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Lecture 1  Diagnostic and Analysis Techniques

Abstract

This first lecture is intended to provide the motivation for studying fluctuations in
plasmas, and how we go about measunng them. [ start by describing the many problems
which present day neoclassical theory has in explaining tokamak plasma transport. The
possible importance of plasma fluctuations and turbulence is then inroduced, and the
paramelers necessary 1o identically determine any fluctuation driven fluxes, for comparison
with total fluxes, are described. In general not all of these parameters can be measured,
and possible strategies for overcoming the limitadons of incomplete data are presented.
This section is followed by a description of some of the more important diagnostics which
arc commonly used to determine fluctuations: in particular Langmuir probes, induction
coils, wave scattering techniques, and the heavy ion beam probe. The advantages and
fimitations of each diagnostic are made clear. Various statistical techniques which allow
useful quantities to be exoacied from time senes data are introduced.

L.astly, an experimentalists interpretation of some of the theoretical models
proposed 10 explain turbulent ransporn is presented.

Contents:

1. Tokamak transport
a) how 10 measure the toal fluxes
b} a comparison of total fluxes with neoclassical predictions
2. The role of fluctuations
a) what we should measure
b) what we can measure
3. Diagnostics
a) Langmuir probe
b) induction coils
€) wave scatiering
d) heavy ion beam probe
4. Data analysis techniques
a} linear
b) non linear
5. Theoretical models
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Lecture 2 Electrostatic Turbulence in Tokamaks

Abstract

1n the second of three lectures, [ discuss the application of the ideas outlined in
lecture 1 to electrostatic fluctuations in tokamak plasmas. In particular, the plasma edge is
particularly suitable 1o study by material probes, and it is possible to measure all the
quantities necessary to determine the electrosiatic fluctuation driven panticle and electron
heat fluxes. The microscopic properiies of the fluctuations, such as fluctuation levels and
phase velocity, are first discussed. Then the fluctuation driven fluxes are compared with
the total fluxes, as found from power balance or the response of the plasma to ransients. It
is shown that the measured electrostatic fluctuations play an important role in both particle
and energy escape across the plasma edge. However, no suitable model exists 1o describe
what we measure,

In the plasma interior the problem of comparing fluctuation driven fluxes with total
fluxes is more difficult, both because of the lack of data and the many different (poloidally
asymmetric) phenomena which occur. After describing the general characteristics of the
interior tarbulence, an attempt is made to compare the predictions of various theoretical
models with the measured total fluxes, using where possible experimentally measured
turbulence characteristics. I conciude that we cannot yer show an unambiguous
relationship between interior fluctuations and transport, as we could at the edge.

Conients:

1. The plasma edge
a) microscopic description
b) particle eransport
C) energy transport
d) models

2. The plasma interior
a) fluctuaton charactenistics
b} particle transpon
c) electron energy ransport
d) ion energy ranspon

3. Summary
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Lecture 3  Magnetic turbulence in fokamaks

Abstract

In this last lecture, § address what is known about magnetic turbulence in tokamaks,
and its effects on transport. Three sections are presented: on coherent modes, incoherent
modes (turbulence), and externally generated magnetic perturbations. Coherent modes are
thought to lead major transport changes, such as sawieeth oscillations, and plasma
disruptions. The incoherent, or turbulent, fluctuations are thought by many 10 be
responsible for plasma energy transport, especially at high plasma pressure. The
conflicting and incomplete evidence relating magnetic turbulence and plasma transport is
presented,

Lastly, the effects of extrinsic magnetic turbulence, gencrated by currents flowing
in coils outside the plasma, is discussed. Both magnetic islands and stochastic regions can
be generated, and have been proposed for particle and energy control schemes. We show
that, while the heat fluxes can be well explained by test particle theories, the particle flux is
unexplained.

Contents:

1. Coherent modes
a) m/n=1/1 and sawtecth
by m/n = 2/1,3/2
2. Incoherent modes
a) general characteristics
b) relationship to electrostatic fluctuations
b) correlations with tokamak confinement
3. Extrinsic magnetic perturbations
a) magnetic surfaces, islands and stochasticity
a) the motivation for the application of resonant fields
b) general effects on the plasma
¢} particle transport (experiment and theory)
d) energy transport {experiment and theory)
4. Surnmary
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DIAGNOSTIC AND ANALYSIS TECHNIQUES

Contents:

1. Tokamak transport
a) how to measure the total fluxes
b) a comparison of total fluxes with neoclassical predictions
2. The role of fluctuations
a) what we should measure
b) what we can measure
3. Diagnostics
a) Langmuir probe
b) induction coils
¢} wave scattering
d) heavy ion beam probe
4. Data analysis techniques
a) linear
b) non linear
5. Theoretical models
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1.1 TOKAMAK TRANSPORT

How to measure the total fluxes, and a
comparison of total fluxes with neoclassical
predictions

Working particte flux T'i:
T =-DiVn + nvi

Tl is determined experimentally from spectroscopic measurements of the
particle source S (using Hg light emission) by invoking continuity:

dn/dt = -V.Ii + §

Plasma edge: behind a limiter, parallel and perpendicular flow can be
balanced to derive a radial diffusion coefficient Di = 1m2s-1,

Plasma interior: the coefficients D! and vi are separately determined
by following the time response of the density profile to a perturbation, e.g.

an oscillating gas feed,
density sawteeth,

a pellet of solid fuel.
Di = 1m2s-1 (Dince = 1x10-3m2s-1)
vi £10ms-1 (vi,nc = 1ms-1).

There are some reported cases, near the plasma axis, where vNC is in
agreemnent with the experimental values.

AT p—
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Impurity particle flux I'z:
I'zZ =-DZVn + nvZ

D2 and vZ determined, like the working gas, from following time dependent
pernturbations.

Dz = Di = 1m2s-1 =10Dz,nc

vZ = yZ,NC = 10ms-1.

The scalings of DZ and D! with global plasma parameters are not the same.
However, the technique used for impurities results in an intrinsic spatial
weighting of vZ towards the plasma edge, and of DZ towards the plasma
center.

Certain characteristic features of impurity behavior arg predicted by
neoclassical theory, e.g.

impurity accumulation with co-neutral beam injection or pellet
injection without sawteeth,

impurity expulsion with counter neutral beam injection or
asymmeltric working gas feed.
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Momentum diffusivity

is determined by following the response of the plasma rotation velocity to a
momenturn source.

The results are generally interpreted in terms of an anomalous viscosity,
although a neoclassical gyroviscous model has been proposed to explain the
results. This mechanism does not explain rotation results from TFTR.

Thermal fluxes (q) and diffusivities (x)

are determined from an analysis of the radial profiles of input power,
electron temperature Te, ion temperature Ti, density n, radiation Prad,
charge exchange loss Pcx. and particle source 8. The electron heat finx
deduced (as a remainder) is always anomalously high, being typically 102 to
103 times the neoclassical prediction.

Propagation of locally produced heat pulses gives a value a few times that
derived from the profile analysis (sawteeth, ECRH, Alfven waves).

Ton thermal fluxes are closer to the neoclassical predictions, but as more
detailed information on Ti(r) is becoming available, the ion thermal
diffusivity i can be >10 times i, with xi =Ye = 4D

TRIESTE AJW/FRC 4/26/89

1.2. THE ROLE OF FLUCTUA.TIONS
What we should measure, what we can measure

Neoclassical predictions assume that the density n, electric field E,
temperature T, magnetic field b and current density j are stationary. Let the
respective fluctuating quantities be represented by n, E, T and |

respectively. Ignoring poloidal and toroidal asymmeitries, and assuming o
<< @¢j, the ion cyclotron frequency, then the fluctuation driven radial
fluxes (denoted by superscript f) for each species (subscript j) are given by
electrostatic (superscript E) and magnetic (superscript b) terms:

Particle flux T'fj =TT.Ej + T'fb;
TTE; = <E’eﬁj>/B¢

TL.bj = -<jiibr>/(eB¢) = g1(br/B¢)
Energy flux  Qfj = QFLE; + Qf.b;

QF.E;j = 3/2 kb n <E@Tj>/Bg + 3/2 kb Tj <Epnj>/Boy
Qf.bj = g2(br/B¢)
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The exact form for the functions g](ﬁ-!Bq,) and gz(ﬁ}/Bq;) depend on the
exact plasma parameters, but typically g1(br/B¢) is negligible and g2 is
taken as the quasi linear expression:

g2(6r/B¢) = TR vthe (br/By)2 collisionless plasma

g2(gr/B¢) x xell(l;;r/Bq))2 collisional plasma

In strong turbulence (superscript ST) regimes the collisionless expression is
modified to :

22ST(br/Bg) = 81 vihe (br/Bg)2)1/2 collisionless
with
81 =k1-1, a perpendicular wavelength.

It is customary to split the energy flux Q into a conducted heat flux q and the
convected flux 5/2 kpTily:

Qj = qj + 5/2 kbTjT}
so that

qj = 3/2 kb n <EpTj>/Bg + f((Br/Bo)) - kbTjTj

There is disagreement in the literature as to whether the factor in the
electrostatic component of the energy flux is 3 or 5: the difference is related
to the contribution made by the turbulence to the energy source <E.j>

Theoretical models usvally provide Q, independent of the choice of
constants.

Results from TFTR suggest that the convecied energy flux is 3/2 kpTjl'j,
rather than 5/2 kpTiTy; i.e. a factor 3/2 should be used.

10
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In the plasma edge.

If we could measure n, E, T and their correlations throughout the plasma

volume, we could identically measure the electrostatic components of the
various fluctuation driven fluxes. We can do this at the plasma edge
using probes.

For example, the electrostatic particle flux T'f.E, and therefore the

convecled part of the energy flux, is measured as a function of frequency
w/2n in terms of the root mean square {rms) fluctuation levels:

TLE(w k) = nrms ¢rms hyng! k6(w) sin(eng(@))/Bo

where k is the measured wave number, § is the measured fluctuating plasma
potential (=f-fe/ke), Yn¢ is the measured coherence between n and qﬂf. and
on¢ the measured phase between nand &:U

To determine the electrostatic energy flux QF.E we need the correlation
between E (or ¢) and T, which is not generally known. However, an upper

bound can always be placed by assuming perfect correlation (i.e. YT¢ =1,
sin{aTp)=1).

To estimate the magnetic components TT.b and Qfb we should measure j'ii
and q|, but this is not done. Instead b is measured, and then models applied
to derive the fluxes.

11
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In the plasma confinement region

The diagnostic problem is more difficult, because the high parallel heat flux
precludes the use of material probes.

Scattering of microwaves or laser light, together with Fast Fourier
Transform [FFT] spectral analysis, is commonly used to determine the
spectral power density distribution function S(k,w), where

<hni2> = 2m)-4 [ dk3dwS(k,w)

The heavy ion beam probe (HIBP) allows simultaneous measurements of
both density and potential fluctuations summed over a large range of k,
0O<k | <Smm-1, together with an¢ and ¢ for O<k 1<0.5mm-1,

No diagnostics yet exist which give relevant information on T in the

confinement region, and except on small, low temperature machines the
only information on b is inferred from runaway electron confinement

properties.

Therefore in the plasma interior of large machines we are restricted to
directly measuring only I'TE, with the HIBP.

It seems unlikely that we shall be able to measure the correlations necessary
to determine identically the internal fluctuation driven fluxes in the near
future (i.e. GET, YET)-

Therefore information on b, qf-E and qf-b must come as now from using
what we can measure (e.g. n (k.w) and $(k,w)} in various models.

In the future Te may become available from electron cyclotron emission
(ECE) measurements, and b from HIBP measurements.

12
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Having measured interior fluctuating amplitudes, it 1s
natural to seek correlations between this amplitude and
plasma transport coefficients. However, one should not
necessarily expect to find a direct correlation, because:

1) the problem of possible geometric asymmetries, addressed later: neither a
point nor line of sight measurement of a fluctuating quantity is adequate.

2) the choice of applicable turbulence regime (flux o (ﬁ?n)z. (r’l\}’n)1 or
(n/n)¥ in quasi linear, strong turbulence, and stochastic regimes has been

proposed). However, we should be able to distinguish which is the applicable
regime from the measurements of the turbulence microstructure itself.

3) other varying plasma parameters (such as Te) appear in the relationship
between a flux or transport coefficient and a fluctuation level.
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1.3 DIAGNOSTICS
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LANGMUIR PROBE

Case 2
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INDUCTION COIL
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WAVE SCATTERING

[ ] [

Fluctuations with w k

Scattered wave with wg kg ws=mtwks=koxtk

Input wave with w0,kQ

For k's of interest ks = K(}, and k = 2k sin(0¢/2).

Typically A0 = 2r/k( = 103pum (FIR)

17
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Mix local oscillator and scattered signal beams in the receiver. This
provides an output proportional to the electric field E of the scantered
radiation. The scattered power & S(k), the spectral density function:

I<n >I2 = [S(k)dk/(2n3)

HETERODYNE DETECTION: The FIR source is a twin
frequency laser, producing w0 = 245GHz and () + Aw, with Aw = 1MHz.

The frequency shifted scattered beam and local oscillator mix in a Schottky
diode receiver, to give a signal o cos((Aw + w)t). If Aw>> w, the

propagation direction is resolved as two sidebands tw about w.

HOMODYNE DETECTION: The FIR source is a single o, divided

into a local oscillator and probe beam. The detected signal o cos (twt)

From these measurement we can determine the frequency integrated
spectral density function

S(k) a n(k)2,

the wave number integrated spectral density function
S(w) & n(w)2,

and various spectral averages

e vph = T, k(0/k)S(k.0)/Zm kS Kk,0),
k = Zo,kkS(k,@)/Zw,kS(k,m)

Typically O<k 1 <1.5mm-! (where k| =kr+ kg). With heterodyne
detection the electron drift direction and ion drift direction spectral density
functions (Se and Sj) can be separated. A significant advantage of wave
scattering is that k is well defined. However, line of sight measurements
(subscript los), with little spatial resolution, are often used.

18
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HEAVY ION BEAM PROBE fi/n:

sum = Io*exp(-fnc<ov>!-2dlin) (ne<ov>1-2)y eXP(-le<ov>2-dloy)

Primary detsctor

ALt
e

Yo I8 L
s ¢ 2 input beam ionization output beam
[ Saeomdacy ]__| - P ve attenuation in sample attenuation
! a o volume
M/;?, FY Te > 100ev, small radial correlation length: Isym/lsum = n/n
.
®: note the up/down position in the analyzer gives the kinetic energy of the
R* secondary beam.
\ pPowsr supplies Eout = Ein + (Qour-Qin)e$ = Ein - e
Sweep pma\ ~ ~ —~
| High voitage Lup/down O Eout = €0
power supplis

lon gun

kg: Use two sample volumes displaced by Ax (in the poloidal direction).
Measure the phase angle 8(w):

k = 6/Ax
Sample volume position specified by geometry, By, E+, e
Measure secondary current to each of 4 detectors, and compute: b: toroidal displacements (Ijefi-right) are produced by br,bg along the line
Isum=11+12+13 +14; info on n/n of sight.

lup/down = (I1 + 12) - (13 + 14) infoon ¢

Deft-right = (I1 + 13) - (12 + 14) infoon b’

19
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1.4 DATA ANALYSIS TECHNIQUES
a) Linear (HIBP, LP)

Scattering techniques measure the k spectrum directly. Both the HIBP and
Langmuir probes utilize a two point correlation technique. This adaption
of the linear FFT spectral analysis allows fluctuation driven fluxes to be
deduced.

<nv> = 1/B. <nE> = 1/B.Chg0)

CnE(0) is the cross correlation function CnE(t) between density and electric
field fluctuations evaluated for 1=

CnE(T) may be expressed as the Fourier transform PpE(w) of the cross

power spectrum:
o

Cu(t) = <n(t) E(t+1)> = ,!Fnﬁ(m)exp(-imt)dm

Symmetry (absolute value even, phase odd function of w):
oo

CnE(t) = <n(t) E(141)> = 2 RefPpe(w)exp(-iot)dw, and
s bt o

<nv> = 2/B.RefPar@)do = -2 /B Reik(w)Pe(w)dw

with k() = 8/Ax

21
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INTERPRETATION
Use Ppo(®) = IPrg(w)l exp(ioing(w)):

oo

<nv> = 2/BJk(w)/Pny(@)| sin[cng(e)]dw

Multiply and divide by [Pnn(®)Pge(®0)]1/2, and use
Nrms = (2Pan(@)dw)1/2
Orms = (2Ppg(@)de) 172

Wng(@)] = [Png(w)l/[Prn(@)Pgo()]1/2

Then:

<nv> do= k(0)/B.Yne(®)! Sin[0tne(®)]Nrms Grms

The above technique suffers serious limitations in the interpretation of
average quantities {e.g. k, vPh) if two distinct turbulence features coexist.
Only the total n/n is measured, not n/n from each turbulence feature
separately. Thus counter propagating features such as a coexisting electron
and ion feature cannot be separated, and microscopic details of each
individual feature cannot be isolated for comparison with theoretical
expectations.

22
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PROCESSING 2 POINT DATA

Phase shifi derived from phase of cross spectrum.,

Raw k estimates used to construci an ((,k) spectrum similar 10 a histogram.
The wk spectrum S(k,w) is divided into a number of cells.

The size of each cell in frequency is given naturally by N/(MT), with N the
no of samples from each point, T the data duration, and M the amount of
averaging in the processing.

The size of each celi in k is somewhat arbitrary. The time series from the
points are broken into M segments, and the raw k computed for each
segment. The power of each segment is then placed in the appropriate cell
of the S(k,®) histogram.

23

TRIESTE AJW/FRC 4/26/89

b) Non-linear
{Non linear coupling and 3-wave interactions}
Coupling coefficients and growth rates are basic turbulence characteristics.

Depending on the assumptions and truncations made in deriving the wave
eqn., the coefficients vary considerably.

The coupling coefficients, growth rate and dispersion define the spectral
shape, which is conserved by a balance of dissipation, linear growth and
spectral redistribution.

The wave eqn. for the Fourier spectrum ¢(k.t), where

P(x,1) = Zd(k,)exp(ikx) is assumed to be:

Q
p(k./0t = [yc+iokldte,n) + 0.5ZAk (k1 k2)o(knnokz,1)

h-.h.vh;

Represent time derivatives by a difference scheme. The change in the
spectrum between t (input) and 1 + T (output) can then be related to the
turbulent properties, as long as T— 0 and T << Twave packet- Writing

o(k,t) = lop(k,t)lexp(i8(k,t)) we can obtain:

k; ks
o(k,t1+7) = Lx ¢(k,t) + 0.5»_2'i Qx o(ki,Dd(ka,1)
B Rk,

LINEAR QUADRATIC

23 a
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SO WHAT?
1) Multiply by ¢*(k,t) and <..>
2) Multiply by ¢*(ky,t)$*(kz2.t) and <...>, with

k=ki+k2=kr+k2

Wk,
Gives two egns. which can be solved iteratively for Lk and Qk, and hence ¥
and Lk, in terms of the statistical quantities:

< ¢(k,t) o*(k,t)> auto power spectrum
< O(k,t+1) 9*(k,t)> Cross power spectrum
< d(k=k1+kz2,t) o*(k1,0)¢*(k2,t)> auto bispectrum

< O(k=k1+k2,t+7) ¢*(k1,)9*(k2,t)>cross bispectrum

All the above can be estimated by ensemble averaging over many
independent realizations.

The POWER TRANSFER can also be derived from the wave coupling
equation by multiplying by ¢*(k.t), and noting that

d/ot[d*(k,0)] = ¢*(k,1).00(k,1)/0t + O(k,1)dd*(k,t)/ot
The eqn. for the spectral power Py = <¢(k,)¢*(k,1)> is:
P/t = 2Pk + Re[Ax (k1,k2)<0*kdk10k2>]

i.e. the time change of the spectral power of a wave number is due to the
growthand the sumn over all components of the power transfer function.

24
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1.5 THEORETICAL MODELS
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ELECTROSTATIC TURBULENCE IN TOKAMAKS

Contents:

1. The plasma edge

a) microscopic description
b) particle transport

¢) energy transport

d) models

2. The plasma interior

a) fluctuation characteristics

b) particle transport

¢) electron energy transport

d) ion energy transport

3. Summary
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2.1 THE PLASMA EDGE

a) Turbulence microscopic description

600

400 1

200 1

The 5(kg.w) specrum at £ = 0.255m in TEXT, from Langmuir probes {contours) and
FIR scanering (bars indicate FWHM).

Aw/w = Akg/kg = 1 (kgps = .1) demonstrates turbulent nature.

vph = 3x103ms-1 = vde - Er/Bg.

kit = 10/(qR), and a mean k—r = 0. The anisotropy of the turbulence is
expressed by the half width (k) of the S(ky,kg) spectrum: a(kr)/okg) = 2,
and o(k|l) = kjj. a?

relative tiuctuation levels

TRIESTE ATW/FRC 4/26/89

The radial dependence of fluctuating parameters

Note &f(kb'l'e) #n/n
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The spatial profiles near the limiter oL wn, :I(kae). "I'"JT ¢ and l';;IBQ measured with
probes in TEXT (Bg = 2T, Ip = 200kA, ne = 3210!%m°3, BY),
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b) Particle fluxes
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TE is measured with fan
points).

§ particke fluxes in TEXT (By » 2T, I = 200kA, py
ri (i"rom Ha) and I'E driven by electrosutic wurbulence,
groulr probes (solid line, solid points ) and the HIBP {open

The approximate agreement between I'f.E ang 4 demonstrates that the

measured turbulent fluxes account for an important part, if not all, of the
total particle fluxes in the edge. '

The agreement is found for a vanety of By, Ip and Ne.

E?iased limiter results on TEXT show a correlation between reducing Ey
'(I.C. more negative than the usual value), decreasing I, (improving 1p and
Impurity confinement), and decreasing I'T.E, a4 ’
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electron energy flux W cm

¢) Energy fluxes TRIESTE ATW/FRC 4/26/89
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A comparison of power balance and flucruation driven electron encrgy fluxes in TEXT.
Shown are the ol (i.e. power balance) conducted and convected elecuron energy flux

Qw%,, the 1012l convecied elecoon energy flux 5/2kpTeT3, the electrosutic fluctuation
driven convected elccon energy flux 5/2kpTeTHE, and the clectrostatic fluctuaton driven
conducied electon heat flux qf-E¢. The wial conducied electron energy flux g\t is the
difference between QW% and $/2KpTel (Bg = 2T, Ip = 200kA, ne = 3x10'9m-3, H*).

For p > 1, assuming poloidal and toroidal symmetry, >50% of Qtole is
accounted for by cenvection (5/2 kagl"i). and this convected energy flux is
explained within the error bars by the measured electrostatic fluctuation
driven convected energy flux (5/2kpTeTT.E).

The 1otal conducted energy flux gtOle = Q!Ote -5/2 kT¢I is approximately
equal to the electrostatic fluctuation driven conducted energy flux qf-Ee .

The measured magnetic fluctuations provide for a very smali conducted
power loss: gfibe < 1x10-3Qtot, .
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d) Theoretical models
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Neither model can reproduce all of the observed characteristics.

In paniicular the Vn model cannot yet predict the non-Boltzmann like
behavior (&(kae)#Tjn), the phase angle ong. the radial dependence or the

scaling of the fluxes. Experimentally, collisionality seems to be
unimportant .

The Viy model fairs better, failing only in its prediction of the high poloidal
mode numbers (m 50) which are measured. Unlessm = § is used in the
V1 model, the predicted particle fluxes are too small . There appears to be
no difference in the turbulence characteristics as the local current density is

varied. Of course, it could be that two different mode types are operative
with and without Ip, which happen to have similar characteristics.
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2.2 The Plasma Interior

a) Fluctuation characteristics

A characterization of the results obtained mostly with the scattering

diagnostics in which the density of points is intended to represent the value
of In/nl.

Also shown are the scattered power (Ps) frequency spectra for k | = Imm-1
at various locations, taken from TEXT.
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A cartoon of the turbulence from FIR scattering results. The density of points is
intended 10 represent the amplitude of n/n. Also shown are the scatered power (Ps)
frequency spectra for k ; = Imm-], with the interaction volume along a vertical chord at
Re) 95m (50mm inside of the magnetic axis) above, on and below the midplane (Bg =
2.8T, Ip = 300kA, n = 4x10'%m-3, H*). .

e



TRIESTE ATW/FRC 4/26/89

BROADBAND TURBULENCE

At the plasma periphery the broadband turbulence (Aw/w > 1, Ak/kg > 1.5,
both FWHM) is found, independent of sample volume size,with n/n = 0.3

The amplitude generally decreases lowards the plasma center where n/n =

0.01 (exception: A']:CAT_QR-A). approximately consisient with the mixing
length expression n/n '~"(k;Ln)'1 (exception: TFR, PDX).

Most of the power (8) is found at frequencies helow 200kHz, and
perpendicular wavenumbers <1/ps.

The expected drift wave scaling kgps ~ constant is not found; typically
k_eps 1s between 0.1 and 1.

Where measured olkr) = k_e and Eﬁ << o(kp), H) .

Restricted measurements with an HIBP show within large error bars nm =
®/(kbTe) : i.e. the Bolizmann relationship may hold in the interior.

The fluctuations propagate in the electron diamagnetic drift direction with
a typical phase velocity vph = 3to 5 x103ms-1.

This broadband turbulence is sometimes up-down asymmetric at the plasma
edge: such an asymmelry can result from a toroidal asymmetry in the
system.
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QUASI COHERENT MODES

In TEXT a feature with Aw/e = 0.1, Ak/kg = 0.7 has been identified at the

inner equator, propagating in the electron diamagnetic drift direction with
vph = 1x103ms-1. This velocity is close to vde.

Scaling studies of this quasi coherent feature show ka B¢0-7 lp'0-2. kops
%= (1.6. The scaling of n/n (o B¢1) is very different from the broadband
feature scaling (where n/n o By-1).

A similar quasi coherent mode has been identified on PDX, right at (within
3 to 5ms) the H mode onset. In this case the feature had w/(2r) = 40 to

100kHz, Aoy = 0.03, m = 15 t0 20, and n/n =1 to 20%.

10N FEATURE

A third feature, broadband and propagating in the ion dnift direction, has
also been identified.

The spectral power density in the ion feature (Sj) relative to that in the
broadband electron drift feature (Se) increases with increasing ne.

Ignoring comptlications which arise in the analysis of Se and Sj from any
plasma mass rotation, Si/Se increases on TEXT from 0.08 to 0.5 as ne is
increased from 2 to 8x1019m-3, with By = 2.8T and Ip = 400kA.

No such feature has been found in He discharges, and its strength is reduced
when the plasma is fueled with hydrogen pellets, rather than molecular
hydrogen and recycled hydrogen ions. An interpretation in terms of the
ion temperature gradient mode is discussed later.
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With the above picture it is clear that spatial asymmetries
are important, and unlikely that any single model will
explain all the details of the interior fluctuations.

It is also clear that trying to correlate fluctuation levels
and confinement properties will be difficult.

It is unlikely that we will ever be able to determine
identically the individual fluctuation driven energy
fluxes, as we can at the edge. Instead, we will have to
rely on theoretical models to interpret limited data. This
should not necessarily be regarded as a restriction,
because an understanding of the turbulence implies that
we have a model to explain it.
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The radial dependence of n/n for the broadband feature
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The spatial variation of a/n from TEXT (Bg = 2T, Ip = 200kA, nc = 2 to 3x1019m3,
H*), shown s crosses GHBP}. Also shown are the predictions of ™wo mixing length
estimates, (n/n)!9f and (n/n)$1ab, Both elecron feature nyn and ke (k—ep; =0.1)are
interpreted assuming no ion fearure is present.

Slab geometry (kr~ps-1(Ln/Ls)1/2):(nin)s1ab = psLp-3/2L51/2 2 3pg/Ly
Toroidal geometry (kr~kgs ): (n/n)}tor = 1/(kg § Lp).

Ln = -n(dn/dr)-1, Ls = Rg/§, and § = 1/q.9q/0r.
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Insufficient information exists at all radii to use measured values of kg
(which affects (0/n)!0T), so we have invoked the drift wave scaling kgps =
¢, with ¢ an experimentally determined constant.

Both at p = 1 (Langmuir probes, HIBP, FIR) and at p = 0.5 (HIBP) we
measure ¢ = 0.1.

The better representation is then given by (n/n)slab,

However, if ¢ = 0.4, both (n/n)tor and (ﬁ'/n)SIab fit the experimental results
equally well: values of ¢ = 1 are found on other machines.

Neither model predicts the measured (n/n) = 1% at the plasma axis.

The presence of counter-propagating fluctuations in the HIBP data will lead
to an underestimate of the relevant value of k@ and an overestimate of the

relevant value of n/n. Counter-propagating fluctuations have been seen (the
ion feature, but are measured and expected to be at a low level at low E (the
reason for analyzing a comparatively low density discharge). Using the
measured plasma parameters for the particular discharge predicts no ion
feature (because 7)i = din(Tj)/din(n;) < 1.5, the critical value for instability
onset). However, the experimental uncertainties allow theoretical values of
/i ~ 1%
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b) Particle fluxes

The radial variation of the working particle flux T, TT.E and F'dw (DTE
and universal mode, slab geometry for the quasi linear turbulence regime).

keps = 0.1

10! M T - v M T ¥ 7 g

— —Ti(Ha) I

X I't,E(HIBP) 7
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The spatia) variation of various working particle fluxes on TEXT (Be=2T.Ip=
200kA, ne = 1019m-3, H+).

DTE mode is unstable and the universal mode is marginally unstable for the
measured kg values. However, stable modes could be excited at higher k

and the energy cascade down to the measured k.

Both I'DTE and runiv are shown regardless of their regimes of
applicability. TDTE js applicable for 0.2 < p < 0.7 and [univ jg applicable
for 0.7 < p < 0.95. TDTE i5 outward (>0}, and I'DTE is inward (<0).

T is explained by the measured I'.E, I'DTE does not predict the correct
spatial dependence, and I'univ predicts an inward instead of an outward flux.

However, various limitations on each of the fluxes I'l, I'T.E and AW must
be considered.
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LIMITATIONS

T Hg measurement limited by the inversion procedure. Using a

computed source from a neutral transport code, we get a much higher value
of .

I'f.E: Counter propagating turbulence will reduce ko, Tnd, and ang-
Therefore THE(HIBP) could be incorrect (the results were obtained in a

discharge in which the ion feature was at a very low level). Upper limit: use
the measured n/n, but assume @ng = 900, y=1,and keps = 0.4.

rdw . This is affected by kgps. To obtain an upper limit we use the

measured r’l\?n and a value k_ep_g =04,
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LIMITATIONS
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Limits to the spatial variations of various working particle fluxes on TEXT (B¢ = 27,
Ip = 200kA, ne = 3x1019m°3, H*). 1) Tilower = Ti(Hq) = 0; 2) Nupper from » neutral
particle tansport code calculation (ANTIC); 3) MElower = ITE(HIBP), 4) I'MEupper
from FE(HIBP) but assuming optimum phase angle and coherence with kgps = 0.4; 5)
IDTElower using the measured n/n and assuming Kgps = 0.1; and 6) F'PTEupper using
the measured n/n and assuming kgps = 0.4,

With these limitations to the fluxes, it is possible that [l = I'f.E = TDTE.
univ js stitl inward (<0). We must reduce these uncertainties by factors
>10 before we can show discrepancies between the various fluxes.
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DIFFUSION AND CONVECTION
D(p) and vi(p): vi > 0 is outward.

Split the theoretical drift wave fluxes into a D («Vn) and a v (everything
else), with kops =0.1 and 0.4.
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DIFFUSION AND CONVECTION
D(p) and vi(p): vi > 0 is outward.

Split the theoretical drift wave fluxes inio a D (@Vn) and a v (everything
else), with kgps =0.1 and 0.4,

The spatial variation of working particle diffusion coefficient D (Figure a) and
convection velocity v (Figure b) on TEXT (B¢ = 2T, Ip = 200KkA, ne = 31019m™3,

H*). Shown are the experimental values DeXP gnd ve2P deduced from oscillating gas puff
experiments, together with the predictions of two drift wave turbulence models,

dissipative trapped electron (DPTE, vDTE) and universal (DuUniv, vuniv), Both models are
for quasi linear turbulence in slab geomerry, and evaluated using HIBP measured n/n.
Resulis are shown assuming both iop; = 0.1 (as measured) and kgps = 0.4. Also
shown is the neoclassical pinch velocity v®®0, Note the signs of v,

The DTE model predicts an outward convection velocity, with negligible
diffusion (because (keps)2<<1; however, the turbulent Aw affects this

term).

The universal mode predicts an inward convection velocity, but is
inapplicable in the region p < 0.7. The ion pressure gradient inward flux is
not predicted to be induced in this discharge (because 1j < 1.5}, but the
uncertainties are large.

While the uncertainties in the experimental v1 are large, the neoclassical
inward pinch vI¥¢ , also shown, is generally too small.
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¢) Heat fluxes-electron An example

~ tot,, qDTE univ,, (j i i icabili
Generally no correlation between n/n and energy confinement time TE is q'0te, g7 e and qUAlYe (in their regions of applicability)

found for Ohmic heated discharges. a) kgps =0.1 b) kegps =0.4.
Spatial asymmetries are important, and unlikely that any single model will ie> - T — — v T - T— 3
explain all the details of the interior fluctuations. — 3
Trying to correlate fluctuation levels and confinement properties will be NE -
difficult. It is unlikely that we will ever be able to determine identically the T -
individual fluctuation driven energy fluxes, as we can at the edge. Instead, _:: E =
we will have to rely on theoretical models to interpret limited - C ]
data. One should not necessarily expect to find a simple correlation g ) ™ T
between a line of sight measurement of n/n and a measure of confinement, L E
for example the heat flux q, the energy confinement time 1E, or the thermal - C? = 3
diffusivity xe. This is so for at least three reasons. N n
1) a line of sight (subscript los) value (rTIn)]oi is dominated by edge ": . o 2 . s o 6 P ‘e L 2
phenomena, where n/nt is largest, and changes in (n/n)jos may have nothing [+
to do with changes in intemal fluctuation levels. 2) The radial dependence of the experimenial conducied clectron heat flux Q' in TEXT
(Bg = 2T, Ip = 200kA, ne = 2x101%m3, H*), and the prediction of drift wave mrbulence
2) asymmetries change with diffeﬁn&plasma condition, and these can affect qdWe using cxpcﬂmniﬂlly~melsufcd turbulence characteristics (HIBP measured Sik.w)
(n/n}los even though a local value of n/n has not changed. with both electron feature n/n and kg (kgps = 0.1) interpreted assuming no ion feature).

Results are shown for the dissipative trapped electron (DTE, broken line) and universal

3) even if a local measurement of n/n is available, no theory predicts simply (aniv, dotied linc) > kep s= 0.4
that xe = constant x (n/n)a: other variables appear in the ‘constant’. For 10° T T v Y v T T v Y
example, in quasi linear drift wave theory a = 2 and the ‘constant’ a Te, -
amongst many other parameters. In strong turbulence theories a = 1, and it &-\ : R ]
has been sugpested that a = 0 for stochastic regimes. £ M »oounav
N ' FE
n =
b - :
-+ =
0 3
Notwithstanding these arguments, the results from TFR discussed later 5 107
clearly show that Tg-1 o (n/n)2. ! o =
U =
2
10
42a) *.® 0.2 0.4 () p*® 1. 1.2
b) As for figure 1), but assuming that Kep, = 0.4, rather than the measured 0.1. A ab)




With kgps = 0.1 both the DTE and vniversal modes show qdWe < qtole .

Predictive computer codes which claim good agreement with experiment in
the DTE regime, i.c. they suggest qdWe = qlole. The difference between the

experimeni and the modeling is primarily that the measured Eéps = 01,
rather than =0.5 as is assumed in the codes. Using k_eps ~ (.4 leads to
approximalte agreement between qdWe and q'%le in TEXT.

We must understand the role of any ion feature (affecting 8),

Other turbulence models should be tested in a similar manner.
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ADDITIONAL HEATING in TFR

a) ion cyclotron heating b) neutral beam heating.

L

<dn2>/n2
(arb)

. The correlatioh between energy confinement titoe and density fluctustion level

obiained on TFR Figure  a) concems ion cyclotron heating, and Figure b)
concerns neutral beam heating. Small graphic symbols refer 1o Ohmic heating, and large

graphic symbols 10 additional heating. <Bn2/n2> is the linc of sight frequency integrated
relative fluctuarion level at one k. 17 is the electron energy confinement time (conduction
and convection), and 1, the confinement time with the bosses from sawieeth removed.

Small graphic symbols: Ohmic heating, large graphic symbols: additional
heating. <8n2/n2> is the line of sight frequency integrated fluctuation level
at one k, normalized to the line of sight average density. 1T is the electron
energy confinement time (conduction and convection), and Tx the
confinement time with the losses from sawteeth removed.

Increased electron conduction losses are associated with increased line of
sight values of (yn)2.
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OTHER IDEAS

xeHP > 3 PB might be explained by an increased fluctuation driven qe
resulting from plasma parameter or gradient changes. Enhancements in n/n
coincident with sawtooth collapse are seen on TFR, ASDEX, TEXTOR and
TEXT. In TFR and TEXTOR a high frequency burst is found, at a time
corresponding to the collapse and poloidal expansion of the hot core. The
cell of enhanced turbulence is localized within rq=1, and extends poloidally
about 1200 1o 1800. The sawtooth radial heat pulse is poloidally
asymunetric, in line with the high frequency cell.

Both intrinsic (i.e plasma generated ) and extrinsic (i.e externally imposed)
magnelic islands are found to affect n/n significantly, perhaps demonstrating

a sensitivity to Jocal plasma parameters such as L.

Alternative models o explain ge invoke magnetic fluctuations, and
measurements to support or disprove this point of view are described later.

45
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d) Heat fluxes-ion: an example from ALCATOR-C.

t o 0 1 The global encrgy confinemeni tme tE as
oo @ s function of density ne. from ALCATOR-
0r o o 7 A"‘l(l.;¢b:d:2' lpf' :m- H‘) Rcsu“s
° ° % ¢® peller fuelin:e(;;n:i::;l;‘)l c::l:;:):::d frosen
o} o % . J Tht solid Linc is the energy confinement time
. ..... f.‘ ° expccted using neo- ALCATOR scaling for
4 Xe nd IxChang-Hinton (neoclassical) for y,
ol " { J
~**
ot ® Oas fupied ]
© Pylist iupied

As the density is increased by gas puffing in ohmic heated discharges a
saturation in global energy confinement time TE is found.

Coincident with the saturation of TE is an increasing collisional coupling
between the electrons and ions, so that the ion channe] becomes more

important in determining the total energy confinement. If the ions behaved
neoclassically the saturation would occur at higher ne; the ion losses are

anomalous.

A mechanism to explain the anomaly is the ion pressure gradient, or ;.
mode.

If the 1)i mode is responsible for the anomalous ¥, then peaking the density
profile should reduce 7, stabilize the nj mode, reduce xe, and increase TE.
With pellet fueling and the ensuing peaked density profiles, T does indeed

increase. However, the cessation of sawteeth with pellet fueling has also
been proposed as an explanation for this improvement.

46
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EVIDENCE FOR THE ni MODE?

If the njj mode is responsible for the anomalous Xj, then an ion feature
should be observed in the fluctuation spectrum. Figure shows a comparison
of the S(w) spectra for three discharges on TEXT, a) at low density with gas
puff fueling, b) at high density with gas puff fueling, and c) at high density
with pellet fueling.

« c-drift 4i-d_tift+ -c-cl_ﬁft_ﬁ-dzift- ec-drift i-drift-

1
! | ! )
e 1| '
0 0 _
. -1 0 1 °.1 0 1
L)
7 (MH2) 757 (MH2) o (M)
ne = 2x1019m-3 7x1019m-3 7x1019m-3
gus puff pellet

Tl?c power spectrum $(w) in arbitrary units for k| = Scm-!, obtained with FIR
lcanenn.g on TEXT: a) low density gas puff (Bg = 2.8T, Ip = 250KkA, e = Ix1019m-3
H*}b) high density gas puff (Bg = 2.8T, Ip = 250kA, ng = 6x10!9g-3 lei*) and ¢) high
density pelict futled (By = 2.8T. Ip = 250kA, np = 6:1019m‘3.H*)' N "
frequencics coerespond o propagation in the electron dismagnedc drifi d.imc:i&: pative

An ion feature (S;) is seen, whose strength increases as ne increases with gas

puff fueling. Unfortunately the TEXT results do not show a clear increase
in TE when this feature is reduced.
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2.3 SUMMARY

There is at least one exception to almost every statement
made,

The edge plasma

The turbulence is broadband (Aw/w, Ake/fé > 1) with frequency /2
100kHz, a mean poloidal wave number l"c'é % 200m-1, a mean radial wave
number kr % 0, and parallel wave number kil = 1m-!. The ratio of half
widths o(k) of the S(kr,kg) spectrum is 6(kp)/o(kg) = 2, and o(k|l) = kI.
Typical fluctuation levels are n/n = 0.2, $/(kbTe) ~ 0.3, Te/Te < 0.1, and
E-/Bq) =1x10-3.

Where measured the electrostatic turbulence is responsible for a large part,
if not all, of the edge particle fluxes; I and I'.E agree in both amplitude and
scaling with parameters (B¢, Ip, ne, impurity content, Ey).

The energy fluxes are less well accounted for by the electrostatic
fluctuations, but the error bars are large. In ohmic heated low B plasmas
the measured b, interpreted using a quasi linear formula, is too small to

contribute to the thermal losses.

The edge wrbulence is well characterized, but no completely satisfactory
model has been found which predicts all the measured features. The least
problematic is the resistivity gradient model, which fails only in its
prediction of the m numbers. An up-down asymmetry has been isolated,
perhaps a result of toroidal asymmetries, for example the limiter or the
discrete toroidal field coils.
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The plasma confinement region

Fluctuation measurements are presently restricted to n, ¢ and their
correlations. Three distinct features are observed.

1) the broad‘gand mrEulence. with characteristics similar to those at the
edge. Both n/n and ¢/(kbTe) decrease towards the plasma center, and kgps
% (.1 to 1 (but with caveats on the interpretation of k because of the possible
presence of an ion feature). The fluctuations propagate in the electron

diamagnetic drift direction. This feature is often attributed to drift wave
turbulence and invoked to explain experimental ge.

2) quasi-coherent modes has been identified at the high toroidal field side of
the plasma.

3) at high densities, a broadband feature propagating in the ion drift
direction is found, which has been associated with the ion pressure gradient
driven , or j, mode. This mode is used to explain ¥ which in tum is
invoked to explain the saturation of TE at high densities.

Clearly the spatial dependence of the fluctuations is complicated. This fact,
and the theoretically expected complicated relationship between n/n and a
flux or transport coefficient, means that we should not necessarily expect to
find a simple relationship between a line of sight or single point
measurement of n/n and a plasma transport coefficient or a flux.

The characteristics of the observed fluctuations have been compared with
the predictions of the models suggested to explain them. We have also
compared the measured plasma transport properties with those predicted to
result from the modes, using where possible measured turbulence
properties. We find:
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1) (len)eXP ==(IT/n)513b on a log-log scale. Individual machines shows

significant departures. The problems of data interpretation in the presence
of counter propagating turbulence are important in this comparison.

2) k_eps = constant; the problems associated with a counter propagating
turbulence are important in this comparison. There is evidence for the
expected B¢ dependence of kg,but little evidence for the Te or mass

dependence.

3) The slab collisional, universal and dissipative trapped electron drift wave
modes are respectively stable, marginally unstable and unstable at the
measured kg values.

4) The broadband feature, interpreted as quasi linear drift wave turbulence,
does not explain the usual description of interior particle transport.
However, limitations in the measurements of both total and fluctuation
driven particle flux should be recognized.

5) The breadband feature, interpreted as quasi linear drift wave turbulence,
does not explain the measured interior electron heat flux. This is in contrast
to predictive code calculations: the difference lies in the assumed and
measured values of n/n and kg. The experimental values are uncertain
because of the problems associated with data interpretation in the presence
of counter propagating turbulence. While the choice of working ion affects
qtote, it does not affect qdWe for the model considered. It is important to
understand and correctly interpret the effects of any ion feature. More
detailed measurements of k are required.

6) The measured ion temperatures are approximately predicted using the
sum of the neoclassical and pressure gradient driven ion thermal fluxes. The
measured ion feature suggests the presence of the 1on pressure gradient
driven mode. The characteristics of the ion feature should be further
investigated (e.g. the scalings of n/n and k).
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MAGNETIC TURBULENCE IN TOKAMAKS

Contents;

1. Coherent modes
a) m/n=1/1 and sawteeth
b) m/n = 2/1,3/2
2. Incoherent modes
a) general characteristics
b) relationship to electrostatic fluctuations
b) correlations with tokamak confinement
3. Extrinsic magnetic perturbations
a) magnetic surfaces, islands and stochasticity
a) the motivation for the application of resonant fields
b) general effects on the plasma
c) particle transport (experiment and theory)
d) energy transport (experiment and theory)
4. Summary
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3.1 Coherent MHD activity
a) m/n = 1/1 and sawteeth

An example of typical soft x-ray signals obtained from TFTR.

a) simple sawtooth oscillations: the large m/n = 1/1 precursor oscillations are
seen clearly on the channel viewing r= 10cm.

b) small sawteeth are similar, but the m/n = 1/1 activity is different, there
being a large successor oscillation to the crash.

c¢) compound sawteeth; each compound sawtooth consists of a subordinate
relaxation followed by a large (up to 20% in central Te) main relaxation.
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m/n = 2/1,3/1

Early experiments on TOSCA revealed the presence of the expected
tearing mode activity, together with a high frequency component.
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COHERENT MAGNETIC FLUCTUATIONS AND TRANSPORT

Mode mfn  Effects

1/1 sawteeth?

211 degrades confinement
major disruption
32 degrades confinement

413, 5/4 small effects on confinement

m=10-15 edge transport?
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HIGH BETA MHD ACTIVITY

The observed spectrum of MHD fluctuations at high beta is clearly dominated
by the n = 1 mode when the q = 1 surface is in the plasma: this mode does not
by itself significantly affect TE. The m/n = 1/1 mode drives other n = 1 modes
through toroidal coupling and n 2 1 modes through nenlinear coupling.
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3.2 INCOHERENT MODES

a) General characteristics, and
b) relationship to electrostatic fluctuations

Here we are concerned with the breakup of magnetic surfaces from
overlapping magnetic islands. Electron heat transport follows, with any
particle transport coming from the associated density fluctuations driven
with the magnetic fluctuations. If this mechanism is responsible for
transport, then xe o N(mj B/me)1/2 (afs)3/2, with o = -2Rp‘/B¢2. and s =

rq'/q.

Typically ngq; =~ 10-4 10 10-3 is measured, with the amplitude increasing
towards smaller plasma radius. Generally no correlation between the {edge)
electrostatic and magnetic fluctuations is found except when the electrostatic
measurements (71; or l';) are made inside the main plasma, at r < a. In the case
of ohmically heated TOSCA, the measured b is consistent with being a result
of n' rather than r'lvbcing aresult of b .

As in the case of density fluctuations, diametrically opposite conclusions have
been reached. For example,

Ohmically heated TOSCA and additionally heated (L. mode) TFR: no
correlation between b and confinement properties was found.

Ohmic heated TCA and Tokapole , and additionally heated JET and 1SX-B :
a clear correlation between increasing b and decreasing energy confinement

is found.
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¢) Correlation with tokamak confinement

Results from JET, in which at high values of Pp large increases in b’
have been seen (see also TOSCA).

f;r measurements at the edge

- 1b|-q.a) RY)
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The relationship between t';oq(l) and energy confinement time T obtained on JET
for ohmic and neutra) beamn injecied (NBI) plasmas.
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Results from DIII-D demonstrate that the broadband magnetic
turbulence is correlated with the quality of confinement. The amplitude
changes abruptly at the transition between various modes of confinement:
ohmically heated, L mode, H mode, and during ELM's (edge localized
modes). The fluctuation amplitude is largest where the separatrix intersects
the divertor plates, which is interpreted as evidence for the existence of line
tied image currents in the scrape off later, beyond the separatrix. However,
there is a problem with interpreting these transitions as being solely due to
changes in b. The different modes (L and H) refer to particle as well as
electron energy confinement, and magnetic stochasticity is not generally
expected to influence particle transport.

10 ] )
10"~E
10"
10" ] Rl T L]
] w0 20 30 40 80
Frequency (kHz)
16) The frequency spectra of the magnetic fluctuations in DIT-D at the outer divenor hit

spot for ohmical heaied (OH), low confinement (L), high confinement (H) and during
penods with edge localized modes present (ELM) [201).
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PROBLEMS

TFTR and TCA show that the amplitude level is extremely sensitive to local
edpe boundary conditions.

FT show sensitivity to plasma position.

These result may pantially explain why different machines get different
results for the correlation between TE and b.

Quantitative calculations of the effects of the measured b are difficult. First it
must be decided if the (usually) externally measured greprescnls edge or
interior phenomena. Different conclusions have been reached concerning
this point. The measured b must be extrapolated to the value of b at the
resonance surfaces, a check made 10 ensure island overlap has occurred, and
then a formula chosen to infer local electron heat transpert. To explain x¢
using the quasi-linear expression br/B¢ must decrease from = |
x10-3 at the periphery 10 = 1 x10-4 near the center, whereas limited results

show the opposite radial dependence. Unless strong turbulence formulae are
invoked (c.f. JET }, it is usually true that the inferred b is too small using

existing models and formulae, except at high B values . Exiernally generated

magnetic stochasticity preduces an electron heat flux consistent with the
quasi-linear result.
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OTHER OBSERVATIONS

Other (than coil) diagnostics have been used to infer internal magnetic
structure.

On ALCATOR-A, anomalies in the soft X-ray spectrum were interpreted in
terms of b and this was considered to explain the internal electron heat fluxes.

The ratio of runaway to thermal energy confinement has also been used to
infer internal magnetic structure. Runaway confinement is improved over
thermal confinement because of the phase averaging over magnetic
perturbations when the drift surfaces are displaced from the magnetic
surfaces. On ASDEX a correlation between degraded TE and increasing
internal b (deduced from runaway electron confinement) is claimed.

Other evidence that magnetic stochasticity is playing a role in transpornt
comes from measurements of plasma potential ©: at low densities ®(a) >0
and this has been interpreted as being caused by electron loss to a limiter
across stochastic magnetic fields. Extemally imposed stochastic layers
clearly increase the edge plasma potential ® and electric field Er.
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3.3 EXTRINSIC MAGNETIC PERTURBATIONS

a) Magnetic surfaces, islands and stochasticity
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TRIESTE AJW/FRC 4/26/89 c) General effects
b) The motivation y
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TEST PARTICLE SIMULATION

The analytic theories for test particle motion in a stochastic field usually
assume strongly overlapping islands: this is not true for our experiment.

Therefore calculate particle motion in the perurbed fields.
Include parallel motion along field lines, with Coulomib collisions.

Include the intrinsic electrostatic turbulence as a random walk, displacing
particles a distance p (in a time T¢) away from their initial unperturbed
trajectory. (Dexp = pzﬂtccxp, with ¢ the experimental coherence time ~
1/Aw).

The experimental Te(r) and ne(r) specify e.g. v, Dl ACoulomb-

Calculate particle diffusion for electrons or ions from the time taken for a
distribution of particles to cross a specified radial distance.

Equate Dion with Di, DCICC[I'DD with Xe.
Self consistent effects are not included (Ey, poloidal asyminetries).

Real sources and sinks are included.

- (34)

AD/104 (cm2s-1)
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d) Particle confinement
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e) Energy transport
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SUMMARY

To draw any conclusions concemning the role of bin determining interior
confinement is impossible, except perhaps to say that there is generally linde
comelation between TE and b in Ohmic discharges (exception, TCA,
TOKAPOLE), and more of a correlation as Bp is increased. As in the case of

density ﬂuctualjgm. spatial asymmetries, the choice of turbulence model, the
location of the b signal and other variable plasma paramelers might account

for the many different observations, Clearly localized, internal
measurements of b in a tokamak are required if further progress is desired.

Externally imposed perturbing fields are comparatively well understood.
In particular:

Xe ~ Vihe<Dm> for a collisionless plasma

Xe ~ Xeu(br/Bg)2 for a collisional plasma

Self consistent Er may play an importani role in determining
Di,
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