The scaling is smilar
to the ITERH.EPS97(y) scaling [2.6.7] which was based on an earlier version of the DB3 data base.
Asin previous regression analyses, a correction factor TAUC92 [2.6.3] or TAUC93 [2.6.4] has been
used to normalize the data from closed divertor configurations in ASDEX and PDX to data from the
more | TER-like configurations found in the other devices. TAUC92 and TAUC93 differ only in the
method for normalizing the PDX data (see [2.6.3, 2.6.4]). Although Egs. (2.6-8) and (2.6-9) were
developed using TAUC92, with the TAUC93 normalization the data also satisfy the gyroBohm

congtraints and the differencesin thefit are small, less than 5% in the ITER projection.
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FIG. 2.6-1. Comparison of H-mode thermal energy confinement time with the scaling expression in Eq. (2.6-8) for
ELMy datain the ITER H-mode database version ITERH.DB3v5.
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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, it is ill not
possible to establish distinct scalings for the various ELM types with the current database, although
this has become less important in view of the better conditioned and more ITER relevant ELMy
dataset. 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 dedt with in this
global database.

2.6.3.2. EL M-free H-mode thermal confinement scaling

The ITERH.DB3 ELM-free H-mode standard dataset of 1131 observations as defined in
Section 2.6.2 satisfies both the high-B and the gyroBohm constraints, as was the case for

ITERH.DB2. The resulting high-B constrained ELM-free H-mode scaling expression for

ITERH.DB3in “engineering” variablesis,

TEI,_tl'IYly =0.0314 |0.9480.27P—0.68n0.34M 0'43R1'9880'10K0'68 , (2.6-10)

(sec, MA, T, MW, 1019m=3, AMU, m), which translates to the “physics’ form,

ELM —free

4=xik nE Bp*—0.89[3—0.92v*—0.13 M 178-2.77.-117,2.90 (2.6-11)

q € K ,

The RMSE for this fit is 15.6% and the distribution of the fit is shown in Fig. 2.6-2. The
Eq. (2.6-10) is very smilar to the scaling developed from ITERH.DB2, referred to as ITERH93-P

[2.6.4] and the projectionsto ITER are the same.
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FIG. 2.6-2. Distribution of H-mode thermal energy confinement time about the scaling expression in Eq. (2.6-10) for
ELM-free datain the ITER H-mode database version ITERH.DB3v5.

2.6.3.3. L-mode thermal confinement scaling

The present L-mode database [2.6.13] consists of 2938 observations from 14 tokamaks
(Alcator C-Mod, ASDEX, DIlI, 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 therma 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 tyh. 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 DIlI-D
and JFT-2M. The limiter subset contained 627 observations from JET, JT-60, TFTR, and
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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 therma confinement data for

the combined limiter and divertor data subsets,

TIE,th = 0.023 | 0% BO.03p=0.73,0.40 |,0.20 183, -0.06, 064 (2.6-12)
(sec, MA, T, MW, 1019m-3, AMU, m), which trandlates to the “ physics’ form,
Tlﬁ,th 0 TBp9.15B—1_41V9.19M 0'67q_3'74€_0'09K3'22. (2.6-13)

The RMSE is 15.8% (see Fig. 2.6-3) and there is virtualy no difference between the divertor and
limiter data with respect to the fit to the scaling expression. The above expressions give a thermal
confinement time extrapolation to ITER of 2.2 sec.

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. 2.6-4 the enhancement factor varies with the size of the machine, tending to be

larger in larger devices.
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2.6.4. Point and Interval Estimation for the Confinement Time in ITER

Statistical forecasting is sometimes considered as a game against nature, considered as an
intelligent opponent [2.6.14]. Given the possible consequences associated with losing such a game,
it goes without saying that areliable empirical prediction of the confinement time of a device with the
importance of ITER requires a thorough search for aternative possibilities, based on several data
analyses. In this vein, the present section deals with (&) point prediction from log-linear scalings
based on various subsets of the working dataset, (b) fits to the data by log non-linear scalings ()
constructing an interval estimate for the confinement time. While the main results are presented here,

amore detailed discussion isgiven in Appendix A.2.
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As can be seen in Appendix A.2, 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 severd different subsets of the
standard dataset and the impact on aspect ratio scaling as aresult of using an aternative definition of K
that de-emphasizes the extreme (i.e., bean) shaping of PBX-M, are summarized in Table 2.6.4-1. 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 set, IPB(y,2) is based on the data set DB2.8 (i.e. DB3
restricted to NBI discharges only, but including Alcator C-Mod), 1PB(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(1S) (i.e. DB2.8,
restricted to its 5 ITER-similar devices). The variation in point predictions for ITER is largest due to
selection of different subsets of data as compared to the variation resulting from changes in aspect
ratio scaling. The point predictionsin Table 2.6.4-1 vary between 4. 9 and 6 seconds with an average
(rounded within +/- 2%) of 5.5 s. Since the Kadomtsev constraint was satisfied, the dimensionally
restricted form of the scalingsis presented in the Table for IPB(y), 1PB(y,1-2), and IPB(y,4). In the

case of 1PB(y,3) the Kadomtsev constraint is not satisfied, and the free regression fit is presented.

Table 2.6.4-1. Exponents of the Several Empirical Log-Linear Scalings based on

I TERH.DBS3

Scaling C I B n P R Kal) a/R M N rmse | ITER

(10-2) %) | Te(9)
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) 503 1091 (0.15| 0.44 | -0.65( 2.05 | 0.72 | 0.57 | 0.13 | 1398 | 15.3 5.9
IPB98(y,2) 562 |1 093 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 | 14.3 5.0
IPB98(y,4) 587 1085 0.29 ]| 0.39 |-0.70( 2.08 | 0.76 | 0.69 | 0.17 | 714 | 14.1 5.1

D The quantity K, has been defined as arealme’ in the scalings 1PB98y(1,2,3, and 4) and as K = b/ain the
scaling 1PB98y. For 1PB98y(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 m? was used, see
[2.6.25].Wherever being compatible with the data, the Kadomtsev constraint has been applied. For IPB(y,3) the free fit

is presented.
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Comparison of the first two cases in the table shows 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. 2.6-8, which corresponds to the first case in Table 2.6.4-
I. To account for this, the elongation has been defined in the remaining four cases in the table as
Ka= area/naz, which leads to a similar aspect ratio dependence as when PBX-M is dropped from the
dataset. Theratio Kg/K is 1.3+/- 0.1 for PBX-M and 0.9+/- 0.1 for al 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
arangein 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) scalingsin Table 2.6.4.1 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 A.2, and
summarised in Fig. A.2-1. In summary, this aspect increases the range of the predictions, even & a
weighting exponent 1/3, somewhat closer to equal observation than to equal tokamak weighting.

Even with this taken into account, the log-linear scalings does not reflect the full range of
satistically ‘admissible’ point predictions that stem from log non-linear scalings. While this topic
further addressed in the Appendix, we give a brief discussion here.

Since alog-linear model corresponds to a similar scaling of the core plasma and of the edge
plasma, the plausibility that the global ELMy H-mode confinement is actually better described by alog
non-linear model than a log-linear model must be seriously taken into account. One ("DK96") is an
interaction model containing a significant cross term between Qeng On the one hand and
(na2)/2(qgs/deng) on the other. Secondly, an offset-linear scaling based on the (DB2) ELM-free data
set istaken and multiplied with an empirical factor cgmy found by looking at the residuals from the
ELMy (DB2.5) dataset with respect to this scaling. For brevity, the resulting scaling is labeled as
OK-96. Finaly, an ELMy offset non-linear scaling based on DB2 plus JT-60U ("TT-96") has been

employed. The ensuing point predictions for ITER range between some 4.4 and 7.3 seconds. By
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optimizing non-linear models with respect to the RM SE of the fit and, simultaneously, towards a low
value of ITER confinement it is possible to arrive a considerably lower predictions (some 3 s or
below). However, this rather non-physical approach isnot pursued any further here.

In addition to investigating the variation of the point estimates, it is interesting to look a
statistical confidence intervals associated with each of the models and data subsets. This is easly

done for log-linear models where the classical statistical interval, isgivenin [2.6.2, 2.6.7] as

/2
Ny U )GTERle
In(tg)=In(vg)+c 5 A+ 20 (2.6-14)
SESI W

where Ipc,j is the standard deviation of the j-th principle component and II TER,j is the distance of the
center of the database to ITER in the direction of the j-th principle component. A ddicate point is the
proportionality factor c in this expression, which is traditionaly 26 /N for a (two-sided) 95%
interval, with O the root mean squared error (RMSE) of the fit. In a smple approach, the tota
number of observations, N, is replaced by Neff, representing the number of independent data points.
As afirst approximation it has been assumed [2.6.15] that Neff = N/4, where the factor 4 roughly
accounts for the correlations between data points, e.g. stemming from the fact that severa have been
taken during the same discharge. A more thorough assessment of the proportionality constant has
been developed in [2.6.16] and is summarized in Appendix A.2. 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 alarge 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. A.2-1, presupposes, however, that a log-linear model is "essentially"
correct and al maor 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 severd
"definitions’ of a 95% interval estimate [2.6.15, 2.6.16], each definition describing a particular aspect
of the uncertainty. From the discussion in the Appendix A.2, 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 A.2-111. 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
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tokamak in turn from the database. The statistical justification of this somewhat automatic approach is
rather subtle. In fact, there are two versions of thistype of estimate, which give intervals close to the
above mentioned log-linear and log non-linear intervals, respectively, see the Appendix A.2 and
[2.6.16, 2.6.17] for further details.

The summary interval estimate from the Appendix A.2 is graphicaly represented in Fig. 2.6-
5. Inthis Figure, the large interva 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 noted that al log-
linear and log non-linear scalings discussed in Appendix A.2 give point predictions for the nominal
ITER parameters [2.6.18], which are within or above the smaller interval (see Table A.2-111).

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 caculating 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 materia
small devices (ASDEX, JFT-2M, PDX, PBX-M) and low-Z wall materia 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 [2.6.19]), and of difference between closed and open
divertor machines have been dedt with in the correction factor TAUC92. However, analysis of
ASDEX L-mode confinement [2.6.20] suggests that the latter influence is more complicated than is
assumed in the present smplified approach. An eement 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 access ble operating range.
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FIG. 2.6-5. Interval estimates of the confinement timein ITER at the standard operating point.
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A.2. APPENDIX: ITER Energy Confinement Projection
(O. Kardaun, 07/09/97; e-mail discussed, edited by JW. Connor 07/14/97, re-edited by JW. Connor 08/04/97, by O.
Kardaun 09/20/97 and 10/30/97, including comments from G. Hammett, revised again by O. Kardaun 02/10/98,

02/19/98, and 03/10/98, including comments from W. Dorland, edition by D. Campbell, and in response to genera
questions by V. Mukhovatov, adjustment 4/23/98.)

A.2.1. Point and Interval Estimation based on Log-Linear and Log Non-Linear Scaling
ExpressionsAs noted in Section 2.6.2, the working dataset of DB3, consisting of data from 11
tokamaks, leads to an ELMy log-linear scding (Eq. 2.6-8) that is smilar to ITERH-92P(y), the
ELMy log-linear scaling derived from DB2 [2.6.3]. Restricting attention to the statistically significant
differences only, this new ELMy scaling is proportional to n%*M 2k %12 times ITERH-92P(y) or
n024\~0-21g~024¢0:34 {imes ITERH-93P. The predictions for the ITER EDA standard operating
point are approximately the same (assuming 15% confinement degradation dueto ELMsin ITER).

It isimportant to realize that such log-linear scalings only provide a first order approximation
to the true regression surface by alinear regression plane on alogarithmic 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 [2.6.19, 2.6.3, 2.6.4] one considers interaction
models, which are given by quadratic expressions on a logarithmic scale, and in another [2.6.1,
2.6.21-2.6.23] offset-linear scalings, which describe the therma plasma energy as the sum of two
power-law scalings. Offset-linear scalings have been studied for many years [2.6.21] and posses a
practical physica and empirica motivation. However, actud fitting such scalings to the data is a
fairly high dimensiona non-linear problem.

In Section A.2.1, we discuss in somewhat more detail than in Section 2.6.4, the variation of
point predictions from severa 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 A.2.2 we provide satistical
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 characterised in Section 2.6.4. An equivalent dternative description is as follows.
There are, in fact, severa 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 (DB25+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
DB2.8r(1S) consisting of the large to medium-size tokamaks in DB2.8 that are smilar in shape to
ITER (JET, ASDEX Upgrade, DIII-D, JFT-2M, Alcator C-Mod).

There are severa issues, related to the coherence of the working datasets, which, for
simplicity, are not addressed in the present discussion: (i) the "closure properties’ of the Alcator C-
Mod divertor with respect to the other machines and the difference between the two divertor types a
JET, (ii) the inclusion of a part of the ELM-free JFT-2M data set which exhibits small ELMs in the
Dq signa [2.6.24], (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, abeit
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 congtitutes a mixture of type |
and type Il and possibly other typesof ELMs. To some extent the type of ELMs s controlled by the
engineering plasma parameters, including the proximity to operationa limits. (This is one of the
reasons that the difference between ELM-free and ELMy scalings is more complicated than a smple
multiplication factor, and compatible with the fact that the regression surface of the ELMy
confinement time seems to be less curved (on a logarithmic scale) than that of the ELM-free
confinement time [2.6.23, 2.6.15].) Insofar asthis applies, the effect of the change in ELM-type on

confinement isin part reflected by the scalings.
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Table 2.A-I1 describes how well anumber of scalings predict the observed confinement times
in two of the working datasets and what their prediction isfor ITER (at the standard operating point).
Thefirst two scalings are log-linear scalings based on DB2. The next scaling, IPB98(y), is based on
DB3 and uses k=b/a. The following 4 scalings are based on each of the four working datasets,
respectively, and use Ky = area/ e . Thelast 4 scalingsin the Table are log non-linear scalings. The
most notable difference between the log-linear scalings using k=b/a and the other ones is the aspect
ratio dependence.

Asisshownin Table A.2-I, the standard log-linear fits to the above restricted versions of the
standard dataset give ITER predictionsof 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(1S) of the "ITER-smilar”
tokamaks, the log-linear point predictionis 5.6 s. Compared with the 6 s standard estimate of DB2
[2.6.3, 2.6.4, 2.6.15], about 1/3 of the dightly more than 1 s reduction in confinement time in the
first two casesis dueto achangein the ITER operating point (i.e., ne from 13.0 to 9.7x1019 m3, 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 datafrom 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 k3 =1.53)
and 6 s (IPB98(y) with k =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 A.2-1 displays the sengtivity of the ITER predictions with respect to weighting the
observations from tokamak j by N{é"k,j for0<a< 1l (Fora= 0 dl observations and for a= 1 dl
tokamaks are weighted equally.) One can see that the dissmilarity between the ITER predictions
tends to become larger when a increases. The correct value of a would be O provided dl 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 satistical rule for the choice of a.
Practical experience with analyzing the present data set data may suggest that a moderate value of a
(/3 or 1/2) could lead to somewhat improved estimates with respect to the choice a= 0 used in the

standard analysis.
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FIG. A.2-1. Sensitivity of the ITER confinement time prediction with respect to weighting the tokamaks proportional
to, O<a<1, for log linear regressions based on each of the 4 subsets of ITERH.DB3.

As a preamble to a more detailed discussion of severa log non-linear models, a study
performed in [2.6.22, 2.6.23] 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. A sensitivity study of the change in the other regression exponents with respect to two
unknown aspect ratio exponents over a certain range, led to the compact class of two-term power-law
scalings of the form Wiy = Wy + TincP for ELM-free H-mode plasma energy content, with the
exponents in both terms represented graphically in Fig. A.2-2. These scalings are based on DB2 and,
sincethe 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 [2.6.26].
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FIG. A.2-2. Estimated exponents (+2 standard deviations shown as hatched 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 ag and bg (which correspond to the inverse aspect ratio exponents of the linear and the offset part,

respectively) have been varied asindicated. Thisinduces a change in the | east-squares estimates of the other exponents as
shown by the other sensitivity lines.

We consider in this Section three non-linear scalings (on alogarithmic 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 geng O @2Bk/IR and the ratio of the square root of a dimensionless, normalized pressure

gradient, a = -2u,(g?R/ B?)dp/dr, to the normalized Larmor radius, p* = pj/a. In engineering

variablesthisleadsto aterm

na2eh(e.x)

log g, = &t/0g Geng 109 (A.2-1)

Oeng

added to alog-linear model, where h is a shape factor. For the ELM-free dataset, the interaction

coefficient ajnt is significant, 0.3+0.04, and this has the interpretation that for large machines, and a

higher density, the exponent of geng becomeslarger. Thisleadsto alower ITER prediction, about 4
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sfor 0.85 x ELM-free confinement based on DB2, because the value of geng for ITER is below that
of the average of the database. (Alternatively, it can be interpreted as a decrease with geng 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 [2.6.16]. From this it appears that In(q95/deng), 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, dtatistically significant,
interactions are present [2.6.24, 2.6.4]. Thisis aso apparent from the large difference between the
corresponding exponents of the offset and linear term of the offset-linear scaling, see Fig. A.2-2.
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 additiona
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 leadsto 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-freg) [2.6.27] timesamultiplier cg my Which has been found from
gl 0Ly o /)03 0204

DB2.5 empiricaly to be proportional to qé?] where j denotes the toroidal

plasma current density. The first two factors indicate a difference in current and magnetic field
dependence, the third factor atendency 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 cg my is an indication to consider any fixed multiplier,
e.g. CEL My = 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
PL- = P_ = Pcx — PoL in[2.6.4]) for some of the tokamaks, the effective exponent being 0.3 higher
for ASDEX, 0.3 lower for PDX and DII1-D, and 0.15 lower for JET (with mixed divertor data) than
that predicted by OL-95 ELM-free. The reasons for such differences (divertor-type, neutrals, ELM-
type) are asubject for further investigation. The ELM-free OL-95 scaling leads to a prediction of 6.9
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sfor ITER if one assumes that ELMslead to 15% confinement degradation in ITER, and 7.3 s if one
uses the more complicated multiplier cg vy, described above.

Finally, we consider the offset non-linear scaling derived in [2.6.26], 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. Theformula is

W = 0.0821BaRk (BR %) + 0.043(In,gP, )%6ar3(BRM%) 015 (A.2-2)

which gives ardatively low prediction for ITER. The scaling has been derived without correcting the
ASDEX and PDX datato account for their "closed” divertor. Thisleadsto some 10% prediction bias
in Table A.2-11l. (It is noted that the correction factor TAUC92, motivated in [2.6.3], 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 severa alternative data sets, and their
confinement predictionsfor ITER aregivenin Table A.2-1. 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 operationa limit (notably density,
and H-mode threshold).

For reference, Table A.2-1 gives the number of observations from each of the tokamaks in the
datasets DB2, DB2.8, and DB3. (DB2.5is just DB2.8 minus Alcator C-Mod.) In addition, the table
shows approximately the fraction of "essentially different” timedices per tokamak. These fractions
are, in Section A.2.2, employed to estimate the multiplication factor in the expression for the log-
linear interval estimate (Eq. 2.6-14).
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The three non-linear scalings discussed here, which give quite smilar 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 timein ITER isliableto deviate from the (standard) log-
linear ones because of adifferent 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 achange in p*, an important difference between a log-linear and a log non-
linear model isthat the first implies a simple power law in p* with afixed exponent, while the second
contains an exponent that depends on the other variables in the model. This could have the character

of acritical value of p* a which thereis a change in the p* dependence of confinement as discussed

in Section 2.7.

Table A.2-1. 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 al variables, is at least three estimated standard errors of the experimenta accuracy).
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Table A.2-11. 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 Prediction of DB3.0 ITER
(N=1273) (N=1398) (ref)

Bias(%) | Std.dev.(%) Bias(%) | Std.dev.(%) T (9

I TERH-P92y [ DB2 (ELMy) 2.9 15.1 2.0 17.5 5.7
ITERH-P93 0 DB2 (ELM-free)l) 0.7 18.5 0.8 19.3 6.1
1PB98(y) I DB3 (ELMy)Z) -0.8 15.2 -0.6 15.8 6.0
1PB98(y,1) al DB3 (ELMy) 0.8 14.6 0.1 15.3 5.9
IPB98(y.2) [l DB2.8 (ELMy) 0.6 14.5 11 15.6 4.9
IPB98(y.3) Il DB2.5 (ELMy) - 14.2 -2.8 16.2 5.0
IPB98(y,4) [l DB3r(1S) (ELMy)3) 11.4 23.1 11.0 22.8 51
DK96(y) ia | DB2.5 (ELMy) 1.1 14.4 0.3 16.5 54
DK96(y) ia | pB28 (ELMy)4) -0.8 14.6 -04 15.3 5.0
OK96(y) o |pB2 (ELM-free)5) - 16.8 2.0 18.7 7.3
TT6(y) onl | pB2 (ELMy)6) 10.4 20.1 10.6 22.8 4.4

7 12.8 19.4 12.5 19.3

1) multiplied by 0.85 to account for ELMs;
2 Eqg. (2.6-8); (negligible) bias due to rounding and to satisfying the high beta constraint;
3) zero bias and 13.5% std. dev. for the dataset DB3r(1S);

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 sfor 0.85 times OK-95 EL M-free confinement;

the values are 9.3 and 8.0 s, respectively for the ITER IDR parameters (192 MW, 1.3x1020 m-3);
6) plus JT-60U (ELMy); scaling based on no correction for ASDEX and PDX with respect to the closeness of their

divertor;

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 daa
set. Extension (y) indicates that a scaling pertains to ELMy energy confinement. DB3 is the working dataset from
Section 2.6.3; 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: Il: log-linear, ia: interaction, ol: offset-linear, onl: offset-non-linear. (* numbersin 4 rows of the table to

be checked and updated for full consistency with Table 2.6.4-1, 4/23/98*)
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A.2.2. Framework for Interval Estimation

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
al 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
plasmatheory. Thisambiguity is evidently related to the fact that the basic transport mechanism(s) in
reactor relevant plasmas are not sufficiently well understood while a 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-
factoria quantity from which the separate influences are difficult to disentangle. Nevertheless,
predictions of energy confinement timein 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 phasg, it
was sufficient to concentrate mainly on an accepted scaling of a smple and quite robust type (so-
caled log-linear scaling or simple power law) and its point prediction for ITER to provide an initid
orientation [2.6.1]. However, since any point prediction will be different from the value that actualy
will be achieved, the ITER engineering design activity (EDA) requires some type of interva
estimation. We focusin this Section on a 95% interval estimate for ITER. As described in [2.6.15],
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 operationaly useful interval estimate, it is necessary to
be precise about the scientific interpretation, and, related to that, about the way such an interva is
constructed. We restrict attention on an interval estimate of the average confinement time of a large
number (say 1000) of ITER discharges, al made a the same operating point. Two definitions are
given, each of which covers a (complementary) part of the complicated rea 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 interva for Tg is a

random interval which covers the "true" (i.e. average) confinement time with 95%
probability under the hypothesisthat (a) a specific type of model, e.g. a smple power law

scaling, is correct; (b) al essentia regression variables are included; and (c) the residual
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data variation can be, for practica purposes, modeled as independent redizations of
haphazard ("random") events. For log-linear models, such atype of interval is routinely
caculated by basic datistical software packages (such as SAS, S-PLUS and JMP)
[2.6.28, 2.6.29]. As explained in [2.6.16], it is based on error propagation from the
center of gravity of the data to the ITER operating point. A geometrical interpretation
yielding a simple summation of projectionsin principal axeswas derived in [2.6.2], and a
linearized projection formula around a standard operating point in [2.6.15].

We know, however, that the stated hypothesis is not well satisfied in our situation, and that
the classical intervals are too narrow to be physicaly redlistic. To cope with this problem, one can
increase the scale factor in the standard error propagation formulato provide some, be it a genera 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 eement 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
first of these issues leads to the following interval definition (even if idealized and departing from
classical statistics):

(i) A 95% interva is formed by 95% (i.e. dmogt al) "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 (smple
power law), and that the model selection has been based on "proper” considerations, i.e.,
on relatively plausible physical arguments and/or smple modedl extensions of existing
first-order (log-linear) scalings, rather than on “artificialy construed” mathematical
functions, directed towards especialy high or especialy low ITER confinement.

There are a number of related concepts (see [2.6.16]) 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: (@) the discharges from alarge 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 therma energy measurements available per machine (based on Wyja,

Wmhd, Wkin), Yields a large number of different predictions from which one can delete the 5% of
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extreme onesto obtain an interval estimate, (C) one can construct jackknife-type interval estimates by
deleting one machine at atime 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 [2.6.16],
we will base the evauation of the log-linear interval estimate on the multiplication factor
c=cq0//NgtH , with ¢ =uy4/Ng;H /64, instead of on the classical value c=20/+/N. Here,
Neff denotes the "effective number” of data points, which means that multiple observations in dl
variables (within measurement error) are excluded. (As usua uq is defined by the property that the
probability of a standard normal random variable to exceed uyg equas a). The quantity

N ok
NetH = — iNeﬁ' ilB(Nefr j / Negr ), Where Niok is the number of tokamaks, Ib denotes the binary
=1

logarithm and H is the Shannon uncertainty measure [2.6.30, 2.6.31] 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, ¢ is equal to the familiar 26 /+/N corresponding to a classical (two-sided) 95%
interval. For other values of Niok and Neff 1,...,Neff, Ntok, & normalization to this situation has been
made. This approach provides a least some safeguard against remaining moderate systematic
influences that are amost 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 practica judgment of the
specific Situation.) The estimated values of Neff 1,...,Neff, Ntok can be found in Table A.2-1. In our
case, for the DB3 ELMy dataset, Ngff= 867, H/Hmax = 0.785, Hmax = 1b(11) = 3.46, which makes
Ca = 4.8 and c = 1.5%. The scaling of the ELM-free data, multiplied with afactor 0.85 to account for
aroughly estimated confinement lossdueto ELMs in ITER, supports in genera the prediction based
on the ELMy dataset. Hence, this prediction is based on more information than the ELMy dataset
aone. In fact, for the tota (ELMy and ELM-free) DB3 dataset, we have N=2529, Ngif = 1600,
H/Hmax = 0.795, Hmax = 3.46, cq = 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 interva from the ELMy dataset

by some 15%.
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From the second approach, a 95% confidence interva 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 dl 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 a more extreme
predictions. We will not pursue this approach any further here, but set the interval to (3.5-8) s.

Originated by Tukey [2.6.32], jackknife-type estimators for the variance of some parameter
has become a modern trend, partly because of its ease of (electronic) calculation. Nevertheless, the
statistical basis of jackknife-type arguments ("leaving out one tokamak in turn®) is quite intricate. In
[2.6.16] it was found (by error propagation analysis) that these lead to some type of cross-validated
interval estimates that are roughly a factor two larger than those using ¢ = caﬁl\/w if the
assumption of alog-linear model is not abandoned. In [2.6.17] it was argued that by applying a
simple variance formula (called "shotgun™ estimator in Efron's fundamental paper [2.6.33]) applied to
the DB3 working dataset, the width of the interva estimate increases by an additional factor of two.
These two approaches relax, in different degrees, the full classical log-linear model assumptions,
abeit without accurately specifying the class of alternative regression models assumed. The accuracy
of the latter approach depends notably on the number of tokamaks (rather than on the effective
number of time-dices) being sufficiently large.

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 [2.6.16], 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 datistical
methodology for fitting "catastrophic type" response functions [2.6.15] is ill in its infancy. As
discussed in Section 2.6.4, there are additional practical issues associated with the physical aspects of
the transport processes involved, for which studies are continuing.

As described in [2.6.15], 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
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estimate for ITER, based on DB2, was st a (3.5-9) s, and a 95% (log-linear) interval estimate a
(4.2-7.8) s, centered around the point estimate of 6.0 s. (The latter interval corresponds numericaly
to roughly a66% log non-linear interval.) The present analysis, based on the various subsets of the
extended database DB3, rather 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 5.5s. This
result isgraphicaly displayed in Fig. 2.6-5. The shift with respect to the previous intervd is partly
due to the new data and additional analysis and partly to the change (from the IDR to the DDR values)
of the standard operating point. The dependence of the log-linear interval width on the actua
operating point (in the neighborhood of the standard one) has been expressed analytically by a smple
linearized formulain [2.6.16]. For the log non-linear interval estimate a more computer (and human
intervention) intensive method seems to be necessary, unless the actua operating point does not

change very much.
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2.7. SCALING STUDIESWITH SIMILAR DIMENSIONLESS PHY SICS PARAMETERS
(F.W. Perkins, J.G. Cordey, J. DeBoo, 10/17/97; Edited 20/02/98)

2.7.1. Basics

Quasi-neutral plasma turbulence is believed to govern transport processes in the core of
tokamak plasmas. Thisled Kadomtsev to observe [2.7.1] that transport in the plasma core should
be fundamentally governed by three physica dimensionless plasma parameters denoted by
r*,n",andb, as wel as other geometrical and technical parameters {p;} 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
cregte, in present machines, discharges which are as similar to ITER as possible, with fundamental
dimensionless parameters being the measure of smilarity. 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 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 smilar approach implies that the non-dimensional

energy confinement time Wit g can be expressed as
Wtg =Fr",n", b, {p}) (2.7-1)

Thelist of other parameters { pj} islong [see Eq. (2.2-8)]. Table 1 in Ref. [2.7.2] presents a list
of 18 dimensionless parameters. Representative examples are q, kK, R/a, Ti/Te Zeff, Sngle-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
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Vi (TIM)"Y2 is a key dimensionless parameter which has previoudy been neglected. The
definitions we adopt are as defined in Egs. (2.6-3) through (2.6-7) and the degree to which these
parameters can be made identical to ITER will be discussed below.

The concept of discharges with smilar dimensionless parameters arises from dimens onal
analysis of the eguations governing microinstability plasma turbulence [2.7.3] which proceedsin a
5-dimensional phase space - only the fast gyration mation 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 congtraint that the divergence of the current density
moment must vanish. Definitions given by Egs. (2.6-3) to (2.6-7) 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 fi/n~r”*,
[2.7.4-2.7.6] then the dimensionless, nonlinear Boltzmann equation contains coefficients of order
unity, indicating that a sdlf-consistent scaling has been obtained. A secondary expansion in
collisondity n* is often made, because ITER will liein the region where n* << 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 then* and b parameters, but not in the parameter r *. ITER will haver”
values 5-8 times less than present tokamaks. In order to match ITER n* and b values in present
tokamaks, the discharge density and temperatures should be scaled from ITER values according
to[2.7.7]

n pu B43R-13 T u B3RY3 (2.7-2)

Table 2.7-1 lists representative discharge conditions with the same b and n* values as
ITER. They are compatible with standard operating regimes in the various devices, indicating that

present tokamaks can be in the same physicsregime as ITER.
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For the remaining parameter r*, the standard assumption is that the function F can be

taken to be a power law inr”*
_ * —(2+a)' *
F=(") Hn', b, {p}) (2.7-3)

where the exponent a is expected to lie in the range 0=a =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 r*, and hence no characteristic length,
which governs microingtability turbulence scaling apart from the particle gyroradius and plasma
sze a. The value of the exponent a then determines a characteristic turbulence scale size
trri2a?  pyen though one can identify other characteristic lengths in the core plasma, for
constant b and n”* these lengths scale as r j and thus would not change the relation between a and
. Thisis fortunate because it is planned to operate ITER near its b-limit so that a power law
assumption for b scaling is not generally valid. Instead, physics arguments suggest that
confinement should be independent of b for low b values and should degrade as a b-limit is
approached. On the other hand, because n* << 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 n*.
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Table 2.7-1. Representative Discharge Parameters scaled from ITER at
constant b, Zeff, and n*

Parameter ITER | JET | JT-60U| ASDEX-U | C-Mod | COMPASS-
DIII-D D
B (T) 5.7 25 1.8 2.1 5.0 2.2
R (m) 8.1 2.9 3.2 1.67 0.67 0.56
2o 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 4.3t
I iTer 1.0 4.6 4.7 7.3 8.7 17.4

T c-Mod and COMPASS-D need additional auxiliary heating to reach this value.

From Table 2.7-1 we note that the r * value for ITER is 4.6 times smaller than the values
achieved on JET and that the range of r * available is roughly a factor of 3. (Recognize that many
of the devices in Table 2.7-1 can be operated at lower fields than indicated and hence at greater
r*.) Theadditional rangein r* represented by Alcator C-Mod and COMPASS-D would serve to
reduce the uncertainty of ITER projections. Smaller values of r* could be attained by 4T
operation on JET (reducing r */r *|ter to r */r " |1er = 3.3) if there were sufficient auxiliary heating
power to attain ITER b and n* values.

This approach to the analysis of trangport and confinement based on smilar dimensionless
physics parameters addresses the fact that, in principle, the gyroradius scaling of plasma
turbulence could depend on b, collisonality, or any other nondimensional parameter. For
example, different scalings might arise in the collisionless (n* << 1) and callisiona (n* >> 1)
regimes. Expressed in terms of Eq. (2.7-3), this implies that the exponent a could be a function
of b, n*, or density profile index an (= [(a2 —r2) /2rng ¥ dng/dr). Indeed, experiments find that
the exponent a differs for L- and H-mode discharges, indicating a dependence on other
nondimensional parameters. For this reason, it isimportant to determine the r *-scaling exponent

at ITER-rdevant n* and b values and with ITER-like flat density profiles.
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While most of the scaling studies with smilar dimensionless parameters have focused on
the r*-scaling of nominal ITER discharges, it is aso of interest to determine how ITER
confinement will depend on other parameters under experimental control, e.g. g, b, and n*. These
studies are needed to project the response of ITER to variationsin operating conditions. Scansin
these parameters can be carried out at fixed r * 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 b- and n*-scalings at

severa r* values.

2.7.2. Dischargeswith Identical Dimensionless Parameters

An evident question for transport scaling with similar dimensionless parameters is. do
experiments support Eg. (2.7-1)? The answer lies in preparing discharges with identical
dimensionless parameters, but distinctly different physical values. The value of Witg should
remain invariant. Such comparisons have been made for circular ohmic tokamaks [2.7.2] and for
auxiliary-heated, ITER-like tokamaks [2.7.8, 2.7.9], albeit at b values below the planned ITER
value. Good agreement was obtained. Table 2.7-11 presents the results for an ITER-like
JET/DINI-D comparison [2.7.8].

Table2.7-11. JET and DI11-D Non-Dimensionally Identical Discharges

a(m) B(T) | IpMA) | mg | WMJ) |Pwt(MW) | tin(s) | Bt
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 Piresha®4 = (const.) is predicted. One can aso
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note that unconstrained, power law regression analyses of global confinement scaling fulfill a
constraint on the exponents derived from Eq. (2.7-1). Based on present evidence, one can

conclude that experiments are indeed in accord with Eq. (2.7-1) [2.7.9].

2.7.3. Results of Experimentswith Similar Dimensionless Parameters

Scans in r* with similar dimensionless parameters b and n* have been carried out for
ELMy H-mode ITER Demonstration Discharges on ASDEX-Upgrade [2.7.10], C-Mod [2.7.11],
DIII-D [2.7.8, 2.7.12, 2.7.13] , JET [2.7.14], and JT-60U [2.7.15]. Results for L-mode scaling
are available for DIII-D, ASDEX-U, and JT-60U. A principal conclusion is that the confinement
scaling exponent, a, depends on the confinement mode.

A successful ELMy H-mode r* scan requires careful matching of b and n* profiles, an

~

operating regime that attains Te =~ Tj, and smilar, preferably flat, density profile shapes.
Figure 2.7-1, taken from [2.7.13], illustrates the excellent agreement obtained on DIII-D r * scans.
Similar success was achieved on JET and JT-60U r* scans, aswell as JET and DIII-D b and n*
scans. Table 2.7-111, adopted from [2.7.9], presents the values of a obtained in the DIII-D and

JET experiments, together with a smple estimate of the 2s-uncertainty.
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FIG. 2.7-1. Radia profiles of (a) relative ion Larmor radius, (b) thermal beta, (c) ion
collisionality, (d) ratio of eectron to ion temperature, (€) 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 dischargesin DIII-D [2.7.13].

Table 2.7-111. Experimental Determination of ther *-Scaling Exponent a.

Tokamak by I iTer a da tthITER (9 dt (s)
DIII-D 2.1 7.7 11 +0.4 28 +18
JET 2.2 55 0.7 +0.3 6.4 +3
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The errors in dt are assumed to arise entirdly from errors in the determination of the
parameter a in the r* scaling experiments. For a standard error of + 15% (2s) in the stored
energy, the 2s error in the parameter a will be da = £0.4 for DIII-D and da = £0.3 for JET. The
reason the errors are so large is due to the fact that the range in r* is very smdl in the
experiments (DII-D; r *11/r o7 = 1.6 and JET; r *17/r *267 = 1.9).

To reduce the errors in the prediction of confinement, it will be necessary to complete a
joint r* scan on at least two machines of different sizes to increase the range of r*. Table 2.7-I
indicates that Alcator C-Mod and COMPASS-D r* scans would be valuable additions to the
database.

JT-60U [2.7.15] has also carried out an ELMy H-moder * scan at by = 0.8 and geft = 4.4.
Profiles of b and n* were well-matched. High triangularity was used to reduce the effect of
ELMs on confinement. The results show a = 0.8 and, like DIII-D, an appreciable difference
between L-mode and H-mode in the r* scaling of the ion heat transport. ASDEX Upgrade
[2.7.10] 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 n* values.
Initial H-mode scaling studies on Alcator C-Mod find a = 1.1+0.7, i.e. gyroBohm scaling with
appreciable uncertainties.

Figure 2.7-2 portrays the results of JET and DIII-D r * scans compared to the ITER93H-P
scaling relation, which has a = 0.7. It is clear that, for discharges carefully constructed to be as
ITER-like as possible with present devices, this value of a =0.7 describes the experimental

stuation well.
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FIG. 2.7-2. Comparison of Bt g measured in r* scans on JET and DIII-D with the ITER93H-P scaling
relation.

JET and DIII-D have also carried out an investigation of b scaling and n* scaling. The
results indicate that confinement is independent of b for by < 2.0. Moreover, the n* dependence
is non-existent for L-modes and weak, Witg g (n*)~0-3, for H-modes. The DIII-D Team argued
that the weak n* scaling could be attributed to ion neoclassical physics, which would be negligible
in ITER. Theb scaling experiments found little dependence of confinement on b, which disagrees
with global scaling relations.  Callinearities in the global database are a possible explanation
[2.7.16]. Alcator C-Mod reported a 1/n" dependence on collisionality [2.7.17].

Turning to L-mode results, global L-mode r* scaling experiments, carried out by TFTR,
DIl1-D, ASDEX-Upgrade, and JT-60U, have concluded that the t g scaling is Bohm-like, which
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again indicates that the scaling exponent, a, must depend on some nondimensiona parameter that
differs from L-mode to H-mode.

It isilluminating to analyze the parameters of ITER Demonstration Discharges localy. In
ar” scan, one can compute, as a function of minor radius, the ratio of thermal conductivity (or
heat flux) between member discharges of ar* 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 [2.7.15] and DIII-D [2.7.13] 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 dectron channd exhibits
gyroBohm scaling for both L- and H-mode. The overall Bohm scaling in L-mode results from the
combined eectron and ion channd 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 dengity gradient index ap.

2.7.4. Limitationson Transport Scaling Studieswith Similar Dimensionless

Parameters

Conceptualy, the nondimensional approach to determining confinement scaling is Ssmple
and direct: create a discharge as close to ITER conditions as possible and then experimentally
determine the scaling in the single remaining parameter, r *. 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
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those with directed NBI on the same device should eucidate, and perhaps resolve, the flow shear
issue. The JET facilities are well suited to this investigation.

Successful scaling experiments with similar dimensionless parameters call for appropriately
scaled plasma densities and identical plasma dengity profile shapes — an area where experimental
control is limited at best. Plasma fueling via gas puff, NBI, and insde/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 likdly, in accord with observations on JET. Planned upgrades to present experimental
capabilities, including both highly baffled divertors with domes and efficient inside pellet fuding,
may serve to increase the degree of experimental control on the profile shape. Active control of
the density profile shape would eucidate a presently poorly characterized aspect of transport and
its scaling.

A continuing anomaly in tokamak trangport 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, and
fast-ion concentrations. Although there has been a strong observational program focused on
identifying that an isotope effect exists [2.7.18], the problem has not been approached from the
view of validating candidate mechanisms. More fully devel oped 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.
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Scaling experiments with smilar 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
ITER the fast ion energy content will be negligible because the ratio of ion dowing 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 n* governs whether trapped
particles can complete a full banana orbit. The quantity t gnje, 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 tghnje~ 1 permits
T >> Tg, a condition known theoretically and experimentally to reduce transport. Such plasmas
are not accessible for ITER, which will have tgnje >> 1. In ITER Demonstration Discharges,
operational steps aretakentoassure Te™ T;.

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 giff systems.
Some ion-temperature-gradient theories result in a iff system [2.7.19]. Transient L-mode
transport experiments on ASDEX-Upgrade, however, suggest the system is not stiff [2.7.10].

ELMs congtitute 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
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ITER Demonstration Discharges have a power loss through the separatrix well above the H-
mode power threshold, resulting in strong type | 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.

Summarizing, dimensionless transport studies can benefit from experiments on present

facilities which can remove or reduce the limitations described above.

2.7.5. 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
sngle exponent, a, defined in EQ.(2.7-3). Experiments to determine the scaling exponent on
several devices conclude that a 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 a
= 1.0£0.2, in accord with the concept that plasma transport is dominated by low-b, eectrostatic,
collisionless instabilities. L-mode discharges, on the other hand, exhibit Bohm scaling, which is
further found to be a combination of gyroBohm eectron 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 a expressed in Table 2.7-111 will reguire experiments with a
greater range in r* p 15 23RY6. 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 r* scans on COMPASS-D. JT-60U
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could also lower the r *-ratio to r */r *|Ter ~ 3.3 at ITER-like b and n*, if operation at nyg = 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, but can be
realized in a stiff transport model via sengtivity 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 [2.7.20]. If it isareatively 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.

From a nondimensional scaling perspective a key question is. does I TER need an H-mode

transport barrier at the edge to attain gyroBohm core transport scaling?
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2.8. 1-D TRANSPORT MODELS

(D. Boucher, JW. Connor and S. Kaye 06/20/96; edited by J. Connor 06/27/96; re-edited by J. Connor 07/12/97;
re-edited 07/25/97; re-edited 09/04/97; re-edited 09/08/97; D. Boucher: 9/17/97 edited 9/29/97 by Modeling group
in Garching); re-edit 10/27/97 JW Connor

2.8.1. Introduction

Calculations of the expected fusion power from ITER can be carried out at various levels.
The smplest isto use a global energy balance, taking the confinement time t g from extrapolating
empirical scaling relations as discussaed in Section 2.6 or employing dimensionally smilar scaling
studies as in Section 2.7. These calculations take some account of profile effects by assuming

T=To(1- r?/a%)?T

particular forms (eg., , treating aT as a parameter to be chosen or

explored), and specify levels of impuritiesin terms of a global Zeff and the fraction of He ash using

a lifetime tr

e. The next smplest step would be to use profiles that crudely represent known
physics. Thus, one could take n and T flat within the g = 1 surface, or the mixing radius, to
represent sawtooth effects (see Section 2.5.1), invoke edge pedestals to represent the H-mode
transport barrier (see Section 2.4.2) and then use asmple, say linear, radial interpolation between;
this would produce a trapezoidal shape. A more redlistic 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 smple empirical forms
for particle transport (see Section 2.9). A semi-empirical approach to such modding of the
energy transport can be employed in which one chooses forms for the radial profiles of cj and ce
that are known to reproduce experimental profiles well, but one fits their overall magnitudes to
ensure some particular global scaling expression for t g is reproduced; again models for sawteeth
and the H-mode barrier can be added. The ultimate aim of this 1-D modeling, however, isto

have a complete transport model which predicts both the temperature profile and confinement
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time. (It isworth 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
modes can be semi-empirica in which, while physical ideas like dimensiona analysis and critical
gradients are employed, the choice of the structure and the magnitude of diffusivities is guided
largely by experimental comparisons. The extrapolation to ITER of results using such modelsis
subject to reservations similar to these encountered in extrapolating global scaling laws for tg.
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 modd is
adequate, the same model could smultaneoudy describe other modes, such as reverse or
optimized shear, which might eventually be invoked for ITER. These physics based models can
be derived entirdly 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 [2.8.1] 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
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guantify how successfully each model performs. To avoid the need for a H-mode transport
barrier modd, 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 itsimpact on confinement and profiles.

2.8.2. Theoretical and Semi-Empirical Transport M odels

(JW. Connor)

Within the framework of neoclassical collisional transport theory it has proved possible to
obtain precise expressions for transport fluxes [2.8.2-2.8.4] (Section 2.2). 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
efc. Many estimates (e.g., mixing length ones) of the turbulent transport coefficients associated
with these fluctuations have been made over the years[2.8.5-2.8.7] (Section 2.2). Such modéls,
which are inevitably gyroBohm in nature, usualy 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 2.3.2) result from eectron drift
wave and ITG modds. In the linear Ohmic confinement (LOC) regime, the increase of
confinement (and decrease of eectron temperature) with increasing density is consistent with a

reduction in transport with density due to trapped electron modes [2.8.8]. The improved Ohmic
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confinement (I0C) associated with a steeper density gradient has been modeled using ITG
models; the ultimate saturation with density has been attributed to ion neoclassical transport
[2.8.9]. However, these smple models are sometimes challenged by other experimental results
such asthe current scaling, and often fail to predict the correct shape of profiles[2.8.10, 2.8.11].

The Weiland-Nordman drift wave modd [2.8.12] 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 [2.8.13]. A feature of this
model is the important role of a critical ion temperature gradient for the excitation of ITG
turbulence. As a result, this model is able to overcome some of the weaknesses above [2.8.14—
2.8.16].

The Multi-mode modd has evolved from earlier versons [2.8.17, 2.8.18] and now brings
together a verson of the Weiland-Nordman moddl, a resistive ballooning model due to Guzdar
and Drake, a kinetic ballooning mode modd and neoclassical trangport [2.8.19]. The Multi-mode
model currently treats the k-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 [2.8.18-2.8.21]. It isinteresting to
note that this modd, which is inherently gyroBohm, modes 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
[2.8.22] 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 smulations of turbulence to determine the parametric
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dependence of transport coefficients. The IFS/PPPL model [2.8.23-2.8.24] is a leading example
of this, combining gyro-fluid smulations 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 modd was first successfully tested on TFTR L-mode
discharges. Recent advances in the stahilizing effect of radial dectric field shear (see Section
2.4.1) have led to modifications to the IFS'PPPL moddl. 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 models is an active research topic.
These models are based on gyro-fluid smulations in a local annular region of the plasma cross-
section; related smulations using more fundamental, but more computationally challenging, gyro-
kinetic smulations 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 [2.8.25]. Results
from predictive moddling efforts have indicated that features of the core plasma are well modeled
using theion temperature gradient mode as a basis for transport there [2.8.16-2.8.25].

A somewhat different physics based modd is the Current Diffusve Ballooning Mode
(CDBM) modd [2.8.26]. This is based on a one point renormalization of pressure driven
'resstive MHD' turbulence but with the important difference that a self-consistent turbulent
electron viscosity due to eectron inertia replaces collisonal 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 smulations [2.8.27] and the transport is not particularly dependent on the
linear ingtability criterion. The mode 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 eectric fidds can also be included [2.8.28]. The theory involves one
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undetermined numerical coefficient which is chosen once and for al to optimize the fit to a
dataset. The moded has captured satisfactorily the essential features of the Ohmic, L-mode, the
interna transport barrier for the high bp mode of JT-60U [2.8.29] and current profile control by
LHCD [2.8.30].

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 2.3, 2.6]. Most drift wave based models are gyroBohm in nature and would be
expected to predict the opposite effect (Section 2.2); 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 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 modd 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 [2.8.31] is based conceptually
on the excitation of microscopic magnetic isands when a critical eectron 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 modd is influenced by ideas from collisonless skin-
depth [2.8.32] 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 [2.8.33]
have devised the so-called Mixed moded, a combination of smple Bohm and gyroBohm terms

suggested by drift wave driven transport, with the Bohm term containing a non-local eement
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which responds to edge conditions. In this way it is able to describe a diversity of steady and
transent experiments on JET. This model has been modified to the mixed-shear modd by
Romanelli and co-workers [2.8.34] to embody theoretical predictions that the Bohm contribution
will be reduced for low magnetic shear. The T11 mode 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
collisonless skin depth scale [2.8.35]. Recent extensions to include anomalous ion transport
guided by dimensiona analysis (uniquely, in that it allows the Debye length to enter) and
experiment have led to the Semi Empirical Transport (SET) modd [2.8.36]. Finally, we mention
the Canonical Profiles Trangport Model (CPTM) which contains a combination of empirical
background anomalous transport and additional terms which tend to force the profiles back to so-
called ‘canonical’ ones suggested by MHD energy minimization arguments [2.8.37].

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. It isto be anticipated they
will develop further in the light of further research and it is desirable that future (and indeed other
existing) models be smilarly tested.

Complete modeling of a discharge requires transport equations for temperature and
particles, valid across the whole plasma profile. While some modd s (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 [2.8.38]. Thus in the presence of low frequency ionic turbulence
the dectrons, particularly the trapped ones, diffuse conserving their adiabatic variants. m 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 [2.8.39] show that, for an ITER-like magnetic geometry,

n.(0) ~1.5n,(ped) it only trapped particles respond: alternatively, using a ratio for this relative
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response that fits DIII-D data, one finds Me(Q) ~2M%.(Ped) (here Ne(PED) s 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 [2.8.18, 2.8.19]) and others contain an explicit H-mode barrier model (e.g., that of
Cherubini et a [2.8.33] involves a narrow neoclassical layer); the incluson of this physics is
necessary if one is to give a first principles transport mode for the H-mode. Some transport
modds contain relatively smple sawtooth models (e.g., periodic Kadomtsev mixing within the
sawtooth region, asin the Culham model [2.8.32]), but others have proposed prescriptions for the
sawtooth period based on MHD stability criteria and rules for its periodic effect on the profiles
based on reconnection and relaxation ideas [2.8.40-2.8.42] (Section 2.5.1). It isinteresting that
including the stabilizing effect of apha-particles allows a long period for the sawtooth (~100 s),
leading to a 'monster’ sawteeth [2.8.42].

2.8.3. Plasma Profile Database

(D.Boucher)

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. One objective of the database is therefore to provide al the profile and global data
required for comparing transport predictions with experimental observations in a readily
accessible form. The Profile Database is organized as follows:

1. for each tokamak discharge a minimum amount of information: global parameters,

time traces (scalar quantities as a function of time) and time dependent radial profiles

are made available to allow a fully time dependent smulation of the discharge;
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2. al information required for a modeer to smulate in detail a given tokamak discharge
is physically available in one single package rather than spread across numerous files,

3. each package describing a discharge is fully standardized in its format and content so
that the effort of reading the data and using it for input in a transport code is
minimized and the process fully automated;

4. theworkload associated with preparing, checking, distributing, loading and using these
packages is spread as evenly as possible among the data providers, database caretaker
and data users, in particular, each inditute participating in the Profile Database is
responsible for preparing the package representing its discharges following the agreed
format for the list of supplied signals and for updating this package as needed. In
addition, all software developed by participants is made available for others to use.

After receiving inputs and recommendations from both data providers and data users (i.e.,

the modelers) a Profile Database manual that described in detail all the information pertinent to
the operation of the database was issued: file format, list of required and additional signals was
specified. Shortly afterwards, the software needed by ingtitutes to prepare the discharge packages
was prepared by the ingtitutes and the first data sent to the file server of the modeling group.
Additional checking of the data, strong encouragement to strict adherence to the agreed format
and development of additional files such asalist of available discharges with a short description, a
review sheet outlining the current status of the data, was performed on the site where the database
ismaintained. Finally, modelers were able to use the data and to report any difficulties they found
and as far as possble assist data providers in solving these difficulties. By September 1997, 141
discharges from 9 tokamaks were available on the file server of the group. 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
notorioudy difficult to provide — and not al problems identified by users have been solved. Asa
consequence the descriptions of the discharges are ill evolving with time as either more

information is made available or earlier problems are solved.
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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

givenin Table2.8-1.
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Table 2.8-1. Database Discharges

Tokamak R/a Heating | Fed | Current Phase! Comments
(m) (MW) (M) (MA)
Alcator 0.67/0.22| ICRH 5.2 0.8-1.0 L, High magnetic field
C-MOD 0-25 H,
HSELM
DIII-D 1.69/0.63| NBI 1.0-20/05-20 L, Scans.
0-15 HSELM temperature
density
elongation, r *
JET 3.0/11 NBI 1.0-32/1.0-30 L, Scans.
0-18 HSELM, r*, b, n*
Hot lon H
JT-60U 3.2/0.89 NBI 24-42110-35 L,
5-23 Hot lon H
TFTR 2.5/0.87 NBI 21-55/08-23 L, Impurity injection:
4 - 36 ERS, Xenon, Krypton
H, Scans.
Supershot | current, r*, b, v *,
power
Comparison between
DD and DT discharges
Cold pulses
experiments.
RTP 0.72/0.16| ECH 2.2 0.077 Ohmic, Hollow Te profile
0-0.35 L
T-10 15/032 | ECH 2.8 0.2-04 Ohmic,
0-17 L
TEXTOR | 1.75/0.46| NBI 2.25 0.4 L, Transtion |-modeto L-
2.8 [-mode mode
TORE 2.3/0.7 ICRH 2.2 0.4 L Enhanced Performance
SUPRA 2.8 mode

T L L-mode, H: ELM-free H-mode, HSELM: ELMy H-mode (small ELMs), ERS: Enhanced Reversed Shear

2.8.4.

Resultsof 1-D Modeling Tests

(JW. Connor, D. Boucher)

The existence of the ITER Profile Database (Section 2.8.3) provides an opportunity to

carry out extensve and verifiable testing of transport models such as those described in

111




Section 2.8.2. Table 2.8-11 displays models and modelers who have placed smulations 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 modd testing outputs were found to
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 mode 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 al 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 modd ¢ = ng(0)/ne, by Mikkelsen [2.8.43,
2.8.44]; the maximum error is less than 0.5% from both SMC, the standard code of Boucher
[2.8.45], 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 modd ¢ =1 m?/s and a
special benchmark dataset have been compared. Finally, the predictions of the codes for the
models discussed in Section 2.8.2 have been calculated for the standard dataset and placed on the
ITER Profile Database server.

Analyss software is aso available on this server to generate the various figures of merit
for testing models shown in Table 2.8-111. We have chosen to concentrate on (i) figure of merit

1) in Table 2.8-111 which represents the ability of the models to simulate the experimental energy
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contents W (we present comparisons for the total energies above the edge pedestd, 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 2.8-111,
which represents the distance between the modeled and smulated electron or ion temperatures
profiles (thisis taken over the 'transport region' 0.2 <" < 0.9, where I isthe 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).

Table2.8-11. Modelsand Modéeers

Model Model er Physics

Weiland J. Weiland (EU), D. Mikkesen (US), ITG
R. Waltz (US)

Multi-mode J. Kinsey (US), G. Bateman (US) Drift waves, RBM,
D. Mikkesen (US) Kinetic Ballooning,

Neoclassical
Waltz GLF23 R. Waltz (US), J. Kinsey (US) ITG
IFS'PPPL, no E ¥ B; | M. Turner (EU), S. Attenberger (US), ITG

B. Dorland (US), D. Mikkesen (US),
R. Waltz (US), Y. Ogawa (JA),

IFS/IPPPL, E¥ B
D. Boucher (JCT)
CDBM A. Fukuyama (JA), S. Attenberger (US), | Current Diffusive
D. Mikkdlsen R. Waltz (US) Ballooning Modes
D. Boucher (JCT), J. Kinsey (US),
Y. Ogawa (JA)
RLW B, RLW D. Mikkelsen (US), D. Boucher (JCT) Semi-empirical
Culham M. Turner (EU), S. Attenberger (US) Semi-empirical
D. Boucher (JCT)
Mixed A. Taroni (EV) Semi-empirical
Mixed-shear G. Vlad/ M. Marinucci (EU), D. Boucher | Semi-empirical
(JCT), Y. Ogawa (JA)
T11/ SET A. Polevoi (RF) Semi-empirical
CPTM Y u. Dnestrovskij (RF) Semi-empirical
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Table 2.8-111. Figures-of-merit

1: Ratioof incremental total stored energy: s _(T-TY?
Winc cC = S—Z
sim , . . 4: Ns
Weo where W™ = S(3/2)(n.T, +nT,)dV where s isthe experimental error
and T(r)=T() T(0.9) and N the number of observations.
inc & inc & b 2
0 im O =s_
\Asine \Asine . b;z b*2 = SnizTide
2. ST % ang o 2 (Separating e and i) > where
- W JST.- T
n s :0.3Ti,r =0.3 S —2
M T W 6a STD= VoI«
i,r=0.3"1,r=0.3 X S(TS _ TX)
2
6b: OFF= VSTx
for eectrons and ions separately.

The results are displayed in Figs. 2.8-1 — 2.8-4. Figures 2.8-1 and 2.8-2 show the mean

and the mean square deviations of the predictions for Wincw'™

expressed as

from each transport modd,

inc inc
eVVexp 20 eWexp (4]

& a&gyinc 60 inc o
<R, >= égw;’m- 1++/N and DRN:‘/égW—S"“- 1+ IN,
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 al models, as shown in
Table 2.8-1V. 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 2.8-3 and 2.8-4 show equivalent results for STD(T,) and STD(T),

respectively.
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Table 2.8-1V. Number of Discharges from Standard Dataset
Used in Testing of Each M odel

Mod€ H-mode with | H-mode with| L-Mode ALL
giant ELMs | small ELMs
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 dightly better predictions with an accuracy of within 22%) Of these, the
Multi-mode model gives a better prediction for the eectron temperature profiles with an average
STD value of 13% as against 25% for the IFS/'PPPL E¥ B modd, 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 modes 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 amodel on the groundsthat 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 modd

achieved a reduction in the mean square deviation on a 46 discharge subset of the database from
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26.9% to 19.6% using such a recalibration. The CDBM modd has a single overall constant
multiplier which is to be chosen to provide the best fit to the data; a renormalization of this mode
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 smplest 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 base investigations. specific scaling studieson r*, v*, b,
flow shear, T¢Tj, etc. on the one hand and comparisons with perturbative and transient
experiments on the other. For example, there is a proposal on DIlI-D to compare models with
pulsed localized ECH experiments which will test the stiffness of models such as the IFS/PPPL
one [2.8.46]. The discharges supplied by TFTR provide a number of cases involving perturbative

data for such tests.
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FIG. 2.8-1. Ratio of smulated to experimental incremental stored energy using figure of merit 1.
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FIG. 2.8-3. Distance between modeled and experimental eectron temperature profiles using
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FIG. 2.8-4. Distance between modeled and experimental ion temperature profiles using figure of
merit 6a.

2.85. Predictions of Transport Modelsfor ITER

(D Boucher)

The use of local transport models can effectively complement the two methods detailed
earlier in this chapter: global confinement scaling expressons and non-dimensionaly smilar
discharges, by providing additional information such as. temperature profiles, the ratio between
ions and eectrons transport ultimately determining the ratio Tij/Te and the determination of the
total fusion power consistently with heat and particle sources and sinks.

The transport models presented in this documents however are ill evolving or are not
necessarily suitable for extrapolation to ITER. The RLWB modd 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 Gyro-Bohm scaling. Other empirical models,
which by definition include adjustable parameters, have not yet been fully calibrated against the
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experimental data— asisvisble on Fig. 2.8-1 — 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
smulations if they are to be used as valid predictors of the trangport level predicted by theory.
The independent work from the Cyclone Group [2.8.25] 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 fuson 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 usng
the various models in an objective fashion and with the same input parameters. To smplify the
testing procedure and facilitate the comparisons between models, the range of the scanning
t,/te=10, P, =100MW, <n,>=15n

aux

parameters was reduced to: Gw where ngy is the
Greenwald density (Mow =85’ 10°m” 4 7 MA), and values of T(0.9) were chosen to cover a
widerange: from 1 keV to 5 keV. Figure 2.8-5 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
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 smilar drift wave eectrostatic turbulence and
giving a better fit to experimental data, predicts about three times the fuson power. This higher

level of fuson power, quite in line with other independent projections, is also found in generd if
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one uses the more complete gyro-kinetic numerical smulation of drift wave eectrostatic

turbulence [2.8.25].

3 ! ! ! ! ! !

B Theory based
O Empirical
[0 Theory Based (Gyro-Fluid)

Fusion power[GW)

0 | | | | | | |

IFSPPPL IFSPPPL GLF23 Culham Mixed- Mult-Mode CDBM RLW
no ExB ExB Shear

FIG. 2.8-5. Fusion power predicted by various models with an edge temperature T(0.9) = 3 keV.

An important aspect of the fuson power predictions is their sengtivity to the assumed
edge temperature. Figure 2.8-6 illustrates how the predicted fusion power - normalized for clarity
independently for each model toitsvalue at T(0.9) = 3 keV - varies with the edge temperature as
itisvaried from 1to 5 keV.

Combining the fusion power predictions from Fig. 2.8-5 and the edge dependence of
Fig. 2.8-6, 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 2.8-7 indicates that, despite the wide
disparity between models, an edge temperature up to 4 keV would ensure at least 1.0 GW (Q =
10) from al models, with the exception of the original version of the IFSYPPPL 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. 2.8-7. Edgetemperaturein keV, r = 0.9, required to achieved a given fusion power, 1.0 or
1.5 GW, for each transport model. RLW and CDBM would achieve the fusion power for any
value of the edge temperature.

The fuson power prediction for local transport model come from a combination of

dominant factors: the edge temperature, the magnitude of the transport coefficient - ce and cj - in
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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 [T;(r)- T;(0.9)] /{T,(r) - T,(0.9)}, which represents the normalized ion temperature
profileinsgder of 0.9. Figure 2.8-8 plots this quantity for the various models.

Despite sdf-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 insde the g=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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FIG. 2.8-8. Normalized ion temperature profiles, [T, (r )- T;(0.9)] /{T;(r) - T;(0.9)}, compared
between various local transport models and for DIlI-D and JET ITER Demonstration Discharges.

In conclusion, the incomplete nature of the calibration of the models, ether against

experiments for empirical models or against detailed numerical turbulence smulations for theory
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based modds, makes the prediction of fuson power in ITER from the models still premature.
Nevertheless, a number of conclusion can be drawn: the Multi-Mode modd which gave the best
fit to experimental data, predicts afusion power for ITER close to that independently predicted by
global scaling expressions. An edge temperature, at r = 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 fuson power increasing by about a factor of 4 when the temperature is
raised from 2 to 4 keV. Clearly, areduction of both sources of uncertainties - edge temperature
scaling and treatment of drift ballooning driven turbulence - are required before such models

predictions can berelied upon for estimation of the fusion power in the ELMy H-modein ITER.

2.9. PARTICLE TRANSPORT: HYDROGEN, HELIUM, IMPURITIES

(M. Mori, W. Houlberg, S. Wolfe)

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 fuding
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 fuson power. Theimpact of helium ash can be quantified in terms of the

smple ratio of the effective helium particle confinement time to the global energy confinement

time, t *He/ te, wheret *He takes into account finite recycling and helium pumping; that is,

t e =t yo! (1- Ry) (2.9-1)
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where t *He is the particle confinement time for helium nuclel and Retf is the effective recycling

coefficient (<1) to the core plasma. Steady-state ignited solutions exist only for values of the
ratio h = tLe/t £ < Ngir where heritis anumber of order 10. A full derivation has been given by
Reiter [2.9.1, 2.9.2]; 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 net g so that the ignition condition can

be written

+f +f, +
;Z’rb(l fi tfz fhe)T :leniz <sv>E, - n2R.y (2.9-2)
E

where fi = nj/ne isthe fraction of hydrogenic species, fHe = NHe/Ne iSthe hdium fraction, fz isthe
fraction of other impurities, E; is the apha particle energy, <sv> is the DT fusion reaction rate
and Ry is the radiation cooling rate from all species. Here we have smplified the problem by
taking np = nT = nj/2, and by neglecting spatial profiles of nand T. Consdering only a single,
low-Z impurity, the charge neutrality condition becomes 1 = fj + Zfz + 2fHe. In the same terms,

the helium particle balance becomes

<Sv>

=nte f2h (2.9-3)

fhie

Using the charge neutrality condition to diminate fij and equating the two expressions for netg
we obtain a cubic equation for fHeinvolving h, T, and fz. On substituting back the physically
relevant solutions, we obtain ignition loci in the ngt g —T plane, with the ratio h = tLe/t g asa
parameter. Theseloci exist and form closed contours only for values of h less than some number
of order 10, the precise value depending on assumptions about the impurity concentration and

profile effects.
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From the above discussion, the important quantity is t *He / t g, 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 present
tokamaks in L-mode [2.9.3-2.9.6], supershots [2.9.6] and in ELMy H-mode [2.9.7].
Expectations of efficient heium ash removal in supershots were confirmed with recent
measurements of helium ash production and pumping in TFTR DT plasmas [2.9.8]. 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 t *He/ t g between 8 and 10 were inferred from these measurements. The shape of the
hdium 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 [2.9.9] indicates a best fit to the data using a time-
dependent effective recycling coefficient for heium with a starting value Rye = 0.95 and a
gpatially varying diffusivity in therange 0.5£ D £175m° /s. Itis reported that over a range of
ELMing discharges in DIII-D the inferred value of t*He/ t g isin therange of 10-20. Values of
t ye/ tg between 6 and 8 are also reported with enhanced wall pumping in high-bp ELMy H-
mode on JT-60U [2.9.10]. These results are encouraging for ITER. By contrast, experimentsin
ELM-free H-mode discharges in TEXTOR [2.9.11] indicate ratios in the range of t e/ tg
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 111 ELMs [2.9.12]. 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.
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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 for a long time,
and in some respects it is better characterized than majority transport. The workhorse technique
islaser blow-off [2.9.13] which uses a high power laser pulse incident on atarget material, usually
in the form of athin 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 [2.9.9] may be employed to model the atomic physics and transport
phenomena. A scaling for impurity confinement time in Ohmic plasmas [2.9.14] which fits data

from a number of early experimentsis

timp (5) = 0.75 a R¥4 (Zeft / 0) (Mg / Zbg) (2.9-4)

where R(m) is the major radius, a(m) is the minor radius, q is the safety factor and mpg and Zpyg
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 [2.9.15] found that Eq. (2.9-4)
yields an impurity confinement time that is much too large for those devices and proposed the

alternate scaling for Ohmic and L-mode plasmas

0.70,0.31 -0.57
timp = 7.4Vp P10 3(R, 11e) %% (9) (2.9-5)

where Vp(md) is the plasma volume, 1o(MA) is the plasma current, Pin(MW) is the Ohmic plus
auxiliary heating power and ne(m=3) is the volume averaged eectron 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 reationships. Considerations of gross
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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. The smplest 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 afixed radial form for

the relationship between the pinch and diffusive terms, is

G=-Do6n+nV=-D(6n + Cy n2r / a?) (2.9-6)

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 smplification conceals substantial physics, some
aspects of which are better understood than others. The most common example of such an off-
diagona transport flux is the so-called neoclassical pinch [2.9.16], which is an (inward) particle
flux driven by the paralldl eectric 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 spatialy varying) ratio C,, of transport
coefficients in Eqg. (2.9-6). 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 [2.9.17—-2.9.25] 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.
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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 uncertaintiesin 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 inconsstent with the neoclassical value. For example,
measurement of the DT neutron generation profile in TFTR tritium injection in supershots
[2.9.26] has provided a first and unique determination of the local transport properties of
hydrogenic species. Theresultsindicate a negligible anomal ous pinch in the core.

Typically, but not aways, D exhibits an inverse dependence on density. A strong
temperature dependence of the eectron particle fluxes was found in a temperature scan at
constant density in TFTR L-mode plasmas [2.9.27]. Both D and V typically increase in magnitude
toward the edge of the plasma. Asthe density limit is approached, both D and V exhibit dramatic
increases, particularly in the outer region of the plasma. Pelet injection experiments [2.9.28]
indicate that fueling beyond this edge layer increases fueling efficiency dramatically and can lead
to dendity 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., pelets or gas) is
important for plasma density and fuel isotopic control [2.9.29].

Experiments indicate a strong correlation between local thermal and particle transport
properties in the core plasma, with the particle diffusivity more closdy aligned with the ion
thermal diffusivity. Ratios of c/D vary, but in DII-D ce/D is reported to be typically of order
unity in both L- and H-mode as shown in Fig. 2.9-1 [2.9.30]. In TFTR L-modes and supershots
He diffusivities were comparable to and correlated with the ion thermal diffusivity [2.9.26]. The

T (tritium) diffusivity was also comparable to the ion thermal conductivity in supershots [2.9.26].
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In Alcator C-Mod c¢/D ~ 1-2in L-mode [2.9.31]. In JET L-mode plasmas the local diffusivity of
impurities is strongly decreased in the core where the dimensionless shear parameter,
s=d(Inqg)/d(Inr), drops below 0.5 [2.9.32]. 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 msin 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 purdy
diffusive behavior with  Djmp ~ 0.5 m?/s, the H-mode transport is characterized by greatly
reduced Djmp, especially in the outer portion of the plasma, and a strong inward convection; the
edge particle transport coefficients are comparable to neoclassical values [2.9.33]. 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 Dg) and pinch
velocity at the half-radius up to 30 m/s, or about an order of magnitude larger than the eectron
velocity Ve. Neoclassical impurity transport was inferred following pellet injection on Alcator C
[2.9.34]. In reverse shear plasmas [2.9.35] particle transport can also be reduced to neoclassical

levedlsin the core.
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FIG. 2.9-1. Comparison between Dpe and ceff in DIHI-D: (a) L-mode, (b) ELM-free H-mode,
(c) ELMy H-mode and d) VH-mode.

For the purpose of modeling ITER dischargesit is recommended that a reference particle

diffusivity similar to the ion thermal diffusivity D" /¢ ~1 be used, with Da" independent of
charge or mass for fuel, He and low-Z impurities (e.g., Be). The implications of D*" /c?" 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/ceff , a small value of D/ce may
lead to deeterious accumulation of He in enhanced confinement regimes where the ion
conductivity and particle diffusivity and selectively reduced. In the edgeregion, 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
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tested, experimental evidence supports a periodic partial expulsion of the particles from plasma

edge to the scrape-off and divertor.

2.10. MOMENTUM CONFINEMENT
(V.Mukhovatov, JW.Connor, Mar 98)

Injection of toroidally oriented neutral beams into tokamak plasmas adds toroidal angular
momentum to the plasma and results in toroidal plasmarotation. The study of the confinement of
toroidal angular momentum and plasmarotation is of interest for severa reasons. Firgt, the beam-
induced toroidal plasmarotation 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 insght into the genera
problem of confinement in tokamak plasmas.

Thetoroidal rotation velocities attained in experiments with tangential high-power neutral-
beam injection are rather high, i.e., Vf ~ 100-400 km/s which correspond to a Mach number V¢/cs
up to about 0.3, where csistheion sound velocity. The observed rotation velocities are however
very small compared to predictions based on the neoclassical transport theory [2.10.1].

Measurements of the momentum confinement time t¢ are based on the global angular

momentum conservation equation

.. 1/2
odvnmV. 0 5

t'm f :Pb?;nbb+ F’;‘”g (2.10-1)
f 4]

where Rian is the tangency for the injected neutral beam, Py is the beam power, my and Ep are the
mass and energy of beam particles, and njm is the plasma mass density. Rotation velocities are

usually measured by the Doppler shift of emission lives of hydrogen-like impurity ions resulting
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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.

Many tokamaks have reported similar magnitudes for the momentum confinement time t ¢
and the energy confinement time tg [2.10.2-2.10.8]. Figure 2.10-1 shows a comparison of tf
with tg measured in JET during tangential neutral beam injection [2.10.8]. One can see that t¢
and t g are equal within the errors of the measurements, in agreement with earlier results obtained
on ASDEX [2.10.6] and Doublet 111 [2.10.4]. Experiments on Doublet 111 have shown that t¢
and tg 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 is governed by related mechanisms
[2.10.9].

0.8

O NBI
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FIG. 210-1. Toroida momentum confinement time during neutral beam injection vs.
simultaneously measured energy confinement time in JET [2.10.8]. The ICRF heating accounts
for less than 10% of the total heating power.
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There are, however, experimental conditions when t¢ deviates from tg. In high-bp
H-mode discharges in PBX-M theratio tf/t g was observed to increase significantly (from ~1 to
~3), a the same heating power and unchanged tg, when the direction of the neutral beam
injection was changed from tangential to nearly perpendicular [2.10.7]. The authors explain the
observed behavior of t¢ by a strong negative dependence of tf on the net torque Thg, i.€, tf U
The 0-8. Another reason for tf increase is a possible change in a beam-induced radial éectric fied
Er which can affect the toroidal rotation velocity according to EQ. (2.4-1).

In most experiments, E, is not measured directly because of lack of appropriate
techniques. It can be found however from Eq. (2.4-1) 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 (C5* and BS*) have been measured in H-mode helium plasmas
in DIII-D [2.10.10]. It was shown that the values of E; deduced from the main ion and impurity
ion measurements coincided within the error bars, confirming the validity of Eq. (2.4-1). It was
shown also that the toroidal rotation velocities of the main ions, Vs, and impurity ions, V|, are
quite smilar in the plasma core, but sgnificantly different in the edge region. The measured
difference (Vti — V1) was found to agree with the neoclassical predictions which relates the
velocitiesto radial gradients of densities and temperatures [2.10.11].

Theradial eectric 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 Arl6+ impurity ions greater than 120 knv/s in the co-current direction have been
observed in ICRF heated H-mode discharges in Alcator C-Mod [2.10.12]. 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 Arl6*+ impurity ions and
three times higher than the main ion diamagnetic drift velocity —6pj/en;jBp, with the dominant term
proportional to the radial eectric field (E; up to 300 V/cm was deduced from Arl6+ jon rotation

velocity neglecting its diamagnetic and poloidal rotation terms). The mechanism for the observed
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rotation remain obscure. Similar results have been obtained during |CRF heated H-mode in JET
[2.10.13]. The toroidal rotation velocities up to 60 km/s in co-current direction have been
observed in these experiments with a good correation 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 c¢(r). Detailed measurements of ct(r) and the dectron and ion thermal diffusivities
ce(r) and cj(r) have been performed on DIII-D in the hot-ion L- and H-modes [2.10.14, 2.10.15].
The results presented in Fig. 2.3-1 show that the most dramatic improvement at the L-to-H mode
trangtion isin ce(r) and cf(r), which improve by about a factor of three throughout the plasma.
Outside of r = 0.3, ce and cs are basically equal, within the error bars, in both L-mode and
H mode. c¢j is sgnificantly less than ce and ¢t in the center of both the H- and L-mode plasmas,
being close to the predictions of the neoclassical theory inside of r = 0.3 for the H-mode. On the
other hand, smilar measurements in the hot-ion L-mode on TFTR have shown that cf is close to
ci and Dne (the hdium diffusion coefficient) and is greater than ce (Fig. 2.10-2) [2.10.16].
Similar results have been reported for TFTR L-mode with Tj ™ Te [2.10.17]. The values of
Cf = Ci/Z have been deduced in JET experiments[2.10.18].

The above results are related to effective values of cs. Transent toroidal momentum
transport has been examined in JI-60U [2.10.19] 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 2.9), comparable in absolute value with the diffusive flux.

Experimental values cs discussed above are significantly higher than neoclassical toroidal
viscosity, which is ¢t = (6/5) n“ri2 in the Pfirsch-Schldter regime [2.10.1] or cf = O.ln“rizq2 in
the banana regime [2.10.20, 2.10.21]. Turbulence based theoretical models for ¢ indicate that
due to ITG turbulence cf = 1.3(r§cs/Ls)(1+ h;)/t, where Ls is a magnetic shear length,
t =TT and rs= cd/W [2.10.22]. This gyroBohm theory leads to cj = c¢f which isobserved in
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some experiments.  Another model based on small scale turbulence leads to vary low values of

tf ~ tEmg/mibe [2.10.23] that contradict to experiments.

10

1.0

DIFFUSIVITY (m 2/s)

0.0 . 0.4
MINOR RADIUS (m)

FIG. 2.10-2. Similarity of the toroidal momentum diffusivity cs, helium diffusion coefficient Dye,
and ion and eectron therma diffusivities cj and ce in a hot-ion L-mode discharge in TFTR
[2.10.16].

The MHD activity can strongly affect toroidal rotation. Experiments on DIII-D have
shown that some discharges which never exhibit sawtooth oscillations have essentiadly zero
rotation velocity in spite of the input neutral beam torque [2.10.4]. In these discharges, the
connection between t+ and tg is clearly broken, since t¢ drops to zero while t g decreases by a
factor of two from its value with sawteeth. Similar phenomena have been observed in ASDEX
[2.10.24] and JET [2.10.25, 2.10.26]. They have been explained in terms of the growth of large,
sationary magnetic idands (i.e, "locked" modes) that are capable of transferring angular
momentum through an electromagnetic interaction between the MHD mode and either the
vacuum vessal or a fixed stray field. A mode describing the toroidal force balance for MHD
mode locking consistent with observed toroidal momentum loss in ASDEX is suggested in

[2.10.27]. The modd includes both the electromagnetic forces due to interaction with aresistive
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wall and error fields as well as the viscous coupling between the idand structure and the bulk
plasma. Other smilar works appear in [2.10.28, 2.10.29]. Suppresson of the growth of the
locked modes by the beam-induced plasma rotation is discussed in more detail in Section 3.2.2.
The toroidal plasma rotation frequency in a reactor at a moderate injection power of ~50
MW and at Ep ~ 1 MeV is expected to be significantly lower than in present-day experiments, i.e.,
fr NBI ~ 1 kHz for the ITER basic parameters as follows from Eq. (2.10-1) assuming tf = tg. In

practical unitsthisrelation can be written as

jod ¢ 6%2000m 308020 m 3oaaMevo a&rboa&rbo e mo
f 1200Hz)E—10_0 2.10-2
e > ( 2) 50MW0863£V0Iumegg n; g% = 7 Sm ;agmog 65m%EB { )

Results of 1-D modeling of toroidal plasma rotation in ITER for various plasma densities and
beam energies at cf = cj are given in [2.10.30]. The natural diamagnetic frequency [2.10.31]
which is consdered as a measure of the toroidal rotation frequency in the absence of direct

toroidal momentum input is given by

& alrn 0a@2IMAG (2.10-3)
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It should be noted, however, that estimations based on Egs. (2.10-2) and (2.10-3) can be
inaccurate at reactor conditions where Pp << P4 and a-particles can strongly contribute to the
radial dectricfied.

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 tested against the database.
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2.11. CONFINEMENT RESEARCH IN SUPPORT OF ITER

(D.Boucher, V.Mukhovatov, F.Perkins)

As shown in Sections 2.6 - 2.8, there is a high confidence that ITER can achieve energy
confinement sufficient to address many issues of burning plasma physics. However, uncertainties
in confinement projections are large and further experimental and theoretical studies are required
to reduce them.

Attainment of the H-mode is crucial for the ITER goals. Predictions of the H-mode
power thresholds based on empirical scalings remain rather uncertain (Section 2.4.3) despite
continued attempts to improve the threshold database. A probable reason for the large data
scatter isthat some key variables are missing from the scaling relations, e.g., neutral density at the
plasma edge. The identification of important "hidden" variables and their inclusion in the analysis
could improve the scaling accuracy. Further theoretical work is required to understand the edge
physics. Although there is a conceptual picture of the H-mode transport barrier formation
involving the mechanism of E¥ B shear stabilization of turbulence, the issue of what creates the
velocity shear in the first place is unclear and a theoretical scaling for the H-mode threshold
power is not well developed. A full theoretical description of the transition should include (i) the
representation of the trandtion conditions in terms of local edge parameters;, (i) the
characterization of L-mode transport near the separatrix; and (iii) the boundary conditions at the
separatrix as defined by the physics of the divertor plasma. A strong isotope effect on the
threshold power observed in experiments (Section 2.4.3) needs theoretical explanation.
Theoretical models need to be tested against experiment, e.g., by a comparison of experimental
non-dimensional edge parameters with model predictions.

The "hidden' variables that appear to affect the global energy confinement, i.e,
closed/open divertor, sheared E¥ B flow, peakedness of current and density profiles, power
deposition profile and ELM severity need to be quantified and included in the analysis. Also,

there is evidence that proper wall conditioning can improve global energy confinement.
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Tokamak-to-tokamak variations (e.g., t g dependence on plasma density) also need to be clarified.
The degradation of confinement associated with proximity to operational limits, such as the H-
mode power threshold and Greenwald density limit, requires documentation and thereis a need to
develop methodologies for extrapolating to reactor conditions. Further analysis of log non-linear
models that have a physical and empirical motivation is needed to reduce uncertainty in
confinement predictions.

Non-dimensional identity experiments, i.e, discharges with the same dimensionless
variables on different tokamaks, need to be performed between all tokamaks that can operatein a
single null X-point configuration at ITER's aspect ratio: JET, DIII-D, C-MOD and COMPASS-
D. This will validate further the dimensionless approach, improve its accuracy for ITER
predictions and provide more information on the limitations of this technique. The effects of
"hidden" variables (e.g., the Mach number, which may differ in ITER from many present
experiments) need to be examined and the effects of profile mismatches need to be analyzed in
greater detail. The digtinction between dimensiona and dimensionless scalings of tg with b
requires clarification.

In an area of 1-D transport model development and testing, three main lines of research
need to be persuade: (1) the development of empirical models to better describe the
phenomenology of cross field transport in tokamak plasma, (2) the development of theory based
transport models including the validating the description of the underlying turbulence by gyro-
kinetic and gyro-fluid codes and (3) the extension of model testing against the Profile Database
including fully time dependent simulations of perturbative and transient experiments. In particular,
experimental tests of the "stiffness’ of ion temperature profiles and studies of the effect of plasma
elongation on thermal diffusivity are needed to discriminate between different models based on the
ITG-mode driven turbulence. Characterization and testing of models for the effect of velocity
shear on transport coefficients are required. An apparent contradiction between the isotope effect
on confinement and the almost gyroBohm transport observed in H-mode plasmas needs to be
resolved. Validated theoretical models for the edge pedestal, important for stiff transport models,
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and wall-conditioning effects on the core energy confinement are required. The latter appear to
be a consequence of a correlation between the global performance (tg) and edge conditions,
particularly edge temperature. Also, extrapolable models for energy and particle loss due to
ELMs of different types are needed. The effect of sawteeth on confinement of the fast ions and
thermal plasma, both insde and outside the mixing radius, needs to be studied in greater detail.
Predictions of sawtooth models, e.g., sawtooth frequency and threshold for sawtooth stabilization
by fast particlesfor , require comparison with experimental data from different machines.

To insure ITER's operational flexibility, further investigations and moddling of alternative
(e.g., RI-mode and regimes with peaked density profiles) and advanced confinement regimes with
a reversed or weak magnetic shear and internal transport barriers are needed, and the
methodologies for extrapolating these regimes to ITER conditions are required. A core beam
fueing will be low in ITER, and generating beam-induced rotational shear may prove to be
insufficient. Therefore, indications that central deposition of RF power may sustain a transport

barrier (JT-60U and JET) are of interest for ITER and need to be studied in greater detail.

2.12. SUMMARY

(J.G. Cordey, M. Wakatani, edited J.G. Cordey 1/29/98, amendments of O. Kardaun 2/10/98)

The basic theory of the transport of heat and particles in a tokamak by both classical and
non-classical turbulent process is sufficiently developed and has been described in Section 2.2.
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 modd that could be used in ITER extrapolations describing the
transport across the entire plasma profile. Good progress has been made in testing theoretical
transport models in the plasma core region (Section 2.8) and some of the models give a

reasonable fit to the data. This is encouraging and suggests that with further theoretical
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development, especialy for the edge region, it may be possible to produce a moded 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 2.6. 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.
Basad on the log-linear model's applied to various subsets of the datain Section 2.6.4, the interval
estimate is (4.4-6.8 s). This comes closeto a classical satistical interval estimate based on the fit
for the standard working dataset from Section 2.6.3, 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 2.6.4, the 95% interval estimate is (3.5-8 9). 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, usng pdlet
injection, or operation at higher plasma current, to preserve ignition at the very lower end of this
confinement interval (4.4-4.8 5). 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, amount of available heating power and/or higher plasma current.
Nevertheess, under nominal conditions (n/ngw < 1, Paux = 100 MW, | =21 MA) the minimum
Q in thisrange would be above 6.

To reduce the confidence interval an understanding must be obtained of the reasons for
the systematic differences between the confinement in different devices. 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 2.7 is closdly related to the global

confinement scaling approach, in that the data itself is used to determine the ITER performance.
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The 95% interval estimate of the dimensionless parameter scaling approach is till 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 and the range of operation of the largest device JET should 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 thereis program to narrow these intervals described in Section 2.11.

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 ~ ¢j means that
there will be adequate transport of the helium ash, such that helium poisoning and a consequent
reduction in the fusion power will not be a problem.

The MHD events such as sawteeth described in Section 2.5 athough they will
undoubtedly reduce the fusion performance of ITER are not thought to have a dominant effect on
the confinement projections and may have a beneficia effect on removing the helium ash from the
plasma central region. On the other hand the ELMs which control the height of the edge pedestal
do clearly have an effect on the confinement, the type 111 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
mode 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 A H transition we do not have a tested quantitative theory. The scaling
studies of Section 2.4 give a rather large range for the required power for an H-mode in ITER.
Further effort is needed here in understanding the reasons for the large scatter in the data and a
guantification is needed of the influence of the plasma geometry, edge parameters and neutrals on
the H-mode threshold.

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
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reversed shear, described in Section 2.3, continue to be developed and the use of these regimes

will further improve the existing ignition margins of ITER.
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for any value of the edge temperature. JG98.131/15¢

FIG. 2.8-8. Normalized ion temperature profiles, [T, (r ) - T;(0.9)] /{T;(r) - T;(0.9)}, compared
between various local transport models and for DIII-D and JET ITER Demonstration
Discharges. JG98.131/16¢c

FIG. 2.9-1. Comparison between Dpe and ceff in DII-D: (a) L-mode, (b) ELM-free H-mode,
(c) ELMy H-mode and d) VH-mode. JG97.396/19¢c

FIG. 2.10-1. Toroida momentum confinement time during neutral beam injection vs.
smultaneously measured energy confinement time in JET [2.10.12]. The RF hesting
accounts for less than 10% of the total heating power.

FIG. 2.10-2. Similarity of the toroidal momentum diffusivity cf, helium diffusion coefficient Dye,
and ion and eectron thermal diffusivities cj and ce in a hot-ion L-mode discharge in
TFTR[2.10.16].JG98.183/1c
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