Diagnostics for magnetically confined high-temperature plasmas
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During the last 20 years, magnetically confined laboratory plasmas of steadily increasing temperatures and
densities have been obtained, most notably in tokamak configurations, and now approach the conditions
necessary to sustain a fusion reaction. Even more important to the goal of understanding the physics of such
systems, remarkable advances in plasma diagnostics, the techniques for determining the properties of such
plasmas, have accompanied these developments. More parameters can be determined with greater accuracy
and finer spatial and temporal resolution. The magnetic configuration, the primary local thermodynamic
quantities(density, temperature, and drift velogityand other necessary quantities can now be measured with
sufficient accuracy to determine particle and energy fluxes within the plasma and to characterize the basic
transport processes. These plasmas are far from thermodynamic equilibrium. This deviation manifests itself in
a variety of instabilities on several spatial and temporal scales, many of which are aptly described as
turbulence. Many aspects of the turbulence can also be characterized. This article reviews the current state of
diagnostics from an epistemological perspective: the capabilities and limitations for measuring each important
physical quantity are presented.

CONTENTS dimensionless parameters, for example. The progress toward
fusion parameters of the past two decades has been paral-
I. Introduction gog leled by improvements in our understanding of hot plasmas.
Il. Framework for Description 810 Essential to this development, and arguably the principal
A. Ideal magnetohydrodynamic equilibrium 810 contributor, have been the impressive advances in techniques
B. Resistive magnetohydrodynamics and instabilities 811for measuring plasma properties, collectively referred to as
C. Transport 812 “plasma diagnostics.”
D. Fluctuations and turbulence 813 The description of laboratory plasmas has undergone a
E. Other effects 814  qualitative change over the last decade. Formerly, a dis-
F. Time and space scales charge was characterized only by gross global or average
IIl.  Equilibrium Magnetic Configuration 814 .
A. Global properties g15 Parameters, e.g., total energy content, energy .confmer'nent
B. Circular cross sections g1 time, and average density. There was little local information
C. Noncircular cross sections g16 and no possibility of ascertaining the physical processes
IV, Determining the Local Fluid Variables 816 Which determined the observed results. Nowadays, the equi-
A. Density 816 librium internal structure of the plasma may be determined
B. Electron temperature 819 and the major parameters, like density, temperature, and fluid
C. lon temperature 821 velocity, found as a function of position. As a result, infer-
D. Velocity 823 ences of particle, energy, and momentum flux can be drawn.
E. Current density 825 The fluxes are generally found to be “anomalous” in the
V. ATraESnpe‘:gy :22: sense that they greatly exceed those which would be implied
B Particles 828 by the basic collisional processes in the plasma, the fluxes
C. Momentum gog Calculated from nec_)classmal transport theory. The fluxes are
D. Time-dependent transport gog Presumed to be driven by some form of plasma turbulence,
VI. Fluctuations g31 fluctuations on a scale much smaller than the size of the
A. Density 832 plasma. Techniques for measuring these fluctuations, espe-
B. Other 833 cially in density, have made notable progress.
C. Transport 834 All plasma measurements are intrinsically difficult, for the
VII. Kinetic Effects 834 high temperatures preclude the use of any solid material
VIIl. Asymmetries and Edge Effects 835 measuring instrument. The techniques must be indirect, be-
IX. Conclusion 835 ing made from outside the plasma. They may be passive,
Acknowledgments 835 using the natural emission of radiation or particles, or they
References 835

may be active, observing the effect of the plasma on a source
of applied radiation or particles; but the interaction must be
I. INTRODUCTION weak in the sense of not perturbing the system. There is an
extensive literature for each technique, and many have in-
The recent experiments with deuterium-tritium plasmas irvolved the development of extensive physics in their own
JET (at Culham, Great Britaln(JET Team, 1992and TFTR  rights. For the practitioner, diagnostics may be conveniently
(at Princeton Plasma Physics Laboratory, Princeton) NJorganized by these measuring processes, e.g., spectroscopy,
(Strachanet al, 1994 have publicized the fact that labora- interferometry, etc. However, a different approach will be
tory plasmas have nearly reached the conditions necessaigken here.
for sustained thermonuclear fusion. The plasmas have cer- This review will take the perspective of the physicist
tainly attained the regime of relevant physics, as gauged bgtudying the plasma. First, a general framework for analysis

Reviews of Modern Physics, Vol. 67, No. 4, October 1995  0034-6861/95/67(4)/809(28)/$11.20  © 1995 The American Physical Society 809



810 K. W. Gentle: Diagnostics for magnetically confined high-temperature plasmas

will be presented, beginning with the fundamental magneto-

Z
hydrodynamic(MHD) equilibrium for an axisymmetric sys- A 2
tem, continuing with elementary MHD stability and neoclas- IS0 ;
sical transport, and concluding with microinstabilities. Then, : r«,_e
for each of these aspects, the physical quantities that must be Ro ﬂ ;
measured will be enumerated and the state of the measuring WA//
art evaluated. In addition, various limitations, weaknesses, : Sa oy

and approximations in the basic framework will be indicated,
along with the related diagnostic implications. Representa-
tive references are cited, but the emphasis is on the results

provided by a technique rather than on the application and ‘
development of the technique itself. A full survey of the lit- @ :

erature on diagnostic development would be awkwardly
long, and it would duplicate many excellent reviews of spe-
cific techniques. Not even a comprehensive survey of tech-
nigues is possible within this compass. In emphasizing the
measurement of the principal physical parameters, only the
primary techniques for determining each will be reviewed.
Many valuable techniques which have been developed and
applied as alternatives to the primary techniques, often with
specific advantages in certain circumstances, are omitted
here. Likewise, many types of experiments that have contrib-
uted important information on plasma behavior are omitted
here because they are not routinely employed as diagnostics. D
This review focuses on tokamaks. Since all diagnostic
techniques are in some sense applicable to any hot plasm@G. 1. Coordinates for magnetic configuratioh. B, andC are
this focus is more a matter of convenience in exposition thafhe magnetic axes of typical configurations—circular, elongated,
of necessity. However, specifics of emphasis, interpretatiorf"nd diyerted. The cross sections of three closed flux surfaces around
and accuracy are often dependent on magnetic configuratithe axis are shown in each case.
As the dominant configuration, the tokamak is the natural ) o o ) o
choice. However, the extreme contrast in temporal and Spép_ons is not trivial, for collisions are msufﬂmently frequent to '
tial scales between magnetically confined and inertial fusiorfUPPOrt the usual analyses of molecular fluids. The approxi-
plasmas provides little overlap in diagnostic practice. Diagmations of isotropic pressugeand zero resistivity limit the
nostics for many other laboratory plasmas, as used for mat&alidity. Nonetheless, ideal MHD is a useful approximation
rials processing or astrophysical simulation, etc., are als@nd an invaluable starting pointKruskal and Kulsrud,
omitted here. The objective here is to demonstrate how &958- Insofar as one is interested in a hot plasma that con-
great many diagnostic developments have combined to illutinues for some significant period of time, stable solutions of
minate the detailed physics of hot, magnetically confinedhe ideal MHD equations are a self-consistent necessity. The
plasmas. This is not, however, a review of tokamak physics€auilibrium equations are simply force balance and Max-
Only a few aspects of contemporary research are includedVell’s equations for the magnetic fielsl and current density

and those because they have important implications for diad-

a
I

®

nost?cs. Likewise, th_e_ continuing ef_forts at i_mproving_diag— jXxB=Vp; V-B=0; VXB=pu,. (2.1
nostics and the exciting new physics that is appearing are . .
beyond the scope of this review. It follows immediately that

In addition to the specific citations given for each topic, B-Vp=0, (2.2

more general, complete expositions are available in sever% . .
that the pressure gradient must be everywhere perpendicular

books. Krall and Trivelpiec€1973 remains a good basic
piecd1973 J to the magnetic field. The necessary pressure gradient for a

reference. Hazaltine and Mei$$992 provides a more ad- . . .
vanced treatment of magnetic confinement; and Wesso'ﬁo'[ plasma can therefore only be sustained if the magnetic-

(1987 is an excellent compilation of various aspects of tok- |eId_Iin_es lie on a set of nested surfaces. Spheres being_in-
amak physics and is also valuable for its annotated bibliog2dmissible forB, the topology must be that of nested tori.
raphy. Hutchinsor{1987 is valuable as a general diagnostic These configurations are generally described with variants of

reference. As a recent review of the state of the art in diaggylindrical coordinates as illustrated in Fig. 1. The usual

nostic development, the conference proceedings edited dlgboratory c_oordinates are the conventioRaIz_, and¢_, but
Stott, Akulina, Gorini, and Sindorl991) is useful. e magnetic ponﬂguraﬂons are best dgscnbeo! W|th.respect
to the magnetic axis. Three representative configurations are

Il. FRAMEWORK FOR DESCRIPTION shown in Fig. 1, with the magnetic axes labelkdB, and
C. A coordinatey, which plays the role of minor radius for
A. ldeal magnetohydrodynamic equilibrium the tori, labels the magnetic-flux surfaces, and a poloidal

angle variabled specifies position on the flux surface in an
A hot plasma may be usefully and accurately described aR, z plane. Although the simple pola# is used for some
a perfectly conducting fluid. The justification of fluid equa- purposes, the theory is most conveniently developed in a
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rather complicated, nonorthogonal system in which the fluximidplane, minor radiug(r) or major radiusf(R) may be
surface labely is the toroidal flux enclosed, anélis also  used. For vertical viewd,(z) is convenient. However, for a
defined by flux. The importance and utility of this description comparison of results from different views and for further
arise from the fact that the pressure is constant on a flugnalysis, a flux-surface representatitfy) is needed. The
surface and varies only withr. Since thermal conductivity Usual choice is a variable(#), O<p=<1 for the closed flux
along magnetic-field lines is also excellent, the temperaturgurfaces such that=r/a for the simple circular case and is
T and thus the density are also functions only of. Many extr.apolatled in a rea§onab[e way to more complex cases. As
aspects of plasma behavior can be treated in one dimensiéhdimensionless variable, it is also useful for comparisons
as a function only ofy. between dlffe(ent devu_:e_s. It will be used here extensively to
For the important case of axisymmetry, e.g., a tokamak, iffepresent rad!al ) variations. :
which all dependencies on the toroidal anglevanish, the hT?e expenme.ntally relevant SIOH.J“O”S of the Gr_ad-
task of solving Eqs(2.1) for the magnetic configuration can Sha ranov_equann must be stable in the co_n_text Of. ideal
be reduced to that of solving the single scalar Grad-MHD' Choices ofp(y), (), or boundary condition which

. ) led to unstable solutions would have scarcely been seen; the
Shafranov equatlor@Shafranov, 1966; Grad, 19pTor the ideal instabilities would grow and destroy the configuration
flux surfaces(R,z):

too quickly. For tokamaks, the constraint is primarily one on

. dl ,dp I (), the plasma current, and requires that the quantityl
A* =1 ay — poR dy at the boundary. Theg describes how the field lines move on
the magnetic surface and is proportional to the ratio between
A* =R2VE 23 the poloidal @) and toroidal ¢p) components of the field. If
y= R2 " (2.3 g is a rational numberg=m/n, the field lines close after

making m circuits around the torus, having madecircuits

The solution fory(R,2) is determined by the two indepen- ,o|qiqaly. These rational surfaces have special significance,
dent functionsp(y) andl(¢), which are profiles of pressure ggpecialiy for smalim,n, the low-order surfaces. The re-

and toroidal current, and boundary conditions outside thequirement that;>1 (in practice,q=2) implies that the tor-

_F;lr?sma' \é\{here t?e right-hand side (Tf E2.3) becomles ZEr0. sidal component of magnetic field, produced largely by ex-
e condition of axisymmetry applies to several magnetiGe ) field coils in a tokamak, must substantially exceed the
configurations important for fusion plasmas, both to"amak?)oloidal component, which is produced by the toroidal cur-
and reversed-field pinches, but not to @lg., stellaratods ot in the plasma

Related, albeit more complicated, equations are needed 10 1 |jiterature on MHD, both the ideal of this section and
obta}m ’/é(R’Z’ ) lfor slllJchkcaseksa_The sol_ut|obns of B@-3  resistive of Sec. II.B, is extensive even if one restricts con-
are fundamental to all tokamak diagnostics because S0 Manyyeration to review articles. It is most accessible through

plasma parameters are either exactly or approximately fluxyna of a number of excellent monographs: Bater(kvs,

sqrface variables.—functions °”'¥ of. The complexity Freidberg (1987, and Manheimer and Lashmore-Davies
arises because this natural coordinate system for describir@gsgl

the plasma cannot be chosapriori, but is only determined
implicitly by Eq. (2.3) in terms of pressure and current pro-
files, which are assumed given in B@.3) but which must  B. Resistive magnetohydrodynamics and instabilities
be either obtained experimentally or determined by a self-
consistent analysis of the plasma. In general, the Grad- The more interesting stability considerations appear when
Shafranov equation must be solved numerically, for whichthe constraint of perfect conductivity is relaxed and resistive
some references will be given in Sec. lll; but an approximateMHD equations are employed. Although one might expect
solution can be obtained in one limiting case of considerablghe introduction of dissipation to stabilize a system, perfect
practical utility. If the plasma is small in the sense that itsconductivity is actually a constraint, preserving magnetic
minor radius @ in Fig. 1) is much less than the major radius flux. Finite resistivity releases the constraint and permits ad-
R, of its magnetic axis, a complete approximate solutionditional classes of perturbations, which can be unstable. In
may be obtained for which the flux surfaces have nestethis sense, the consideration of resistive MHD is essential,
circular cross sections, but with centers shifted from thesven for hot plasmas of very high conductivity. The theory of
magnetic axis. The magnetic axdsin Fig. 1 illustrates this plasma stability based on the resistive MHD equations is
solution. More complicated solutions occur for larger plas-extensive, complex, and far beyond the scope of this paper.
mas or for more complicated boundary conditions. As illus-However, several results are important for diagnostics. First,
trated for magnetic axi€, the presence of toroidal currebt  the solutions for static equilibria are not changed; the impli-
can even change the magnetic topology. The plasma hemtions are largely for stability.
terminates at the separatrix, the magnetic surface shown with Second, the instabilities arise on rational magnetic sur-
the X point singularity. Magnetic-field lines outside the sepa-faces, often the low-order one@Rational surfaces are vul-
ratrix intersect solid surfaces, and plasma is lost rapidlynerable because one can have a different current on each
These are called divertor configurations. Regardless of corclosed field line without violating/ -j=0.) The instabilities
figuration, R, is the major radius of the magnetic axis, and involve a change in the magnetic topology and modification
is a measure of plasma size, as indicated in Fig. 1. of the simple set of nested surfaces as in Fig. 1. Additional
Individual diagnostic instruments use a variety of coordi-magnetic axes may develop with separatrices inside the
nates to represent their observations. Along sight lines in thplasma, and localized regions of chaotic field lines, lacking
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magnetic surfaces, may even develop. The instabilities are z
secular, simply growing in time without oscillation; but they A
have a spatial structure determined by tihé of the rational Magnetic Surface
surfacem periods poloidally anch periods toroidally. Since
laboratory plasmas generally rotate, these instabilities and
structures are typically observed as oscillations by a fixed
instrument.

Finally, laboratory plasmas have generally been found to
be stable or at the stability boundary for resistive MHD
modes. Some modes and structures are found, especially as-
sociated withg=1 and 2 surfaces inside the plasma; but for

the plasmas of greatest interest, the effects are either absent >R
or localized. The bulk of the plasma may be described by the _ o _ o
ideal static equilibrium magnetic configuration. FIG. 2. Representative guiding-center trajectories inRke plane

A modest qualification is the phenomenon of sawtooth osin a tokamak. The trajectories correspond to very energetic ions;
cillations. These are relaxation oscillations in which the cenlypical thermal trajectories lie much closer to the magnetic surface.
tral temperature slowly rises and abruptly fallssawtooth
Outside the core, presumed to be bounded bygthd sur- . : .
face, the temperature rises when the central temperature fallt?oEaCh species—electrons, hydrogen ions, and each addi-

Aside from their intrinsic physics interest, sawteeth havel ) 101 Species—must be considered separately. The par-
several diagnostic implications. As oscillations with periods ] P '

of one to several hundred milliseconds, depending upon m%hf eplma?lr\;llcleswci:;rr]cle ;ze f;lg ; ;gees ?; dtites Syrgflr)eq/lgncy,
- ’ ei— Yth

chine and conditions, they represent a possible complication ——- . S
to simple, static analyses. On the other hand, they are helpful KT/M/) for each species. The subscripd will be

in indicating q~1, and the propagation of the temperatureused to distinguish electrons and ions, for examplg and

pulse outward through the plasma is useful for transport'i th for the thermal velocities, aIthougfm andM are also .
analysis(cf. Sec. V.D. used conventionally for electron and ion masses. The trajec-

tory of the center of this circlé&he guiding centgrgenerally
follows the field line, and the guiding-center orbit lies close
to the magnetic surface. The magnetic field in the tokamak is
C. Transport dominated by the toroidal field with a R/dependence on
major radius. The conservation of magnetic moment,
The Grad-Shafranov equation assumes that the current and= va/B, implies that those particles with a small ratio of
pressure profiles are given, but of course they are only indiparallel to perpendicular energy on the outside whgris
rectly controlled by the experimentalist. In most tokamaks,Jow will not be able to follow field lines to the inside where
the toroidal current is driven by using the plasma as a oneB is high. Their perpendicular energy would have to increase
turn secondary of a transformer, which does allow control ofat the expense of parallel energy, which is not available. This
the total current, but not the distribution. The pressure igs a form of magnetic mirror trapping that leads to banana
subject to even less control. In the simplest tokamaks, thérajectories as illustrated in Fig. 2. Figure 2 shows typical
only energy input is through the resistive dissipation of theguiding-center trajectories for both passifuntrapped and
plasma current, Ohmic heating, and is thus not independentlyanangtrapped particles. For visibility, the deviations from
adjustable. Most modern tokamaks have additional sourcefe magnetic surface are exaggerated. The ion excursions in
of heating—neutral beams or rf heating—which provide in-modern tokamaks are typically a few percent of the minor
dependent control of the total energy input, but limited con-radius, and the electron excursions an additional factor of 40
trol over its deposition. The pressure is largely determined bymaller. These are effects that complicate neoclassical theory
the internal plasma transport processes. and lead to significant variations over magnetic surfaces.
Within the context of ideal MHD, an equilibrium state is However, appropriate flux-surface averages can be taken for
perfectly confined; there is no energy loss or transport. Thigach species and expressions for the net transport fluxes
is not altered by the introduction of resistivity. If the configu- across magnetic surfaces obtained. Transport analysis can be
ration is stable, there is no transpofOnly if the system reduced to a one-dimensional problem in the coordinate per-
were linearly unstable and were to evolve nonlinearly topendicular to magnetic-flux surfaceg, This coordinate is
some sort of fluctuating quasi-steady state would the posseasily related to théminor) radiusr for the simple magnetic
bility of a transport process arigélransport does arise from configurationA of Fig. 1, but it requires some care in more
collisions, which must be introduced in a kinetic descriptioncomplicated configurations likB. An important, general ca-
of the plasma. The problem is far more difficult than veat for all magnetically confined systems is that fluid equa-
Chapman-Enskog theory because collisions are infrequetions and local thermodynamic variables are only definable
and the deviations from a local Maxwellian more extensive averaged on a finite scale, here the banana width, which is
The pertinent analysis, neoclassical transport theory, is agaimot dramatically smaller than the gradient scale lengths, e.g.,
extensive, complex, and far beyond the scope of this papdry=T/(dT/dr) for temperature ot,,=n/(dn/dr) for den-
(for a review, see Hinton and Hazeltine, 197Bortunately, sity. Hot plasmas are further from thermodynamic equilib-
only the form of the result is essential for plasma diagnosticstium than any other physical system.
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For a pure hydrogen plasma with only density, the electroriypically of the order of the ion gyroradius. Much of the
and ion temperatures, and current considered and with rotariginal work is reviewed in Kadomtsev and Pogu&675
tion ignored(cf. Sec. V.G, a minimal neoclassical transport and Tang(1978.

matrix for the fluxes can be written in the following form:  Representative of these instabilities is the drift wave, for
r D nVe NV, NVyc anlor which the dispersion relation is
K i dTelor 1dn
Qe _ Geconv e qpel Qee e w:kgvde; Uge= pevethﬁa (25)
Qi Oiconv Opei ki Gie aT;lor
i ien  ise lsi o E| with phase velocity termed the electron drift velocity and

with instability extending over & kp;=<1 in the most simple
(2.4 cases. Such modes clearly require a density gradient for their
existence and have low frequency. Evaluation of @) for
, ot : typical tokamak parameters implies frequencies below 1
identical ion and electron fluxes and densii€d. and Qi \Hz. There are a number of related modes with the generic
are the electron and ion r§d|§l thermal fluxes, ands the. property of existing only in the presence of a gradient.
current along the magnetic fields. The electrons and i0nS Thege instabilities remain a major topic of research. Linear
must be treated separately because, although collisions agg,pijity analysis in the appropriate approximation and con-
sufficient to maintain the distribution function of each spe-fiq, ration is difficult. For unstable modes, the nonlinear evo-
cies near a Maxwellian, collisional energy exchange betweefiion must be followed to determine the consequences. As
species is often too weak to maintalg=T;. The thermo- it the other theoretical developments, the details are be-
dynamic forces on the right are the gradients in density an%nd the scope of this article. Liewé&t985 provides a con-
temperature and the toroidal electric field applied by the exjemporaneous review of both theory and observation. Fortu-
ternal transformer coils,~E;). The diagonal terms in the 561y for diagnostic purposes, it is only necessary to know

matrix are familiar as diffusion and thermal-conductivity co- {he temporal and spatial scales of the fluctuating quantities
efficients and electrical conductivity. However, there are alsgyq the physical consequences to be expected.

significant off-diagonal terms. For example, the Ware pinch  he presence of fluctuations in the fluid variables will gen-
Ve (Ware, 1970is an inward particle convection driven by grq)ly cause fluxes that can be expressed as fol[ses, for

the toroidal electric field, and thg; terms are “bootstrap”  example, Woottoret al. (1990 for a discussion, review, and
currents driven by gradients. One could argue that this is NQfjetailed referencés

the “correct” choice of thermodynamic forces—it certainly . . -
is not the set for which Onsager symmetries in neoclassical (Egng)  (lysbr) 26
theory would apply—but it is an experimentally useful one. s By B eB, ’ 2.6
Since the observed fluxes generally exceed neoclassical pre-h I'_is the radial icle fl f . | .
dictions considerably through processes which remain to pahere S_'St € radia partlce_ ux of species(e e.C”OT" lon,
determined, the “correct” choice is not yet clear. The para-C" IMPUrity), (---) denotes time average, the tilde indicates
digm of Eq.(2.4) remains useful for reference and discus-the time-dependent component of a quantity, ands the
sion. Extensions for additional ion species and momenturfiuctuating component of the radial magnetic field. The first
are straightforward, although clearly the matrices becomderm is familiar as the electrostatic flux that arises from the
cumbersome to write, not to mention calculate. E,XB, radial drift velocity. The second term arises from
The experimental estimation of transport coefficients in-10WS along the magnetic field, which have a radial compo-
volves coupling a form like Eq(2.4) to an appropriate con- hent ifb, is present. The corresponding energy flux is

servation equation for a quantifglensity, electron energy, 3n <|~E k:l'> 3T (E o)
etc) and measuring all the terms. This will be discussed in =~ 5 _2 ° 078 27 s\ s

B,)
+gs =— | VT, 2.
Sec. V. s B¢ B¢ gs( B</> s ( 7)

where the functioys depends on species and the structure of
the magnetic turbulence. For weak turbulence at low colli-

wherel is the radial particle fluxicharge neutrality requires

D. Fluctuations and turbulence sionality,
b 2
Since on the one hand transport rates are observed to be g~ vaeth( B—r) (2.8
much greater than neoclassical and on the other hand hot ¢

plasmas are calculated to be unstable to a wide variety ais one example, but the function depends on collisionality
small-scale fluctuations, fluctuations and turbulence must band the statistical properties of turbulence, which can only be
important phenomena. More sophisticated treatments of @ferred from a correct nonlinear theory or from much more
plasma, including at least two fluids and generally some kisubtle observations. In general, the contribution from mag-
netic considerations, introduce numerous instabilities that argetic fluctuations would be significant only for electron en-
unique to inhomogeneous plasmas. It is not that the converergy transport, where the large value wf;, enhances the
tional wave modes, electromagnetic or acoustic, become ureffect. The significance of Eq&.6) and(2.7) for diagnostics
stable, but rather that additional modes, which exist only ins that they exhibit the quantities that must be measured to
the presence of density or temperature gradients, are uinfer turbulent fluxes experimentally. The applications will
stable. The modes have small scales and short wavelength® discussed in Sec. VI.
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E. Other effects The poloidal direction is much more complicated. Only
for the simplest case of roughly circular flux surfacegy. 1,
There is much other physics that is important for toka-axis A) and weak plasma pressure effects is there symmetry
maks, especially the atomic physics of impurities and then the polar coordinaté. Otherwise, although the pressure is
surface physics of materials at the plasma boundary. Historuniform, other quantities may vary over the flux surface. The
cally, the ascendancy of the tokamak configuration wagenerally fast transport along field lines precludes sharp
largely due to the creation of a pure hydrogen plasma and theariations over a magnetic surface, but diagnostics must treat
reduction in impurity content. The continuing gains in per-poloidal variations. The edge region poses more severe prob-
formance have depended upon improvements in boundatgms, for the boundary conditions are often highly asymmet-
conditions and wall conditioning to maintain pure plasmasric poloidally. The poloidal asymmetries generally decay less
Spectroscopic measurements of impurities are necessary f6@pidly toward the plasma interior than do toroidal ones.
effective tokamak operation. Further discussion can be found
in Hutchinson(1987 and Wesson1987). Although these F. Time and space scales
diagnostics have great technical importance, they are not
fundamental to the understanding of tokamak physics and To conclude this outline of tokamak physics, it is useful to
will not be emphasized here. However, two further subtletie$Ummarize the various characteristic times and lengths.
in the ana]ysis of the p|asma, kinetic effects and asymmeThese govgrn the teCh.nical requirements for a” diagn.OStiCS
tries, do have fundamental diagnostic implications. and dgtermlne the spatial and temporql rgsolutlon required to
The plasma is generally described by fluid equations, ei€xamine various phenomena. The principal parameters are

ther the single fluid of MHD or coupled electron, ion, and, I|stTerc]i n T"?‘blf . es listed in Table | v intended t
possibly, impurity fluids, but without consideration of a dis- . e typical values listed In Table | are only intended to
tribution function or higher moments. In addition to the pre-glve an indication of th_e qrder of magnitudes of the various
viously mentioned calculations of neoclassical theory an uantities and do not indicate the range of values encoun-

| wrbul Kinetic effect v i tant f ered in the many extant tokamaks or even the spatial varia-
prasma turbuience, kinelic etiects are generafly Important 1og, , \ihin 5 single device. Most of the quantities listed are
plasma heating, processes which impart energy to th

; . L i - fell known and have been discussed previously, but the
plasma. Even for Ohmic heating, collisions are insufficient totransport times require a few comments.

maintain a Maxwellian electron distribution. A small number From the transport matrix of E42.4), one could take the

of electrons(runaway$ accelerate freely and escape thepapiicle diffusivity D and the plasma size to define a char-
magnetic confinement with MeV energies. At low densities,acteristic timea?/D for density equilibration. Similarly, one
even stronger deviations occur. Electromagnetic heating &ould use the thermal diffusivity,= Ny, to obtain a thermal
the electron cyclotron frequencyECH) requires kinetic  equilibration timea®/y,. However, an experimental mea-
analysis to calculate the energy absorption and can causgire, the energy confinement timg, has been established
significant non-Maxwellian distributions. by long usage and serves quite well. The definition is basi-
Kinetic effects for ions are even more general. Heatingcally
with neutral beams directly introduces a large non-
Maxwellian component in the ion distribution, and rf heating e
at the ion cyclotron frequencyiICRH) can produce non-
Maxwellian tails. Near the plasma edge, collisions can bevhere originally the input power was simply the Ohmic
insufficient to maintain an average Maxwellian between thepower, P j,=V 5ol giasma The literature includes many varia-
cold ions from ionization and the hot ions diffusing from the tions of Eq.(2.9), depending upon whether nonthermal com-
core. These effects require a kinetic analysis, but, more imponents of plasma energy are included, what estimate of
portant to the present purpose, imply that measurement d?i, to use for additional heating methods, and what correc-
the full distribution function is an important objective. tion to apply if the parameters are changing in time, among
Thus far, two major symmetries have been assumed. As apthers. Regardlessie is a good estimator of the time to
axisymmetric concept, the tokamak has been taken as peieach thermal transport equilibrium.
fectly symmetric ing, and the constancy of pressure on flux _Since the plasma is a good conductor, one must also con-
surfaces has been implicitly extended to poloidal symmetr)ﬁ'der the_tlme f(_)r current _penetratlpn or ethbratlpn of the
and 6 independence, leaving only radial @r variations. ~current o!lstr_lbutlon. The simple estimate, as used in Table I,
Practically, the symmetry can be only approximate, and som& the skin time based on the plasma sizand the conduc-
of the deviations are significant. Toroidally, the major inter-tiVity o as in Eq.(2.4). _ _ _
nal effect arises from the discrete field coils, which produce This outline of the physics of hot, magnetically confined
ripples in the toroidal field, leading to trapping and ion ki- plasmas_ mdlcates_ the objectives of diagnostic techniques.
netic effects. At the edge, boundary conditions rarely haveAppfoprlate_experlmental methods must be found to measure
toroidal symmetry. Localized limiters, gas feed, antenngdll the physical variables well.
structures, etc., all introduce asymmetries. These may have
significant effects on edge behavior and thus on global propHl. EQUILIBRIUM MAGNETIC CONFIGURATION
erties; but from a diagnostic viewpoint, these toroidal asym-
metries are localized to the edge and do not persist into the Because the time scale for ideal MHD processes is so
interior. short, the magnetic configuration is always a solution of the

_ plasma energy contegtfn(TeJr T,)dV
h power input Pin

: (2.9
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TABLE |. Characteristic lengths and times for tokamak plasmas.

815

Phenomenon Quantity Definition Typical values
Charge neutrality Plasma frequency wpe=(n€?/gom) 5x 10t st
Debye length Ab="Veth/®pe 10°m
Gyromotion Gyrofrequency Q.,=eB/m 5x10'% st
Q;=eB/M 3x18 st
Gyroradius Pe=Vetn/Qe 10°m
Pi= Ui/, 10°m
Ideal equilibrium Alfven time R 1
q TA= EV(MO” M) Odus
Electron equilibration e-e collision time Teewnh‘g/wpe 0.2 us
lon equilibration i-i collision time T~ \VM/m7ee (Ti~Te) 8 us
T equilibration e-i collision time M 0.5 ms
Tei™ —~ Tee
Drift instabilities Drift frequency 0, ~Vinl/Ln 3x1P st
Transport Energy confinement 7e [EQ. (2.9)] 100 ms
Skin time Ts= Mooa? ls
Density scale length L, *=d(Inn)/dr 0.1m

Grad-Shafranov equatidiEqg. (2.3)]. However, because the

diamagnetic loop, e.g., the poloidal loop in Fig. 3. The mea-

boundary conditiongexternal coil currents, etcor internal
state[ p(¢) andl ()] may change with time on slower time
scales, the magnetic equilibrium configuration may be tim
dependent. The diagnostic task is to determine the config
ration as a function of time.

surement actually givefp, dV in principle, but because the
é:)lasma beta §=2up/B?) is small in tokamaks, the dia-
magnetic contribution to the flux through the diamagnetic
Li()op can be difficult to extract. Although this is a significant
limitation for Ohmic discharges, the higher betas obtained

with substantial auxiliary heating can be readily determined.
A. Global properties

The measurement of the basic global magnetic quantities Bl
is straightforward and mentioned here only for completeness. (a) F1 3B, F2
These quantities include the plasma current, loop voltage, YBy ®

and total energy content.

The plasma current is measured with a Rogowski coil,
which is usually wrapped around the outside of the vacuum
vessel like the poloidal loofcf. Fig. 3. A Rogowski coil is
a tightly wound helical coil that gives a direct measure of
J/Bdl around the loop and hence the current within the loop.

Vacuum Vessel.

Poloidal Loop-~

If the vacuum vessel can carry toroidal current, a correction F4
for that must be made using the loop voltage and vessel
resistance.

The loop voltage is measured with toroidal loop of the sort ®
labeledF in Fig. 3, which measures poloidal flux, albeit with (b)
respect to the major axis rather than the magnetic axis. In m3
principle, any such loop is satisfactory for an equilibrium,
because the loop voltage arises from a changing flux through w3
the central region that is common to all the coils. In practice, ®
a sum of coils, e.gF1-F4 in Fig. 3a), is used to obtain a ™3
result which is correct even if the plasma is moving. If the
plasma current is time dependent, the loop voltage is some- PN
what ambiguous. It may be the voltage at the measuring
loops, or it may be the voltage at the plasma surface, ob- ®

tained by making inductive corrections. When the current or

current distribution is changing, a more complicated analysig|g_ 3, placement of magnetic diagnostics on circular and rectan-

is required to obtain th& y(r,t) [cf. Sec. IV.D. gular vacuum vessels. The poloidal loop measures toroidal mag-
A useful measure of total energy content follows from petic flux. TheF loops run in the toroidal direction and measure

Egs. (2.), which can be shown to require that poloidal flux. TheB, andB, coils are small and oriented to measure

p+B2/2uo= constant. The plasma pressure is associatethe corresponding components of local field, the components per-

with a decrease in magnetic field and thus flux through @endicular to the main toroidal field.
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B. Circular cross sections 100_‘ .

Although the experimental determination of the magnetic

configuration specified by the solution of the Grad-Shafranov 50
equation(2.3) must be performed on all tokamaks, there is a z r
major practical difference in technique between the simpler o4
circular cross sectiong.e., Fig. 1, axisA), which include all (cm)

the earlier tokamaks, and the more complex magnetic con- 50L
figurations, which include most modern tokamaks. The cir-
cular case is simple and is mentioned here only for complete- 3
ness and for comparison with the noncircular case. -100E-—
In the absence of specific coils to shape the plasma, the
magnetic surfaces are approximately nested circles for mod-
est aspect ratiosRfa>3) and low beta. The magnetic axis L S B B
is shifted outward from the center of the outermost flux sur- L
face by the Shafranov shift, which depends on the pressure
and current distribution only through the parameter
A=pg,+1;/2, and is small compared with. The magnetic
configuration is thus effectively specified by only three pa-
rameters. These are usually chosen asR}zecoordinates of i 1
the center of the outermost flux surface and the value of O\ 7
A. Since the three parameters determine the magnetic fields i
and thus the signals on poloidal flux loogs in Fig. 3 and 100 | TS A
magnetic coils B, in Fig. 3), which measure the poloidal 200 250 300 350
and radial components &, , a great variety of signal sets R (cm)
can be inverted to obtain the parameters. If circular loops can
be placed concentric with the usual plasma axis, as illusF!G. 4. Typical magnetic configurations in TFTR) At low 8, the
trated by the poloidal loop in Fig.(8), special coils can be flux surfaces are close to circular with a small Shafranov shift to the

fabricated to determine the three parameters with great accQtside;(b) at highers, the shift becomes much stronger and small
racy and minimal data analysis. deviations from circularity develofZarnstorff, 1995.

\!H\I;H.JHH!\
200 250 300 350
R (cm)

radius. The analysis is numerically complicated and compu-
C. Noncircular cross sections tationally intensive; the full computation is performed at
only a few times in each discharge, but this is not a serious
The noncircular case is much more difficult because théimitation because the configuration changes, at most, slowly
configuration can no longer be described by only a few pawith time. Position information for feedback control pur-
rameters that have to be extracted from magnetic data. Iposes is obtained more simply and quickly. Unlike the circu-
stead, a great deal more dgtaiggested by the multiplicity lar case, for which the magnetic configuration depends only
of coils and loops in Fig. ®)] must be used to ascertain on the single plasma paramet&r the noncircular configu-
solutions which are mathematically underdetermined in aation does depend upon the current and pressure profiles of
formal sense but which should be physically overdeterminegtq. (2.3) independently. Conversely, these profiles can, in
in the sense of having some redundancy in the data. Therinciple, be extracted solely from magnetic data, but the
problem is underdetermined in the sense that no finite set afccuracy of the magnetic data is insufficient in practice. In-
observations determine a continuous boundary for the twostead, some information from other diagnostics, to be dis-
dimensional equation. This aspect is usually resolved by theussed later, is combined with the magnetic data for the com-
mathematically and physically reasonable approach of exputation.
panding in a set of basis functions and retaining only enough A comparatively simple example is provided by TFTR, for
terms to represent necessary physical complexity. Configurawhich the flux surfaces are reasonably close to circ{far.
tions of coils and loops must be chosen to provide an accu4). For more complicated cases, the flux surfaces must be
rate determination of all the terms in the expansion. Morecalculated with suitable numerical codes, among which EFIT
than a minimal set of coils is used with a fitting routine to (Lao et al, 1989 is an important example. Typical results of
provide improved accuracy and immunity from faults in onethis code are shown in Fig(& for DIII-D (at General Atom-
or more individual coils. ics, San Diego, CAand in Fig. §b) for Alcator C-MOD (at
There is no standard approach to implementation for nonmIT, Cambridge, MA (Hutchinsonet al., 1994.
circular cross sections as there is for circular ones. The coll
sets and algorithms have been developed for the particulay, pETERMINING THE LOCAL FLUID VARIABLES
features of each device. Several illustrative examples are de-
tailed below, but certain general features should be notedx, pensity
The analysis provides an accurate map of the flux surfaces;
the position of the outermost flux surface or separatrix is Contemporary plasma density measurement relies on the
determined with 0.01 m for plasmas of 06 1 m minor  same physical principles that have been used for the past 30
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II'IIIIIIHIIIIIIIUIIIIIIII 1

0.50 0.60 0.70 0.80 0.90 1.00 1.10

(b)

FIG. 5. Typical magnetic configurations calculated from ERE):
DIII-D (Lao, 1995; (b) Alcator C-MOD (Hutchinsonet al,, 1994.
Both are single null(at the bottom divertor configurations.

refractive index linearly proportional to plasma density. An
interferometer viewing through the plasma observes a phase
shift proportional tof n.d|l along the path, with a simple and
precise calibration factor.

The application requires a subtle compromise. If the inter-
ferometer frequency is chosen too high, the phase shift will
be small and accuracy therefore poor. If the frequency is too
low, however, sight lines not through the magnetic axis will
have a significant component &fn, perpendicular to the
direction of propagation, leading to refraction. Significant
refraction can, at worst, deflect the beam from the detector
and, at best, render interpretation quite difficult. Modern in-
terferometers result from the development of far-infrared
technology to produce systems operating at wavelengths of
hundreds of microns, chosen so that refraction is not impor-
tant, and the approximatiom> w. is well satisfied. The
systems must then be sufficiently stable that phase shifts of
0.1 radian or less are measurable.

High-accuracy interferometers are necessary because the
direct observations are those of line-integrated density, which
must be inverted to find local densities. This is a problem
common to many plasma diagnostics, not to mention general
tomographic applications. However, general tomographic
procedures are rarely applicable to tokamak plasmas. On the
one hand, tokamak geometry precludes obtaining the com-
plete set of views required for full tomography; but on the
other hand, the symmetry and plasma properties simplify the
problem. Special approaches have been developed for plas-
mas. First, the density is generally assumed to be constant on
flux surfaces,n(). [In a few cases, one additional term,
n.(¢)cos, is included to permit the lowest-order flux-
surface variation that often appears theoretically, but no ad-
ditional terms are customarily included for equilibria. More
elaborate systems have been propdsed.

The optimal spatial resolution in thg ) profile is deter-
mined by the number of channel$ in the interferometer,
according to a sort of Nyquist sampling theorem. For evenly
spaced channels, only wavelengths longer thanN2are
measurable in the density profile. Increasing the number of
channels to improve spatial resolution is subject to two im-
portant limitations. First, the interferometer beams have
diffraction-limited sizes characteristic of their wavelength.
Beams separated by less than the beamwidth would not con-
tribute independent information. Technical limitations often
restrict the number of channels even more severely. Second,
a channel only contributes new information if its precision is
greater than the difference between adjacent signals.
Roughly speaking, if the difference between signals in adja-
cent channels is less than the noise or random measuring
error in the channel, the channel contributes little informa-
tion. This is reasonably correct for a collection of point mea-
surements but is especially true for inversions, which are

years, but improvements in implementation have produceguite sensitive to errors in data.
qualitatively better results. The principal technique is based The time resolution is determined only by electronics,
on the fact that the index of refraction for electromagneticmost usually in the technique for measuring phase in the

waves can be written as=/1— wf)e/cu2 for o> wye, which

interferometer. It is always much faster than the transport

is true even in the presence of magnetic fields provided thaime scale and is customarily in the range 1—44€)

the wave electric field is polarized alonB. Provided

Several inversion techniques are currently used. If only a

0> wye, the radical may be expanded to imply a change infew channels are availabl&(5), or even if there are more
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channels but a simple parametrization is desired, a simple
functional form forn(r) with only a few adjustable param- Channel No: 2 4 6 7
eters, for example,

n(r)=ng[1—(r/a)%]? or n(r)=ngexg —(r/b)*]
4.1

with ng,«, andb or B8 free, may be fit to the data. In prin-
ciple, an error analysis could be performed to determine if
the resulting fit is adequate, given the errors in the line-
integrated data, but this is rarely presented. However, profiles
obtained with more channels and more general analysis, as |
shown below, generally show rather smooth, monotonic
forms consistent with Eq4.1).

If the flux surfaces are circular, the conventional Abel in-
version may be used:

R=1.94 2.23 268 3.00 3.32m
9

TFTR

Vessel

Plasma

~1(a (dN/dr') Channel No: | 3 5 810
n(ry=— dr’T. (4.2 ¢ R=1.80 2.08 2.47 316 3.48m

T Jr r's—r

The continuous functiolN(r) describing the line-integrated

data is obtained by fitting splines to the discrete set of exFIG. 6. Views of the ten-channel far-infrared interferometer on
perimental points. The process requires some care. EvelFTR. The sight lines range over both sides of the magnetic axis
small errors in adjacent channels can produce large oscilldEfthimion, 1993.

tions indN/dr’, causing then(r) from Eq. (4.2) to be un-

physical. By choosing coarser splines, an approximate bujrg| features, although there could be some small asymme-
smoother fit to the data points can be found which gives &es and effects associated with rational surfaces that escape
reasonableé(r), but with lower spatial resolution than might detection.
be inferred from the number of channels. Beyond the intrinsic difficulties associated with chord-
Other approaches, which are necessary if the flux surfaceftegrated data, there is one important systematic limitation
are noncircular, include dividing the plasma into a discreteon the diagnostic technique. The spatial resolution is con-
set of finite annular regions, bounded by flux surfaces, andtrained by the diffraction limit on the beam size. Under
assigning an unknown constant density to each region. Theome circumstances—the H-mode is one exanigée the
constants are then adjusted for a best fit to the interferometeliscussion accompanying Fig. j2tthe plasma develops
data. The result is usually presented as a smooth curve fit teery steep density gradients. Scale lengths of less than a
the values. A useful extension of this technique is provided:entimeter cannot be resolved with interferometry. Other
by Park(1989. Even ifn(y) is computed, the result is often techniques are required.
displayed as a function of a physical position. The second important source of density information is a
Alternatively, n(¢) may be expanded as a finite sum of by-product of Thomson-scattering temperature measure-

basis functions whose coefficients are adjusted to fit the ogNents, discussed in Sec. IV.B. Elementary scattering theory

servations. Various choices are possible, for example, the
Zernicke polynomials used by Cormack964. However,

none is particularly natural in the sense of providing func-

tions that resemble typical density profiles. This approach

has been used for the inversion of other chordal data, e.g., 4
x-ray emission by Granetz and Smeuld€r988, as well as
density(Howardet al, 1988.

A typical system is that on TFTRMansfieldet al., 1987
as diagrammed in Fig. 6. It provides ten channels vertically =
through the plasma. Representative profiles, used for trans- &
port analysis(Efthimion et al, 199, are shown in Fig. 7.
Typical of the best results obtainable from interferometry is
the profile of Fig. 8, comprising 20 channels spaced across
the profile that are shifted slightly from shot to shot to inter-
polate the dense coverage shourower et al, 1999. Al-
ternatively, such systems can provide 20-channel resolution

on single shots. _ ] FIG. 7. Typical density profiles from TFTR. The profiles remain

In all cases, modern interferometer systems provide demearly constant in this case as the power in the neutral heating
sity profiles with spatial resolution better than20% of the  peams is increaseEfthimion et al, 1991. (The symbols distin-
radial dimension and virtually continuous time histories.guish the curves for different conditions; they do not indicate inde-
There is no indication that they are missing significant strucpendently measured values of density.

T T T T T T T‘r T T T | T | T I T
O Pp = 14MW ]
OPp=9MW -

®
0
o
IS
4]
£
3

o
o
o

02 03 04 05 06 07 08 09
r (m)

Rev. Mod. Phys., Vol. 67, No. 4, October 1995



K. W. Gentle: Diagnostics for magnetically confined high-temperature plasmas 819

£ 00 e e wherew> w; but if it propagates into a region of increas-
ing density, it will be reflected from the layer= w. Using
various sorts of interferometric techniques, information on
n(r,t) can be extracted. The technique is especially valuable
and sensitive for measuring ap(t), the position of a par-
ticular value of density as a function of time, and it is quite
useful in regions of steep density gradient; but it fails near
the center and in other regions wheate/dr is small. The
technigue is included in the review by St¢1992; a good
example of its application is found in Bartlett al. (1990.

n, dl (1013 cm~?)

B. Electron temperature

0 L il
-30 -20 -10 0 10 20 30 . .
Two valuable techniques for measuring electron tempera-

minor radius (cm) ture are available, the benchmark technique of Thomson
scattering and the versatile technique of electron cyclotron

I U — emission(ECE). The principle of Thomson scattering is well
i (b) establishede.g., Sheffield, 1975 being simply the Doppler

] frequency shift in the light scattered from moving free elec-
trons. A viewing spectrometer observes the light scattered
i ] nearly perpendicular to the incident laser beam, the tight col-
.55 N limation of the crossed laser beam and viewing optics pro-
i ] viding spatial resolution of order one centimeter. The recent
advances have been in technique: improved accuracy, detec-
tor systems to provide a complete spatial profile on each
X ] laser pulse, and multipulse lasers to provide temperatures at
0.5 ] several times during a single tokamak discharge. The first
L ] two have been especially important in providiig(r) as
0.0 L necessary for transport analysis.

"230 -20 -10 0 10 20 30 Although specifics of technique are generally beyond the
scope of this article, some aspects of Thomson scattering
deserve discussion. Because transport analysis requires the
spatial derivativedT./dr, instantaneous full profiles to

n, (1013 cm™3)

minor radius (cm)

FIG. 8. Data from a large number of interferometer chords on_ . - X
TEXT [shown by boxes ir(@)] and the inversion to obtain local avoid shot-to-shot variations are important, not merely con

density (b). The limiter for this case is at 28 crfBrower et al, venignt for efficiency. The first step; in thi; direction were
1992, obtained by s_lmply dypllcatl_ng the single-point spectrometgr
systems to give multiple points. Further progress came with
the use of two-dimensional detectors with many pixels that
implies that the intensity of incoherent scattered light is procould be coupled to imaging spectrometers, providing nearly
portional to the number of scatterers. A measurement of thgontinuous coverage in wavelength and position along the
absolute intensity of the scattered light therefore determinegiser beam. Perhaps the most advanced of such systems is
the density. The natural temporal and spatial resolutions ofhat on TFTR(Johnsoret al, 1989. An example of profiles
Thomson scattering are excellent; the limitation is accuracyfrom this instrument is shown in Fig. 9. Another example of
Thomson-scattering systems are generally close to noise lininodern Thomson-scattering results is shown in Fig. 10 from
its, and absolute intensity measurements are further prone I1-D; this is an excellent example of the high spatial reso-
systematic error. The systematic error can be greatly reducedtion and steep gradients that can be found. Figuré)10
by extracting only a density profile shape from the Thomsorulso illustrates another technological development, the use of
data and adjusting the multiplicative constant to match th&everal multipulse laser systems to provide time histories of
interferometer data. In this combination, the Thomson profilaemperature and density through a discharge. The steep edge
is a valuable complement because it gives shape informatiogradients are typical of the tokamak H-ma@é Fig. 21 and
independent of an inversion process; e.g., it confirms thejiscussion thepe
absence of small-scale, large amplitude density variations. An alternative implementation of Thomson scattering is
lllustrative data will be shown in Sec. IV.B with other termed LIDAR, which relies on the time of flight of the laser
Thomson-scattering results. Another limitation on Thomsorpulse through the plasma to provide spatial resolution. This
scattering as a density diagnostic is that it provides data onlgrinciple has been used in JE$alzmanret al, 1988. The
at one or a few times during a discharge. Continuous timéight scattered into a small cone close to the backward direc-
evolution cannot be followed. tion is collected and analyzed as a function of time as a very
A third source of density information comes from short laser pulse propagates through the plasma. The ap-
reflectometry, the complementary consequence Oproach is attractive for technical reasons: a single aperture
n:\/l—wf)e/wz. An electromagnetic wave can propagateview of the plasma provides data along the entire line of
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3500 technique is particularly effective because the plasma is
3000 | ] opaque only at the cyclotron frequency. It becomes transpar-
ent again for higher and lower frequencidémplicit for
2500 - ] transparency is the condition th&.>w,, but this gener-
< 2000 3 ally obtains in tokamaky.Since the magnitude of the mag-
2 g netic field, and therefore the cyclotron frequency, varies pri-
e 1500 [ ] . .. .
- marily as 1R, the measured radiation intensitfw) can be
1000 | g mapped directly td o(R) along the line of sight of the radi-
500 £ Z ometer. Figure 11 illustrates the principle. The naturally high
of , , ‘ N temperatures of a tokamak imply strong blackbody radiation
150 200 250 300 350 400 levels, but the typical magnetic fields place the radiation in
Major Radius (cm) the far infrared where detection is the most difficult. These
55 . . technical problems have been the focus of the development

effort and determine the quality of data obtainable from
] ECE. The frequency resolution may be obtained by either
] optical or electronic techniques. The latter technique uses a
9 mixer and conventional electronic filtering; it offers the high
sensitivity of a superheterodyne receiver, but requires special
] care for absolute intensity calibration. Two optical tech-
niques are common. One uses a grating spectrometer and an
array of detectors, the number of which determines the spa-
‘ ‘ ; ‘ tial resolution. Like the electronic technique, this offers a
200 250 300 350 400 continuousT¢(t) from each detector, with a time resolution
Major Radius (cm) limited only by the amount of filtering required to obtain a
good signal-to-noise ratio from the detector. Absolute cali-
FIG. 9. Representative temperatéaand densityb) profiles from  pration requires care, and relative detector calibration must
the TFTR Thomson-scattering system for a standard 2 MA dishe especially accurate to infer temperature gradients. The
charge with no additional heating. The magnetic configuration iSSecond optical method avoids this problem by ingeniously

I hat in Fig. @). iti isti . h . - .

close to that g. @. In ad_dmon to Fhe .Stat's“cal error bars using a single detector in a swept Michelson interferometer.

shown, there is a 5% systematic uncertainty in the electron temperas_,. . . . .
alibration is simpler, but at the loss of continuous time

ture. These systems provide a large number of independent radic . o .
points at a single timéGrek, 1995, information. AT¢(r) profile is obtained only over the sweep

time of the interferometer. The consistency and accuracy

sight. (A typical profile is shown below as Fig. J2Limits ~ @Mong the various techniques for measuringare illus-
on the speed of data acquisition and the shortness of a lasé@ted in Fig. 12, which compares Thomson scattering with
pulse with sufficient energy to provide adequate scattere8vo ECE systems on JET.
signal restrict the spatial resolution to larger value40 cm, Assuming adequate signal levels in the detector, we see
that are sufficient only for larger devices. that there remain two important factors in the use of ECE
Modern Thomson-scattering systems provigér) with a  data. One is the difficulty in calibration to obtain and main-
spatial resolution at leasi’10 and an accuracy of 10%, usu- tain absolute temperature measurements. Thomson scattering
ally better. They also provide density profiles. Their principalis often used as an alternative to absolute blackbody sources,
limitation is that they give only a snapshot in time. Even thebut some care is required in complex geometries to deter-
most sophisticated multilaser, multipulse systems are limitednine which points from each diagnostic are on the same flux
in the choice of time histories that can be measured. Theurface, and temperature constancy on flux surfaces is as-
most important limitation follows from the small size of the sumed. Different chords through the plasma are always used.
Thomson cross section: even with powerful lasers, photo more interesting factor concerns the nature of the measure-
statistics impose error bars of at least a few percent. Theranent. By its nature, Thomson scattering measures the veloc-
fore small effects cannot be discerned, independent of thity distribution of the bulk of the electrons. On the other
spatial or temporal resolution of the system. ECE techniqueband, ECE emission is blackbody only if the electron distri-
have been developed to provide continuous time coverageution is Maxwellian. Significant deviations from Maxwell-
and finer temperature resolution; they often offer operationalan, as can arise from Ohmic heating at low density, ECH, or
advantages of technical simplicity and immediately interpretiower hybrid current drive, can cause large anomalies at the
able data as well. various harmonics. These can even be used for diagnostic
The ECE measurement af, relies on the blackbody op- purposes to obtain some properties of the distribution func-
tical opacity of the plasma at the electron cyclotron fre-tion. Care in the interpretation of ECE data is required in
guency, the second harmonic, and often higher harmonicsircumstances where non-Maxwellian distributions may
Only near the edge in smaller machines is the optical depthrise. These technical aspects and subtleties of interpretation
sometimes insufficient for good measurements. The fundaare discussed by Costle§l9913. Nevertheless, ECE has
mental principles are outlined in Bek€fi966, and a more proved invaluable in supplying high-resolutidn, profiles
recent review is provided by Bornatigt al. (1983. The and time evolution. It can even measure the temperature
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FIG. 10. Representative temperature and density profiles from the DIII-D Thomson scai@ri@gnditions are similar to those of Fig. 21.
Note especially the very sharp gradient in density at the edge resolved by the sifstdime development of the profiles for similar
conditions using multipulse lasers. Transport analysis and the profil@s apply to the steady conditions like those between 3.0 and 4.0

secondgLao, 1995.

fluctuations associated with large-scale mo@ésSec. VI.B:  line of sight through the plasma, and the measured spectrum

sawteeth andn=1,2, . ..

VI.B).

C. lon temperature

modesand turbulencecf. Sec.  depends on a complicated integral of the neutral density, ion
density, and ion temperature along the sight Jink.good
illustration of charge-exchange results is provided by Fig. 13
(Roquemoreet al,, 1985, which shows the distribution func-
tion of the main deuterium ions as well as the distribution of

Two principal techniques are employed to measure ior® small minority of hydrogen ions heated to a higher tem-
temperatures. Hydrogen ion temperatures are determingRgrature by ICRH.
from the energy spectrum of charge-exchange neutrals The analysis of neutral particle spectra naturally deter-
emerging from the plasmaA neutral atom entering the mines the full distribution functiori(v), not merely the ion
plasma has roughly equal probability of being ionized ortemperature, and measurable signal extends well into the tail,
charge exchanging with a plasma ion. The new neutral, repat least to several times the thermal velocity and often much
resentative of the plasma ion distribution, may escape thhigher. [This contrasts with many spectroscopic Doppler
plasma and be detected—subjected to a second charge drehniques, including Thomson scattering and impurity ion
change and energy analyzed. The detector views along sontemperature measurements, for which the line shape, in prin-
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FIG. 11. Operating principle of ECE temperature diagnostics. The
spatial variation of the magnetic field and the restriction of black-FIG. 12. JETT, ECE and LIDAR temperature profile@artlett,
body radiation to a narrow band near the electron cyclotron fre1995.
guency associate the radiation intensity at each frequency with the
temperature at a particular position within the plasi#narrow  the impurity ion temperature reflects, with some calculable
antenna pattern for the receiver is also requirdtie measurement gjfferences, the temperature of the dominant ions and is often
is usually made at the fundamentai=1) or first harmonic & easjer to ascertain. As with many other diagnostics, the prin-
=2). ciples are well established and unchanged, but the applica-
tion has greatly improved. In its basic form, the method of-

ciple, represent$(v) but in practice must be fit to a Max- fers limited spatial resolution because the ionization state
wellian with only an adjustable temperature and, possiblygiving rise to each line exists over a region within the
drift velocity.] This capability is quite important because the plasma. The higher ionization states are restricted to the cen-
lower collision frequency and larger orbit size of ions causeter, and low states to the edge; but the localization is not
larger deviations from Maxwellian distributions. These aresharp. Depending upon plasma conditions, there may not be
greatly exacerbated when neutral beams or ions cyclotrosuitable impurity lines across the whole profile. However, the
resonance heatinglCRH) is used, for both are copious comparative simplicity of spectroscopic techniques in appli-
sources of superthermal ions. Knowledge of the full distribu-cation and analysis made technical development attractive.
tion function is much more important for hydrogen ions than The major advance has been the introduction of neutral
for electrons or most impurities. The ion distribution func- beams to improve spatial resolution and strengthen signals.
tions provide not onlyT; for transport analysis, but also the Both heating beamse.g., Isleret al, 1981 and Groebner
basic information necessary to analyze the kinetic effects a%t al, 1983, to be found on all large tokamaks, and beams
sociated with the heating processes, a rich area of physicsspecifically for diagnostic purposés.g., Foncket al, 1984

There are some significant subtleties associated with theave been used. Among other reactions, the injected neutrals
measurement di(v). The vectow must lie along the path to undergo charge-exchange reactions with impurity ions, in-
the detector. For example, if the sight line is approximatelycluding the fully stripped species like carbon and oxygen
perpendicular td, easily realized in practice, one will mea- which otherwise emit no line radiation, producing a cascade
suref(v, ,v;=0), which constitutes deeply trapped ions andof lines assignable to the intersection of the neutral beam and
introduces other possible problems. Regardless of configurapectrometer sight line. Since carbon and oxygen impurities
tion, one will obtain anf(v), but never the fullf(v, ,v). are ubiquitous in tokamaks, suitable lines can be found ev-
Measurements on strongly non-Maxwellian distributions areerywhere. The configuration on TFTR is representative and
incomplete. In fact, the detail provided by charge-exchangshown in Fig. 14(Synakowskiet al, 1993. The crossed
spectra can sometimes prove a disadvantage: it can be diffsight paths provide resolutiohp<<0.04.
cult to extract a representativie from the data. The analysis of this charge-exchange recombination radia-

The second technique for determining ion temperaturaion, which has been assigned different acronyms on differ-
measures the Doppler width of various spectral lines ofnt tokamaks, can provide excellent ion temperature profiles.
plasma impurities. Although of secondary intrinsic interest,A good example is shown in Fig. 15 from the DIII-D toka-
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FIG. 15. lon temperature profile in DIII-D from charge-exchange

recombination spectroscopy for a very well-confined discharge con-
FIG. 13. lon distribution functions in TFTR from charge-exchangedition (Groebner, 1994

neutral analysi$CENA). The plasma was heated with electromag-

netic waves that preferentially heated hydrogen ions. The measure- h incinal K far h b blishi h
ments clearly distinguished the different temperatures of the hydroever’ the principal wor .so ar has been establishing the
gen and deuterium ionéRoguemoreet al, 1985. (FIDE is the methods and corroborating other measurements and codes

fast-ion diagnostic experiment. (e.g., Strachamt al, 1994 rather than supplying a primary
source of ion temperature data and therefore will not be dis-
cussed.

mak using the system described by Gattilal. (1990.
In plasmas with deuterium and sufficient ion energies, .
neutron emission may also be used as an ion diagnostic. Thi Velocity
development is important because future devices will pro-
duce even stronger neutron emission, and some present teciﬂ
nigues will become more difficult, if not impossible. How-

Fluid velocity is actually a very subtle concept because of
e complex composition of the plasma and the strong gra-
dients. The obvious Eulerian velocity)= [vf(v)dv dif-

fers from a Lagrangian velocity obtained by following an
average particle, which is a guiding center or bulk fluid ve-
locity. The difference is the diamagnetic drift velocity that
develops in the presence of a pressure gradient:

BXVp
neB °

Counterinjecting
Neutral Beam

Vdo= 4.3

The plasma is confined in the radialormal to flux surface
direction. Fluxes in that direction are on a slow transport
time scale, but substantial flow velocities on the magnetic
surface are possible. The theoretical description is naturally
in terms of velocity components parallel and perpendicular
to the magnetic-field lines, but measurements are usually re-
ferred to laboratory coordinates and 6, or more generally

as ¢ and the direction on the flux surface perpendicular to
the toroidal directionp. Regardless, the flow velocities con-
stitute rotations. Several techniques can provide information
on rotations.

Direct measurement of the Eulerian velocity of impurity
FIG. 14. CHERS(charge-exchange recombination spectrosgopy Species can be obtained from Doppler shifts of emission
configuration on TFTR, illustrating the crossed sight lines that dedines. With appropriate optics, both, andv, can be mea-
termine the spatial resolutiof®ynakowskiet al, 1993. sured. As with ion temperatures, the best spatial resolution
results from charge-exchange recombination lines in crossed-

Fiber-Optic Array
(To Spectrometer) Coinjecting
Neutral Beam
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2.0

the most simple one-fluid analysis. This electric field is dif-
ficult to measure, but the plasma potential profile can be
determined by one technique, a heavy-ion-beam probe
(HIBP). A beam of massive ions, typically cesium or thal-
lium, is accelerated to sufficient energy that the gyroradius
exceeds the plasma size. lons that ionize again in the plasma
proceed on more curved trajectories and may be detected, the
geometry of the detector fixing the position along the pri-
mary beam at which the ionization occurred. Since the
charge was different entering and leaving the plasma, the
ions suffer an energy changdJ =ed,, giving the potential

at the ionization point. Since the plasma potentials are typi-
cally 1 kV and beam energies up to 2 MeV may be necessary
to traverse the plasma, the implementation is technically de-
manding. However, the interpretation of the result as rotation
is clear. A comprehensive treatment of HIBP principles and
results, as well as an extensive bibliography, may be found in
Crowley (1994. A HIBP system installed on the TEXTat
University of Texas, Austin, TXtokamak is shown in Fig.

17. An example of the potential profile for an Ohmic dis-
charge is shown in Fig. 18. For this case, the potential is
FIG. 16. Profile of toroidal rotation velocity in DIII-D for the same consistent with neoclassical theory and the ion pressure pro-
conditions as Fig. 15Groebner, 1994 file.

Useful supplementary information on rotation can also be
obtained from other observations. The most important of
these is the MHD activity that is nearly ubiquitous in toka-
maks. These are presumed to be resistive tearing modes and

ANGULAR VELOCITY (10° rad/s)

beam configurations. Figure 16 shows an example of th
toroidal velocity profile in DIII-D obtained by this technique

for a plasma that received a large toroidal momentum inp“fnclude them=1 modes often associated with sawtegth

from the heating beams. Sec. II.B and m=2, 3, or 4 detected with magnetic coils

Impunty_velocme; are measured in th_|s process, Whe_reacciutside the plasma. In linear theory, these modes are purely
hydrogen ion velocities are usually desired. In the toroidal rowing; in experiments, then=2 modes saturate nonlin-

direction, there are no diamagnetic effects, and collisions ar arly at small amplitude under most conditions. In any case,

suff|c:|e_nt th"?lt all ions move W'th a common velpcny. The the mode structure should be stationary in the bulk plasma
subtleties arise fow ,, which requires more extensive analy- frame, and they are observed as oscillations in time only

ses of the varlous Specles. . . because the plasma rotates. In fact, the modes are resonant
An alternative approach that determines the bulk fluid ve- n integerq surfaces and have helical structure for the per-

Ioc!ty is to measure the radial comppnent of the electric fiel urbed quantities:
E, in the plasma. Since the plasma is an excellent conductor,

the electric field in its rest frame must be zefp=v, XB in Bocgl(mé—né), (4.4
?D ﬂOA S yaV
Accelerator

FIG. 17. HIBP schematic showing the system in-
stalled on TEXT. The beam trajectories must be
adjusted to provide signal from the position of
interest within the plasméSchock, 199h
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Rotation in eitherd or ¢ will therefore produce oscillations; FIG. 19. Safety factog(p) profile from TFTR using the motional
the observed frequency of a mode places only a single cortark effect. Only one representative error bar is shown. The mea-
straint on a combination af , andv , on the integeq sur- suredq profiles support inferences based on neoclassical resistivity
faces, but the ease and accuracy of the measurement makéfd measured electron temperat(revintonet al, 1993.

a valuable adjunct and check for inferences of the bulk fluid

velocity. The rotation velocity also affects the phase velocity”ne integrals to infeiB, . The technique was first applied on

of the various small-scale instabilities in the plasma. Thesei’EXTOR (at Julich, Germarly results are described by
\;V(')ILE; %??gtsz;?odnl?n%?fﬁz;/tiléﬁ' the effect is a SUppIemer]tarySoltwisch(1988. Although the technique is technically dif-
' ficult, it requires only modifications to a multichannel inter-
ferometer system, which is provided on most tokamaks. A
E. Current density recent improvement in technique is illustrated by Rice and
) ) ) ) ) . Hooper(1994).

The final fluid quantity required is the current density, an ohvious approach would be to use the Zeeman effect in
which enters the Grad-Shafranov equation for determiningome arrangement to measure the magnetic-field direction,
the equilibrium configuration. The current is largely in the ¢ exploiting this effect has proved quite difficult. West
toroidal direction, andg, j,, andj are used interchangeably. ot al. (1987, using lithium beams, and Marmat al. (1989,
Since the current is carried by electrons, one would thimﬁsing lithium pellets, among others, have obtaigegtofiles,
first of measuring the electron drift velocity, as, for example,p  the details are too complex to be included here. Profiles
in the Doppler shift of the Thomson-scattering spectrumyaye also been obtained using the motional Stark effect
However, the drift velocities are typically small (measuring the electric field produced By in the frame of
(vd<0.1vth_). The mlnutene_ss of _the Thomson-scatteringy moving atom—typically the atoms in a heating bgafor
cross section and geometries which observe anlypre-  hyqgrogen energies of 100 keV, the Stark splitting of a few
clude useful determinationMeasurements at this level are angstroms is comparatively easy to measure. The technique
routinely obtained spectroscopically for rotation velocity, is gescribed by Levintor{1992, with typical results from
where the line intensities are higheinstead, all inferences TETR shown in Fig. 19Levinton et al, 1993. As a direct

of j are based on determinations Bj: measurement oB,, it gives relatively direct and accurate
1(r results forq(p), which are illustrated in Fig. 19. The wide-
Be(f):MoFJ j(r’)r'dr’ (4.5  spread use of heating beams makes the technique broadly
0 applicable.

for the simple cylindrical approximation, and a more com- Intensive development of all techniques to measure cur-
plicated integral, which must generally be done numericallyrent profiles is continuing, and several other approaches are
for more complex configurations. The awkward property ofbeing explored but have not yet reached regular use. All the
Eq. (4.5 is that the inversion to fing requires differentiation techniques require considerable care in application and inter-
and therefore high accuracy in tii&e, measurement. Fortu- pretation. The current d8, profile remains the fluid param-
nately, the value oB, itself is significant; for exampleg is  eter measured with the least regularity and resolution.
directly proportional toB,. Given the difficulty of obtaining full profiles of or B,

The first technique to be systematically developed iddirectly, several indirect methods are important. Tradition-
closely related to interferometry. A circularly polarized elec-ally, the current profile has been inferred from theprofile,
tromagnetic wave suffers a polarization rotation, subject tassuming that the resistivity was classi¢8pitze) or neo-
the same requirements as those that apply to density interfetlassical. Unlike transport across flux surfaces, which is
ometry, proportional tofnBydl, where B here means the rarely neoclassical, parallel transport appears to follow neo-
component oB along the propagation directiat. As with  classical theory. The bottom row of E(.4) has been rea-
density measurements, great care is required to invert a set sbnably confirmed for both diagonal and off-diagonal ele-
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ments(cf. Bartlettet al, 1988 and Zarnstorfét al,, 1990. transport coefficients. These analyses are extremely com-
The only additional experimental parameter that is requiregblex; here we are concerned primarily with the diagnostics
for the neoclassical calculation pfis Z.4, an average effec- necessary to provide the input data. These data certainly in-
tive ion charge. The resistivity depends directly on the elecelude the fluid parameters of Sec. IV. Moreover, the appear-
tron collision rate with ions. Because the cross section varieance of the derivativedn/dr anddT/dr in Eq. (2.4) implies

with Z2, even a small concentration of highions can in- that the density and temperature profiles must be obtained

crease the collision rate. The definition of; is with sufficient resolution and accuracy to define these quan-
2 tities. Some additional quantities also enter the equations.
si————, n=> nZ, (4.6) ince the primary criterion for a fusion reactor is sufficient
zniZ; energy confinement, we consider energy transport first.

where the sum extends over all ionization states of all ion
species present, and is the usual fluid(electror) density.  A. Energy

Although one might imagine determining all thg from

absolute spectroscopic measurements, the diversity of ele- A representative energy conservation equation for elec-
ments and charge states is usually excesgiMee exception trons in equilibrium may be written as

is a plasma dominated by a single, fully stripped impurity.

An example is carbon in TFTR as described by Synakowski 3 M_ 1 i( rKa_Te) + 1 i(rikT r)

et al, 1993) Instead, a useful first approximation assumes 2 dt ror gr ) rdr e

Z. uniform across the plasma and adjusts the value for E2

agreement of the temperature profile and plasma current with = NVei( Te—Ti) + Pin— Prad» (5.1

the loop voltage. Of course, this does nothing to establish the
validity of neoclassical conductivity. To test neoclassicalwhere the terms on the left are the time derivative of energy
conductivity and provide more accurate analyses, an indecontent and the divergence of the energy flux from a simpli-
pendent measure &.4(r) is required. Perhaps the best di- fied transport matrix including only the diagonal thermal
agnostic for this purpose measures the bremsstrahlung copenductivity and particle convection. The right-hand side in-
tinuum emission in the visible arising from electron cludes the energy inputs from Ohmic heating, wittbeing
collisions with the various ions. Care is required in order toSpitzer or neoclassical resistivity, and other sourRgge.g.,
avoid emission lines, and the intensity is far below black-beams or f and energy losses to ions by collisions and to
body; but the local emissivity is simply proportional to radiation (largely inelastic collisions with impuriti¢s The
N2Ze/Te. Measurements of absolute intensity for a numberanalysis is generally applied to an equilibrium state, for
of chords through the plasma coupled witfand T, profiles  which the time dependence vanishes and time averaging may
can be inverted to determing,(r). Although such inver- be used to improve accuracy. To avoid second derivatives,
sions are sensitive to error, the observations generally find Bq. (5.1) is usually employed in the form
self-consistent, relatively flat.(r), and the value is consis- dT 1 (r 2
tent with neoclassical calculations. . _ Ked_e = —SKT + _f rdr|——nvei(Te—T:)
Additional information and constraints are obtained from r rJo n
observation of the MHD activity mentioned in the previous
section. These modes originate on ratiogakurfaces,q —Pragt Pin
=m/n. If the poloidal and toroidal mode numbers,h) can
be ascertained and the radius found at which the mode ogrom which « may be extracted if all other quantities are
curs, one point ofy(r) can thereby be determined. These measured. For convenience in comparing various diagonal
points may be compared with direqt profiles or used as terms, ay, (x.=nye) with units ofm?/s is often used as the
constraints in the calculation g{r) from Te(r). The most  transport coefficient. Taking the terms in order, we have dis-
important of these MHD modes is the sawtooth oscillation,cyssed the temperature profile, and the particle flwill be
which appears as a strong modulation on soft x-ray and ECexamined in Sec. V.B. However, it is often a small term in
signals. Both subsidiarjn=1, n=1 activity and phase re- the interior of the plasma, for particle sources are often ab-
versal of the large sawtooth signal are presumed to mark thgent or small. The electric field follows immediately from the
q=1 surface. Diagnostic techniques for sawteeth and relateghop voltage, and the resistivity is neoclassical, as discussed
phenomena have been separately reviewed by Costlgyhove. The electron-ion exchange is more subtle, because if
(1988. The diagnostic objectives are not merely to constrain,_. js significant, a frequent cas&, and T, must each be
the q(r) profile, but to elucidate the physics of the oscilla- determined with considerable precision. From the earlier dis-

(5.2

tions. cussion, it is clear that they are measured with quite different
techniques; both random and systematic errors will enter the
V. TRANSPORT comparison. This term often contributes the major uncer-

tainty in y.. A partial solution to this problem is discussed
The objective of transport analysis is to determine thebelow. The radiation los®,,4 is measured independently.
transport coefficients as typified by the matrix of E.4).  Again, one can obtain estimates from spectroscopic measure-
Conservation equations for particles, electron energy, ion erments of impurities, because the important contribution is
ergy, etc. have been written, including transport, and suffientirely line radiation; but the most useful data come from
cient experimental data are sought to permit inference of thbolometry, direct measurements of total radiated power along

Rev. Mod. Phys., Vol. 67, No. 4, October 1995



K. W. Gentle: Diagnostics for magnetically confined high-temperature plasmas 827

multiple sight lines through the plasma that are inverted to Heating at the electron cyclotron frequency is the simplest,
give P(r). Until recently, these measurements dependedt least from the perspective of analysis. Calculation of wave
on thin foil thermistors(Muller etal, 1982; Mast and propagation through the plasma is comparatively straightfor-
Krause, 1985; Schivell, 1985Bolometry has the advantage ward; geometrical optics is a good approximation. The ab-
of simple calibration and uniform sensitivity over the full sorption is entirely on electrons, and the calculation is com-
wavelength range over which significant radiation is emittedparatively easy. Furthermore, a measure of direct
A lack of sensitivity precludes fast time resolution, althoughconfirmation may be obtained by examining local heating
this does not affect their use in equilibrium measurements, a@tes when the power is first applied. The initial rates of
in Eq. (5.2). Recently, solid-state diode detectors have beefemperature rise indicate absorbed power for times short
employed for these measurements. They offer high sensiticompared with transport time scales. o

ity and fast time response, but their response is limited tg Th€ €quation for ion thermal conductivity ol;

wavelengths shorter than visible and is somewhat nonunitXi=Nxi) corresponding to E¢5.2) may be written

form. Nevertheless, their range of sensitivity is often well dT, s r
suited to the actual plasma emission spectrum, and the tech- ~&i g~ =~ 2kTil'+ FL rdrinve(Te—T)+ Pinl,
nique is quite valuable, especially in extendiPgy measure- (5.3

ments to fluctuation$Wen and Bravenec, 1995 . . .
Evaluation ofP;,(r) is probably the most complex task. In where thePy, has the analogou_s meanmg.but d_|ffers numert-
cally from Eq. (5.2). Here, P;, includes direct ion heating

modern tokamaks with strong auxiliary heating, it is as Iargefrom beams and 1f heating l6ss charge-exchanae losses. A
as any other term in Eq5.2), and a direct experimental ng ge-ex 9 - AP

. . lication poses the same problems discussed above for the
measurement is not generally possible. Instead, elaborate c%

. o . . etermination ofk,, xe. The convection ternT” is more
culation based on the specific physics of the heating processian important in Eq(5.3), and some care is required in

must be employed. To illustrate, we shall consider three im- lasmas with significant impurity content, for whidh may

portant heating techniques: neutral beams, rf heating near t t equal theT,. that are often measureci to infer. IAddi-

ion cyclotron frequency, and rf heating at the electron cyclosigng equationsp may be needed. However, if the data have

tron frequency. been obtained to determine oe the other can usually be
Neutral beams were the first strong auxiliary heatinggetermined also.

source in tokamaks. The beam is produced by extracting an A frequent problem concerns the ion-electron energy

ion current ¢(~10 A) from a plasma source, accelerating it transfer mentioned above. Ti,~T;, but the transfer term is

(50 to 120 kVj, passing it through gas sufficient to reach too large for independent calculation pf andy; , Egs.(5.2)

approximate 50% equilibrium between ions and neutrals, deand (5.3) may be added to include the total-energy content:

flecting the ions magnetically, and directing the neutral beam T 1r 2

through the plasma. Neutral beams represent a major techno- — ,—— = —5kTT + _J rdrl—

logical development; single beams can deliver several mega- ro 7

watts of neutral-beam power. The incident power can bgrom which one obtains a single or y. This requires fewer
measured directly by calorimetry; and power not absorbegemperature data, since a godg(r) suffices, and even the
(“shine-through”), likewise, albeit with lesser accuracy. p, (r) is somewhat easier to calculate because separation of
However,P;,(r) is complicated because some of the neutralgon and electron contributions is unnecessary. The penalty is
ionize on orbits which leave the plasma promptly; all theloss of physical insight. Insofar ag and x; have been in-
orbits have to be computed carefully; and the energetic iondependently determined, they have not been found to be sim-
transfer their energy differently to ions and electrons as theyply related.
slow.[The P;,(r) term in Eq.(5.2) is only the direct transfer The application of Egs(5.1)—(5.3) for the determination
to electrong. Many elements of the slowing down of ener- of thermal conductivity requires further discussion. One can-
getic ions due to classical collisions have been carefully connot simply evaluate the derivative on the left by differencing
firmed experimentallyby examining the evolution of the ion adjacent points on the temperature profile and attempt to
distribution function as discussed in Sec. 1).But a major evaluate the terms on the right at the average position. The
calculation specific to the beam configuration and plasmalisparate accuracy, resolution, and grid spacing of the vari-
parameters must be employed to obtRip(r) for determin-  ous elements make that impractical and inaccurate. Satisfac-
iNg xe- tory evaluation of transport coefficients has depended not
The use of rf heating, for example, at frequencies relatednly on the development of extensive profile diagnostics, but
to the ion cyclotron frequency, is equally complex. Thealso on the development of complex analysis codes. Al-
vacuum wavelengths exceed the plasma size, the “propag#hough these are not properly diagnostics, their importance to
tion” within the plasma is complicated, and the absorptionextracting physically significant information from experi-
processes result from nontrivial kinetic effects. Although themental data justifies a brief discussion in this context. The
power coupled out of the antenna at the plasma boundary cdrasic codes integrate data from all diagnostics to infer rea-
be determined by standard engineering measurements, teenable, smooth profiles for all quantities in E¢5.2) and
determination oP;,(r) is at least as difficult as that for beam (5.3), from which a smooth profile ok or y may be de-
heating. Since the absorption often results in the productioduced. Implicit in the analysis is the assumption that there is
of highly energetic ions, there can be an important compono small-scale or strong local variation in transp@rt.Fou-
nent of direct electron heating. rier analysis, it would correspond to keeping only the first

—PiagtPinl, (5.9
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few terms; in these analyses, it is more often applied by r/a

usi_ng spline fits With only E_i limited number of in(_jependentHG. 21. Thermal diffusivity profiles from DIII-D. The smooth
points on the profilg. Typical of these codes is SNAP ¢ res with error bands are a good representation of the results and
(Towneret al, 1992. An important practical problem is that ncertainties in transport analyses. The inadequacy of neaclassical
some discharges, especially those with exceptional propefransport theory is illustrated by the ion prediction shown. This is an
ties, never reach a time-independent steady state as assumghode discharge at a plasma current of 1.35 MA with 6 MW of
in Egs.(5.2—(5.4). The equations can easily be corrected byneutral-beam heatingPetty, 1995.

adding the appropriate time derivatives, as in &ql), to the

integrals on the right-hand side, but more elaborate time- . .

dependent calculations are also required Er,t) and @S well as a growing convective terln, greatly decrease
Pin. The most widely used of the full time-dependent trans-accuracy.

port codes is TRANSP, developed at Prince{@oldston

et al, 1981, which enables one to obtain transport coeffi-

cients as the plasma is changed in various ways with almo% Particles

any form of applied heating. ONE-TWO is a similar code ~
run on DIII-D (Pfeiffer et al,, 1985.

Representative results for the radial profiles of thermal dif The particle conservation equation is simpler than the en-
o - ) . ‘ergy transport equation in many respects, but it includes an
fusivity are shown in Figs. 20 and 21. Figure 20 is from an 9 P quation | y resp ut it ety

: . . ssential complication. The equilibrium density equation is
experiment on TFTR to measure the increase in transpoﬁ P q y €d

coefficients with increasing auxiliary heating power and tem- an O
perature. The increase in thermal diffusivity is naturally as- P () 7 *V(rn=- FJOS(r ridre, (5.9
sociated with a decrease in energy confinement fimeof . o
Eq. (2.9)]. Although decreases in: with increasing heating WheresS is the source from ionization, and represents all
have been found in all tokamaks, some operating regimefie off-diagonal terms in E¢2.4). Such off-diagonal terms
have been found that minimize the effect. Perhaps the mogyere omitted in the energy equations for simplicity, an ap-
important of these is the H-mode, of which the steep densitplication of Occam’s razor. Except for some recent experi-
gradient at the edgéFig. 10 is a unique characteristic. Fig- Ments with ECH heating, it has always been possible to ana-
ure 21 gives the energy transport coefficients for a typicalyze equilibrium transport with only &, because the left-
H-mode condition from DIII-D. Regimes of improved con- hand sides of Eqs(5.2) and (5.3) were always positive.
finement often include regions of steep gradients that chalfowever, neutral atoms originating outside the plasma can
lenge diagnostic capability. penetrate only a short distance into hot, dense fusion plas-
The strong radial variations of the transport coefficients inmas. In the absence of neutral-beam heat#g) ~0 except
Figs. 20 and 21 are typical, as are the error bars or banddt the edge. Lacking &/, the implication would be that
Since the evaluations of transport coefficients are not poin@n/dr~0, a flat density profile. Density profiles are often
calculations but reflect averages and fits over a plasma réeasonably peaked and rarely as flaivas0 would require.
gion, error bands are appropriate and informative, althoughleoclassical theory does predict an inwafd but usually
they lack the precise definitions of 1 or®bounds on the ot sufficient to explajn experimental profiles. In the absence
measurement of a random variable. The important concluof sources, one obtains
sion is that energy transport can be characterized by local 1 gp Vv
transport coefficients determined with reasonable accuracy. — FTY
These results exclude both the core and the edge of the nar
plasma. Equation&.2) and(5.3) are difficult to apply in the a good experimental measure ¥fD, but no measure of
core because the gradients approach zero at the center, amadgnitudes. From measurements of the source, specifically
time variations such as sawteeth confuse the interpretatioevaluated out to the edge where the density is low and the
Near the edge, strong radiative and charge-exchange loss@gnsity gradient is large, one can obtain

(5.6
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as an estimate dD at the edge. However, the measurement
of S(r) is quite difficult. There are good data for the relation
between ionization rate and the intensity, for example, of
H, emission for the relevant ranges of plasma density and
temperature. Although absolute measurementsl pfinten-

sity are reasonable spectroscopic practice, the emission lack
the poloidal and toroidal symmetry that reduces the problem
of measuring most other plasma parameters to a sir{gle
Extensive measurements and some modeling are required to 0-10 02 0.4
obtain the(flux-surface averageS(r) that enters Eq95.5 MINOR RADIUS (m)
and(5.7).

As a consequence, equ"ibrium partide transport is |es§|G. 22. Transport coefficients in TFTR. The minor radius is 0.8 m;
often analyzed and particle transport coefficients are les§ horizontal axis corresponds closely to a linear/3=<1.0. [Fig-
widely known than are energy transport coefficients. The'ré 4a is @ good picture of the magnetic configuration for this
separation and determination of diagonal and off-diagonafasel In addition to the momentum diffusivity,,, the ion and
terms can only be made in time-dependent experimeits electron dlf'fuswlt_les,)(i and y., are shpwn, together with an esti-
Sec. V.D. m’\%e for.the partlpl@ and .two theoretical models, labelg& and

Although two-fluid equations are a minimal description x"'°. This analysis is continued closer to both the center and edge

. . . ' than is often possible. The small gradients near the center and high
f{he §tr0ng requirement of charge.neutrf’;\(ﬂy ApIn Tab!e ) . radiation near the edge increase errors in those regions. The tenden-
implies n.=2n;Z;. Unless the impurity concentration is

2 - . cies for diffusivities to rise toward the edge is a general phenom-
large, a single transport equation suffices for both electrongn o (scottet al, 1990.

and the principal ion species. The transport of impurities is
an independent, important question. Besides its interest as a
sort of test-particle diffusion, impurity transport is practically transport the other, and thg, measurement is independent
important for determining how easily helium “ash” from ©f uncertainties in th@v(Te—T;) term of Eq.(5.3).
fusion reactions will leave the plasma and how strongly A good example of comprehensive transport analysis is
heavy impurities, which will dilute the hydrogen and possi-Shown in Fig. 22(Scottet al, 1990 for a strongly beam-
bly radiate, will accumulate in the plasma. However, thereheated discharge in TFTRThe notationy®" indicates that
are two major problems in obtaining impurity transport co-the I' terms in Eqs(5.2) and (5.3) have been omitted from
efficients. First, as discussed in Sec. IV.E, measurement dhe calculation. The estimate fbrwas obtained by using the
impurity concentration is difficult. Second, just as with Eq. beam particle source in E5.7), neglectingV.] One can
(5.5), the equilibrium impurity profile fixes only/D [Eq.  ©obtain a good picture of the transport processes with reason-
(5.6)]. The separate transport coefficients can be extracte@ble resolution and accuracy.
only from time-dependent experiments.

Spectroscopic measurement of impurities is far more im-
portant than merely as a contributor #s and radiated D- Time-dependent transport
power measurements and impurity transport studies. In em- __ . )
phasizing tokamak physics, we have neglected the art and 1iM€ dependence has been mentioned in the context of
engineering of modern tokamaks. As a practical matter, gooffQuiring corrections to simple steady-state transport calcu-
performance requires low levels of impurities and radiated@tions, but its significance is far broader. From a fundamen-
power. Spectroscopic impurity monitoring has been essentidf! Viewpoint, characterizing the response of a physical sys-

to developing successful configurations, materials, and opeféM O perturbations is as significant and informative as
ating regimes as well as to detecting malfunctions. describing the equilibrium state. For systems in which trans-

port is caused by collisions and for which the resulting trans-
port coefficients typically depend weakly on local param-
eters, transient and equilibrium analyses are complementary
C. Momentum methods for measuring the coefficients. However, the trans-
port rates in hot plasmas are far above collisiomaoclas-
Since most particles can stream freely along magneticsica) values; they are presumably driven by turbulent pro-
field lines in a tokamak, the momentum dengify(~p,) is  cesses that depend strongly on plasma parameters, a
an independent thermodynamic variable. Energetic neutrgiresumption supported by the strong radial variation in trans-
beams, if not directed exactly perpendicularly to the magort coefficients as shown, for example, in Fig. 22. One con-
netic field, can easily impart a substantial toroidal momen-sequence of transport coefficients with strong parametric de-
tum as well as energy to the plasma. Given a strong sourc@endencies is that if the equilibrium transport equation is
measurement of the plasma drift velocity can then be used ilinearized for perturbations, the transport coefficients that ap-
equations analogous to E¢.3) to obtain ay,. The value is  pear in the equation for a linear perturbation will differ from
of particular interest for comparison witg;, because pro- those evaluated at equilibriufsee, for example, the explicit
cesses that transport one would generally be expected &xpressions in Gentle, 1988\ second consequence is that

ey
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FIG. 23. Particle transport coefficients from ASDEX Ohmic dis- ar
charges using perturbations. The heavy lines are from a low-density n
case (1. 10" m %), and the light lines are at higher density ms) 'E E
(4.0x 10" m~3). The diffusion coefficients are solid lines; the in- f
ward convective velocity, dashed. Error ban@®t shown are
+30%.
. . i -0.1 1 I ] ] 1 ]
the equations for den{sny ar_1d temperature perturbations, and 03 04 05 06 07 o8
possibly other quantities, will generally be coupled. -r (m)

A review of analysis techniques and results for transient
transport is far beyond the scope of this review. Suffice it toFIG. 24. TFTR particle transport coefficients from density pertur-
say that it is a very complex and fruitful area, especially forbations (Efthimion et al, 1991: (a) diffusion coefficient for the
particle transport, where equilibrium analysis gives limitedperturbation;(b) convective velocity for the perturbation, negative
information, as discussed above, and for exploring couplingnward.
and off-diagonal terms. This area is included in the review by
Burrell et al. (1990. From the diagnostic viewpoint, these in large, hot tokamaks. However, impurity transport experi-
experiments require good space and time resolution for meanents are optimally performed using an element not nor-
surement of perturbed quantities. The quality and quantity ofnally present. Synakowskit al. (1993 provide a recent ex-
this work has expanded dramatically over the past decadample including several of these techniques, shown in Fig.

because of diagnostic improvements. 25.(The Dgﬂ is the same estimate &f, discussed with Fig.
For density, multichord interferometers are the principal22; inward convection is neglectéd.
tool. They easily provide a continuoys(t)dl with suffi- For temperature, Thomson scattering cannot provide a

cient time resolution; the important improvements have beegontinuous time history, but ECE systems, specifically het-
in number of channels and especially in precision to detectrodyne or grating systems, provide excellent data. Histori-
perturbations as small as5% with good accuracy. An ex- cally, measurements of soft-x-ray emission obtained with di-
ample of particle transport coefficients measured in ASDEXodes sensitive roughly from 500 eV to 5 keV have also been
(at Max-Planck-Institute, Garching, GermariGentleet al,  very important. Dozens of chords with time resolution ap-
1992 by density modulation is shown in Fig. 23. Similar proaching 1usec are easily provided. The value of the
results from TFTR using gas puffs are shown in Fig. 24method is limited only by the difficulty of interpretation. The
(Efthimion et al, 1997). The plots showD andV, but the radiation in this range is a combination of bremsstrahlung
labels are chosen to emphasize that the coefficients apply tontinuum and line radiation from highimpurities(Fe, Ni,
the perturbation, not to the equilibrium. etc) and depends upon electron density, impurity content,
Reflectometry has proven especially valuable for perturbaand strongly onT.. Although it is a chordal measurement,
tion studies. It gives a comparatively direct indication of lo- its strongT dependence implies that the signal is dominated
cal An(t), obviating inversions of chordal data. Difficulties by the highest temperature along the sight line. However, the
in constructing complete equilibrium(r) profiles are irrel-  sensitive dependence on impurities makes it almost impos-
evant for the transient measurements. sible to extractT,. Instead, the signals may be used as an
Impurity transients for transport analysis may be producedndication of AT(t) to study the propagation of transients. A
by gas injection of volatile materials or by laser ablationsecond use is possible because the diodes can be easily set
from a target near the plasma. Considerable information caimto arrays with multiple sight lines through the plasma as
be adduced using only the time histories of a few ionizatiorrequired for tomography. Although the x-ray emissivity is a
states(chosen to occupy different radial positions in the complex function of local variables, they are each flux func-
plasma without measuring absolute concentrations of alltions; the emissivity is constant on flux surfaces. Hence the
states. The most complete analyses have used helium asdata may be inverted tomographically to produce an image
trace impurity in a hydrogen plasma, for which only He  of interior flux surfaces both as confirmation of the magnetic
need be followed using charge-exchange spectroscopy. Thizlculation and as an indication of special structures, insta-
technique can also be applied to carbon and oxygen transpdsilities, and perturbationg§Granetz and Smeulders, 1988
because they are fully stripped over most of the cross sectioBixamples of these techniques for determining complex inter-
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perature is no longer poloidally symmetric or peaked at the center,

FIG. 25. Impurity diffusion coefficients for helium and iron on Put shows a complex structut€ostley, 1988

TFTR, including an estimate of the bulk particle diffusibg with

the same meaning as in Fig. nakowskiet al, 1993. . . .
g 9- By 3 turbulent fluctuations. Theoretically there is no dearth of can-

) o didate instabilities, but none has proved equal to the task of

nal magnetic structures on JET are shown in Figs. 26 and 24reicting transport observations. There are two sorts of di-
(Costley, 1988 Figure 26 shows results from an ECE recon- 5 ,tic objectives. The simplest, most immediate goal is to
struction of isothermal surfaces, whereas Fig. 27 Shows SUfpqa e the fluctuations and provide some characterization—
faces_of constant x-ray emissivity at the same time. BOt_r}:lmplitude, frequency spectrum, wavelength range, etc. The
techniques provide good images of the flux pontours, in t_h'%econd, far more subtle and difficult, is to obtain all informa-
case a more complex topology than that of Fig. 1. The regiogo, needed to evaluate the fluctuation-driven transport as in
shown in Figs. 2.6 a_md 27 includes ory=0.5. . EQgs.(2.6) and (2.7). These require the simultaneous obser-

Both x-ray emission and ECE are also used to study timeyqiinn of at least two fluctuating quantities at a single point,
dependent transport. Historically, the first studies of this type
analyzed the x-ray emission from sawteeth, relaxation oscil-
lations that often occur naturally in the central region of tok- ost6
amaks and produce an oscillating temperature that diffuses S —
outward (Jahnset al, 1978. Now, multichannel ECE sys-
tems provide absoluté.(r,t) data for all sorts of perturba-
tions which are susceptible to much more precise analysis. o
The work of Goriniet al. (1993, which examines both natu-
ral sawtooth oscillations and temperature perturbations
driven by modulated heating, is typical, and the field is ex- 42|

X-Ray Emissitivity (mWerm3)

panding rapidly(Kissick et al, 1994; Gentlest al,, 1995. z
Unfortunately, the techniques for measuring ion tempera- = 1
ture require such long integration times to obtain good sig- § 02
nals that they cannot provide data for fast time dependencies
or fluctuations. 0.4 1
0.6 4
VI. FLUCTUATIONS 05 |

Fluctuations—deviations in space and time of the local —
density, temperature, etc. from the flux-surface averaged 22 26 8o 84 36
fluid value—are important because of their role in the ubig- Major Radius (m)
uitous “anomalous transport” in hot plasmas, transport at o8 1782
rates far above the neoclassical collisional rates. The en-
hanced rates, observed for the transport across flux surfacess. 27. Contours of x-ray emissivity from JET for conditions
of all fluid quantities, are presumably caused by some sort ofimilar to those of Fig. 2¢Costley, 1988
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including their correlation properties. Moreover, the radial ‘
flux is not a flux-surface quantity; it can be expected to vary
poloidally, if not toroidally. Considerable progress has been Y —————N
made toward the first objective, but the second remains in- I

complete, except in the plasma edge region under conditions
accessible by material probes.

Dielectric
.~ Waveguide

Plasma
Probe Beam

——-——-— Local Oscillator

————— Scattered Radiation

A. Density

There are several complementary techniques for measur- i |
ing plasma density fluctuations, but no single complete IL il

v
method. The most elegant is that based on collective scatter- h\\‘\\\l\omical System
ing of electromagnetic radiation. Under the same conditions ‘li\&?‘f}ﬁ%
as those that apply to density interferometry, a fluctuating H' Lok -
densityn(w,, ,K,,) in Fourier representation produces a cor- Lﬁf_‘iw
responding fluctuation in the index of refraction of the me- *——i%)emor
dium. An incoming wavew; ,k; is scattered tawg,kg with et
Aw=w,, and Ak=k,,. The optics of the input and output

beams determine the observation region &ld a hetero-

dyne detector gives the frequency spectrum. The system can L__‘ cl; ~ FIR Source
be calibrated to provida(w,, ,K,,). The schematic of a typi- | . ————
cal system is shown in Fig. 28, the configuration on TEXT [

(Brower et al., 1987. Center

Representative results from this system are given in Fig. Hn
29 (Broweret al, 1988, |ndlcatlng the range Q‘o measured FIG. 28. Schematic of the FIfar infrared scattering system on
and the heterodyne method to distinguish direction of propargxT. The different scattering angles correspond to diffekendl-
gation by the sign of the frequency shift. Although the phys-es of the density fluctuations. The entire FIR system can be moved

ics of tokamak plasmas is well beyond the scope of thisorizontally and vertically to change the plasma volume from
article, the complexity of the phenomena has important diwhich the scattering originaté8rower, 1995.

agnostic implications. Characterizing the turbulence requires
much more than a few numbers. For the low-density case of
Fig. 29, the frequencies are clearly increasing withOne
can infer an average dispersion relatiotk), but the large secondary ion current is proportional directly to the local
frequency width of the spectra at eakhis not consistent plasma density so that/I=n/n with little calibration
with an origin from linear modes with a unique(k). The needed. The spatial localization can be quite good, with
phase velocity of the fluctuations,,= w/k is largely caused sample volume dimensions of order a centimeter; but in av-
by the Doppler shift of plasma rotation, and it is consistenteraging over the sample volume, it cuts out laige An
with that inferred from the plasma radial electric field, asexample of the spatial variation of the rms density-
from Fig. 18. In the plasma rest fram&wm~ w, very strong fluctuation amplitude from this diagnostic on TEXT is shown
frequency broadening. The modes in this case are seen to eFig. 30(Forsteret al, 1999. Frequency spectra can easily
generally of the drift wave type, but not with the idealized be extracted, but information can only be obtained from the
dispersion relation of Eq2.5). The results at higher density correlation of nearby sample volumes using statistical tech-
are even more complicated, with two distinct modes presenniques. Measurablé’s are even smaller than set by the
In principle, collective scattering would be an ideal diag-sample volume limit, and comples(k, ), like those of Fig.
nostic, except for one accident of implementation. As with29 at high density, are not resolvable. A different technique,
interferometry, the frequency; must be chosen well above but with very similar characteristics, is BEBeam emission
the plasma frequency for satisfactory propagation, but nospectroscopy which is closely related to the diagnostic
too high or the scattering effect vanishes. For laboratoryneutral-beam techniques mentioned in Sec. IV.C. For this
plasmas, this places; in the far infrared, and the scattering purpose, radiation from excited beam atoms is observed. The
angles of interest are not large. As a consequence, especiallytensity is proportional to local density, the origin of the
at smallk, the viewing volume, the intersection of input and excitation, andh/n is obtained fairly directly. The Doppler
scattered beams, is not well localized within the plasma. Thehift isolates radiation from the beam neutrals, and the
technigue often has limited spatial resolution in practice, an@rossed beam and observation paths provide localization. An
the variation in detected volume wittk makes it difficult to  example of results from TFTR is shown in Fig. 8Rurst
extract an accurate full spectruB(k,w). Nevertheless, it et al, 1993.
provides the best characterization of the mggeresent in Reflectometry also provides information on density fluc-
the plasma. tuations. Density variations impose a phase/frequency modu-
Complementary methods measulg,, ,r), the spatial lo- lation on the reflected signal and scatter radiation at small
calization being provided by crossed-beam techniques. Onangles with respect to direct reflection. The effects are domi-
approach uses the heavy-ion-beam prabeSec. IV.D. The  nated by the fluctuations near the cutoff layer= wpe(n),
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n coefficients(cf. Fig. 22; Schock, 1995
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B. Other
Although temperature fluctuations are critical to estimat-
0 ing the energy transport from turbulen@d. Eq.(2.7)], mea-
- 0 1 surements ofT, in the plasma interior have only recently
9 H become available. Although ECE systems have been capable
2w T2 of high-quality T.(r,t) data for some years, there is a subtle
e
physical problem in using the technique for fluctuation mea-
1 1
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giving good spatial localization. The technique is especially /’ AN
valuable for showing the positions and times of changes in °0 B E— 0 e >
turbulence(Doyle et al, 199]). There are several forms of kg (cm1) kg (cm™")

reflectometry for fluctuation measurements, but the physics
and quantitative interpretation are subtle and beyond the|G. 31. Density fluctuations in the outer regions of TFTR from

scope of this articld Costley, 199(b); Mazzucato and Na-

zikian, 1993; Nazikian and Mazzucato, 1995
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-2

2510 | o ECE fuctoations %{ the interior, indi_rect techniques have been employed. For ex-

" | — - - density contrbution ample, energetic electrpns—sup'rathermals or runaways—are
L | — /T not influenced by the first term in E¢2.6). The suprather-
20107 | — mal density is uncoupled from, andE, does not impose a
I random walk on the fast electrons. Their transport is largely
%’ a measure of thb, term. Various techniques for inferring the
radial transport of suprathermal electrons are thus used to

infer b, .

15102 L

10102 L C. Transport

relative fluctuation amplitude
—O—

% ! Although many of the fluctuating quantities in Eq2.6)
/ and(2.7) can be measured, the appropriate combinations in
{7 % g the plasma interior cannot. Present diagnostics suffice for
. {’ / two purposes. The first is to characterize the amplitude and
I < nature of the fluctuations present. This serves as a guide,
0 L:&\\\\\\\\\\\\\\\ e a .’,'( L constraint, and check on theories. If we had complete theo-
-0.4 0.2 0 02 04 06 0.8 ries for the turbulent transport of particles and energy,
normalized minor radius present diagnostics would be capable of examining the pre-
dictions of turbulence critically. Even if the theories were
FIG. 32. Radial profile of the rms level of electron temperatureincomplete, present diagnostics applied to well-designed ex-
fluctuations in TEXT from ECE correlations. Density fluctuations periments would probably be sufficient to determine one or
can contribute to the signal in the edge region where opacity i$\yo unknown parameters and still test the theory.
Iovx{er. The dashed curve i_s an upper bound for the effect; the hfaavy, The second purpose is to provide bounds and estimates of
(sco!ld cur;g shows the minimum level of temperature ﬂ”Ct”at'O”Stransport. Even if all the terms are not known, many of the
ima, 1993. important magnitudes are now measurable. Particularly in
the context of certain classes of theories, reasonable esti-

surements. Since the ECE is blackbody radiation, it includeghates of turbulent transport can be obtained for comparison
intrinsic intensity fluctuations at all frequencies. This effectWith experiment. For example, if the magnitudes of density
is circumvented by ingenious correlation procedures on th@&nd electric-field fluctuations are known, an upper bound for
ECE Signa|s(Cima, 1992; Sattler and HarthSS, 1993’he the first term in Eq(26) is estab”Shed; lack of correlation
ECE in two statistically independent rangéseparated in can only decrease the fluctuation-driven transport.
frequency or emission directipfrom the same physical lo-
cation are correlated to extract even low leveld gf which
must be common in the two ranges, from the high, but indeVIl. KINETIC EFFECTS
pendent, intrinsic fluctuation levels of blackbody radiation in
both channels. The fluctuation data obtained share many Kinetic effects are pervasive in hot plasmas. Even though
characteristics with those from the HIBP and BES techniquethe fluid description is used as the basic framework, kinetic
in giving aT(r,w) with good spatial localization but a limi- €quations are required for many important analyses, and the
tation to lowk. Some recent measurements of temperaturduid equations are often supplemented with kinetic results.
fluctuations in TEXT are shown in Fig. 3&Cima et al, the consequences of these calculations are often tested in
1995. experiment, but direct experimental techniques for examin-
Potential fluctuations are important as a means of inferringng the distribution functions are limited. The ion distribution
the E, that appears in Eq€2.6) and (2.7). The only tech- function can be examined using charge-exchange neutrals as
nique is the HIBP, which can measure bathand <~ﬁ How- d_lscussed in _Sec.. IV.QThe tail is quite accesgble; the prin-
ever, bothgb and ak, must be measured to inférg. cipal uncertainty is the subthermal population and possible

P P : presence of a cold population near the eflgess informa-
. The remaining |mport§nt quantity in EGE.6) and(ZJ) .IS tion is available for electrons. Very energetidleV) elec-
b,. There are no techniques at present for measusjnin

) . % . . trons (“runaways”) can be detected from the gamma rays
the plasma interior, nor the localizgdwhich produces it.  ,.5q\ced, and the presence of suprathermals is evidenced in
The only direct measurement, which is more in the nature OEcg at Jevels above blackbody, especially at harmonics of
a bound, is that ob, at the plasma edge. Since thenust  he cyclotron frequency, and conversely in absorptigink-
originate on rational magnetic surfaced), satisfies woodet al, 1990; Skiffet al, 1993. Measurement of x-ray
V-B=0 and VXB=0 from there to the edge, giving a bremsstrahlung spectrum in the range 5-15 keV with stan-
simple relation betweebh, in the interior and edge. The re- dard techniques also provides some information on the tail of
sult is that short wavelengths—highlelor m modes—in the  the electron distribution function. None of the techniques
interior would not be detectable outside the plasma, whereasieasured (v). Rather, they suffice to determine a few pa-
low m modes (0~ 6) of significant amplitude in the interior rameters in a moddl(v) with some sort of non-Maxwellian
would be seen outside. In the absence of diagnostids,for  tail.
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