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PREFACE

The 18th European Conference on Controlled Fusion and Plasma
Physics was held in Berlin, Germany, from 3th to 7th June 1991.
The Conference has been organized by the Central Institute of
Electron Physics (ZIE) on behalf of the Plasma Physics Division
of the European Physical Society.

The programme, format and schedule of the Conference were
determined by the International Programme Committee appointed by
the Plasma Physics Division of the EPS. The programme included
14 invited lectures and 388 contributed papers from which 27 were
selected for oral presentation.

This 4-volume publication is published in the European
Conference Abstract Series and contains all accepted contributed
papers received in due time by the organizers. The 4-page
extended abstracts were reproduced photographically using the
manuscript submitted by the authors. The invited papers will bhe
published in a special issue of the journal "Plasma Physics and
Controlled Fusion" and sent free of charge to each registered
participant.

The editors would 1like to acknowledge the skilful and
dedicated support given by colleagues in the Department of Plasma
Wall Interactions of the ZIE, in preparing the manuscript for
reproduction in these four volumes.

May 1991 The Editors
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EXTRACTION OF ENERGY FROM INTENSE ELECTRON BEAM IN HOT PLASMAS BY

ELECTRON CYCLOTROMN WAVES

C. Maroli, V.Petrillo, G. Lamgist | 0% Basilico+
Dipartimento di Fisica dell'Universita di Milano
Via Celoria,l6 Milano (Italy)

Istituto di Fisica del Plasma CMR-EURATOM-ENEA

Via Bassini,15 Milano (Italy)

In this work, a system composed by & maxwellian magnetized plasma
base, plus an electron beam streaming through the bulk is studied. It
can be described by an electron distribution given by the sum of two
maxwellian functions: one relevant to the plasma base, the other,
shifted in the momentum space, describing the stream. This system admits
instabilities in dependence on the value of its basic parameters,i.e.,
the densities and the temperatures of both plasma and beam, and the mean
velocity of the electrons of the stream. All the quantities describing
plasma and beam are varying functions of the slab coordinate x. A wave
in the range of the electron cyclotron frequency is injected onto this
system, perpendicularly to Bo.The cold dispersion relation of these
waves is
A n4 + B n2 +C=0

with n normal refractive index and:

A= € (- Q"Ela) % vfel;' c =d(&’l‘l . Eiz).

B= (1- W2 ElS)( &2'12 - g:‘l ) _u{Eu = 513 2%§$1+J'LYZ)+2EIZYJ’)
Beygg™ A }(p/(l_ym)+ Bigr By = xpv/(l—&'") 7 €

= 1 xp _{xb, €4 _{xb/(l—yzrﬂ-). ¥= (4-%1)4/2,

xp:o_l,xbzo.OS and vl=vo/c=0.5 (VD is the mean velocity of the beam).

In Fig. 1, a typical dispersion plot, n" versus x is shown. The
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peculiarity due to the presence of the beam is an anomalous dispersion
region on the high field side with respect to the EC resonance,
constituted by a resonance, a conversion layer and a cut-off. The
position of this layer is given by Y:I/'f, namely x=R(Y(O)y  -1). Other
cut off layers, relevant to the properties of the bulk, may also be
present inside the plasma. Moreover, together with the EC and the usual
upper-hybrid(UH) rescnances a second resonance (UH2) appears due to the
presence of the beam. The conversion layer near to UH2 changes the
polarization of an ordinary wave(OW) incoming fron the HFS, transforming
it into an extraordinary wave (XW). In this way, the properties usually
attributed to the XW, for instance, the resonance on the UH layer,
and,the conversion into Bernstein waves, are, here, enjoied by the 0
mode. The XW propagating toward the core from the HFS does not, in turn,
reach the EC and the UH layers, being stopped on the UH2.

A more detailed description of the system is provided by the hot
dispersion relation, where both temperatures of plasma and beam are
retained as well as mildly relativistic corrections. Figure 2 and 3 show
respectively the index of refraction of the 0 and X branches and that of
the Bernstein wave for Xp=0.2, Xb:0.0E, Tp: lKeV,Tb=2O eV and qI:O.ZB.
Thermal effect correct the anomaly region, eliminating both cut-off and
resonance, transforming the cold successicon of rescnance, conversion and
cut-off, intc a structure of double conversion. Here, the X and the O
modes interchange their polarizations. In fig. 3, the refractive index
of the B mode is presented. This wave is generated via mode conversion
near to the UH layer, where its refractive index assumes values very
close to those of one of the e.m. modes. Furthermore,Ren also presents
an anomalous dispersion feature in correspondence te UH2, showing there
a tendency to the coupling with the e.m. branches.Appreciable values of
Im n appear for all modes near to the EC layer, leading to the usual

cyclotron absorption. Another absorption or emissicn layer develops near

to UHZ2. The B wave is characterised there by very large positive values

F1




of Imn, corresponding, due to its backward nature, to strong emission.
In comparison with Im n for B waves, the corresponding imaginary part of
n of both e.m. waves is negligible.

By varying Xb, the connection between the modes changes, and a double
0-X conversion, or a direct 0-B conversion occurs.The path of the wave
depends on what happens near to each anomalous layer, and only a global
approach is able to provide the total reflection R, transmission T, and
absorption A coefficients.A set of differential equations is deduced
from the relativistic Maxwell-Vlasov system. The electric field obtained
injecting an O mode from the HFS shows short wavelength oscillations
also on the left of the EC layer,due to the anomaly induced by the beam.
The absorption coefficient versus Xb with Xp:O.E,szlKeV,Tp:SOeV, n
=0.25 is presented in Fig. 4. Strong amplification of the wave (A <0)is
associated to intense production of B waves in the region of the UH2.
The e.s. medes interacts strongly with the electrons of the beam,

subtracting them energy, amplifying the wave.

& Re n,"

e |

/l Fig. 1




IvV-4 F1
2 s |
R(n)
i XM -
| _ Fig. 2
i
\\/-—-———‘___“_‘__.
oM oM
O x
-0.15 - 0.07 @)
30
R () \
Fig. 3

B




F2 V-5

MODELLING OF INDUCTIVELY COUPLED DISCHARGES EXCITED
BY INTERNAL COILS

G.G. Listert and M. Coxi

+THORN EMI Central Research Laboratories, Hayes, Mddx., UK
H+AEA Technology, Culham Laboratory, Abingdon, Oxon., UK

Modelling of inductively coupled (ICD) discharges provides a method for
computing parameters such as current, electrical conductivity and
electromagnetic field strengths which are difficult to measure experimentally.
The models reported in the literature to date deal with discharges which are
surrounded by an induction coil ([1], [2]) where the plasma is considered as a
one-turn secondary winding of a transformer. Eckert [1] derived expressions for
electromagnetic fields and impedance in discharges assuming Bessel function
solutions to the wave and electron density equations, while more recently
Denneman [2] solved the non-linear problem, including the effects of a radial
conductivity profile on the electromagnetic fields in a Ar-Hg discharge.
Modelling of an ICD in which the coil is in the centre of the discharge presents
an additional difficulty, since the coil does not provide a natural external boundary
condition. In this paper, we compare numerical results from the approaches of
[1] and [2] applied to discharges with internal coils, with a view to identifying
relevant parameters applicable to interpretation of experiments.

A coilin the centre of an infinitely long cylindrical discharge, situated between
confining walls at inner and outer radii @ and b m., respectively, is assumed to
induce a poloidal electric field E; and axial magnetic field H,, with time

dependence exp(jot), where ® sec.” is the applied angular frequency. For all
ranges of electron density n, considered here, the displacement current can be
neglected in Maxwell’s equations, which may thus be written (in MKS units)

dH,
—=0E, , (1)

1d ;
;E{TEg} =—J G)}.lOHZ s (2)
where |l,is the permeability of free space and o(r), the plasma conductivity,
o(r) =n,(r)e’im,(v - jo) , 3)

where e and m, are the electron charge and mass respectively and v is the

electron-atom collision frequency. In most cases considered below, v/ >>1 and

the influence of won & is small. Equations (1) and (2) reduce to the wave equation

1d [ dEs| [. 1

——r— 1t /e — — |E;=0 . (4)
dr r

]
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Equation (4) cannot, in general, be solved analytically. However, if we replace
o(r) by it’s line averaged value <o>, then (4) has the solution (cf. [1])

Ey(r)=AH(Tr) +AHTr) (5)
where T?=jpm<c> H" and H are first order Hankel functions and

A, and A, are constants. Eyand H, may be obtained in terms of a single constant

A, which is a function of the current in the coil, by applying appropriate boundary
conditions. We consider two conditions at r=b:
a) conducting boundary, Eg(b) =0, or

b) radiating boundary, where Eqand H, are continuous at r=>b and in air

E(r)=AHPT,r) , T,=wc . 6)
Assuming single step ionisation only, the electron diffusion equation is
1d dn
—_— z +V. :O ) 7
rdr{rD“ dr} Vi, (7)

where D, is the ambi-polar diffusion coefficient and v;is the ionisation rate. For
zero electron density at #=a,b and T,independent of r,
n,(r) = C{Yy(ob)(or)—J(ab)Y(or)} (8)

where J, and Y, are zero order Bessel functions and of = D,/v; is an eigenvalue.

For discharges considered here, a=0.75 cm., b#=3.0 cm., and we assume an
average electron density < n, >= 5x10" m™ and collision frequency v = 10’ sec.”
(corresponding to 1 Torr Ar-Hg in a tube of radius 3 cm.). Two methods were
used to obtain solutions, the first using the approximation in equation (5) and the
second by integrating (1) and (2) directly. Fig. 1 shows the effect of varying
applied frequency on the absolute value of the electric field Eo(r) =| Eq(r) |, where
aconducting boundary is assumedat r=>b. The results at 13.56 MHz are essentially

the vacuum solutions, with a small effect at 41.68 MHz, and a more substantial
variation at 200 MHz. This result may be understood in terms of the skin depth

8, including the effect of collisions ( for v/iw» 1) is

8 = i{ i} , ©)

0, ®

where ®, = 56.4n!" sec' is the electron plasma frequency. In the cases
considered, c/m, = 0.75cm., and 3 may be of the order of the plasma dimensions,
in which case the plasma modifies the phase but not the magnitude of the fields.

Fig. 2 shows the respective profiles of n,(r) and power per unit volume
W (r) = o(r)E4E,, where both have been normalised according to

b
2
mJF(?‘)rd?‘ =]




Figs. 2(a) and 2(b) show W(r) profiles at 13.56 MHz for conducting and radiating
boundaries respectively, indicating that in the latter case, total power deposition
is shifted radially outward. Figs. 2 (c) and 2(d) show results at 200 MHz with
conducting boundary, using the full Maxwell’s equations and Bessel function
approximation, respectively, the major difference being a slightly more peaked
profile for W(r) in the former case - for lower frequencies the methods give almost
identical results. The maximum of n,(r) is seen to occur at a significantly larger
radius than that for W(r), which we believe would be inherently unstable. We
would expect the density to peak where the power density is highest, which would
require a varying electron temperature.
Finally we consider the impedance at the coil (cf. [1]) defined through
Eg(a) ;

Z(a)zmzzﬁexp(]q)(a)) a (10)
Table 1 lists values obtained for Zp(a) and o(a) for different values of , for
conducting and radiating boundaries. Athigher frequencies (> 100 MHz), results
are virtually identical in both cases. With a conducting boundary, we a observe
a shift in @(a) from -1t/2 in the low frequency (vacuum) case through a minimum
at 0(a)~—m/3 as © increases (in contrast to the outside coil, where @(a) has a
maximum ~ -3 7/4 (cf [1])). For a radiating boundary, the fields are almost in
phase at low frequencies, and steadily increasing negatively with frequency. In
both cases Z(a) increases with frequency.

Table 1
Plasma Impedance
((1) conducting boundary (2) radiating boundary)

f=o2n(MHz)  Zya)” ¢(a)” Zg(a)® o(a)”
3.0 1.39 -1.46 6.71 -053

13.56 5.11 -1.15 6.92 -0.24
27.12 1778 -0.96 7.54 -0.44
41.68 9.26 -0.98 8.50 -0.61

100.0 13.9 -1.03 13.4 -0.96

200.0 22.6 -1.22 22.6 -1.20

In conclusion, for the parameters considered and frequencies less than ~20 MHz,
the absolute values of electric fields are independent of the plasma, but effects
on plasma impedance and phase are more marked. Modelling can be a useful tool
in interpreting experimental results, but detailed information on plasma
parameters such as plasma conductivity and power deposition require more
sophisticated models, allowing for, inter alia, varying electron temperatures and
possible two dimensional effects.
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COLLECTIVE THOMSON SCATTERING IN A RELATIVISTIC MAGNETIZED
PLASMA

H. Bindslev

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK.
Permanent address: Risg National Laboratory, DK-4000 Roskilde, Denmark.

Introduction The effects which the dielectric properties of a relativistic magnetized plasma
have on the scattering of electromagnetic radiation, are investigated. The scattering is caused
by fluctuations in the dielectric properties, which are assumed to derive from fluctuations in
the electron density. The origin of the density fluctuations is not considered. Expressions for
the scattering cross section and the scattered power accepted by the receiving antenna are
derived for a plasma with spatial dispersion. The resulting expressions allow thermal motion
to be included in the description of the plasma and remain valid for frequencies of the probing
radiation in the region of wpe and wee, provided the absarption is small. Symmetry between
variables relating to incident and scattered fields is found and can be shown to be in agreement
with the reciprocity relation [1]. Dielectric effects in a cold plasma have been investigated
by a number of authors, most recently by Bretz [2] and Hughes and Smith [3]. The present
work extends the theory of dielectric effects to hot and relativistic plasmas. Earlier results
are confirmed in the cold plasma limit. Significant relativistic effects, of practical importance
to the scattering of millimeter waves in large tokamaks, are predicted.

A major motivation for the present work is the fact that collective Thomson scattering
diagnostics, intended to measure alpha particle and other fast ion velocity distributions in
tokamak plasmas, are presently under development [6,7,8]. In these diagnostics the frequency
of the probing radiation is not large relative to the electron plasma and cyclotron frequencies.
This means that a number of simplifying assumptions, which are well satisfied for the majority
of laser scattering experiments, are not valid. Most notably, vacuum propagation cannot be
assumed. In the work by Hughes and Smith [3], the Thomson scattering cross section and
the scattered power accepted by the receiving antenna were investigated for a cold plasma.
It was shown that, in the parameter ranges relevant for the planned alpha and fast ion
Thomson scattering diagnostic at JET, it is necessary to take the dielectric properties of the
plasma into account. The dielectric effects manifest themselves in the term referred to as the
geometrical factor, G. Relative to predictions based on vacuum propagation, large increases in
the scattered power were found for X to X mode scattering, with a singularity at the R-cutoff
(ordinary and extraordinary mode are referred to as O and X mode respectively). X to X
scattering may therefore be an attractive option. At the high temperatures found in large
tokamaks, the scattering theory based on the cold plasma model is, however, not reliable in
this regime: relativistic effects must be taken into account.

Theory A detailed derivation of the equation of transfer for a scattering system is given in
[1]. The derivation consists in the following steps: (a) The field resulting from a point source
in a homogeneous plasma is found by solving for the field in the Fourier-Laplace transform of
the inhomogeneous wave equation. (b) The far—field is identified with the propagating modes
which manifest themselves as singularities in the transform of the field. When evaluating
the residue resulting from such a singularity a new term, caused by the spatial dispersion,
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is found. Mathematically the term arises because the dielectric tensor depends on the wave
vector. {c¢) The energy flux, associated with the far—field in a homogeneous plasma, is found.
The flux includes the electromagnetic flux and the kinetic flux, where the latter is due to the
spatial dispersion. (d) The conservation of flux inside a ray tube (WKB approximation) and
the equation of transfer for radiation in an anisotropic inhomogeneous medium [4] are used
to find the energy flux outside the plasma. From this and the relation for the étendue of a
receiver in vacuum, the power accepted by a coherent detector is found. This gives the field
at the detector resulting from a point source, which we will call the detector response. (e)
The currents resulting from the action of the incident field on fluctuations in the dielectric
properties of the plasma are the sources of the scattered field. To find the scattered power
accepted by a receiving antenna the currents are convoluted with the detector response giving
the scattered field at the detector and hence the accepted power. (f) The fluctuations in the
dielectric properties are expanded to first order in the electron density fluctuations. Care is
taken to preserve symmetry under time reversal in this step. As a result the last asymmetry,
between incident and scattered fields in the equation of transfer for a scattering system,
disappears. The symmetry can be shown to be in agreement with the reciprocity relation [1].
The equation of transfer resulting from the derivation outlined above is
s

oL = o L (1)
where P® is the accepted power, P' is the incident power, Oy is the beam overlap [5], Ag is the
vacuum wave length, 7, is the classical electron radius, n. is the electron density, 5(k,w) is
the spectral density function and G is the geometrical factor which contains the new results.
Superscripts i and s refer to incident and scattered fields respectively. In the limit where the
anti-Hermitian part of the dielectric tensor can be ignored G takes the form

C
f = —— 2
G }71}'.‘5 ( ]
where the coupling term, C, is given by
i s it s O)s 3 2
(0 (é,)s_(wa “"Q)-é' )
wy 2w,

and F, the normalized fluz, is the energy flux, associated with a field in the plasma, normalized
by the flux of a vacuum field with identical amplitude:

_ (wea [2K }h ‘e
(SU—(Q){OI( ere;j

Sij, is the Poynting tensor, S;;Ef E; = Re{E x H}, K the dielectric tensor, Q = K -1 the
susceptibility tensor, & the unit electric field vector and wy the plasma frequency.

A more general form of G is given in (1] but numerical investigations indicate that the
anti-Hermitian part of the dielectric tensor can safely be ignored in most cases of practical
interest.

The differential scattering cross section takes the form

1

F=—
EpcC

(4)

&y 4\{,72 S(k,w) p?
ry = em— o = r
Okdw Ay S 2m |k5-9
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where p is the refractive index and v, is a unit vector in the direction of the group velocity.

Results Computer codes have been developed, as part of this work, to evaluate G with
dielectric tensors and their derivatives derived from four magnetized plasma models: (a)
cold, (b) hot equilibrium, (c) and (d) weakly relativistic equilibria based on Shkarofsky [10]
and Yoon and Krauss—Varban [11] respectively. With a number of corrections to Yoon and
Kraus—Varban's work [1], the two relativistic codes give identical results.

The plots presented here are calculated with parameters relevant for X to X scattering
in JET with the following scattering geometry: Ii - B = —k® - B, 6 =Arccos(k' - k*) = 30°
and ¢ :Arccos(f( -B) = 30° where k = k* — k'. The curves show the geometrical factor,
the coupling term (equation 3), the normalized flux (equation 4) and the refractive index as
functions of electron density. F and p are identical for incident and scattered fields due to the
symmetry in the direction of propagation relative to the magnetic field. The frequency of the
radiation is higher than the cyclotron frequency. This implies that the R—cutofl determines
the maximum density to which the radiation can propagate. The effect of the R—cutoff is
clearly visible in the plots. While the hot plasma predictions tend toward the cold plasma
predictions at the R—cutoff, the relativistic plasma model produces a shift in the R—cutoff
toward higher densities. This shift can be attributed to the relativistic mass increase of the
electrons. The relativistic shifts of the R—cutofl and upper-hybrid resonance were noted by
Batchelor, Goldfinger and Weitzner [9]. Although the hot plasma model does produce a
change in predictions relative to the cold model, in this regime much more substantial effects
are found with the relativistic model. It is noteworthy that a nonvanishing imaginary part
to the refractive index is found with the relativistic model and not with the hot model. This
absorption is attributable to the relativistic smearing of the cyclotron absorption.

The reliability of the analysis of light scattered for diagnostic purposes depends, among
many factors, on the accuracy of the model. The plots clearly illustrate the need for a rela-
tivistic model. Another factor of importance to the reliability of the analysis is the sensitivity
of the spectrum of scattered light to various plasma parameters. Sensitivity to quantities
which the diagnostic seeks to measure is beneficial while sensitivity to other quantities like
the electron density reduces the reliability of the analysis. As the R—cutoff is approached the
geometrical factor and hence the spectrum of scattered light for X to X scattering becomes
increasingly sensitive to the electron density and other parameters, making reliable analysis
impossible in the vicinity of the R—cutoff. The practical consequence of the relativistic shift
of the R-cutoff is therefore to increase the upper limit on the density range in which reliable
measurements can be made with X to X scattering. For O to O scattering the relativistic
effects appear to be of no importance to the JET collective scattering diagnostic. When
making use of O to O scattering it is, however, important to stay clear of the R-cutoff in
order to minimize spurious signals from X to X scattering. This requirement accentuates the
importance of an accurate knowledge of the location of the R—cutoff.
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ELECTRIC FIELD EFFECTS ON THE RESISTIVE
PRESSURE-GRADIENT-DRIVEN TURBULENCE

L. Garcia
Universidad Complutense and Asociacién EURATOM-CIEMAT. Madrid. Spain.

B.A. Carreras, V.E. Lynch
Qak Ridge National Laboratory.* Qak Ridge, Tennessee, USA.

Resistive pressure-gradient-driven turbulence has been studied in detail [1-3] for the case
with no diamagnetic effects, and in the low-@* regime in which the linear growth rate
dominates over the real frequency [4]. Here, we include an external radial electric field in order
to study its effect on the turbulence levels.

The equations describing the resistive interchange mode used in this paper are based on a
two-fluid model for a configuration with average bad curvature and large aspect-ratio [4]. The
geometry is a periodic cylinder of length L = 2R and radius a. The model consists of three

equations:

é—l[{- = —&V[E(D + RD T[jz = ROTE V"I‘l

ot BO enOBO

PndY _ Pny Gy_ didy 1 on \ P 2 p;
= V-VU V||.]z+7; + ‘uVlU

By ot By dr ro6 By

on_ 5 = dmy 1 9

—==V-Vi-—V, +—VJ,+ 1,V

% " ar " eB, Iz +XLVLA

Here, ¥ is the poloidal flux function, # is the electron density, V is the fluid velocity, U and
J, are the z-component of the vorticity and current density, respectively, and p,, is the mass
density. The velocity is expressed in terms of a streamfunction @/B, V= (f’d) X E)/BO. The
velocity streamfunction is trivially related to the electrostatic potential . The term d€2y/dr is
the toroidally averaged curvature. The symbol V; denotes derivative parallel to the magnetic
field, V) = B-V.Each equation has a dissipative term, corresponding to resistivity, viscosity,
and cross-field transport, respectively. The inclusion of an equilibrium radial electric field £,
induces a poloidal flow with velocity V= —-E /By,

* Operated by Martin Marietta Energy Systems, Inc., under contract DE-AC05-840R21400
with the U.S. Department of Energy.
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This model can be regarded as the reduced magnetohydrodinamic equations based on a
two-fluid model for a stellarator configuration with no ion heating and constant electron
temperature.

In the absence of diamagnetic terms and density and vorticity dissipation terms, the linear
eigenvalue problem can be written using the electrostatic and slab approximation as
ViAkG_ 1 . S m? x*

i [i)
r.L, @—koVg azf;,p q2 L2q

d dd ,
&‘x-{(w —kQVE)E‘l‘kQVE‘;D} = [k%(m *‘kaVE)+

Here, V, is the sound velocity, Vg = (7, ,’mi)l'lz; r,. is the radius of curvature of the magnetic
field line, r, = (d2y / dr}_l; L,, is the characteristic density scale length, and L is the scale
length of the safety factor. The Lundquist number § = Tg / 7, is the ratio of the resistive time,
g =a’11o /7, and the poloidal Alfvén time, 7, = RoA[Hofm / Bo-

Linearly, the main effect of a sheared radial electric field is the coupling to the Kelvin-
Helmholtz (K-H) instability. In hydrodynamics, the K-H instability arises in a stratified
heterogeneous fluid when the different layers are in relative motion [5], and the shear in the
flow is the source of free energy. In the presence of a magnetic field, the magnetic shear has a
strong stabilizing effect for the K-H instability [6].
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Fig. 1: Linear growth rate as a function of the flow velecity for Ly = 0.01. The growth rate and

the velocity are normalized to T;_gl and a'r,_?l. respectively.
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In configurations with unfavorable curvature and with magnetic shear, the interchange
mode is unstable for low values of the velocity V) and sheared flow length Lg. As the sheared
flow increases, the growth rate of the mode is reduced until it is totally stabilized. As the flow
increases further, the K-H instability can be triggered and the growth rate becomes proportional
to the flow rate jump. The dependence of the linear growth rate of the resistive interchange on
the flow velocity is shown in Fig. 1. An analytic solution can be found in the limit Lg » W,
where W, is the width of the linear mode in the absence of flow. The corresponding dispersion
relation is

n W in Wy VR, n* 8
Y= Ekg‘l/o L—Ecot[—m:' = kgl L—ET[I - EE]
Here, Ri is the Richardson number, Ri = (V2 /r,L,)/ (Vo / L)?, which represents the ratio
of the buoyancy effects and the shear flow effects.

The nonlinear equations are solved numerically as an initial value problem, using a
Fourier expansion in the angles 6 and { = z/R, and finite differences in the radial variable
[7]. The nonlinear calculations have been done for values of beta below the ideal MHD stability
limit, and we have used the same parameters as those given in Ref. 1: f /262 =1.25%1072,
5 =10°. The g, n, and {2, profiles are also the same, with Lq =1.275a, L, = 0.685a, and r,
= 2.29a at the g = 3/2 resonant surface. The value of @ (= kgp,V; / L,) has been chosen to
modify the linear growth rate of the instability without changing its nature [4]:
5: = TppVs [ a% =25, where ps =V, /£2;, and £; is the ion cyclotron frequency. For the
(m=3; n=2) mode, the lowest m mode included in the calculation, this choice implies that

m: / yl =0.5. The coefficients for the dissipative terms are such as to have stable modes for m
> 60 in the absence of an external electric field.

In order to study the effects of the electron diamagnetic terms, we consider first the case
with no external electric field [4]. As a result of the nonlinear evolution, a relatively large (m=0;
n=0) component of the streamfunction @ is generated. The resulting poloidal velocity (radial
electric field) is strongly sheared. The reduction in the saturation level is about 40%,
significantly stronger than what we expected on the basis of mixing length results. However,
when the (m=0; n=0) component of the velocity streamfunction is kept equal to zero during the
nonlinear calculation, the saturation level of the turbulence is similar to the one for the case with
mZ: 0. This results suggest that the self-generated electric field can play an important role in
the saturation of the turbulence. The reduction in the turbulence level can be explained by the

coupling between poloidal and radial decorrelation [8].
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Next, we consider the case of a constant electric field. The numerical results show that the
addition of an external constant electric field of the order £T Jer does not affect the electrostatic
potential fluctuation level at saturation.

To study the effect of a sheared electric field, we use, in the numerical calculations, an
external sheared poloidal flow parameterized as Vg =1 tanh[(r— rs)/LE], where r_ is the
position of the g = 3/2 rational surface.The values of the parameters are Ly = 0.1a, V=
+500a/ty, which correspond to a Richardson number of about 5. The time evolution of the
fluctuations is slowed down by the sheared poloidal flow, and the saturation level is slightly
reduced.

The condition for turbulence reduction of the density by shearing is r§1»151, where 7¢
is the sheared flow decorrelation time ('E§1 = kgWdVg / dr), and 7, is the density fluctuation
turbulence decorrelation time. This condition implies

kH(W0A7/6)XQ>>_YL —Ri= 1 .

1=
Ly AP W k5vi¢

The parameter A is the nonlinear enhancement factor defined in Ref. 1. The condition for

turbulence reduction by shearing implies, for low A values, stabilization of low-m modes by
coupling to K-H effects. For the parameters of the present calculations, A = 3.55, so this
condition is only marginally satisfied. Consequently, it would be necessary to reach high
values of the sheared flow in order to get any appreciable turbulence reduction. For those
values of the flow, many of the modes included in the calculation become linearly stable, and it
is very difficult to distinguish between linear stabilization and turbulence reduction.
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The Mechanism of Self-sustainment in
Collisional Drift-wave Turbulence

Bruce D. Scott
Max Planck Institut fiir Plasmaphysik
‘W8046 Garching, Germany

Self-organised collisional drift wave turbulence is seen to self-sustain in
the absence of linear instabilities under a wide range of parameters. In-
vestigations into the initial amplitude threshhold help to establish the
mechanism. They also show that the turbulence is non-diffusive in char-
acter, since the important assumptions behind turbulence-as-diffusion
are all violated. Many important features of experimentally observed
tokamak edge fluctuations are reproduced. Additionally, the competi-
tion between the gradients to drive the turbulence gives rise to inward-
pinch dynamics if there is a large disparity in background scale lengths.
If these results are relevant, then turbulent transport in tokamaks is
nothing like heretofore existing models of it.

The conventional wisdom on anomalous transport in tokamaks is beset with per-
plexity. It has usually assumed that there is some sort of instability, usually linear,
which is the “mode” responsible for feeding the free energy in the temperature and/or
density gradients into a mixing-length/random walk diffusion model. Even the nonlin-
ear closure schemes tend to “renormalise” the advective nonlinearity into a diffusivity
and so fall back on this same physical picture. Conventional diffusivity models are also
at a loss to explain known cases of up-gradient heat (“profile consistency”) or particle
(“inward pinch”) transport, unless the up-gradient transported quantity is introduced
non-self-consistently.

The approach taken here is different. Let it be that the basic sheared-slab drift
wave equations admit no linear instabilities. The hypothesis is made that sufficiently
strong turbulence ought to find a suitably efficient free energy-tapping structure and
thereby sustain itself. The well-known noisy start phase of a tokamak discharge can
take care of the initialisation. The computational basis is the simplest set of equations
which contain the dynamics which absolutely cannot be avoided, namely, complete fluid
electron dynamies and shear. Ions are kept only to provide inertia, and trapped electrons
are ignored (anomalous transport is still observed in cases for which exotic effects from
these sources should be absent). As to the physical picture of the dynamics, it is left
to the equations to determine that, self consistently, i. e., no further assumptions into
which process or correlation may be dominant or negligible. Since the high resolution
demands are entirely beyond the hopes of a multi rational surface (3D) simulation, the
simulations in this work are confined to a single surface (2D), since that case, and only
that case, can be adequately resolved.!

The system of equations used is that of collisional electron fluid dynamics in slab
geometry, in which x is down-gradient, z is along the field at = = 0 (the resonant
surface), and y is along the wave(s).? Parallel dynamics enter through the shear: B =
B(2+2§/L,). For a wavenumber ky, the parallel gradient is k) = kyz/L,. Independent

. T



fields are nn, T ¢, and @y The first three are all mutually coupled through resistive
dissipation, most strongly where kﬁl«"f/'vc is equal to turbulent advection rates (w; =
V- V): parallel dissipation tends to restore electron adiabaticity against the disruptive
effect of the turbulent fluctuations. This process is collisional in the edge, since arising
from slowing of the electron/ion drift it depends only on time seales: the electrons are
collisional whenever linear wave frequencies (near w, = kypscﬂ/l:-,,, the diamagnetic
frequency) and wy are slower than .. Resonance with the ions occurs at larger @, when
kjes ~ we. Some of the energy in ) is dumped into “ion Landan damping”, but most
is recycled back into 5. which is how the turbulence is localised.?

The dynamics of the system are diagnosed not through the fluctuation ampli-
tudes or spectra, but through the amplitudes, spectra, and spatial (in @) profiles of
the source/sink terms. These latter arise from the conservation equation for the flue-
tuation energy (sum of normalised mean square fluctuations).>* They arc: Ty, rate of
encrgy fed to the fluctuations by the temperature gradient; I'y, same for the density
gradient; I'.., resistive dissipation of the parallel current fluctuations; I', dissipation by
parallel thermal conduction; I'y, dissipation through parallel ion motion. Spectral, and
spatial, directions of energy transfer are quickly revealed, as well as dominant processes.

Amplitude threshhold — mechanism for self-sustainment

To allow the T'’s to emerge and evolve self-consistently, the turbulence is initialised
adiabatic, f/n = e¢/T, with T = @ = 0. The ¢ are initialised in a broad-band random-
phase distribution localised within about 5p, of & = 0. The initial amplitude is set to
ed/T = apps/Ln.

The nominal run, discussed in Ref. 2, had ¢y = 1.5. Run long enough for good
statistical saturation, it serves as the benchmark. Others were started, with ag = 0.2,
0.3, 0.5, 0.7, and 1.0, and run long enough to see whether they achieved self-sustainment
or continuously decayed. The nomin'\l run showed all of the I''s to be strongly peaked
at an intermediate scale (“mid-k,”, kyp, ~ 0.7), but with the net source hlgh above
the sink. Both low- and high-£, (about 0.1 and 2) were net sinks. Mid-k, modes were
more or less homogeneous, huh low-k, modes were very narrow in z. Measurements
of the power spectrum distribution, S(ky,w) indicated the mid-k; modes to lie on the
linear dispersion curve, but the low-k, modes to lie well below it. Previous work with
a density-only model system had identified this low-k, part as self-organised: several
phase-locked modes propagating at the same speed, essentially that of the mid-k, part.?

The amplitude threshhold search for nonlinear self-sustainment further revealed the
mechanism. The cases ag > 0.5 grew to saturation, while those with 0.2 and 0.3 decayed.
The 0.5 case in particular spent a well-resolvable time decaying., At a very definite time,
however, the energy source feed rate sharply increased; following the detailed structure
near this time revealed the establishement of the self-organised structure investigated
in Refs. 2 and 3. This structure can be so characterised: The source-tapping mid-
k, modes preferentially transfer energy to low-ky ¢ and high-k, 7 and T because of
their cascade tendencies,® Down- and up-gradient flows from the thin, localised low-ky,
& modes produce mid-k, n and T because of the finite mode width and small-scale

isotropisation. Through the shear, which couples all three of these fields, low-k, 7, T,
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and mid- and high-k, 5 are formed, completing the circle. The weakly dispersive low-k,
modes readily phase-lock at a propagation speed near that of the mid-ky, modes (less
than the low-ky linear speed). This structure is self-sustaining, but only if the nonlinear
couplings are as strong as the linear ones, which produces the amplitude threshhold
near 0.3ps/L,. Runs at other parameters exhibited several cases which drop below 1.0
and then recover to saturation. It is therefore safe to say that the amplitude threshhold
is somewhat less than ps/L,, weakly dependent on parameters.

The turbulence is not diffusive

The mixing length, turbulence-as-diffusion physical picture depends on three main
assumptions: (1) the important range of scales has its amplitude determined by a
balance between source input and nonlinear decorrelation: cascading to larger or smaller
scales where the sinks lie, with negligible energy return to the driven region, (2) spectral
(homogeneous) transfer dominates spatial transfer, so that all scales are equally space-
filling, and (3) turbulent thermal and particle fluxes result from a random walk process
with a diffusivity given by a mixing length squared times an eddy turnover rate: there
must be up- and down-gradient walking, quasi-Gaussian, 1. e. random, which partially
cancel to give a net down-gradient flux. The computations, by contrast, show that
the net source and sink regions of ky-space result from partial cancellations, while all
s peak at mid-ky; but the sources, peaking at « = 0, and sinks, peaking at |z| ~ Ap,
are spatially better separated. Assumptions (1) and (2) are therefore reversed, with
shear-induced coupling at all scales wiping out simple balances. Assumption (3) fails,
since the flux contributions are all coherent lows which result from the self-organisation.
Indeed, in the nominal case the thermal flux is almost entirely down-gradient. Finally,
if the turbulence is diffusive, then a (stable) E x B shear flow placed across it should
suppress it by increasing the decorrelation rates.! This is not observed: shear flows up
to dV/8z = 0.3C,/L, had no effect, and one of 1.0¢,/ L, actually drove an instability
(not Kelvin-Helmholz, but a “shear-flow induced” drift wave). One can therefore say
with great confidence, that fluid electron turbulence is definitively non-diffusive at its
most fundamental basis, and that all heretofore existing models of turbulence-linear or
nonlinear mixing length, weak turbulence, strong turbulence closure models-as well as
quasilinear models (which need linear instability) fail to have relevance to it.

Toroidal coupling and mode overlap

Effects of neighboring rational surfaces are judged through the mode overlap eri-
terion. Each mode (m,n) is linearly coupled to modes (m + 1,n), so these neighbors
act as a competing localisation mechanism.® Overlap occurs if kyA,) > 1/8, where
§ = rq'/q is the tokamak shear parameter. The single-surface simulations do not con-
sider dynamically the effects of overlap, but the criterion can be used to judge whether
it is important in the multi-surface situation. The results indicate that (1) low-Z,
modes do not (2) mid-k, modes marginally (3) high-k, strongly overlap. Implications
for the multi-surface situation are, respectively, (1) the self-organised structure in the
long wavelengths should survive, (2) the energy-tapping modes are able to restore the
temperature and density profiles for their neighbors, and (3) the small-scale side of the

I
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net sink should be sharply reduced. Therefore, not only should turbulence of this char-
acter be present in the real system, it should be even stronger than the single-surface
results suggest.

Pinch dynamics

In the 2D slab, increasingly dominant temperature gradient (high-7.) exacerbates
Iy to such an extent that a nonlinear stability boundary is introduced. Because of
toroidal overlap (above) this should not be expected to carry over into the multi surface
situation. (Nearly 50% of all dissipation, which depends on k|, ¢. e., mode-width, occurs
at high-k, modes with widths much larger than overlap values.)

What was most interesting is that extreme values of 7. yielded pinch dynamics.
Two gradients drive the turbulence. When they are equal, both temperature and density
fluxes are positive. However, when one is weak (e. g., density), its associated fluctuation
finds a more favourable role in acting to cancel out much of the resistive dissipation,
which is proportional to the square of V(74T —¢) in normalised units. So if the density
gradient is weak, a down-gradient temperature flux (for driving) is compensated by an
up-gradient density (particle) fluz, to make I'; smaller. One can propose that a gas-
puffed tokamak plasma might self-adjust its density gradient interior to the particle
source to yield zero total flux. That is, the density profile would not be maintained
by outward diffusion and inward flow, but by cancelling up- and down-gradient flows.
Since the positions of those flows is observed in the simulations to be phase coherent,
yet another piece of evidence for non-diffusive transport emerges. And nothing more
exotic than sheared-slab fluid electron dynamics is needed to explain the particle pinch.

Conclusion

_ These results reproduce a large number of known processes: amplitude ordering
e¢/T = n/n > T/T, bidirectional net spectral transfer, thermal flux larger than density
flux (except in particle source regions), and fluctuation activity mostly well to the low-k,
side of p,.% In addition, this model has at least for some cases reproduced up-gradient
pinch dynamics. Electron fluid turbulence is so universal as to expect it to stand as a
foundation for turbulent transport in tokamaks: other mechanisms may be present but
should be merely additive. Yet this physics requires no instabilities, and is of an entirely
non-diffusive character. If these results are at all relevant, then anomalous transport in
tokamaks is nothing like any heretofore existing models of it.
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X.Garbet, L.Laurent, F.Mourgues-Millot, J.P. Roubin, A.Samain, X.L. Zou, J. Chinardet m

Association Euratom CEA  DRFC/ SPPF
(1) CISI Ingéniérie
CEN Cadarache 13108 S'Paul lez Durance France

I) Introduction:

Models of ion mode instability relevant for toroidal geometry were first discussed within
the fluid approximation [1] and then using various expansions of the full kinetic response
[2,3,4]. More recently, numerical codes based on a full kinetic response have been built [5,6].
According to these models ionic modes are found to be unstable when a critical temperature
gradient is reached even in the flat density regime [4,6]. Nevertheless it seems that this
threshold is lower than observed in experiments [7,8]. In this paper a numerical investigation
of the ion mode stability is proposed. In section II the numerical model is briefly presented and
the results are discussed. In contrast of [6], the Landau resonance is found to have a strong
stabilizing effect and the most dangerous mode appears to be the trapped ion mode occuring at a
threshold compatible with experiments. The properties of this mode are described in section III.

II) Stability threshold
The ion mode stability has been studied using the TORRID code [9]. It computes the
eigenfunction U (perturbed potential) within the ballooning non collisional approximation using
the exact trajectories. The dispersion relation can be symbolized as:
0o 0o

2 2
Jo(kiﬁb)Jo(kﬁl)U>u'ap. +<
o-nog ©-0-kypvy

2
< Ty, p) U>

circ.

% (1+1)U=0 (1)
1

The brackets are averages in the velocity space respectively in the trapped (trap.) and
circulating (circ.) domains. The frequencies © and @* are the mode and ion diamagnetic
frequencies, the operators ng, g and kjyaccount for the banana precession resonance,
interchange resonance and Landau resonance. The J, operators symbolize trajectory averaging
respectively on banana width 8p, bounce motion (extension A) , Larmor radius p. T is the the
ratio of electron to ion temperature. The results are summarized in figure 1. It represents the
marginal curve in the plane Ln/R , L/R ( density and temperature scale lengthes divided by
major radius) which links modes obtained for given n,8 (defined in eq.5) and various real
frequencies (The numbers written in the small rectangles are W/nwgn where Qg is the
precession frequency of thermal deeply trapped ions). The plasma parameters (typical JET
egilibrium) are given in the figure caption. The marginal curve can be divided into three zones:
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starting from this region going to Mj= e, appearing back at 1j = -e and ending on the 1;<0
marginal branch at zero growth rate.

III) Trapped ion modes

In section IT it has been shown that above a critical temperature gradient trapped ion
modes are found. Numerically it appears that these mode are large scale modes and hence they
may affect dramatically the transport if they can grow to the amplitude given by the mixing
length rule. To check analytically their properties it is necessary to write explicitely the average
in equation (3). The mode is expressed as a function of a generalised minor radius r and 6 (¢)
which are the poloidal (toroidal) angle in the ballooning form:

i(m(0-8)+ng-mt)

U(r,O, ¢) = % U(T‘Tmn) € (5)

The radius of the resonant surface qg=m/n is Typ and § is a constant. For large scale modes
finite banana effects can be neglected. The trapped particles distribution is expressed as a
function of particle energy E and bounce angle 8,. The plasma dispersion relation writes:

*

o (E)

0>
0,d0 0 ! Box'
G—(HfU() —\/Sr f" °j g 1) | UGS (6)
NWgth

EIT

The real part of (6) cancels only if U(x) =Jo(x/d). The new scale length is the distance
between two neighbouring resonant surfaces: d=1/kgs where s is the shear parameter and kg the
poloidal wavenumber. This scale length is compatible with the assumptions about negligible
banana width effects if kepini <V2r/R 1/gs In conclusion, at the threshold large scale modes
may appear of which radial extension is only limited by interference effects between adjacent
resonant surfaces. These modes exihibit another interesting property: The radial group velocity
[11] is of order g Sﬁld, i.e. nearly zero when d >>8p,. This vanishing group velocity leads to
an indetermination on the radial profile of the mode.

IV) Conclusion

The stability of ion modes has been numerically investigated. The main conclusions are:

- The standard modes in litterature (fluid, slab) are found but they do not play a role in
determining the plasma stability for relevant tokamak parameters.

- The circulating particle response is damped by Landau resonance and play no role for
marginal mode except in plasmas with hollow density profiles.

- The threshold of temperature gradients (twice higher as usually quoted) is determined by
stability of trapped ion modes.

- These modes exhibit such large radial scales that they probably clamp the profile at the
threshold unless they saturate at low level by non linear effects or velocity shear.
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— Open circles in the low L/R zone are marginal modes with  >>0y so that the interchange
resonance can be neglected. They are slablike modes energized by Landau damping. These
modes can be investigated using the following plasma response:
oy
-<

2 1
T (k,p)U > i + (1)U =0 2)
(D“k[/Vﬂ 0( J_p) circ. ( T ) (

— The marginal modes at the stability boundary in fig.1 for nj=Ln/LT > 0 are due to trapped

ions. They occur at a threshold of M;=2/3, or LT/R= 0.15 in the flat density limit. These

modes can be described using the trapped particle response of (1) which is:
n)-m:,i(llﬂi-3/2+E,fI')

2 2 1
<1k Sk MU > +(1+)U=0 3
G}nmngﬂ_ 0( 16b). 0( 1/ trap. ( - (3)

The energy (E) dependence of diamagnetic velocity and precession frequency
(approximatively) have been indicated. The imaginary part of the plasma response vanishes
only if @/nwg = 3/2- 1/m; >0. The values of w/nwg indicated in figure (1) are consistent
with that condition along the marginal boundary for m; >0, confirming that this boundary
correspond to trapped ions.

— The marginal branch at 1; <0 (hollow density profiles) contains also trapped ion modes at
large In;l . However as Imjl decreases the frequency increases and the circulating particle
contribution through interchange resonance has to be considered.

A numerical experiment has been done by switching off the trapped particle
contribution. This allows to look for marginal "resonant interchange" modes [3,4,6]. Their
dispersion relation corresponds to the following approximation of (1) :

2

*

2 v 1
B e [_JLVJL) US> + (1)U =0 )
w—g g T
p=0

It is found that ion Landau damping has a strong stabilizing effect as already suggested
by Hirose [10]. Such modes are found marginally unstable only around L/R < 0.06 in the flat
density limit ( instead of =0.3 as previously quoted [4,6]). The first modes appearing when the
temperature gradient steepens are trapped ion modes which set the critical temperature gradient
for a possible anomalous ion transport at LT/R = 0.15 for a typical JET or TORE SUPRA
plasma.

Non marginal modes have also been investigated. In the low L1/R, high njregion
growing modes which localized eigenfunction are found which can be described by the fluid
theory [1,2] i.c. an expansion of eq.(1) in wg/w and kjv//w. When the growth rate is
decreased the existence point of the eigenfunction in the L1/R, Ln/R space describes a curve

|
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Marginal stability diagram for a typical JET equilibrium. The parameters at the considered
magnetic surface are Te=Ti=1750 eV, B=2.75T at the low field side, safety factor =1.5, shear
parameter = (0.5. The mode parameters are §=0, n=30 (diamonds) and n=150 (dots).
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1- INTRODUCTION

This paper deals with the thermal stability of a slab radiating plasma, using the relevant
sheath boundary conditions and assumning the pressure perturbation to be negligible as in the
radiative condensation instability [1]. We consider a plasma layer with a length L, where the

flux lines are diverted from the last closed magnetic surface (LCMS) at p = 1., to the wall
at p = 0., and where the temperature obeys the following equations :
3,97 1

—+

ad
En ot L%Q(p):S(PsT) ; nT=cst )

where S (p, T), = nn, F, (T) is the radiated power by impurities, ng the impurity density, F;
the cooling rate function and n and T the plasma density and temperature. The heat flux is

expressed as Q(p)= (K(T)/L)(dT/0p) where K (T) is the Spitzer-Hérm parallel
conductivity (K (T) ~ T5/2). The boundary conditions consist of a given heat flux at the
plasma core Q (p=1) = Q1, and of the Bohm conditions at the wall (Q (p=0) =7 T'o To,
'y = M ng vg where Tg, ng and v are respectively the plasma temperature density and ion
sound wave velocity at the wall ; y and M are the sheath potential and the Mach number.

We are concerned by the stability on time scales longer than the ion sound wave
propagation time, for which the pressure may be assumed to be constant along field lines.
In that case the relevant equilibria needed for our stability analysis must be labelled by the
edge pressure Py.

2 - EQUILIBRIUM AND STABILITY

The steady state solutions of Egs (1) have been previously investigated [2]. It has been
shown that for vanishing Ty, no equilibria can be sustained if
1

Qf<2RL ] dp n, Q(p) B, (T)/ T

Generally for a given value of Py, three steady solutions can occur depending on the
shape of K (T) and S (p, T). Bifurcations between equilibria corresponding to a transition

]
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between a cold and a hot plasma can be triggered either by increasing Q or by decreasing
Pg. Such transitions are experimentally observed, as detached-attached edge plasma

transitions.

Let us consider the stability of the previous equilibria when S (p, T) is an arbitrarily
function of T and p. By linearizing Eq (1) around a steady solution, we get the following
equation for y = K (T) 8T :

3 L2pg _
L(Y}+2TK(T)OJY_O 2)

with 9/0t=-® and L (y) = d%y/d p2 - (L2 PY/K (T))(9S/2T) y. The following boundary
conditions must be used (dy/dp)y -1 =0 and (dy/dp), - = (L Yro/z I{O) yo. As a conse-

quence L (y) is an hermitian operator.

In order to calculate the sign of m, we express the response of the plasma equilibrium to
an external perturbation [3]. Here we investigate the plasma response to a perturbation d Q.
We get the equation :

L{z)=0 (3

for 2 =K (3T (p, Q1)/3Q), with (dz/dp)p = 1 = L1 and (dz/dp)y - o = (¥ L To/ 2 Ko) zo.

Next combining Eqs (2, 3) we get a relation for @ :

N
_|ydz 9y = ;
m_[ydp de]/%lﬁpo £ Ty zdp (@)

Applying (4) for p = Min (1, py, p2), where p1 and p2 are the smallest zeros for y and
z respectively, so that y and z have a given sign in the interval (0, p), it can be demonstrated

that a necessary and sufficient condition of stability is given by z > 0, whatever p. In the
case where z < 0, all eigenvalues are unstable. When z admits zeros, the modes with the

largest internodal distances (smallest m) are unstable.
3- STABILITY ANALYSIS

In the case where the impurity density does not depend explicitly on space, z can be
expressed analytically in term of zg by using the first quadrature of Eq (1) at steady state, It
can be shown that the stability (or instability) is ensured when dTg/dQ] (i.e. the slope of
the bifurcation diagram Tg (Q)) is positive (or negative).

The situation is different when n, depends explicitly on space. As we shall see in the
next section, the previous condition (dTq/ dQ; > 0) is still necessary, but not sufficient to

ensure the stability. To go further it is necessary to compute z (p). Let f (p) =z (p)/z with
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the boundary conditions f (p=0) = 1 and (df/dp)y—0 =y L To/ 2 Ko. The relation
(df/dp)y =1 = 1/ (L z0) shows that at the bifurcation (@ =0, zp = ), the function f (p) is
extremum at p = 1 and is identical to the eigenmode y (p)/yo.

4 - EFFECT OF THE IMPURITY PROFILE ON THE THERMAL STABILITY

The following applications are devoted to the ergodic divertor of TORE SUPRA with
L =0.1m, ng= 1019 m3, Tgp = 10¢y. We consider an impurity mixture of C and 0 with a

L
density n, and il?g- [ ng dp = 10 %. The cooling rate for the mixture is modelled by :
]

FR (Tey) = 0.4 1031 [exp - [(Tey - 6.5)/2.5]2 + exp - [(Tey - 18)/9]2 ] Watt m3.

The calculation shows that for a smooth impurity profile (n; ~ (1 - p) + (1 - p)2), the
function f (p) exhibits at most one extremum. Typical f (p) are plotted on Fig. 1 for several
equilibria shown on Fig. 2. In this case, the stability criterium does not differ from our
previous result [4], where n, is a function of T only : the stability or instability is given by
the sign of (df/dp)p =1 (i.e. of dTp/dQy).

When the impurity density is localized (i.e. (d log n,/dp) > (d log F,/dp)) in a region
where (0S/0T) < 0, eigenmodes with two extrema are excited. This is illustrated on Fig. 3
and 4 with an impurity density strongly peaked at the edge (n, ~(p + p?) +
exp - [(p - 10-2) /5 10-3]2) and next increasing slowly toward the LCMS. For

5 <Tp<9, f (p) reaches negative values with (df / dp) p-1> 0. Such equilibria are
unstable in spite of the positive sign of dTg/ dQ;.

5 - CONCLUSION

A stability criterium for the radiative condensation instability has been demonstrated. If
the impurity density has a strong spatial variation, unstable localized modes are excited.
However when such modes appear, the largest scale modes have already been destabilized
and the bifurcation fails to recover the stability. When the impurity density varies slowly in
space, unstable large scale modes are excited, and the stability limit is given by the
bifurcation points.
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EFFECT OF PARAMAGNETISM
ON THE GLOBAL STABILITY OF SCREW PINCHES

C. Wahlberg

Department of Technology, Uppsala University, Box 534, §-751 21 Uppsala, Sweden

Abstract. An analytical expression for the eigenvalue of the global m=1 kink mode in a
screw pinch with arbitrary profiles of current density and axial magnetic field is derived
in a long wave length approximation of the incompressible, ideal MHD equations, It is
shown that the major profile effects can be expressed in terms of the inductance ;)
and the poloidal beta value (ﬁp) of the pinch. While the Kruskal-Shafranov (KS) stabi-
lity condition q(a)>1, not depending on /; and Bp, is recovered in the Tokamak regime
B,>>B,, another regime of global stability is found for [;<<1 (hollow current distribu-
tion), Bp<<1 (strong paramagnetism) and Bz(a)<<Bq,(a) [low g(a)]. This result is
consistent with recent experimental observations in the so-called ultra low g (ULQ)
discharges.

Since the very beginning of fusion research a number of pinch experiments opera-
ting with the safety factor q(a) below unity [q(r)erz(r)/RB‘p(r) in "straight" approxi-
mation and standard notations] and nevertheless being globally stable over a conside-
rable number of Alfvén periods have been performed at various laboratories in the
world (e.g. the "stabilized pinches", toroidal screw pinches, Extrap configuration, as
well as other configurations described in Ref. [1]). In particular, the ULQ toroidal and
linear discharges recently reported by Kamada et.al. and Brunsell et.al. [2] clearly indi-
cate the existence of parameter regions of improved global stability not consistent with
the KS condition. In the present work we examine the global m=1 stability of screw
pinches with arbitrary equilibrium profiles and no initial assumption about the strength
of the applied axial magnetic field. However, it will be assumed that the stability limit,
at least for certain profiles, occurs at a relatively long wave length, thus justifying a
wave number expansion approach to the problem. It will be shown that a stability re-
gion substantially extending the KS stability region is obtained for pinches exhibiting
the characteristic signatures of ULQ plasmas, viz.: i) hollow current profile, ii) MHD
relaxation activity sustaining a certain paramagnetism of the plasma, and iii) B, £ Bg.

O
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Consider a straight screw pinch plasma with equilibrium profiles B(P(r) and B,(r)
and uniform mass density p(r)=p, O<r<a. Looking at plasma displacements of the form
E(r,t)=E(r)exp[i(w+¢-kz)], the linearized, incompressible MHD equations can after a
series of manipulations be reduced to a single, second order differential equation in §_ of
the form [a(r§,)] — b, =0, where a and b are functions of r, B(P’ B,, k and 2 [3,4].
A long wave length solution to this equation can be obtained as follows: Assuming that
the small k expansion of the eigenvalue o? is given by m2=m21 k + a)22 k2 +...,and
that the corresponding expansion of the radial plasma displacement can be written
é’;r=§r(0) + E_,r(z} k2 + ... where &r(o) is a constant (i.e. a rigid, axisymmetric translation of
the pinch), the following will be noticed: The O(1) and O(k) components of the equation
vanish identically. Furthermore, the O(k?) component does not involve ®2. Then, after
some minor algebra, the 0(k?) solution is obtained as

r T
+I rB%,dr~2J'rB72‘dr . ()
0 0

In the expression above B(p and B, have been normalized to B{p(a), while r and 1/k are

&? )0

2 2
Bp+B
(o] Z
dr rB%

normalized to the plasma radius a. Evaluated at r=1, the first integral is recognized as
the (normalized) plasma inductance /;. Similarly, by using the equilibrium pressure ba-
lance equation, the second integral is found to be given by Bp—l—Bez, where B,=B,(a)
denotes the applied axial magnetic field. Then, solving the vacuum problem in the usual
manner and applying the MHD boundary conditions (see Ref.[4] for the details), the
following long wave length dispersion relation for the global m=1 mode is obtained:

o2 = — 2kB, + k? ln%lw +98 +1+2BZ—Li—Pp |, (2)

where v;=0.577.. is Eulers constant, and  is given in units of the Alfvén frequency
®,=B (@)/[alopg) 2.

We now look at the stability limit implied by Eg.(2) at various combinations of Bg,
I; and |3p. In the limit Bg>>1 (Tokamak case) Eq.(2) simplifies to 02=-2kB,(1 — kB,)
for J; and B of order one or smaller, and we see that the KS stability condition g(a)>1
[with k—a/R and Be—)Bz(a)/Bw(a)] is recovered. In the regime B.<1, on the other

hand, all quantities in Eq.(2) will be of importance for the stability. Since both the l
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and Bp terms are destabilizing, the optimal profiles with respect to stability are ob-
tained for /;<<1 (i.e. skin-type or hollow current distribution) and Bp<<1 (i.e. strong
paramagnetism). Furthermore, although the term containing B2 is stabilizing, the first
term of Eq.(2) is destabilizing (for kB.>0), and it turns out that the most favourable si-
tuation occurs for Be=0. The diagram below shows the marginal point k=k; (k>k;, corre-
sponds to stability) as a function of B, at various P, and for /;=0. The solid curves
show the exact result for a sharp boundary pinch, while the corresponding result ob-
tained from Eq.(2) is shown for B;=0 and =1 by the dashed curves:

2 T T [ T 1 | | E— T
1.5
kO 1
0.5
0 | ' R N T TR T N S T S
0 1 2 3
B
e

It is seen that all curves approach the q(a)=1 hyperbola (koB,=1) for large B,, whereas
for B;<1 the stability limit is strongly dependent on Eip. For not too large values of Bp,
say PpS0.5, a region of improved stability is obtained for B,<0.5, corresponding to

values of q(a) less than 0.5.

In order to study the current profile effect we take a current distribution of the form
ir)=jp(l = 2)V. With this model hollow (-1<v<0), flat (v=0) as well as peaked
(v>>1) current profiles can be simulated. The next figure shows the marginal point kg
as a function of v (—1<v<3 corresponds to 0</;<0.72) at various Bp, and for B,=0:
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Thus a deterioration of the stability occurs when going from the skin current case to
strongly peaked profiles, but the effect is moderate up to relatively flat profiles, pro-
vided ﬁp is not too large.
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POSSIBLE NBI-DRIVEN INSTABILITY OF GLOBAL HIGH-FREQUENCY
ALFVEN AND FAST MAGNETOSONIC EIGENMODES IN ITER.

*) *k) *) k%)
Yegorenkov V.D.; Polevoy A.R.,’Stepanov K.N.; Sharapov S.E.

*) - Kharkov Institute of Physics & Technology, Kharkov, USSR
*%) - I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR

In ITER tokamak design it is suggested to sustain the
steady current I = 10 - 20 MA by tangential injection of high
energy E_ = 0.7 - 3 MeV deuterium atoms [1]. The longitudinal
velocities of ions formed from the beam exceed the Alfven
velocity CA = (0.3 - 0.6) 109 cm/s for +typical ITER
parameters. The superAlfvenic injection may be considered to
be dangerous because of possible beam-type instabilities of
Alfven (A) [2-5] and fast magnetosonic (FMS) [3] waves causing
anomalous slowing-down of beam ions.

Following [3], in the hollow cylinder model (Fig.1l) this
paper considers global A- and FMS-modes with frequency w = ©pi
localized inside the plasma column in the region limited by
two reflection points Rl and R2 (Rl =R = Rz)' that are due to
radial nonuniformities of the equilibrium density and the
magnetic field. These points satisfy the conditions:

1/2

- Sy s DN _
ke (R)) = kp(R,) = 07 kp(R) = ( kKi(R) - k2 )'/% =k (R),

kz is the wavenumber along z-axis (see Fig.l) ( we suppose
kz=0 because the instability has the lowest threshold in this
case ). The guantization conditions are to be fulfilled:

Bz

[ kp (R)dR=T (m+1/2) , Rk,
Rl

Kl
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where m and n are radial and toroidal numbers.

As was noted earlier [3-5], for ITER parameters the
excitation conditions for global modes are very sensitive to
density, temperature and beam current profiles and to the beam
distribution function form.

In contrast to [3] where the model fast ions distribution
function has been used, here this function was computed using
a fully linearized (nb<<ne) 2D Fokkef - Planck code at each
plasma radius. To calculate fast ions source distribution in
ITER geometry, selfconsistent plasma equilibrium, density and
temperature profiles the transport code ASTRA - 2 NB [4] has
been employed.

The Table gives the ITER operations regimes that are
most dangerous for excitation of Global A- and FMS-modes (D0
beam injection into ot plasma). Here Py is the NBI power, Ty
is the beam ion contribution to the growth rate under the
anomalous Doppler (AD) or Cherenkov (Ch) conditions, Te is the
electron Cherenkov damping rate and vy is the bulk ion
cyclotron damping rate (normal Doppler effect)

" ¥
Pb Eb ne(O) TE(D) Exci Wave n m (8] b
MW MeV 1020 m—3 keVv tation Vpi Te + vy
200 3 2.5 17 AD A 185 3 0.36 0.42
110 1.3 0.94 34 Ch A 103 0 0.33 0.45
100 3 1.2 34 Ch FMS 63 4 0.34 1.17
100 3 1.2 34 Ch FMS 255 0 1.50 0.52
& - =20 =3
At Eb=1.0—1.5 Mev, Te=20 kev, n(0)=10 m cyclotreon

(AD) excitation is impossible because of strong bulk ion
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cyclotron and electron Cherenkov absorbtion, 7b<< PO The
7y value for AD-instability becomes order of L only at
larger E_, Py and n, values (see the first line of the Table).
But for the values considered this instability is absent (7 <
ve+wi). The second line of the Table shows the role of Cheren-
kov excitation of small k A-waves in the base ITER operation
regime. This Ch- instability can be excited by beam ions with
v, < Car It is also suppressed by bulk plasma absorbtion but
the final answer may be acquired only after exact solution of
the wave equation (without WKB-approximation).

Cherenkov excitation of FMS-modes for E, = 1-2 MeV is
suppressed (7b<< 7e+1i) but for higher energies Eb = 3 MeV the
instability occurs for FMS-waves with w < wp; (see the third

line of the Table).
SUMMARY

1. ITER operation regimes correspond to the absence of
the NB-driven beam-type anomalous Doppler and Cherenkov
instabilities.

2. In regimes with higher Eb values or reduced tangential
beam radius one may expect the instability to appear but the
final answer may be obtained after 2D-consideration of global
A- and FMS-modes taking inte account the poloidal magnetic
field.
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Fig.1. The model geometry and typical ITER density and

temperature profiles.
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Fig.2. The fast ions’ distribution
function FL (v, VT, calculated by
ASTRA-NB code for r = a/2, (a is a
minor plasma radius). Parameters cor-
respond to the third 1line in the
Table.




F10 IV-37
MAGNETIC-DRIFT RESISTIVE BALLOONING MODE IN TOKAMAKS

N.V.Chudin, E.I.Yurchenko
I.V.Kurchatov Institute of Atomlc Energy,Moscow, USSR.

1.Introduction. A threshold-free electirestatic resistive
mode, strongly-localized along the plasma colum radius, with
a high growth rate, 7. ~ a?/3m2/3151/3152/? was found In (11
in the MHD model. Heré a 1s the relative pressure gradient, m
is the poloidal mede number, Tg 1s the skin time, Ty is the
Alfven time with respect to the pololdal magnetic field. The
turbulent transport coefficlent provided by the resistive
ballooning modes 1s estimated in [2]1,being of the order of
A & v(e/w))®, where s 1s the shear, w, is the plasma
frequency, v 1s the frequency of electron collisions.

An unexpected result was obtalned In (3]. Within the
framework of the kinetlc theory In the studles on resistive
ballooning modes an attention was pald to the importance of
successive taking account of the particle drift in an inhomo-
geneous magnetlc fleld. From analytical and numerical calcu-
lations the anthors came to the conclusion that there were
stable 1lon diamagnetic modes only, meanwhile the resistive
ballooning modes were stabllized. In a given paper 1t 1is
shown that the MHD branches of resigtive modes exist, even
when magnetic curvature drift 1s taken into account.

2. Model equation of resistive ballooning modes.

In [3]1,proceeding from the collislonless kinetic equation for
ions and from the collisional kinetic equation for elecirons,
an equation for perturbation of an =lectrostatic potential,
has been derlved. The conclusion is made on 1its basis that

only damping ion diamagnetic modes take place in a tokamak,
meanwhile the resistlve ballooning modes are stabilized by
the shear and toroldiclity. In the MHD approximation using the
ballocning representation this equation can be reduced to a
second order differential equation:
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2.2
d (1+82Y2) 99 , g(cos y + sy sin ¥) ~
dy [+ (1+s°y°)/ T'l dy

« [1-2g,(c0S ¥ +8y 81n )1 - (I/N)2 (1+889%)p = 0, (1)
where T= 1Tg/ 10, N= Tg/Ty/ w2, e,=L /R, Ly=-n/vn. Below it
{g shown that a magnetic-drift branch of resistive ballooning
modes can be found from this equation.

3. Analytical study. Tn case of a resistive plasma
LF«1+say2),Eq.(1) ig simplified, and it can be easily solved
by the averaging procedure. At a<l and =<1, one obtains the
expressions for finding the growth rate and the localization
zone of eigenfunctions:

I~ (a2/2)/( a gy + I/ ) @)
P~ ()37 (@ s + T2/ W3 (3)

From (2) one can see that the electrostatic mode with
high growth rate P a?/g NE/? strongly-localized in the real
space due fto inertia of ions, can be exlst at very small
Ené GJ/B/NE/S only. At finite £, there 18 a magnetic-drift
branch ballooning modes with small growth rate v /gy,
relatively weakly localized in a real space. The growth rate
of this branch is proportional to the collision frequency,
and the localization zone Is related with a magnetic drift.
The turbulent transport coefficlent jy= 7/R?, provided by the
magnetic-drift branch is equal X ~ xp(s en)1/3

4. Numerical study. Eq.(1) at En=0 was analyzed in (11,
where the existence of two reslsiive branches (electromagnetic
and electrostatic) was shown. A gualltative estimate of the
finite =, offect on the electrostatic branch iz glven in
Sec.3, where the magnetic-drift branch 1s found. For a
quantitative analysis of both branches the elgenvalue problem
1g numerically solved for Eq. (1) which 1s suitably written in
following fom:F;,;f[I{y)F:D,where FoglT (148292 )/ (T+1+s7y2) 112

The potential of this equation has a complicated
oscillating form. A central well of the potentlal mainly
determines the locallzatlon of the alectromagnetic branch
which, at high conductlon, transits Into an ideal ballooning
mode. The behaviour of the electrostatic branch mainly
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depends on the form ol a non-central part of the potential.

The results of calculations are given In Figs.1-6. The
electromagnetic growth rate dependence on the parameter £ ,at
a=1, N=10° and at two values of of a shear,s=0.5 and s=1 1is
shown in Fig.1. At small values of £ < 0.1 corresponsding to
relatively high density gradients the growth rate has a weak
dependence on £ . The eigenfunction or the electromagnetic
branch, localized in the central part of the potential,
practically also does not depend on € . For magnetic drift
branch of oscllations the growth rate dependence on € , at
a=1, N&103, is shown in Fig.2. The growth rate decays with
increase 1n €, according to an analitical estimate. The
general view of eigenfunctions at sn=0 and sn=0.1 1s given In
Figs.3 and 4. One can see that the localizatlon zone in the
y-space 1s reduced with a rise in g , that corresponds to a
broadening of the perturbation locallzation zone in a real
space. A stabllizing effect of the magnetlc drift is related
with an essential rearangment of the non-central part of the
potential, that is shown In Fig.5 and &, where one can see
the potential behaviour at en:U at an:U.1, respectlvely.

5.Conclusion. It 1is shown that two branches of
ballooning modes can be developed 1In resistive tokamak
plasma, taking the magnetic curvature drift into account.
This drift effect on the electormagnetic branch development
is not very essential due to 1its strong localization in the
y—sﬁace. At the same time, a relatively fast and weakly
localized electrostatic branch transits Into a sglow magnetic
drift one, more locallzed in the y-space. In this case the
turbulent transport coefficient provided by this branch turns
out to be of an order of the known coefficient due to an
electrostatic resistive ballooning mode.
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EFFECT OF AXISYMMETRIC TOROIDAL ROTATION ON BALLOONING
MODES IN THE OUTER PLASMA

Sudip Sen”

Dept. of Pure & Applied Physics, UMIST, PO BOX 88,
Manchester M60 1QD, U.K.

M.S. Janaki, B. Dasgupta

Saha Institute of Nuclear Physics, AFA1 Bidhannagar,
Calcutta 700064, India.

INTRODUCTION :

It is well known that ideal ballooning modes can limit
the beta values attainable in a tokamak operation in the
usual first stability parameter regime, but the existence of
the theoretically predicted second stability regime could
give the possibility of high beta operation. In deriving the
beta limits, it is generally assumed that the underlying
equilibrium state is static. 1In recent years there has been
a growing interest in the behaviour of rotating plasma
systems mainly owing to the fact that tokamaks exhibit
macroscopic flows after being heated by neutral beams [1-61.
It is generally believed that axisymmetric toroidal rotation
has a stabilising influence on ballooning modes on most flux
surfaces except in the outer region [61.

While studying the effect of rigid toroidal rotation on
ballooning instabilities in the outer plasma we noticed a
zone of instability which essentially sets a limit on the
second stability region in the rotating plasma. This
instable zone however is completely absent in the inner
region of the flux surfaces where r(Lp CLPis the pressure

scale length)[7].

LINEAR STABILITY OF EQUILIBRIUM WITH FLOWS :

In a pioneering paper' on MHD stability in

# also at Culham Laboratory, U.K.
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presence of equilibrium flows, Frieman and Rotenberg (81
shaowed that the linearised motion of Lagrangian
displacement ’f "is described in Eulerian coordinates by

27
e ¢ e W i 1)
o S + 2oV, V.—— - F(&» = 0
at at

> -2 - - > = - -
7 £ + F.Yp -B .(+B .VQ + Q.VB
> a] o (=]

> =
+ V.C pof Ya' Wa—povovo. VED

o

e

Q =9V X CE X Bo) is the perturbed magnetic field, Vo is the

rotational velocity and all other symbols have their usual
meaning. For _normal made solutions of the form
Cr,t) = fFlr)expl(=-iwt), Eqn(1) becomes '

2 2 % 2 58 54
- w pof + almopo\l"o.v £ = F{>» = O

oy
A remarkable feature of EqnC1) is that the operators ipo‘fo.v

and F are Hermitian, but the total operator is generally
non-Hermitian. Thus, unlike the static case, it is not
possible to establish a necessary and suffcient condition
for stability in a manner analogous teo that used in the
ideal MHD theories on the energy principle.To cope with the
difficulty we follow the prescription of Sen [61] and
obtain the ballooning equation for marginal stability in the
shifted elliptical model as

d & 2 dN
—[1+(snh—asinn=-zSsin2n) 1—
2
dn dn
+ aCl+dcosn) [cosp + sinplsp-oasinn? - o & sin2nps2 1IN = 0
22
VE 2 i i
where & = Cr-L ) » CC R, C_ is the sound velocity , L
o =] s o s p
is the pressure scale length, s = (r/q)Cdgrsdr) is the
shear parameter, q is the safety factor, a =

-{ERqufﬂi)(dp/dr), 77 = s8 is the ballooning coordinate

and N is the normalised potential.
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DISCUSSION & CONCLUSION :

We have solved eqnC4) numerically tao determine the marginal
stablity boundaries in the ( s-a ) parameter space for
different positive values of &. Fig. (1) & (2) show the
results for 4=0.05 & 0.2, in each case compared with the
static case &=0. The static result ¢ & = 0) shows the first
and second stability regimes separated by a zone of
instability extending all the way to the origin. For & >
O the first stability region shrinks and a new zone of
instability is found within the second stability region.

Hence the effect of rigid toroidal rotation at the outer
region of the flux surfaces is not only to reduce the
stability region but it also introduces a new zone of
instability. This new zone of instability may be rsponsible
for enhanced particle and energy transport at the plasma
edge. Recent experiments carried out in ASDEX also confirm
that the turbulence in the scrape~off layer is of a flute
like nature [9]1. The new findings hawever call for further
extensive investigations.
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TEMPERATURE ANISOTROPY EFFECT ON THE
TOROIDAL ION TEMPERATURE GRADIENT MODE

J. Y. Kim, W. Horton, and D. -I. Choi*

The University of Texas at Austin, Austin, Texas 78712

S. Migliuolo and B. Coppi

Research Laboratory of Electronics
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

ABSTRACT

Using the local-electrostatic kinetic approach, we investigate the effects of the anisotropi
-es in the ion temperature and the ion temperature gradient, and the effect of the in-
creasing ion temperature on the toroidal ion temperature gradient driven mode. Com-
parisons are given between the new toroidal results and the previous slab results.

1 Introduction

In recent tokamak experiments, the use of powerful auxiliary heating schemes such as
ion cyclotron heating(ICRF) and neutral beam heating (NBI) can generate a significant
magnitude of anisotropy in the velocity distribution of the ions. Thus, it is important to
consider the effect of anisotropy on the drift wave instabilities responsible for anomalous
transport.

Recently, Migliuolo! has investigated the anisotropy effect in the ion temperature
(specially due to a T, increase from ICRF) on the ion temperature gradient drift mode
in the slab geometry, and found that the anisotropy in the direction of T > Tj gives
an overall stabilizing effect. On the other hand, Mathey and Sen® have investigated, in
a similar work, the effect of the anisotropy in the ion temperature gradient in the slab
geometry, and showed that a finite gradient in the parallel temperature is necessary for
the instability, while a gradient in the perpendicular temperature can either enhance
or diminish the instahility.

*Permanent address : Korea Advanced Institute of Science and Technology, P. O. Box 150,
Cheongyangni, Seoul, Korea
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In this work, we generalize these studies to the toroidal system, and furthermore
investigate the effect of a parallel temperature increase (T” > T, ), which can be gen-
erated by the neutral beam injection (NBI) heating scheme.

2 Basic Equations

We consider a case when the equilibrium ion velocity distribution function is described
by a bi-maxwellian. With a local electrostatic approximation, we obtain the following
perturbed ion density from the linearized gyrokinetic equations *

5 eNg T f(w—wh)d(kivy o) Pai(vy, v))d®v
ny=———{14al b;——/ - 1
o - Ty W —wp — kyy) “

where the temperature anisotropy term is o = T/ Ti=1500T = wal+n, (v] /208, —
1)+ g(vi/2v8 — 1/2)]wp = eon(v2/2 + 7-’52|)/U%”§’M‘H = dinT'y j/dInN;Ty(b;)
Io(bi)e™, b = kip? = (k] + k2)pkiwni = —kycTyi/eBLa;vryy = (T 1ifma)'/2 p? =
T'yifmw}; with w,; = eBfmei;e, = L,/ R with L, = —(dinN/dr)~",

Now, with the adiabatic response of the perturbed electron density 17, = (eN/T.)é,
the quasi-neutrality condition gives following dispersion relation in dimensionless form

i o A pd C[‘UH 9
l+r+l+a(I‘g 1)—_/;0Q H27rf0 vydv,

@+ 7hy(1+ 0. (v1/2 - 1) + my(v/2 — 1/2)))Jo(b}*01)e/2
W+ Teaky (14 e)v}/2 + vf) — 72k,

[ (2)
where 7 = T};/T., b; = 7% (1 4+ &), and the wavenumbers ky and k| have been normal-
ized to p, = ¢,/wy and L., respectively, and the frequencies w and w,; normalized to
L, /¢, with ¢, = (T./m)"/2

It is easy to see that in the slab geometry limit with ¢, = 0, Eq.(2) reduces to

a ;o W 4
T+ ——([o— 1)+ Te{[l - T+ b= 1))z
I47+ 0 +Q)(Fn )+ Tof] o At (Ig NEZ(€)
Wi > 7
-:Wu[ﬁz-l-(&g—l/?).fszf)]} =0 (3)
where w.; = —7k,, ¢ = VE:J!Tu! and Z is the plasma dispersion function. We find

that Eq.(3) is the same dispersion relation as that used previous worksh2.  From
Eq.(3) we can see that the effect of anisotropy effect for the slab mode appears mainly
through the finite ion Larmor radius parameter b; with an additional adiabatic term
a(l'o = 1)/(1 + o). On the other hand, Eq.(2) for the toroidal mode shows that an
additional anisotropy effect comes from the ratio of the toroidal curvature to grad-B
drift frequencies.
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3 Numerical Results and Discussions

First, we investigate the effect of the anisotropy in the ion temperature. We find that
the increasing T, /T), gives small destabilizing effect on the long-wavelength modes,
while giving a significant stabilizing effect on the short-wavelength modes for both of
the two cases of slab and toroidal. As a result, the mode with the maximum growth rate
shifts to the long-wavelength regime with the significant reduction of its magnitude.
On the other hand, the effect of increasing Tj|/T" gives a small stabilizing effect (on the
long-wavelength modes), or a destabilizing effect (on the short-wavelength modes) for
the slab case, while for the toroidal case the effect gives a strong stabilization for the
short-wavelength modes, mainly due to the anisotropy effect coming from the toroidal
magnetic curvature term in the denominator of Eq.(3).

We also investigate the effect of temperature anisotropy on the marginal tempera-
ture gradient value 7.. For the slab case, we find that the increasing T’ /T) shifts the
curve of the marginal temperature gradient 7,(k,) to the long-wavelength regime with
the increase of the minimum value of 7. in agreement with the result by Miglinolo!.
The increase of the parallel temperature Tj| gives a significant increase of 7. over all k,,
suggesting that the increase of T} may be favorable for the stability of the ; mode in
the slab limit. On the other hand, for the toroidal case, the marginal stability value of
the temperature gradient just shifts to the long-wavelength regime without the notable
increase of the minimum value of 7. when 7', /7] increases. The increase of the parallel
temperature T)| also shows a similar feature except with a smaller shift of the curve.
Thus, even though the growth rate for the short wavelength modes can be reduced sig-
nificantly, in terms of 5, the temperature anisotropy is not so favorable for the stability
of the toroidal mode.

Tor the effect of an another anisotropy, i.e., the anisotropy in the temperature
gradient, we find that there is a remarkable difference between the two cases of slab and
toroidal. We find that for the toroidal mode the perpendicular temperature gradient
plays a same role as the parallel temperature gradient, and does not give a stabilizing
effect, unlike the slab case.

Finally, we investigate the effect of an ion temperature increase relative to the fixed
electron temperature, which occurs in the regime such as super shot. With the isotropic
ion temperature, we find that even though there is some difference in the quantitative
aspects, the 7(= T7;/T,) variation gives an effect similar to that of the temperature
anisotropy, in that, while the maximum growth rate is reduced by the increasing 7,
the minimum value of 7. does not increase and, in fact, shifts to substantially longer
wavelength side.

4 Conclusions

The effect of the ion temperature anisotropy gives an overall stabilizing effect in the
slab case. but in the toroidal case, the minimum value of the marginal stahility value
of the temperature gradient 7. does not change appreciably (7. 2 2/3) by the effect,

]
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even though the growth rate of the short-wavelength modes are reduced significantly.
The effect of the anisotropy in the temperature gradient (i # 7.) is also significantly
different between the slab and toroidal modes. While the perpendicular temperature
can give a significant stabilizing effect for the slab mode, for the toroidal mode it
contributes to only the destabilization. Thus, we conclude that for the toroidal mode
there is no significant reduction of the ion temperature gradient driven transport from
temperature anisotropy.
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EFFECT OF LHCD ON TEARING MODE INSTABILITY
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Abstract Effect of LHCD on tearing mode Instability is investigated through both
kinetlc and MHD approaches. In linear kinetic theory, the responce of the fast
electrons driven by LHCD to tearing mode perpurbations results in reductions of both
the growth rate and the width of the perturbative layer of tearing mode in collislonal as
well as semi-collisional regimes. From MHD theory and LHCD simulation in tokamak
geometry, it is shown that LHCD leads to both modification of the current profile and
outward shift of the rational surfaces and hence to variation of A' of tearing mode. Mostly
LHCD plays a stabilizing role against tearing modes. However under some conditions
considered in this paper, LHCD can stabilize tearing modes in higher-q(a) plasma while
destabllize it in lower-q(a) case, which Is in a qualitative agreement with some
experimental observations. These studies indicate that the whole scenario of the effect
of LHCD on tearing mode instability depends on the combined and/or competitive
effects of the two aspects mensioned above.

1. INTRODUCTION

LHCD now is believed to be one of the most promising ways in carrying
out the continuous operation of tokamak.[1] It has been studied that LH wave can
not only be applied to drive current but also lo tailor the current profile of
plasma so as to actively control plasma performence, e.g. MHD perturbations, by
properly setting both wave and plasma parameters.[2] Experiments showed that
the MHD behavior of plasma in case ol LHCD is dilferent from those of purely
ohmic discharge. Among them, it was reported on Petula-B[3] and HT-6M[4] that
the amplitute of Mirnov scillations was significantly reduced in LHCD ramp case.
It is interesting to note that on PLT([5] and WT-3|6] LHCD leads to suppression

*Present address: Shanghai Institute ol Optics and Fine Machinary, Academia
Sinica, Shanghal, The People's Republic of China.
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of m=2 oscillations in higher-q, case while it can excit m=2 disturbance in
lower-q, case.

In this paper the effect of LHCD on tearing mode instability is
investigated in both kinetic and MHD approaches. The responce of the LH
wave-driven fast electrons to the perturbations results in stabilization under
some conditions, which will be studied in a frame of linear kinetic theory. From
MHD theory and LHCD simulation in tokamak geometry it is expected that both
the tailoring of the current profile and the shifting of the rational surfaces by

LHCD will vary A' of tearing modes. We think that the whole scenario should be
the combined and/or the competitive effects of these two aspects.

2. LINEAR KINETIC THEORY
By solving the electron's Fokker-Planck equation with inclusion of both
quasilinear diffusion term and perturbative term, the dispersion in collisional
regime is deduced to be[7]

wh (w-wgs) M /a =i M
where
= [ar® D) A=, AediO-dgwieda) v,
A= (1= g = Wy + kg (147 - Q03T /),
TeATAY, Ty, =-T86/8, dmB0-560aN07,
dy=-1-2(1-31 /5, =(4=-13lﬁﬁn/[m.gm,—.m|M3("—hu,)], (2)
I=1-SAcpasipalu A= 9vey, M=Ky Uime fver,
A= 1-29MC = Lopd+ .51 pa/p, + 17343 -uapt/z,
Uo=Vtihe, Tn=Trs Uo/ongtie |, 3 =-TBUETN/(11.5000) ~ 1B
the solution can be written as

-

Y= Ye/(-98%€3) 3)
N

A=A /(.98 +€3)

In semi-collisional regime, the dispersion is obtained to be

F13
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§Ref(w-0k) s i KA u]})’m”lﬁ'ﬁw*’ b

with 4&1‘.':1“?‘.'/”-?:{. 3 7] the resistivity of plasma. A stabilizing effect of LHCD on

tearing mode instability is clearly shown. It is noted that A' in kinetic theory is
assumed to be known and should reflect the modification of current profile by
LHCD. This will be obtained from MHD calculation.

3. MHD CALCULATION AND LHCD SIMULATION IN TOKAMAK
The tearing mode equation applied is

22 By~ [mry M Gr=o D)
AT [oes s,,o(x-nsm] f

~ +
_[Be" /o
wih  A=| 3% H"s' /i B %) ©

where jyo(r), Bpolr) and q(r) are unperturbed. In our calculation, 3/1, 2/1 and
3/2 modes are taken into account. LHCD is simulated by calculating wave ray
tracing, power spectrum shift, power absorption and driven current profile in
tokamak geometry. The total current is assumed to be the sum of the ohmic and
LH-driven ones. The results show that in most of the cases considered, LHCD has

a stabilizing effect on tearing mode in a sence that A" in LHCD ramp case is lower
than its value in purely ohmic case. However, as listed in TABLE 1, for plasma
with lower g, value and the chosen wave parameters LHCD leads to an increase in

A' value, which means that tearing modes are deslabilized due to the existance of
LHCD. This result is in a qualitative agreement with experimental observations.
The whole scenario of the effect of LHCD on tearing mode instability depends on
the combination and/or the competition of both the kinetic and MHD aspects as
well as their nonlinear effects.

TABLE 1. EFFECT OF LHCD ON TEARING MODE WITH PLASMA PARAMETERS
OF R=.65m, a=.2m, B{=8KG, ngg=8*1013cm™

Qg fih(GHz) IjL(KA) 3/2 mode 2/1 mode 3/1 mode
8.2 1.5 20 stabilized slabilized stabilized
4.1 1.5 4.5 destabilized destabilized destabilized
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Introduction. We reconsider here the problem of plasma global modes with (princi-
pal) poloidal wave number m = 1 in the collisionless regime’ ~%, since they may be relevant
to the crash phase (internal disruption) of sawtooth oscillations in the high temperature,
relatively low density regimes characteristic of the JET experiment. In fact, the growth
rate v of the collisionless mode in the relevant regime has the basic scaling v o T2 [n1/2
so that v/ve; o< T?/n%/?, where 1,; is the collision frequency.

Mode equations. We refer to a periodic cylindrical plasma configuration (in order to
simulate a toroidal one) with magnetic field B = Bb = B.(r)e. + By(r)es and B; > By.
We consider perturbations of the form X = X(r)e:ﬂp(—iwt + 10 — 2miz /L), where L is
the lenght of the cylinder. The surface r = r,, where bVX = 0 corresponds to g(r) =
B.r,/(BgL/27) = 1, and we introduce the scalar and vector potentials E=-v3 —|—in/(1,
B =V xA. Inanarow region of width §p about the r = r, surface, the marginal ideal
M HD approximation breaks down, and new equations are needed in order to describe the
mode rapid variation inside this region. We assume that this region can be treated as a
plane geometry (although we observe that toroidal effects may in fact be important) and
take by = —ibVinX ~ z/L,, with 2 = (r —r,){r, and L7 = dg/dr(Bs/B.) |r=,,- In
the region g, E" = ﬁz'kﬂi + iwﬁl|/c # 0 and reconnection is allowed to take place. The
relevant equations are quasi-neutrality and the parallel component of Ampére’s law, with
the perturbed plasma density and current computed from the Vlasov equation for each
plasma species. Neglecting the ion current we obtain,
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W v ., d%a
i (%ﬂ” B 'b> =50 (L1)
Pe(Ce) (—au eb) = R (H(‘Ei'}&(gf)) (it

We Lave introduced the quantities ¢ = e®/T. — ¢eo/2, ay = VaAy/(cT.) — 2doe /(20),
Vi = B/(dnnm)Y?, & = wlwa, wa = VafLs, 52 = 7} [(202), 7 = T./T; and p; is
the ion Larmor radius. The quantity ¢o = ed ~o/Te is proportional to Em, the constant

otential inside the ¢ = 1 surface COI‘lele‘ldll’l& to the outer ideal M HD solution, and
b = k2pi/(2r%). Moreover ¢(k) = Y2 [T ek g(z)dw, F is the Fourler anti-
transform, and the two functions PE(QE) —plopmtlonal to the electron conductivity— and

H(E,) — related to the non-local ion response when the ion Larmor radius is finite-, are
defined as,

Po(Ce) = (1e/2)0e /& + []- = Do [+ el [B(1/2 — (,j)] Wice) (2)

H(/Ea)-: _T_"-:'rc/a [Ti"":c/("!—ni(“’sl%/"‘;) } Su(gi)+’]1(Q‘9/:&)5751{Z’) (3)

where (, = (eﬂ/ﬁﬁs)@/z d, = d./ry with d, the plasma skin depth, ©,, = w,e/wa and
wee = eT./(eBL,r,) is the electron drift wave frequency with Lyt = (—dinn/dr) |,=.,
and . = dinT. /dinn |,=,,. The function W(¢,) = —1 — {.Z((.) is related to the plasma
dispersion function Z((.) and Sn(r[:g) = emp(—ll;‘-)fn(’l;;) where the [, are modified Bessel
Tunctions.

The mode equations (1) have to be solved with the houndary conditions for ¢ to
be odd in z (and a even), and that, at large =, ¢ and a) match the outer ideal MHD

solutions,
) A 1
D) ~ P (-ﬁ — 7.>gn$> (4-1)
b 1N
ay(a )N%(—:—I—-E‘:an> (4-2)

where A is the ideal M H D stability parameter®.

Other dependent variables. The system (1) is invariant under the one-parameter
group of transformations Ty: Tad — ¢ + alaoy — o) —ax/l. We can then expect
the system (1) to be simpler when written in terms of dependent variables that are T's
invariant. There are basically three such variables, x* = xday/dz — ay, ¢ = —z¢ + Ta)
and T* = d¢/dv. Whereas (see Eqs.(4)) lim,_.o(e), T%) = 0, we have lim, oo x* =
—(A\i7/7)bo /D = —¥oo. Lt is then convenient to introduce x = x* + Xoo. In terms of x
and T = T*/& the system (1) becomes®,
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e (o 2) - (Fx-x)-1) =0 (1)
() = (ﬁgk)zﬂ-*@.-mk) (5:2)

i.e. a differential equation in z-space and an algebraic relation in k-space.

Padé approximant. The use of a Padé approximant for the function H~! of the
form H™' ~ Hp' = —1/(biho) — 1/heo (ko = 7 + Dae(1 + 1) /@, hoo = T -I—a}e/ﬁ),
that gives the correct asymptotic form of H™! for both small and large values of b;, was
introduced in [7] in the context of a collisional model for the electron dynamics. By using
this approximant in (5) we obtain,

o d 1 1Y\ dy] @ T
2 7 st )] et =5 —y =
P iz [(Pe(ce) hm) dm] (X~ Xeo) + =X =0 (6)

i.e. a second order inhomogeneous ordinary differential equation.

Numerical solution. We have solved Eq.(6) numerically for oo = 0 and &,. = 0.
We notice that these are realistic conditions for JET, since |Ag| < p, and ( as can be
verified a posteriori) ¥ > w,.. Then the mode is purely growing with a growth rate whose
numerical value is well approximated by,

v~ wad, (1 +0.28(1 + })1/22—’) = Li (VAJE +0.28cAp.(1 + %)U?) (1)

e

for V2p,/d, < 10 and with Ap, = r,/(4mne?/T.)/2. Thus in the realistic case of
\/ﬁﬁ,/&; 5.0 { Es/&; ~ 3.5 for JET ) there is an enhancement of the growth rate with
respect to the case v/2p,/d, < 1 discussed in [2]. However, this enhancement is different
from that found in [3,4] by asymptotic methods.

Equation in k-space. In the case U,. = 0 and, more generally, for aperiodical
modes for which Re(w) > #, it is possible to use the following Padé approximant for the
function P7Y((,), P7! ~ P;!f; = fu‘zc]z/(poﬁg:cg) — 1/pee, where pg = 1 — Gye(1 + 7.)/8
and pos = 1 — &, /5. We notice that the functional form of Pe_,IIJ is the same as that of
Hp'. Then, substituting Pc__l in Eq.(5-1) and working in k-space, it is possible to reduce
the system (5) to a second order differential equation. The good dependent variable is in
this case the (normalized) parallel current J = ) /(—enVy4), which is related to x through
J = p;(1/2)dy/dz. We obtain,
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Ll 1 INdT] (& 1)
gttt = = = ey Vi=0
Pk [(H(&ﬁ,) pw) (U\:] w Po te d (8)
and the boundary condition for J(k) for small k is,
_ 12 $oop? [@2ho ((, K k
J(k) ~ (ﬂ) & 5 [ = (/\H?sgnk - —2-> - 1] (9)

We notice that Eq.(8) is similar in form to the equation discussed in [7].

Final remarks. We have shown how the mode equations for collisionless m = 1
modes depend upon two functions Pe((.) and H(b;). By using a Padé approximant for
either H~! or P71, the mode equations (5) simplify considerably, in z-space in the first
case and in k-space in the latter case. This symmetry between z-space and k-space becomes :
even more pronounced when a Padé approximant is used for both H~', P! Then Eq.(6)
for Yoo = 0 and Eq.(8) can both be solved analytically by means of the double matching
procedure outlined in [7].

This work was supported in part by the Air Force Geophysics Laboratory (APL Con-
tract 602220-0) and in part by the Association for the Scientific and Technological Devel-
opment of Piedmont.
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MATHEMATICAL MODELS DISPLAYING THE GROSS FEATURES OF
Sawtooth Oscillations in Tokamaks
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Introduction

There is at present no completely satisfactory theory of sawteeth in tokamaks. Al-
though the simulations of DENTON et al (1986) and AYDEMIR et al (1989) capture
some of the periodicity properties, they do not show the partial reconnection currently
observed in experiments. In what is a very complicated physical situation it would seem
useful, therefore, to investigate the simplest possible model set of equations which illus-
trate the gross temporal features of sawteeth.

A Nonlinear Dynamical Model

Periodic behaviour of dynamical systems suggests that at most two dynamical vari-
ables and an autonomous nonlinear set of equations coupling the time evolution of these
variables are involved. We consider the central temperature perturbation T'(0,t) suitably
normalised and some non-dimensional turbulence amplitude (for example, the magnetic
fluctuations) as our basic dynamical variables y(t) and z(%),respectively. Restricting
ourselves to an investigation of the time-evolution of sawteeth, we assume y(t) and z(%)
to be governed by the pair of nonlinear differential equations

d
ng =1+ A00) 1)
n o = Ay - Vesle, ) + £:(0), 2)

where 7, is a time scale characteristic of the equilibrium properties and A is a non-
dimensional constant large compared with unity. Possible physical interpretations of
A and 7, will shortly be made clear. The quantities f,(¢) and f.(¢) are Langevin-
type “noise” functions. The function ¢(z,)) enables us to consider two simple, but
different heuristic choices, namely ¢ = 1 and ¢ = % The reason for the second more
sophisticated choice of ¢ will become apparent later. Equation (1) represents energy
balance with confinement degradation in response to turbulence, while equation (2)
represents the dynamic relationship between the plasma internal energy (temperature)
and magnetic turbulence. Although the equations lock rather special and involve a
single non-dimensional parameter A (7, can be removed by non-dimensionalising time
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using t/7,), many other, apparently more general equations can be reduced to this form.
The above equations appear {o represent a canonical form for a class of equations with
very similar dynamical behaviour (ie lead to sawtooth-like periodic time series).

It is immediately clear that for the noise-free case the system has a unique steady
solution, y = 1,z = \% Furthermore, it is straightforward to show that this solution is
a stable centre in the phase plane. A further important property of the above system
is that if z is non-negative at ¢ = 0, it must remain so for all t. It is also possible to
demonstrate that the above equations possess an exact constant of the motion, I(¢). For

the case ¢ = 1,

1l

It) = (y - 1)275\6?1:“,._{_“,2. (3)
The fact that % = 0 for all ¢, together with the assumed largeness of A, enables us to
integrate equations (1) and (2) in terms of non-elementary integrals and also obtain a
complete qualitative description of the motion for initial conditions such that, y(0) =0
and z(0) = any small positive number. This is insightful because it allows us to attach
physical interpretations to the parameters A and 7,. Thus we find that for ¢ = 1,

Terash = tnA .,
= N (4)

Tperiod

and that i
Tperiod = QTS {1 + 'i;—} 3 (5)

The quantity 7, is typically of the order of the period (and of course to that of the ramp
phase); A is seen to control the ratio Terash/ Tperiod- As we shall see the estimates obtained
fOr Terash and Tperiod from these formulee agree very well with the subsequent numerical
work. Very similar formule can be derived for the case ¢ = %\—ég In fact it turns out

to be much simpler to proceed numerically.

Numerical Examples

The above equations have been numerically integrated taking the time-step At to
be 0.1 ps, and with the initial conditions y(0) = 0 and z(0) ~ exp(—A). It has been
found that the most significant noise effects arise from fr, and so in the results presented
here, f, = 0. It is convenient to represent f. by the harmonic form f coswt, where the
amplitude [ and frequency w are to be varied. For given w, we take the ratio f/wr, to
be a measure of the noise level.

(a) =1

With this form for ¢ we have carried out a wide ranging set of runs with different
74, A and noise levels. Thus, for example, we have investigated the case 7, = 8ms, o=
100,wr, = 200, for the range of noise level [fwr, = 107! (noise free) to 1.0. The
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first figure shows the temporal behaviour of 10+y(t) (Fig 1a) and X (t)(= =*(t)) (Fig 1b)
for f/wr, = 107'°. We see that the quantity 10 + y(t) (normalised so that yme. = 2.0)
shows the characteristic sawtooth waveform, with a period of order 16ms; we note that
this is in good agreement with the value given by equation (5). The variable X(t) is seen
to be very small during the ramp phase, and to show a é-function like behaviour during
the crash. The crash time, as estimated from equation (4} (7crash = 730pus), is also in
good agreement with the calculation. As the noise level is increased the period and
amplitude decrease continuously. An abrupt “transition” occurs when f/wr, is in the
range 1072 —107%. Further increase of f /w7, leads to the disappearance of the sawteeth.
The variable y is now essentially constant with a superimposed fine scale fast oscillation
of frequency w.

(b) ¢ = 2y

The simple heuristic model discussed above has two aspects which are unsatisfactory.
Firstly, following the crash, the ‘turbulence’ amplitude in the ensuing ramp phase is at a
level which is insignificantly small compared to that expected to occur in an experiment.
In other words, z(t) has a magnitude which is insignificant compared to the ‘natural’
noise/magnetic fluctuation amplitude. Secondly, as constructed, the ¢ = 1 model is
symmetric about y = 1. That is, the growth rate for y > 1 and the decay rate for y < 1,
are of the same magnitude. This would seem to be a very implausible property of the
model. In order to remove these two aspects of the simple model, we have investigated a
second heuristic choice for ¢, namely, ¢ = -17':\—;':; For conditions identical with the ¢ = 1
case (1, = 8.0ms, A = 100,wr, = 200), as f/wr, is varied from 107" to 0.05 there is
almost no change in the period or amplitude of the sawtooth. Hence this model is more
robust to noise than the previous one. As f/wr, is varied from 0.05 to 0.16, however,
significant changes in the solution are observed. The period lengthens, the amplitude
at the crash falls, and the variable z exhibits the driving noise. Figs 2 and 3 clearly
indicate these features. Finally, completely stable behaviour is obtained (see Fig 4) - a
result reminiscent of the ‘monster’ seen in JET. Note that the line plotted in Fig 4b is
actually the envelope of very rapid oscillations between 0 and 0.02.

Conclusions

We have established that a very simple pair of non-linear differential equations are
able to reproduce the periodic behaviour of sawteeth. The two variables play the role of
internal energy (temperature) and magnetic turbulence. If the noise level is increased
beyond a sufficiently large value then the period lengthens and the amplitude falls, and
eventually a ‘monster’ - like solution is obtained.

Aydemir, A Y et al Phys. Fluids B1, 774 (1989).
Denton, R E et al Phys.Rev. Letts 56, 2477 (1986)
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ABSTRACT AND INTRODUCTION

The analysis of a possible stabilization of sawteeth by a population of energetic ions is
performed by using the Lagrangian of the electromagnetic perturbation. It is shown that the
trapped component of such a population has a small influence (of order (l-q)2 in the limit
/g — 0) compared to that of the passing component. The stabilization threshold is calculated
assurning a non linear regime in the g=1 resonant layer. The energetic population must create a
stable tearing structure (A'=0) if the average curvature effect on thermal particles in the layer is
small. However, this effect decreases the actual threshold.

I. ELECTROMAGNETIC LAGRANGIAN FOR ENERGETIC PARTICLES

The mode is described by potentials (8U,8A) = (U(x),A(x)) exp(-i®t) + c.c., to which
each particle species s responds by the current and charge density j(x),p(x). The Maxwell
equations are equivalent to state that the gauge invariant functionnal:

L,(U*,A*;U.,A) = L’vacuum"' E LS H
s

Liseum=-1 [ @Al vey | ax o vul

Ls=f d’x (GA"-pU") M
is extremum in U A”. The functional L is simply related to the integral J a*x d3p f-h where
f(x,p) and h(x,p) = e(U - Avy) are the perturbations of the distribution function and of the
hamiltonian. A standard expression for £ is derived by expressing the Vlasov equation relating
f'to h in angular action space [1]. This itinerary leads to more flexible and more precise forms

of L, than the extension of the MHD energy principle [2] using the gauge (U=0, A=ExBy),
leading to L, = -Jdx (jxBg).E" where j x By is related to the pressure tensor perturbation.

- s
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We apply the variational principle (1) to the study of the mode triggering the sawteeth,
exhibiting Nyge=1 and a MHD structure outside a resonant layer on the surface r=r;, where
g=1. The stabilization of this mode by a species s=H of hot ions requires that the contribution
L, balances the destabilizing terms in Lyerq, namely the tearing term (s« 9j/dr) and the
interchange term (e< dp/ar) in the MHD region. We dispose of a general expression for Lo

applicable for A parallel to By: . -

0= + N
o B e el L ®
p  -pog-No,

where F(u,H, M) is the unperturbed distribution function (uzmvf/lB, H=mv2,t'2, M:qu)),
g, H, M) and w11, H, M) are the time average poloidal and toroidal frequencies (for trapped
particles g is the bounce frequency and w=0) is the banana precession frequency). The
subscript p indicates the Fourier component exp i(petﬁ-Ncp*) along the angular variables for the
poloidal and toroidal motion (such that d(B*,(p*)/dt =y, ; for rapped particles 8" is the phase
of the bounce motion and q}' = - qf ). A more specific expression for L is applicable under
the MHD constraint: iwA - V,U=0

Lq{ = Llﬂl + L{CS

2 *
3 13 e dF VU x By
L= kReJ. & Som g VY ) (VU vg))

M 2
e (RN
©-pog-Nw,

chs a 2 j d3x (‘]3})6—22

P w

where v, is the curvature drift velocity and ¥ the poloidal flux. The functional Ly, accounts
for the traditional interchange MHD effects, while the functional L, reflects the toroidal
magnetic pumping effect by the mode [3]. For win the thermal diamagnetic range of frequency,
the leading term for trapped particles in L. is the term p=0, for which the resonant
denominator @-pwy-No, reduces to the small value &-Nay. For o -Nay = 0y, a stabilizing role
[4,5,6]. This is the case if the

energetic ion population contains the same number of passing and trapped particles, becanse the

may be played by this term if it is dominant compared to Ly,
compensation of the unfavorable and favorable curvature then lowers the value of L, . Then,
it is very important to notice that we have Ly = Lo proportional to |ul?0® quasi
independently of the value of (1-q) in the domain r<r(g=1). In view of the MHD constraint
i0A = VU = ((1-q)/R) U, the functional Ly s proportional o |a|%(1-q)* and dominates the
tearing and thermal interchange effects (proportional to |Al2 and IAIZI(]—q) respectively) at low
(1-q). However, in the experimentally important limit @ << @y, if the energetic population
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consists of trapped particles only, the value of L4, may be derived from (2) in the limit
(VU =ioA, © = 0) and therefore
L j gy YL CL RO
p -Poy-Nwy

clearly independent of (1-q) for given A. It may be shown that in this case Ly is proportional to
|A|2 instead of IA|2/(1—q)2. For o << Wy, the influence of the topology (trapped or passing) of
the energetic particles on the stabilization efficiency provides an important experimental check
of the model.

II. STABILIZATION THRESHOLDS

By combining Ly with Ly and Lyperny in the MHD domain, and forming the Euler
variational equations, one obtains the mode structure and the contribution Lyiup- We
essentially assume in what follows a tearing structure, i.e., a non cancelling component
A(r)exp i(¢p - 0) of the potential A(x) We may then write:

LMHD = AGr)A"(r) ; S=21R 27y 3)

where A' is the usual jump across the surface r=r;. Neglecting toroidal and thermal pressure
effects, we have A' = + oo in the absence of hot particles, meaning that the mode is strongly
unstable as a tearing mode, while it is marginally unstable under the MHD constraint in the
layer A(r;)=0. The energetic ions introduce a finite value of 1/A', which, in the typical case of
an isotropic pressure profile py=pyyp for r<ry<r; and py=0 for r>ry, is given by [6]:

. = BrPerit
' 2 =
AH 8\ Perit - P
et o 2172 372 2 i 2
where By = pro (21e/BYR“ry™" 1 21,7, s;=(dLog g/dLog 1) and By = (1-qp)/G(ry)
with G(r) = (1 - r%.’rlz)'1 - Log| 1-r2/r12| - 1/2. The toroidal and thermal pressure effects in the
MHD bulk also play a role in the value of A'. For small 1/A’ (1/A'<<r)), one may write:

1 1 1
=ik

Al A'H A’ thermal

@

where A'jjorma is Telated to the MHD energy SW F,Z givenin [7]:

1 EW ;,LO

thermal 51’1 S]

27
A £ 5%(1 qO) 2 (ﬂpol 51:1

where B, refers to the pressure difference within r=r; and Ber =0.4.

e
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The contribution Llaym of the resonant layer to the functional (1), calculated in a non
linear island regime, involves the Rutherford currents proportional to the mode growth rate Y
and the stabilizing interchange effects due to the average curvature within the layer proportional

to op/ar [8].

5 ‘08 5;51 3 T BB l] # =
A =g o B +31) AAE) )

where 8, is the half island width. Expressing that Lo + Llaye, derived from (3) (4) (5) is an
extremum in A (r;) provides the value of 7. If one neglects the average curvature term
(e 3P /O in (5), one obtains ¥ =0 for A'= A'y =0, ie. B = Bor [6]. On the other hand,
retaining that term in the limit 8;; — 0, one obtains Y = 0 for A'=co. For 1/A'y <<ry,
i.e. By <<Besin this means that stabilization is achieved for 1/A'y =1, By / 812 = -1/A yormal
which is essentially the condition given in [4],[5]. In fact for small islands, further important
effects linked to the transverse diffusion of particles contribute to the value of L}mr. These
effects first produces an imaginary term proportional to (m-m*), whose cancellation imposes
that the mode frequency is of order of the thermal diamagnetic frequencies . On the other
hand, if 8,y < 8., = (Df)'2, where D is the transverse particle diffusion coefficient, a large
destabilizing term

aT

To

& 1 1 2 * > :
I_i—o( 1.5 ~E B[MRZ (—1_) ) A(rpA (r)) superimposes in Lluycr 91.
1 isl

Therefore, the average curvature effect in the layer can only stabilize the mode for 8 > 8. In
these conditions, the stabilization threshold is given by the expression:

d L
L + _L e where A‘laycr = %‘él- —% (BPG! & il)
or

APH A.lhcrmal A'l:iycr
Even for small ratios 3, /1y, the stabilization threshold may be determined by Ay, rather
than by A'jerma The observed stabilization thresholds could in fact give an useful information
on the stabilizing or destabilizing effects taking place (with a divergent stucture o= 1/8;,) near
the resonant layer of the tearing modes.
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THE EFFECT OF THE ION BOUNCE RESONANCE
ON IDEAL AND RESISTIVE MHD INSTABILITIES

E. Romapelli, G. Fogacciat), S. Graziadeit)

Associazione EURATOM-ENEA sulla Fusione,
C.R.E. Frascati, C.P., 65,
00044 ,Frascati, Rome, Italy

I. Introduction. The effect of parallel compressibility on the stability
of resistive ballooning mode and of the m=1 internal kink mode in
collisionality regimes appropriate to present day tokamak experiments has
been recently investigated[1-3]. As resistive instabilities are described
by a two spatial scale structure in toroidal geometry, the effect of
compressibility can be defined either with reference to the short scale,
of the order of the connection length gR, with g being the safety factor
and R being the major radius, or with reference te the long scale
associated to the radial localization of the mode. We are interested to
the case in which compressibility effects manifest only on the connection
length scale, a situation which occurs if the frequency of the mode ® is

comparable with the ion transit frequency @j= vti/qR or with the ion
bounce frequency mm=(£/2)1]2mﬁ,but ®is still larger than the transit

frequency over the long scale @>>K|| vii, Wwith viy being the ion thermal
velocity. In this limit the relevant physical effect is the ion tranmsit
and bounce resonances[2].

The effect of the Wij resonance has been investigated in Refs.[1,3].
The purpose of the present work is twofold: first we want to analyze the
effects of ion bounce resonance on resistive ballooning modes in tokamak
plasmas; second we want to discuss the effect of the transit resonances
on the m=1 internal kink mode with particular regard to the effect of the

external region. The effect of the Wpj; resonance in the layer has been
discussed in Ref.[4].

II.The Resistive Ballooning mode. The optimal ordering scheme is similar
to that assumed in Ref.[1]. The first condition to be imposed is the Opj

resonance ® = Wpj. Next we balance inertia and line bending yielding w=
wply where wp=va/qR, vp is the Alfven velocity, and) is the extended

poloidal variable in the ballooning representation. This yields x=8-1 with

the expansion smallness parameter § being formally ordered as pl/2
(B=8nnT/B2). The ion Larmor radius is ordered according to the
requirement that inertia and normal curvature are of the same order

(k1pi)2= wpp/®@. or, after using the previous conditions, kgpj= 82.
Therefore, we have kjpj=8, and we can neglect finite ion Larmor radius
corrections. Note also that wopy/w=8, with wpy being the geodesic

curvature term. Therefore, at the lowest order, the bounce resonance is

+)ENEA student

e, ..
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not affected by the @p term. Within the proposed orderings, the
diamagnetic drift effects are important for Lg/R=82=f,with Ly~ 1=|Vp/p|,
which is consistent with the choice of a high-P equilibrium. Ion
collisionality, meanwhile, is chosen to satisfy the banana conditicn
vii/op;=8. In order to simplify the analysis, we also assume the electrons

in the Pfirsch -Schluter collisionality regime Vei/0ie=8-1. The above
ordering then allows us to retain the simplest form of Ohm's law. Next we

impose the strongly collisional ordering (k|vte) 2/ (wvei) =82 or w/wie=b.

Following Ref.l the stability of modes driven by free energy in the
ideal region is described by the following equaticn

ECRIYE

g v 5 172 4 511/2.3 1/3
1 (QNL ’4] r[i'] Q, [
’ LQB L/ZJ ! i 2 JENE IS .
+
tlT = 1/2+Z_ {_%][QOH‘ /4)

(dl-rLzl 4]

where Q=-i@/wg, Qo3=Q2Q;-0Q3., Q;=-i(0-0+;)/Wg, @s3=W=p; (14M;). M;=Ly/Lr.

@spi=cT;/(eBLyrs). Lp-1=Vn/n. Ly-1=VI/T, A'yis the ratio between the
ni i n T B

large and the small solution of the equation in the ideal region and S is
the magnetic Reynolds number. The quantity L[5] is related to the long

mean free path ordering. In additionm, mD:[(czn”12<JB2>Ién<JB2/|Vw2P)
/ smmin<IB2/ |[Vy|2><J|Vy|2/B2>/<v' >2]1/3, where 1 is the toroidal mode number,

M| is the parallel resistivity and J. v' and |[Vy|?2 are equilibrium
quantities [1]. Kinetic effects are contained in Q3 which is defined in

Ref.1l. For a low-P circular flux surface equilibrium the quantity Q3 is
given by

Dty 2 mﬁm*ni 0] m*ni 0]
Q =--—14 G (=29 - n—2G -2 2)
3 o 9 ® 0B i © Lo

with Go(x)= x6%Z(x)+x(x4+0.5x2+3/4), G1(x)=(x8-1.5%5)Z(x)+ x(x6+0.5x4+0.75x%+
15/8) and Z(x) is the plasma dispersion function. The solution of Eg.(1)
are acceptable if Re{[L/2+(Qy3+L2/4)1/2]/Q}>0.
Looking at the limit Qp3 <L2/4, from Eg.(1) we have always three unstable
modes with growth rate
/15

(!2) mb‘s [EZ ik m/ 15
€ i '
1;2 SH 2 [WO‘JAB? ¢ (2]
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with k=-3,1,7. if |@|>>e*0,, and five unstable modes with growth rate

2/13
3

3/2 1/2 3

3 L] e/’ % o, Obi e {1_2_} A2k /13 )
ad 1743 2! ¢ Pe2l%) B

2

with k=0,8,%6,-4 and Ws=W=n;(1-1.57M;), in the opposite limit. Note that
these modes are very weakly dependent on A'p, y=A'y 0-1.

III. The m=1 Internal kink mode. Following Ref.6, the hot ion component is
described by the gyrokinetic formalism. The optimal crdering for the hot

ion temperature is Ty/T;~e2 and Py/Bj=~¢, with e=a/R<1, a being the minor
radius and Bj=8nn;T5/B2. Such a cheoice implies nu/n;i~e? and overall charge
neutrality can be assumed. Therefore, at the lowest order. the plasma is
described by the usual one fluid ideal MHD equations.

The compressional effects of the bulk ions are retained through the

solution of the drift kinetic equation. Looking for competition between
hot magnetic drift resonance and diamagnetic effects, we order the

frequencies as =W ;=W4n- This requires ep=Lp/R~Ti/Th~a2. The condition of
Wp3 resonance yields @=wp; or kgpij=e€Z. Finally, we balance inertia and
line bending on the scale of the layer, which yields k||=B1-1-"2/R. Note that

with the present ordering, kjpi€1 on the scale of the layer.

Following the usual variational approach we can derive the following
general dispersion relatien

112
-is {o(a-0,) /0], b +oW +aW +EW _+BW =0 (5)

HD, h

where wp=va/ (31/2R) and s=rq'/q at r=rg is the shear. Note that the layer
physiscs is described by the usual fluid approximation. A slowing down
model with a single pitch angle is considered here for the hot ion

distribution function. In this case, the hot particle kinetic term 8Wgp
can be modeled as [6] 8Wkn=(Pn/e) (0/gy) In(1-04n/®) with @4y being the

magnetic drift frequency at the maximum energy. The term 8Wygp n[7]
accounts for the effect of the hot particles on the ideal MHD energy of
the bulk plasma W, [8] and. for the sake of simplicity, will be neglected
in the following. Finally, the term 8Wyxj accounts for the kinetic
contribution in the external region. For Wp;<wfwij, we have

0-w,_ . no, .
__2 T r *ni @ Y_ i *ni [0}
' TBiIrsd(ISJ[ @y FO(”"J @ Fl["")] ©

u i u it

with Fo(x)=(x4+1.5%2+1)Z (x)+x(x2+2), Fq(x)=(x6+x4+7/4x2+1.5) 7 (x)+x(x4+ |

5. .
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1.5%2+3). Upon retaining the contribution of the resonant ions. Eq.(6)
yields 8Wyi~-iP;(4n/9)1/2(w-<a*>)/wey, with Cor=2[(rdr/re2) g (141.5M;) .
The effect of the bulk ion resonances is equivalent to the effect of
parallel viscosity and it is stabilizing for @>><@*>. Such a term is

formally similar to the inertia term and smaller by a factor Bj1/2. For
0pi<@4n<wyi, the fishbone threshold Ppc(f) is larger than the internal
kink threshold Bhe(¥)~Es ©gn/ (mwy) [6]

® 2 ”2)
th=ﬁhc(1+[4nﬁii27s ] (]

For wfwpi, the quantity 8Wg; is associated to the trapped ion response.

The resonant icns yield, for o>+, BWpi~-iPy(4n/9)1/2 (0/we;) (w/wp;)6.
The effect is again stabilizing and the threshold assumes intermediate
values between PBpc(kK) and Ppe(f).

IV.Conclusions.The stability of resistive ballconing modes has been
investigated, in the long mean free path regime, by including the effect

of the Wp; resonance. The resulting unstable mocdes are very weakly

dependent on A'B. The effect of the transit and bounce resonance in the

external region on the m=1 internal kink mode has been also analyzed. The
contribution is stabilizing, yielding an increase of the high frequency

fishbone mode threshold by a factor (1+PB;l/2) for pi$Wap<®e;. Therefore,
under this condition, a stable operating domain exists for th(k)s

Bhsﬁhc(f)-
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THEORETICAL CALCULATIONS AND EXPERIMENTAL
COMPARISONS FOR HIGH-n TOROIDAL
INSTABILITIES AND QUASILINEAR FLUXES*
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Progress in achieving a physics-based understanding of anomalous transport in
toroidal systems has come in large part from investigations based on the proposition
that low frequency electrostatic microinstabilities are dominant in the bulk (“confine-
ment”) region of these plasmas. Although the presence here of drift-type modes de-
pendent on trapped particle and ion temperature gradient driven effects appears to be
consistent with a number of important observed confinement trends, conventional esti-
mates for these instabilities cannot account for the strong current (I,) and /or ¢-scaling
frequently found in empirically deduced global energy confinement times for auxiliary-
heated discharges. The present paper deals with linear physics features, ignored in
simpler estimates, which could introduce an appreciable local dependence on current.
In addition, the dependence of the linear and quasilinear properties of the instability
on the electron and ion temperatures is examined.

A comprehensive kinetic code[l] is used to calculate the linear eigenfrequencies
and eigenfunctions of high-n tokamak instabilities, such as toroidal drift modes. This
analysis is applied to specific cases obtained from TFTR experimental data. An im-
portant issue investigated deals with possible current scaling associated with microin-
stabilities, i.e., dependence on ¢, and thus on plasma current. On a particular mag-
netic surface, the mode eigenfrequency depends on ¢ and 3§ = (r/q)dg/dr partially
through the orhit averaged trapped electron magnetic precession frequency given by

wgg) = W,o(Tre/R)(E/T.)G(r) and partially through the circulating particle transit
frequency, @;; = v;/qR, and the corresponding trapped particle bounce frequency,

@y = (r/R) @y Here, v = {[1+ {1 — [(vy/v)2)Bo/B(0)}(R/r)]/2}""" is a pitch-
angle variable that goes from zero for deeply trapped particles to one for barely trapped
particles. The variation of G(k) with g, = g(a), and therefore with the local ¢ and 3,
is illustrated in Fig. 1 in various representative equilibrium scenarios where the total
plasma current (and therefore, ¢, = a®?B/I,R) is changed. It is obvious that the high
current (low g, and corresponding low 3) cases give the smallest values for Gye, (the av-
erage of G(x) over k). The strength of the collisionless trapped electron mode (CTEM)
depends sensitively on the factor G which in turn can have a significant dependence
on current via the local ¢ and 3. With respect to the ion Landau damping, the effect
obviously becomes stronger as the ion bounce (@) and transit frequencies (@y) ap-
proach the eigenmode frequency (w). This favorable influence on w clearly improves as
I, increases since @y; and wy; (both o 1/¢) would correspondingly increase toward w.
Up to this point, the arguments given for the presence of a current dependence
in the CTEM have been primarily qualitative. In order to demonstrate this quantita-
tively, comprehensive linear eigenmode calculations have been carried out numerically.
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Fig. 1: Plot of the G-factor from the trapped—particle precession frequency
as a function of the velocity-space pitch-angle variable k.

The comprehensive code[l] employed provides solutions to the appropriate toroidal
eigenmode equation without any frequency expansions. Thus, the precession reso-
nances as well as the ion bounce and transit resonances are all evaluated without
approximations. The usual ballooning formalism is employed, so that the calcula-
tlons are local to a single, chosen magnetic surface. This stability analysis is interfaced
with self-consistent, numerically computed MHD equilibria. In studying the possi-
ble dependence on current, the g(r) profile is varied by changing ¢(«) (i.e. chang-
ing the total plasma current) at fixed q(]O) with intermediate ¢(r) values scaling as
Onew (T) = {[anw(a) - q(o)]/{quld(a) - Q{D) }[‘Iold(r) - (I(O}] -+ Q(U) A numerical MHD
equilibrium is recomputed for each new ¢(r) profile, and the corresponding growth rate,
7, is then maximized over kg.

For the trapped-electron-7;-type instabilities, the linear growth rate is found to
be strongly reduced as g, is decreased from intermediate (~ 6 — 7) to low values (~ 2).
This dependence is strong enough to account for part, but not all, of the dependence
of transport on plasma current observed in most auxiliary-heated tokamak plasmas.
As ¢, increases from intermediate to high values (~ 11}, no single trend is observed.
These trends can be understood as coming in large measure from the dependence of
the orbit-average magnetic drift frequency for trapped particles on local ¢ and shear
values. Dependence of the untrapped ion transit frequency, and thus of the ion Landau
damping, on ¢ plays a smaller role in these linear calculations. These trends are illus-
trated in Fig. 2 for a representative case. Results here are consistent with the preceding
qualitative arguments given for the precession drifts and for ion Landau damping.

In addition, for the trapped-electron-7;-type instabilities, scaling with ion and
electron temperature is investigated and compared to transport results from represen-
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Fig. 2: Plot of linear growth rate () as a function of ¢, for representative
TFTR parameters in the collisionless electrostatic limit, along with the Gy
factor. The lower y—curve shows the influence of ion Landau damping.

tative TFTR discharges. For a particular supershot case, for r/a = 0.325, the linear
growth rates are plotted versus r = T, /T; as T, or T; are varied artifically from their
respective experimental values in Fig. 3. This is done by multiplying the entire radial
profile Tj(r) by a constant, and then recomputing the numerical MHD equilibrium for
the modified pressure profile o n.(T. + T;). The growth rates are plotted for fixed
kgp; = 0.64 as T; is varied at fixed T, and for fixed toroidal mode number n = 37 as
T is varied at fixed T;. These are the values of kyp; and n which maximize the growth
rate for the local experimental values, T = 6.38 keV and T7™® = 16.7 keV.

As r = T./T; varies from its experimental value as either T, or T} is varied,
the value of the growth rate also varies strongly due to dynamical effects, as various
characteristic frequencies such as @,;,@s; o 7.3'1/2 or wy o< T; change. In addition, as
either T, gets large (large 7) or T; gets large (small 7), the Shafranov shift in the MHD
equilibrium increases due to the increase in 4, and the amount of “bad” curvature
available to destabilize the mode decreases. This accounts for part of the reduction in
the growth rate in these limits. The two growth rate curves vary together for moderate
7 (5 1.5), but for larger 7 this Shafranov shift effect causes a decrease in the growth rate
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Fig. 3: Plot of linear growth rate (y) as a function of 7 = T,/T; for
representative TFTR supershot parameters in the collisionless electrostatic
lim;t.The numerical MHD equilibria are recomputed for the pressure profile
o ne(T. 4+ T;) for each point plotted.

when T, increases, while the growth rate only saturates when T; decreases. This is due
to the fact that, for the cases studied here, increasing 7. (from 6.38 keV) significantly
changes the MHD equilibrium, while decreasing T; (for 7 > 1) has little influence.

As T; is varied from its experimental value at fixed T, the quasilinear fluxes
are calculated for the “mixing-length” saturation level, edy/T. = 1/kgr,, which
is independent of T:. With this prescription, the effective ion thermal diffusivity
(T) = —Q:f[n:(dTi/dr)] turns out for this case to be nonmonotonic in Ti. In
particular, while xT increases with T} for T; up to about T7™" = 16.7 keV, above that
value x2" starts to decrease. This calculated trend of different low-T; and high-T; be-
havior appears to be consistent with the improvement in ion energy confinement with
T: observed in TFTR supershots[2], opposite to the degradation with T} observed in
TFTR L-mode shots[2].

*Supported by U. S. DoE Contract No. DE-AC02-76-CHO3073.
HG. Rewoldt, W.M. Tang, and R.J. Hastie, Phys. Fluids 30, 807 (198T7).
9]D.M. Meade, et al., in Plasma Physics and Controlled Nuclear Fusion Research
1990 (Proc 13th Int. Conf. Washington, 1990), paper TAEA-CN-53/A-1-1.
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EFFECTS OF CURRENT PROFILES ON MHD STABILITY*
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INTRODUCTION AND SUMMARY

The magnetohydrodynamic (MHD) stability of a plasma against the ideal low and high j
toroidal mode number kink and ballooning modes depends critically on its pressure and current I
profiles, as well as on the shape of its poloidal cross section, which determines its ability to j
carry the toroidal current at a given value of edge safety factor gq. It has previously been I
shown that in the absence of finite current density at the edge, the stability of the ideal low
toroidal mode number n = 1 kink mode can be substantially improved for broad pressure
and peaked current density profiles.! With these optimized profiles, kink-stable normalized
toroidal beta By = fr/(I/aBr) near six can be achieved.

In the low plasma collisionality regime, significant bootstrap current can be driven which
can give rise to high edge current density. In this paper, the effects of current profiles both
with and without finite edge current density on the ideal nn = 1 kink and infinite n ballooning
modes are studied using simulated plasma equilibria with varying By, the plasma internal
inductance £;, and different amounts of toroidal current density near the edge Jg. The study
is also motivated by the DIII-D experimental results that Gy achieved improves with £;.2
The shape of the toroidal current density profiles is varied using the two parameters £;, which
describes its global peakedness, and Jg. The interesting case of negative Jg, which can arise
in a fast current-ramped down plasma, will be described separately and is not considered in
this paper.

The results of the ballooning mode stability study shows that the critical marginally
stable normalized ballooning § limit, An¢, increases approximately linearly with £; for circular
plasmas. As the plasma elongation is increased and becomes more strongly shaped, this
dependence on £; becomes weak because of the change in the topology of the (5, a) diagram
introduced by shaping, which reduces the stabilizing effects of the good magnetic field line
curvature region. For a divertor plasma, Bnc shows essentially no dependence on £; for the
moderate £; values considered. The results suggest that in the low to moderate £; operational
range in DITI-D, where improvement of By with £; is observed, the plasma beta is limited by
kink rather than ballooning modes, which are more sensitive to £;.

For the intermediate gs ~ 3 equilibria considered in this paper, the low n kink mode
imposes a more stringent limit on the plasma stability than the high n ballooning mode.
As Js increases, the central as well as the edge shear becomes weakened, which makes these
equilibria very unstable to the kink mode with a substantial internal as well as an edge peeling
external component. Consequently, as Js increases, the high #; stable operating space becomes
inaccessible and the By stable to the n = 1 kinks is significantly reduced for all ;. As has
been shown in previous studies,?* the edge peeling component is sensitive to the exact value
of g5 and is particularly large when gs is near below an integer value. For a divertor plasma,
the kink modes are mostly internal over quite a range of the accessible £; space, whereas for
a circular plasma they tend to have strong external as well as global characters.

MHD EQUILIBRIUM

The MHD equilibria used in this stability study are computed using the EFIT code®
running in the fixed boundary equilibrium mode. The two stream functions pressure P and
poloidal current F describing the toroidal current density Jp are chosen to have the forms

* Work supported by the U.S. Department of Energy under Contract No. DE-AC03-89ER51114.
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P'(¥) = ao(l - 52/8) , FF'(¥) =7 +mz+ 1z’ +72° 1)
=[P+ D) (2)

Here, £ = (¥ — ¥'m ) /(s — ¥m) and the flux function ) is assumed to have a maximum value,
tm, at the magnetic axis and decrease to a smaller value, 33, at the plasma boundary.

The parameters ag, Yo, 71, 72, and 73 describe respectively By, axial safety factor gp, £;,
the total plasma current I or gs, and Jg. Here, gs and Jg are the safety factor and flux surface
averaged toroidal current density at a flux surface near the edge # = xs. This particular set
of functional forms for P’ and FF’ provide an adequate description of the DIII-D current and
pressure profiles over a wide range of DIII-D operating space. For all equilibria considered
here, gp is taken to be 1.05 and zg = 0.995.

BALLOONING STABILITY

To study the effects of current profiles on the ideal infinite n ballooning stability, equi-
libria of varying £;, Js, and poloidal cross sections are generated as described in the previous
section. The critical normalized beta Byc corresponding to these equilibria are then com-
puted using the MBC® and the CAMINO codes.” The results are summarized in Fig. 1, where
the calculated By ¢ variation with £; is shown for three different plasma shapes: a large aspect
ratio, A, circle, an ellipse of elongation £ = 1.4, and a single-null divertor. The plasma param-
eters for these configurations are given in Table 1. In the numerical stability calculations for
the divertor equilibria, the singularity introduced by the separatrix is treated by restricting
the computational domain to # < 0.995. To provide a consistent comparison with limited
configurations, their domain of calculations is also restricted to = < 0.995.

The ellipse and the single-null divertor are typical DIII-D equilibria, whereas the large
A circular equilibria are generated by raising the major radii of all DIII-D poloidal shaping
coils to large values. All limited equilibria have similar gg ~ 3.2, For the divertor equilibria,
the total plasma current was held fixed at 855kA, which gives a ¢ ~ 3.2 at ¢ = 0.95 when
Js = 0. As is shown in Fig. 1, for circular large A equilibria, By¢ increases approximately
linearly with £;, as is expected from the well known results on (5, c) diagram, because of the
almost linear dependence of a on . This By ¢ optimized with respect to the ballooning mode
can be approximated by 44;.

As the plasmas become more shaped in poloidal cross section, this dependence on £;
gradually weakens and for a divertor geometry Snc shows essentially no dependence on £;
over the same range of £;. This is because of the reduction in the stabilizing effects provided
by the good magnetic field line curvature region due to shaping and toroidicity. This is
illustrated in Fig. 2, where the (5, a) diagram for a large A circular equilibrium at the flux
surface z = 0.85 is compared against that at a similar flux surface for a single-null divertor.
As is shown, although the increases in the £; results in a stronger shear S, however, in the
divertor case o does not increase linearly with S, as in the circular case. This change in the
topology of the (5, @) diagram results in the weak £; dependence in the divertor case. For the
range of £; considered here, By¢ varies only weakly with Js.

KINK STABILITY

To study the current profile effects on the ideal n = 1 kink stability, equilibria of varying
Bn, &, and Jg are generated for the three different plasma configurations as described above.
The stability against the kink modes is then evaluated using the GATO code.? The results
are summarized in Figs. 3 and 4, where the kink stability boundary is shown in terms of
the By and £; space for the circular and the divertor configurations both for Jsy = 0 and
Jsnw = 0.5. Here, Jgy = Jg/(I/T') where T' is the plasma cross sectional area. With finite
Jsn, the central as well as the edge shear become weakened, and the high £; space becomes
inaccessible and the Gy stable to the n = 1 kinks is significantly reduced for all £;.
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TABLE 1
MaJorR PLasMA PARAMETERS

Large A Single-null
Plasma Configurations  Circle Ellipse Divertor
Major radius, Rp (m) 11.668 1.676  1.685
Minor radius, a (m) 0.651 0.659  0.634

Elongation, & 1.00 1.40 1.89
Upper triangularity, iy 0.00  0.00 0.24
Lower triangularity, §z  0.00  0.00 0.42

gs 320 320
I (kA) - = 855
Bz (T) 079 079 079

As has been noted in Ref. 1, the
stability boundary consists of two main
branches. The unstable modes in the low £;
branch are external and those in the high
£; branch are internal. For a divertor ge-
ometry, the modes are mostly internal over
quite a range of accessible £;, whereas they
tend to have a strong external and global
appearances in a circular geometry.
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o
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Fig. 1. Comparison of the optimized Ay ¢
against the infinite 1 ballooning mode
for three plasma configurations.
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Fig. 2. (S,a) diagrams for a large aspect ratio circle and a single-null divertor at a flux surface

2 = 0.85 near the edge.
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INTERPRETATION OF RESONANT

MAGNETIC PERTURBATION EXPERIMENTS
T.C.Hender, R.Fitzpatrick, A.W.Morris, P.S.Haynes, I.Jenkins,
D.C.Robinson, and T.N.Todd
UKAEA /Euratom Fusion Association, Culham Laboratory, Abingdon,
Oxon 0X14 3DB, UK.

1 Introduction

Recent experiments on CoMPASS-C [1], and previous experiments on other tokamaks (eg
[2,3]), have shown a wide variety of effects on MHD activity resulting from the application
of externally induced resonant magnetic perturbations (RMP’s). These experiments are
important since they allow a detailed quantification of the error fields effects in future
large devices. The error field implications of the results presented here, are discussed in
Ref. [4].

In this paper we first present a brief overview of some of the key ComMPAss—C RMP
results (further details in [4]) and then discuss a theoretical interpretation of these results,
in terms of a resistive MHD theory including RMP’s and plasma rotation [5].

2 Experimental Results

In this section we discuss recent results from the CoMPASS—C tokamak (R = 0.56m,
ajim = 0.2m). The RMP fields are produced by a saddle coil system consisting of ten 70°
long toroidal bars in each quadrant, with poloidal links, which may be changed between
discharges. This allows a wide variety of RMP fields to be induced, although here we will
discuss only those for which the m = 2, n = 1 component is dominant. For these RMP
configurations, 1kA of RMP coil current gives b;(3,1) ~ 14gauss at r = 20cm.

Many of the key RMP effects are exhibited in Fig.1 which shows the RMP saddle
current (I.), central soft X-ray (SXR) chord, n = 1 plasma radial field (ie with the
vacuum RMP field subtracted), and m = 2 Mirnov (by) trace. In this discharge the RMP
current was applied during the current flat-top when I, = 98kA, ¢, = 4.25 (Br = 1.1T),
and 7, = 1.2 x 10®m=3, It can be seen from Fig. 1 that a large locked mode grows at
t = 128ms. We term this event as ‘mode penetration’. When mode penetration occurs
there is always a strong confinement degradation, leading to complete suppression of the
sawtooth oscillation. As the RMP field is switched off, a large mode can be seen to ‘spin-
up’ on the m =2 53, and the n = 1 radial field, channels.

3 Theoretical Interpretation

We interpret the mode penetration event shown in Fig. 1 as the sudden onset of magnetic
tearing, resulting in the formation of a locked (2,1) island. This interpretation arises from
our theory of the interaction of RMP fields with rotating plasmas, which is presented in
full in Ref. 5. There we demonstrate, both analytically and numerically, that a rotating
plasma will resist tearing due to an applied RMP field until a threshold field strength is
exceeded. The threshold vacuum field strength at the edge of the plasma is given by

cJerit : " e o3 (far )3 T
(O] =87 (5)7 comelms i, 0

lay_Dlan tiir 1l
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where Aj is t.he natural A’ evaluated at the island separatrix, the shear s = (rg'/q?).,,
e=alR, g° —g* - (5 =0, with ( = 0.397 [(Illa( Abr)23( mS)4/a)/(fo3TMT4/3] /5, Fa
is the mode frequency, and ) is a momentum confinement time. If the plasma is free to
rotate poloidally then 7 = 1, if on the other hand poloidal rotation is strongly inhibited (as
expected neo—classically) then T = q(r,)R/r,. Equation (1) shows the mode penetration
threshold is a function of mass density (since the Alfven time 74 = poR./mn;/Br).
To test the experimental dependence of the threshold field on density, a wide scan in
density and RMP current was conducted at [, ~ 96kA and By = 11T (= ¢y ~ 4.3);
the results are shown in Fig. 2 where the mode penetration threshold is compared with
the theoretical expectation for toroidal rotation. In making this theoretical comparison
we assumed AL(W) = —a(W/a?) with @ = 3 chosen to give the ‘best fit’ results shown
in Fig. 2. This expression for Aj(W) arises from the normal nonlinear approximation,
AL(W) = AL(0)—a(W/a?) [6], and noting the fact that the driven m = 2 islands are much
larger than those which occur naturally, so that | Aj(0) |<<| aW/a? |. For typical values
of @ indicated by A’ calculations (@ ~ 30) we find the penetration threshold is reproduced
by assuming ~ 1/5 of the rotation to be poloidal (and the remainder toroidal). We have
also assumed for the theoretical comparison in Fig. 2 that n, o< /1 — r2/a? and taken the
ratio of ion to electron plasma mass as M;/M, = 1.88m,/m,, which is calculated from
measurements, of the Deuterium to Hydrogen ion ratio, and Z.;;. Over the range of data
shown in Fig. 2, Z.;; varies from 2.3 to 4.3 and the D:H ratio varies from 0.73 to 2.13,
which gives M;/M, = (1.88+£0.23)m,/m,. This M;/M, range represents an effective error
bar in theoretical threshold current of £7%. The results in Fig. 2 show both the boundaries
for mode penetration and disruptions caused by the (2,1) RMP fields. At high density
the disruption and penetration boundaries merge and the distinction becomes ambiguous.
The m = 2 island widths causing these disruptions are W/a ~ 20% for I, ~ 2kA. It should
be noted that the current profile is expected to vary with #,, and so « should vary with
Tte, perhaps accounting for some of the discrepancies in Fig. 2.

We interpret the spin-up event in Fig. 1 as the island driven by the RMP field unlocking
as the RMP mode-locking force decreases, and then spinning-up under the influence of
the viscous torque exerted by the rotating plasma. Finally, the island decays away on a
resistive timescale since it is no longer driven by the RMP. Fourier analysis (in geometric
poloidal angle) shows the unlocking mode to be dominantly m = 2, with about 30% m = 3
and 10% m = 1 sidebands. Taken in conjuction with the toroidal mode number measured
by the locked-mode coils, shows that the penetrated mode is dominantly m =2, n = 1.

According to standard Rutherford island theory [6,7], assuming linear saturation and
neglecting wall effects, the island decay after the RMP field is switched off obeys

L (E) — aAL(0) - a (E) , @)

dt a
where @ = 20 cm is the radius of the plasma edge, Tp = poa®/[ny(r,)] is the resistive
timescale, and I; = 2.326. The solution to Eq. (2) is W = W, + (Wp — W,)e~"/™, where
Wo = W(t = 0), W, is the final decayed natural island width, and 7y = I;7g/c. In Fig. 3
we plot In[(W — W,)/W;] as a function of time during a typical spin-up event for a shot
with 7, = 1.5 x 10"®m~2. It should be noted that the RMP coil current in this case is
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switched off rapidly, and that mode rotation does not start until I, has dropped to ~ 1/10
of its value at mode penetration. This means that the m = 2 island induced by the RMP
decays at a rate governed by the natural Ag(W) [the RMP plays no direct role]. The fact
that a very good straight line is obtained initially in Fig. 2, indicates that the first stages
of island decay obey Rutherford’s island theory rather well. From Fig. 3, we estimate
7o = 4.6 ms, which corresponds to 7p &~ 40ms, a quite resonable value at ¢ = 2. It is
most important that we have been able to verify Rutherford’s island theory, since it is the
starting point for our theory of the interaction of RMP fields with rotating plasmas [5].

In order to model the viscous spin-up of the island we use of the following model
equation (which neglects wall effects)

d a\?Af

S+ (5) 2= (3)
Here, Af = f—f, is the mode frequency of the island measured with respect to the natural
mode frequency (f, ~ 14.5 kHz), Ar is the region of the plasma which co-rotates with the
island during spin-up, and T3y = a?/v, (r,) is a momentum confinement time. Equation (3)
has the solution Af = (Af)oe"/™, where 7 = (Ar/a)?7ys, and (Af)o = Af(t = 0). The
change in mode frequency during the spin—up event in Fig. 1 is well described by this ex-
ponential form and implies 7, /& 3.8ms, which implies a momentum confinement time of
~ 5ms. This is to be compared with energy confinement times of ~ 2ms during mode pen-
etration, and ~ 4ms otherwise. To obtain this momentum confinement time we have used
Ar/a = 0.8. This estimate arises from the fact that mode unlocking occurs at ~ 1/2 the
RMP current required for mode penetration (when the RMP current is reduced slowly).
This hysteresis arises because at mode penetration the scale length over which the viscous
torque acts is given by the island width, whereas at mode unlock it is given by Ar. Since
the ratio of mode locking, to opposing viscous torque is oc ArI?, we obtain Ar/a ~ 0.8

- (using the penetrated m = 2 island width W/a ~ 0.2).
4 Conclusions
Many of the features of the mode penetration and associated mode spin-up events ob-
served in COMPASS—C are well described by the theory outlined in Ref. [5]. The threshold
scaling for mode penetration [Eq(1)] is in good agreement with the experimental results
as shown in Fig. 2. The mode spin-up allows a direct confirmation of Rutherford island
theory [7] and also allows the viscous momentum confinement time to be estimated.

In conclusion we note that the good agreement of theory and experiment allows the
effects of error fields in future devices (particularly next-step tokamaks) to be determined
with confidence ( eg in ITER the critical error field 50.5 gauss for penetration, see [4]).
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1 Introduction

The MARFE has been studied previously by several authors [1,2,3]. These studies show
that the MARFE is driven by a radiative coalesence instability, but can be stabilised by
sufficiently large parallel and perpendicular thermal conductivities («), ). In this paper
we present a new analytic formulation which self-consistently treats the axisymmetric
thermal equilibrium and the stability of the MARFE perturbation. We also present results
from 2-D numerical simulations which are in good agreement with this analytic theory.
Finally we will discuss potential implications of our theory in interpreting experimental
results.

2 Linear MARFE Stability

Our analysis is based on the heat balance equation

3?”% = V..VT — nn; R(T) (1)
where the thermal conductivity has a value ) parallel to B and x, perpendicular to E,
n and n; are the electron and impurity densities, and R(T) is the radiation function. To
analyse the linear MARFE stability threshold we assume steady state (8/8t = 0) and take
the temperature to be T(r) + T(r) cos§. For the perturbed temperature the linearised
form of Eq. (1) is

T a7 2 4 (B(T)) -
Niﬁ — rc"k"T = nn,-T ET ( T2 T (2)
where we have used pressure balance along the magnetic field (T + »T' = 0), assumed
that n; o< n and taken the parallel wavenumber to be kj = 1/Rgq. Equation (2) has the
awkward property of involving derivatives in r and T'. However, we can substitute for the
term involving the radial derivatives using

2T (dT\* &F  &STdf
e (d_) =TT ®

]
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where the derivatives dT/dr and d*T'/dr? can be determined from the equilibrium relation

L = nn; R(T) (4)

Kl >

dr?

and its integral with respect to T. Substitution of relation (3) into Eq. (2) gives
it .
dT? dT
where we define normalised thermal conductivities

2 2
Ky [dT k“ ( || )
— e 2 K= k{2
A nn; (dr)+' = S, \ o0

and S(T') and ¢(T) are radiation functions

(AL —25(T)) + (T2 — ¢(T))T (5)

5(T) = [: R(T)T, &(T) = ~T2% (%) .

Here the notation (dT/dr); denotes that it is to be evaluated on the high temperature
side of the radiating layer. Equation (5) is the required equation for marginal MARFE
stability and may be regarded as an eigenvalue equation for Ay, at a given Ay (or vice-
versa).

To illustrate the nature of the solutions, Eq. (5) has been solved numerically, using a
coronal carbon model [4] for R(T), to obtain the relationship between the A; and Ay;
the results ate shown in Fig. 1, where the units are SI except for T' which is in eV. The
boundary condition as T — oo is T — 0, while at T = 0 the boundary condition is less
certain, and so results are shown for T'(0) = 0 and 1(0) = 0. The physical significance of
the boundary A, = 25(0) in Fig. 1 may be seen by deriving the following relation from
Eq. (4)=-

5(0)

= —(—. (6)
P(1-P[2)

where P = P4/ Pi, is the radiated power fraction. From Eq. (6) we find at a 100%

radiated power (P=1), that A; = 25(0). So the line A = 25(0) represents the limit at
which detached non-steady state solutions occur, possibly leading to a disruption.

L

3 2-D NUMERICAL SIMULATIONS

We have also solved Eq. (1) numerically, to obtain non-linear two-dimensional solutions,
T(r,0). Again pressure balance along the magnetic field and n o n; are assumed. In the
simulations the density is gradually ramped, producing the effect of increasing the radiated
power towards, and beyond, the MARFE threshold. Figure 2 shows the development of
a MARFE, which is triggered at P,o/Pi = T0% (for the coronal carbon model used),
and grows as further increases in density raise Pro¢fPin. In the absence of further density
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increase the final solution shown (¢ = 0.14s) is a non-linearly saturated steady state.
Comparisons of the radiated power fraction for MARFE instability show good agreement
between the numerical simulations and the linear theory presented in Section 2.

The poloidal extent of the MARFE in Fig. 2 is rather larger than the typically quoted
experimental result of ~ 30° [5]. We have found that by introducing a Pfirsch-Schluter
like poloidal asymmetry nto sy [ec (1 + afRcos )], that the poloidal extents found
numerically come into much closer agreement with experimental observation. Similar
results were obtained using the experimentally verified neoclassical poloidal asymmetry

in the density [6].

4 DISCUSSION

We have presented a new formulation for MARFE stability which clarifies the relation-
ship between parallel thermal conductivity, perpendicular thermal conductivity (or equiv-
alently radiated power) and MARFE instability.

To make a detailed comparison of experiment and theory will require careful modelling of
the impurity radiation, using for example a non—coronal equilibrium model [7]. However
to examine some potential experimental consequences of our theory we employ the trans-
formation R(T) — R(£T), which allows us to vary the peak radiation temperature (Tpeat).
The results for various values of Tpear (coronal carbon model) are shown in Fig. 3, with the
MARFE being unstable to the left of each curve. In this case Aj has been replaced by a
more experimentally relevant quantity, under the assumption that kj = 0.1m™! (R ~ 3m
and ¢ ~ 3) and that £ = ny (with x = 3m?™"). Likewise AL has been replaced by
the radiated power fraction (P) using Eq. (6). For given experimental conditions (P;, =
10MW and n = 5 x 10®m™3, say) an operating trajectory is defined as shown in Fig.
3 (broken line). It can be seen that as the peak radiation temperature increases so the
radiated power fraction (P), required to trigger the MARFE also increases (for given Py,
and n). This rapid change in MARFE stability threshold with Tp..x may account for the
observed differences in MARFE behaviour between Carbon and Beryllium limiter oper-
ation in JET [8]. With Beryllium MARFE's typically form at ~40% radiated power in
contrast to Carbon for which MARFE’s generally occur at ~100% radiated power, just
prior to a disruption [9].
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I. INTRODUCTION

Recently, there has been a strong interest in the stability properties of the internal kink
mode. This has been spurred mainly by experimental observations of sawtooth oscillations on
large tokamaks revealing unexpected features such as double sawteeth with partial
reconnection, fast crashes, and central g-values well below unity [1]. These observations are
all difficult to reconcile with the conventional Kadomtsev model in which the crash is triggered
by the resistive kink mode becoming unstable when the safety factor g falls below unity. The
theoretical understanding of the sawtooth activity is made difficult by the sensitivity of the
internal kink mode to several factors such as q-profile, pressure, resistivity, aspect ratio,
shaping of the cross-section, and even wall position. In addition, the internal kink in a torus
(with q > 1/2) is a rather weak instability and should therefore be sensitive to kinetic effects.

Here, we present results from a study of the resistive and ideal MHD properties of the
internal kink mode. Generally, we have numerically computed growth-rates as functions of
various parameters, using the full-resistive-MHD toroidal stability code MARS [2] and the
cubic element equilibrium code CHEASE [3].

II. INFLUENCE OF THE CURRENT PROFILE

A major uncertainty for the understanding of the sawteeth is the shape of the current
profile. Here, we restrict attention to circular cross-section with an aspect ratio of 4 and choose
two types of current profiles. One has uniformly low shear inside a certain radius r =1, =
0.4a, outside which the shear increases rapidly. The other has shoulders in the current proﬁlc
which produce locally low shear near q = 1, while the central safety factor qq is well below
unity. We refer to these as "low-shear” and "TEXTOR" profiles [1], respectively.

Figure 1 shows the low-shear current profile j = <jy>(r) (where r is a flux surface label
proportional to the square root of the enclosed volume). ’Phis current }’)\I‘Oﬁlﬂ is monotone, but
the shear % = (r/q) dq/dr has a slight local minimum at r = r = 0.4a, s(rp) = (0.03. The shear
does not exceed 0.032 in the entire region r < r,,. Profiles of this type may arise in sawtoothing
discharges if total reconnection occurs within 816 q = 1region, r <y, followed by neoclassical
peaking of the current during the rise phase [4]. We have considered a family of equilibria with
self-similar current profiles where we specify the g-value at radiusr =r,. For this family, the
central safety factor qq is related to qp = q(rp) by qp = 0.948q,,. It may be useful to think of
these equilibria as an approximation to the sequence in time during the ramp phase of a
sawtooth, with qg and q,, decreasing functions of time. Figure 2 shows the resulting growth-
rates for four different values of poloidal beta at the q = 1 surface (0.00, 0.05, 0.10, and 0.15)
at Lundquist number § = g/t = 106 (Fig 2a), 108 (2b) and 1010 (2c). For this g-profile, q,
= 1 locates the minimum shear (s = 0.03) at the q = 1 surface, and when dp is decreased below
unity, the q = 1 surface moves out into the region of high shear. For instance, g, =0.98 gives
§(q=1) = 0.22. In all cases shown in Fig. 2, a conducting wall is assumed at r =b=12a

We note from Fig. 2 that complere resistive MHD stability is very rarely achieved.
However, in many cases, the resistive growth-rates are small, and we are led to the conclusion
that a weak internal kink is stabilized for most of the sawtooth cycle by effects not included in
the model. A likely candidate for such stabilization is diamagnetic rotation. In present day
tokamaks, w./wy, is typically between 0.5 x 10-3 and 10-2, which is comparable to resistive

e
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MHD growth-rates of the internal kink. It therefore appears plausible that diamagnetic rotation
can stabilize the internal kink as long as its resistive-MHD growth-rate is not too large.

By comparing Figs. 2a-c for different values of S, we note a gradual change in the main
factor determining the growth-rate. AtS = 106, the growth-rates are mainly dependent on qp,
i.c., on the shear at the q = 1 surface, and are only weakly dependent on the pressure. This 1s
typical of the resistive kink mode. This picture is modified somewhat at § = 108 which
represents an intermediate case. The three lower curves in Fig. 2b (Byo = 0.00, 0.05, 0.10)
still show reasonably high growth-rates (about 2 X 10-3 wp) for a cuarrent driven resistive
mode, but for ﬁpol < 0.1, the pressure has only a weak influence on the growth-rates. For
Byol = 0.15, destabilization by pressure becomes significant. An interesting aspect of this
"pressure driven” instability is that it is clearly sensitive to the g-profile and its growth-rate rises
sharply when the q = 1 surface moves out into the region of high shear. Thus, although the
instability is pressure driven, it can be thought of as being friggered by the current profile.
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Figure 1. Low-shear current profile
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Figure 2. Resistive growth-rates for low-shear current profile and different Bpo

Much more clear changes from the low-S picture are seen in Fig 2¢ for § = 1010, Here,
the resistive growth-rates for Bpm =0.00, and 0.05 are rather small (a few times 104 w,) and
the pressure driven instability is clearly dominant. Comparing the growth-rates with those for
S = 108, we see that the pressure driven instability is essentially ideal. Thus, it appears that as
S is increased, the linear instability leading to the sawtooth crash becomes more and more an
ideal, pressure driven instability. However, this ideal mode is sensitive to details of the current
profile and can be triggered by a slight shift in the g-profile. In fact, the variation of the
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_rate with @ at high S and not-too-small B, is more pronounced than for the resistive
1%:-1?!? $o?;eat lowq- » Figlgu'e 2c also shows that the critical B for ideal stability is rather low,
about 0.1 for this current profile. We have obtained results similar to those in Fig. 2 for a
current profile with twice the shear in the central region. In this case, the resistive mode at low
pressure gives somewhat higher growth-rates than the low-shear case shown in Fig. 2.
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5.0e-3 0.1
g
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Figure 3. TEXTOR current profile
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Figure 4. Resistive growth-rates for TEXTOR current profile and different ﬁpa{

We have also computed resistive growth-rates for a current profile of TEXTOR type, as
shown in Fig. 3. The shoulders in the current profile were adjusted so that the shear has a
0.44a. In this case, the global shear in the central region is
low unity. Figure 4 shows the growth-rates for different S-
1, 0.2, and 0.3. In general terms, the behavior is similar to that for
the low-shear profile, but the TEXTOR profile supports about twice the pressure before

minimum of about 0.034 atr=r,
strong and qg = 0.634q16is well Bc

values and fpq = 0.0,

becoming ideally unstable.
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III. WALL AND SHAPING EFFECTS

Although the displacement of the internal kink mode is mainly localized to the region
inside the q = I surface, the magnetic perturbation outside q = 1 is not small and it is important
for the mode stability [5]. Numerically, we find that the ideal stability boundaries are strongly
influenced by wall position when the q = 1 radius is sufficiently large and the aspect ratio is
low. As an example, Fig. Sa shows growth-rates for the ideal internal kink as a functions of
B at q=1 for a sequence of circular equilibria with ry_;/a = 0.6 and edge q between 2 and 3.
pro different wall positions have been considered: b/a = 1 (fix boundary) and b/a = 2 (free
boundary). For this equilibrium, we find that the difference in marginal Bpg between the fix
and free boundary cases scales as the square of the inverse aspect ratio, as expected from large
aspect ratio theory. At low aspect ratio, the wall position plays a significant role; the marginal
for free boundary stability is only about half of the fixed boundary value for R/fa=2.7. When
the edge q is raised above 3 for the circular equilibrium, the influence of the wall position is
weazk and not of practical significance.

In the case of shaped cross-section and a large q = 1 surface, the wall position has a
more dramatic influence. An example is shown in Fig. 5b for JET-shaped cross-section with
elongation k = 1.7 and triangularity 8 = 0.3. The aspect ratios are A = 3.5, 6, and 10,
respectively, and rg-; = 0.6a and qg = 0.7 are held fixed. The edge q varies with aspect ratio
but remains between 3 and 4. For this equilibrium, the wall has a strong influence independent
of the aspect ratio. Note that for A > 4.5, the equilibrium is free-boundary unstable even at-
zero beta. This, too, is in agreement with large aspect ratio theory, as W contains stabilizing
terms o< (rqzlfR)2 and destabilizing terms == (x-1)2. Thus, at fixed ¥ > 1, large aspect ratio
theory predicts instability even at zero beta when the aspect ratio is sufficiently large.
Triangularity has a stabilizing influence, but for JET geometry and the g-profile used here, this
stabilization is insufficient to compensate for the destabilization by ellipticity.

1e-2 8e-3

i v

5e-3 4e-3

50 01 02 03p 04 0400 0.1 02 p_ 03

Figure 5. Ideal growth-rates for free and fixed boundary at different aspect ratios.
Free boundary is indicated by open symbols. (a) Circular and (b) JET cross-section
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COMPUTING THE DAMPING AND DESTABILIZATION OF
GLOBAL ALFVEN WAVES IN TOKAMAKS

W. Kerner, S. Poedts*, J.P. Goedbloed™”,
G.T.A. Huysmans**, B. Keegan, and E. Schwarz®

JET Joint Undertaking, Abingdon, OXON., OX143EA, UK
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The role of ideal MHD in magnetic fusion is in the first place to discover magnetic
geometries with favourable equilibrium and stability properties. Non-ideal effects cause slower
and weaker instabilities leading to enhanced transport and often to violent disruptions.

MHD spectroscopy, i.e. the identification of ideal and dissipative MHD modes for the
purpose of diagnosing tokamaks and optimising their stability properties, requires a numerical
tool which accurately calculates the dissipative MHD spectra for measured equilibria. The new
spectral code CASTOR (Complex Alfvén Spectrum for TORoidal Plasmas), together with the
equilibrium solver HELENA (1, provides such a tool. In CASTOR, the fluid variables p, v, T,
and b are discretized by means of a combination of cubic Hermite and quadratic finite elements
for the radial direction and Fourier modes for the poloidal coordinate. The equilibrium in non-
orthogonal flux coordinates , 8, ¢ with straight field lines is computed using isoparametric
bicubic Hermite elements, resulting in a very accurate representation of the metric elements.
Finally, for analysis of JET discharges the equilibrium solver HELENA is interfaced with the
equilibrium identification code IDENTC(D).

All quantities are expanded around an axisymmetric equilibrium (3/9¢ = 0) in the form

f(r,) = fy(s,0) + eMelnd fi(s,0),  with s = iy, . ()

Here, A is the eigenvalue. The imaginary part of A corresponds to oscillatory behaviour, while
a negative real part yields damping and a positive real part yields an exponentially growing
instability. With resistivity 1, the equations for the perturbed density p, velocity v, temperature
T, and vector potential a in normalised units read

Ap  =-V-(pov), (22)
Apov = - V(ppT+Typ) + (VxBg)xb + (Vxb)xBy - V-11, (2b)
ApoT = —pgv'VTy - (y-1) pgToV- v, (2c)
Aa = vxBy-1myVxVxa, where b = Vxa. (2d)

:I‘he pressure tensor IT contains the influence of the anisotropic bulk plasma and of the energetic
ions interacting with the fluid. The latter requires the solution of the linearised Vlasov equation
for both trapped and passing particles yielding a complicated dependence on A.
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In the absence of particle effects, the resulting generalized non-symmetric eigenvalue
problem A x = A B x with block tridiagonal matrices A and B is solved by means of different
algorithms (QR, inverse vector iteration, Lanczos) which produce the complete spectrum,
single eigenvalues, or branches of the spectrum in the complex A-plane, respectively. The
structure of the code allows for easy extension with other dissipative terms, e.g. viscosity and
thermal conductivity.

Resistive spectra for tokamak plasmas with elongated cross-section have been calculated,
The central role played by the Alfvén branch is stressed. Global Alfvén modes are closely
related to the ideal Alfvén continua. Owing to their global nature these modes can easily be
destabilised by energetic particle effects such as fusion-born o.-particles. On the other hand,
these global Alfvén waves are expected ta experience damping by phase mixing through
coupling to continuum modes, similar to the quasi-modes discussed in Ref. [2]. This damping
is especially pronounced for non-uniform density profiles.

CASTOR is used for studying quantitatively the damping of toroidal Alfvén modes. Since
the continuum modes are dominated by their singular behaviour at specific flux surfaces, the
corresponding sub-spectra are obtained by solving a reduced eigenvalue problem Ax =2 B x
on each flux surface. This decoupling with respect to the radial dependence is achieved by
taking into account the fact that the tangential components of v and b are more singular (~ 1/s)
than the normal component (~ In s). A circular cross-section equilibrium with aspect ratio A =
2.5, the safety factor increasing from qg = 1.05 on axis to g, = 2.3 at the plasma surface and
with a small pressure, has been analysed. First, we have reproduced the results of Ref. [3] for
uniform density. For a toroidal wave numbern=-1them=1and 2 continua interact thereby
producing a gap in the continuum around s = 0.8 where g = 1.5. In the cylindrical limit this
coupling vanishes producing two independent continua for m =1 and m = 2. In addition,
inside the gap a global Alfvén mode exists with large m = 1 and m = 2 components. Obviously,
this mode does not couple to continuum modes and, hence, does not exhibit damping.

Next, cases with a more pronounced mode coupling and exhibiting damping are
examined. The density profile is chosen as

pis) = 1-(1-D)s* (3a)

with D = 0.05. The mode numbers are chosen as n = - 3 and m = 2, 3, 4, 5, and 6. The
corresponding continua are displayed in Fig. 1a. It is evident that there are gaps in the continua
extending from Tm A = 0.40 to 0.59 near s = 0.47 (m = 3 and 4), from Im A =101to 1.08
near s = 0.67 (m = 3 and 5), and from Tm X = 0.35 to 0.74 near s = 0.78 (m = 4 and 5), etc.
These gaps are due to toroidal effects coupling continuum branches with different poloidal
wave numbers m and m' at the surfaces q = — {(m + m')/2n. In addition, the total ideal MHD
spectrum in the range from 0 < Im A < 2 is shown in Fig. 1b. Due to the finite numerical
resolution, continua show up as closely spaced discrete eigenvalues. Two global toroidicity-
induced Alfvén eigenmodes(3] are found with a frequency inside the gaps, viz. Im A = 0.44 and
0.54, corresponding to the toroidal coupling of m = 3 and 4 harmonics dominant around s =
0.47 and to the coupling of m = 4 and 5 harmonics dominant around s = (.78. The latter one is
shown in Fig. 2. Both normal modes experience coupling to a continuum m = 6 mode localised
near the plasma boundary. The damping of the two global modes inside the large gap is quite
small, viz. 8 = |IRe & /Im Al = 10-2. In Fig. 1b the gap just above Im A = 1 is also visible with
an eigenvalue inside.
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In ideal MHD the damping is, of course, zero and the singularity is represented in the
limit of increasingly finer mesh as 1/A,, where A; is the spatial resolution across the singular
surface. The physical significance of this is revealed by introducing the Landau contour in the
complex A-plane for performing the Laplace transform or by introducing damping in the
system, e.g. resistivity, as done here. The physically correct damping is found in the limit of
asymptotically small 1, where & becomes independent of the resistivity as shown in Ref. [2].
Much stronger damping is found when all Fourier harmonics couple to the singularity, as
shown in the eigenfunction of Fig. 3. This corresponds to a global mode inside a small gap due
tom = 2 and 3 coupling at the q = 2.5 surface computed for a slightly different equilibrium with
larger pressure (B =1 %). The damping, forn=-1and m =1, 2,3, 4, 5, is found to be 6=
49. These findings reveal that the damping of the global Alfvén modes can significantly vary
according to the weight of the singular part in the overall global eigenfunction.

The damping of the first case is enhanced by slightly changing the density to

P = [1-(1-D)s’ (3b)
with D = 0.01 and the safety factor on axis to gy = 0.8, so that m = 2 and 3 couple on the q =
5/6 surface and m = 3 and 4 couple on the q = 7/6 surface. The gap structure is displayed in
Fig. 4. Two global Alfvén modes are found with Im A = 0.64 and 0.89, respectively. These
modes couple strongly to the continua at positions and with wave numbers being evident from
Figs. 4 and 5. For the mode in the m = 3 and 4 gap the m = 3 component is singular at s = 0.78
and the m = 4 and 5 components on the outside of the plasma. In both cases the damping is
about 6 = 1 - 2%.

Clearly, the analysis can be extended to tokamaks with a non-circular cross-section such
as JET. A general result is that the mode coupling is enhanced. For interesting configurations
ten and more Fourier harmonics contribute to the eigenfuncion. This leads to a complicated
structure of the continua and associated gaps in it. This makes the numerical identification of
global modes and their damping with resistivity more elaborate. It is emphasised that this
damping is in the order of 1 - 5%.

The effect of energetic fusion-born o-particles on the marginally stable ideal MHD mode
is twofold. It can act stabilising and destabilising according to Landau damping or inverse
Landau damping [ 5], In order for this resonance condition to be satisfied the parallel fast ion
velocity has to exceed the Alfvén speed v > va (= 107 cmy/sec for o-particles with 3.5 MeV)
and, secondly, for destabilisation that the diamagnetic frequency exceeds the Alfvén frequency
s, > Wa. In JET, these conditions are met by lowering the magnetic field to about 1 T and by
appropriate off-axis heating, In the next step the response of the o-particles on the pressure
tensor will be included in CASTOR. This changes the eigenvalue problem to a non-linear one
which is solved by a Newton iteration scheme. By incorporating the eigenfunctions from the
above normal-mode analysis approximate solutions should become attainable.

[1] G.T.A. Huysmans, J.P. Goedbloed, and W. Kerner, Proc. Europhysics 2nd Intern. Conf. on Computational
Physics, Amsterdam (1990) .

[2] S.Poedts and W. Kerner, to appear.

[3] C.Z.Cheng and M.S. Chance, Phys. Fluids 29 (1986) 3695.

[4] G.Y.Fuand J.W. Van Dam, Phys. Fluids B1 (1989) 1949,

[5] C.Z.Cheng, Princeton Plasma Physics Laboratory Report PPPL - 2717 (1990).
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DISPERSICN RELATICNS FCR GLCBAL ALFVEN MCDES WITH m>>1

0.K.Cheremnykh, S.M.Revenchuk

Institute for Nuclear Research
of the Ukrainian Academy of Sciences, Kiev-28, 252028, USSR

Spectrum of global Alfven modes (GAM) is of great inter-
est in connection with both Alfven wave heating of plasmas in
magnetic traps and studying of various instabilities excited
by high-energy particles. The present report is devoted to
the investigation of spectrum of GAM with large poloidal
wavenumbers m »1. These modes are localized in radial coordi-
nate in a vicinity of the point 03 where Alfven frequency

takes the minimum value:
/

‘”a\ =~£. )
a=4a,

Here QA - k”CA 5 k“ is wavenumber in the direction of magne-
tic field, QA is Alfven velocity and the prime means the
derivative with respect to the radial coordinate @ . Small
oscillation equation for the GAM under consideration with the
frequency W has the form [1,ﬂ B

A REIC) ST

= — — r: g
Q" m-ng . a*

a-=a° =10,

A
A= al [1- w’f/w:(ao))) "= a2/’

L~ Asm (2 MZAZ a{'
, s

(3)

ot
X is radial displacement of plasma column, % =(4-%&)/A 1§ is
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safety factor and n is azimuth wavenumber.
The problem of GAM spectrum determination is reduced to

the procedure of finding of eigenvalues G of Eq.(?) supple-

mented by the following bouncary conditions,

X\ =

— % oo

Using the change of variables,
y shz X =(cl1»2§1f1‘£"@)‘ ()
we reduce Eg.(2) to the standard form of Schrfdinger equation:
(Fe/8") + LE-Ul)JE =0 (5)

with the potential
, -2 _
Uk = \TZLC,LQ;L + (;lcbe) (6)

and energy
E =G - 1/4, (7
How GAM spectrum is determined by energy levels in the
potential well (6). Since the potential U(z) is positive
always, the energy levels are realized for positive values of
energy E only, i.e. if the inequality
&4 (8)
is satisfied. It follows from kq.(8) that considering GAM may
exist in presence of magnetic field shear only.
An analysis of Eq.(6) shows that the potential well takes
two qualitatively different forms:
(a) If r ;'ﬂi, the potential U(z) takes minimum value
Tl = T /4 at the point z=0 and increases monotonically
with increasing of \z\.
(B) If 0«1 £ Vl , the potential U(z) has local maximum
at the point z=0C and two minima (J(iﬁg)’i U at the points
xz,= ol (1/{E).
GAWM spectra of two types correspond these two forms of
the potential well. Une of them ccnnected with the potential
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well of the form (a) describes the modes with frequencies,
which are sufficiently away from Alfven continuum edge. The
existence of this spectrum has been predicted by Appert et al.
[j) gnd it has been analized by Mahajan et al. [2]. Near the
bottom of the well the shape of the potential (a) only weakly
deviates from the parabolic form, which is characteristic for
an oscillator. This fact suggests that at least lowest energy
level (N=C) differs slightly from the corresponding level of
anharmonic oscillator. Expanding the potential (6) into
Taylor series in the vicinity of the point z=0 up to the
terms of order of 24, we obtain the following dispersion
relation for the mode N=0,

o VR L e O T (9

from the solution of the standard problem. This relation des-
cribes correctly the ground level in plasma parameters region
Gz1/2.

We note that the dispersion relation Eq.(21) in Ref. (2]
obtained for the lower numbers N may be used in fact for des-
cribing the ground state with N=0 and (I > Fa > only. For
this limit case the dispersion relation by Mahajan et al.
coincides with Eq.(9).

Higher energy levels condense due to strong anharmonici-
ty of the potential (6), which has been neglected in analysis
of the ground level. Using WEKB-approximation, we obtain for
the levels N 21:

2 2 (@*‘/ﬂl N+ Y2)a
= (%) rETe QXF{‘%QT/%TZ]. (10)

In the limit G»1 Eq.(10) coincides with Eq.(23) of Ref.[2).
The potential (b) has a form of two symmetrical wells
separated by a barrier. Here GAM spectra of two types may
teke place. First of them exists, if (<12 and G<1/2, and
it is placed near the bottom of both wells. This spectrum

e ]
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describes GAM with the frequencies lying near the edge of
Alfven conbinuum. In the case of infinitely wide barrier the
energy levels for both wells would be the same. The finitness
of the barrier leads to a splitting of each level into two
ones. These modes are described well in the framework of WEKR-
approximation and satisfied the following dispersion rela-
tion,

o oG, oz o ol (T )
) F GO

= (11
e

The spectrum of the second type for the potential (b) exists,

if G21/2 eand [ <42 , and it is placed over the barrier. It

coincides with the spectrum for the well (a), whicbh is deter-

mined by the formulae (9) and 1a).
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STABILIZATION EFFECTS ON TOROIDICITY INDUCED SHEAR ALFVEN
WAVES IN TOKAMAKS

H.L. Berk, Z. Guo, D.M. Lindberg, J.W. Van Dam
Institute for Fusion Studies, Austin, TX 78712, U.S.A.
M.N. Rosenbluth
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From results from both theory (1,2) and experiment (3,4) there is concern that
the Toroidal Alfvén Figenmode (TAE) will be excited in an ignited plasma and cause
anomalous radial loss of alpha particles. In calculating the TAE frequency, additional
Alfvén resonances can arise at a mode’s periphery even though a basic gap structure
is present, as illustrated in Fig. 1. The resonance at the periphery can be explicitly
accounted for using causality arguments which allows an analytic continuation solution
that leads to damping. The damping is found to be sensitive to the density profile and
detailed parameters. Typical damping rates —y/w found for the n = 1,m = 1,2 modes
for the density profile

-1 +2A1)

_N(r) _ Hexp( 27,
olr) =

>t exp [((g)z ik mi) /2/_\2]

with Ay = 0.2 and A; = 0.05, and a ¢-profile ¢(r) = 1+ (¢(a) — 1) r?/a?, is shown in
Fig. 2. Typically, —v/w varies from 1-3% depending on the details of the profile. This
should be compared with the alpha particle drive prediction for the growth rate 7, (in
the absence of other dissipation mechanism). In Fig. 3 «,/w is plotted as a function
of wy,/w, based on a formula that accounts for alpha particle banana effects in the
equilibrium (5) and uses a slowing-down distribution function. If only alpha particle
drag is taken into account in the alpha particle distribution function, one finds for the
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n=1,m=1,2 mode,

Yo o 12T 5 L7 kg 18

Yo 0 g oy H(1—5a4) {[1 24 (6 —dzq —32h)] T - L+ aa(l - ;g-_,,)]} (1)
w 32 I w H

where

B  Ean Ny
3, = L . N. 7. )
o= B B T (V) (ool

4 =valr =7g)/vao

where [ is the background plasma beta, a0 the birth energy of an alpha particle,
(N. 7.} the slowing-down parameter that only depends on electron temperature, {ov)
the fusion production rate that only depends on ion temperature, Ny, and N, and N,
are the deuterium and iritium and electron densitics respectively (Ng Ni/NZ < 1/4),

a0 -1
Trg Maweala? o

Wiy = = 381- In 3, and H(z) a step function. The curve in Fig. 3

T=T
explicitly uses T, = I; = T. At T = 10KeV, B = .03, lon scattering is also taken
inta account in the figure which produces a small correction to Eq. (1). Tt turns oul
that Fig. 3 can be used for nominal values of TFT'R, CIT, and ITER; the only sensilive
parameter is the meaning of w? fw which hecomes:

150/, (TFTR)
7 =4 08a/ta (CIT)
o o 0.6a/t, (ITER)

Wik 16Gp,,

~
~

with p, the alpha particle Larmor radius. Comparing Figs. 2 and 3 we see that a several-
percent relative particle growth rate for n = 1 will normally be stabilized by dissipation
from the Alfvén resonance. Such a dissipation mechanism would also be consistent with
the instability threshold observed in experiment (3) which is an order of magnitude
higher than the threshold predicted from bulk Landau damping.

In order to obtain analytic insight into the TAE mode, we have developed an asymp-
totic matching theory that in principle can be applied for arbitrary n-number. For ex-
ample for n = 1,m = 2, the cylindrical eigenfunction satisfies the equation for the mode
amplitude Fqexp(ing —im —iwt)

;- 5 oy dfos ; . .
— 3 g =13 == —r(m’ — 1 O = 4+t = Iy
dr (y( ) ‘) dr L ) (‘(’,(]) ’) dr dr
with 02 = w? B2/0%, with v4e the Allvén speed on axis, Ry the major radins, and
! af Ao I :
k2 = (1 —m/g(r))". Yor Q% = ég(:g) = {22 where k{ry) = ki(r,), this equation has a
singularity at the gap position r = ry where 0F = k2(r,)/g(r,). Choosing % = Q2 the
cylindrical equation, given by (2) can be solved for the outer structure of the eigenmode

which salisfies the bonndary conditions at v = 0 and 7 = a. A unique discontinnity

= (Fa(r o Y O (1 st Ve aqsed b o= 0 S .
A = (Falry) — Ealr))/Calry) must be used at r = r;. This discontinuity can I.)(,
matched in a continuous way using the toroidal coupling with a slight frequency shift
as indicated by the dotted curve in Fig. 4. A global dispersion relation, in terms of the




F25 Iv-99

discontinuity parameter A can be obtained, and one observes that the eigenfrequency
(92 — Qy)Ro/a is a finite number as /Ry — 0. The asymptotic nature of this result is
confirmed in numerical shooting code results that duplicate the asymptotic method as
af/Ro — 0, as seen in Fig. 5.

This method can be generalized to arbitrary (m,n) coupling. Space limitations here
precludes a detailed discussion. Further details are given in the poster.
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Figure Captions

Fig. 1 Example of mode with gap in center of plasma and Alfvén resonance at the
edge (the resonance arises because of the intersection of the mode frequency given by
horizontal curve with the rising m = 2 curve near rfa = 1).

Fig. 2 Relative damping rate —y/w for a density and g-profile given in the text as
a function of the edge g-value, g(a). Multiple roots are found for certain g-waves as
indicated on the graph.

Fig. 3 Relative growth rates produced by alpha particles in optimum D-T mixture as
a function of wg,. At 10KeV for a plasma beta value is 3% at the gap position. At
increasing temperature the solid curve is for the same density as the 10 KeV case, while
the dashed curve is for the same beta.

Fig. 4 Schematic asymptotic matching of the toroidal eigenmode to cylindrical eigen-
function with a discontinuity at the gap position.

Fig. 5 Comparison of asymptotic prediction of eigenfrequency in limit a/R < 1, to
results of shooting code for a/R finite. Result extrapolates exactly to the a/R — 0
limit.
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STOCHASTIC NATURE OF ICRF WAVE-PARTICLE INTERACTION

P. Helander, M. Lisak and D. Anderson

Institute for Electromagnetic Field Theory
and Plasma Physics

Chalmers University of Technology

§-412 96 Géteborg, Sweden

ICRF heating of minority ions has proved very successful in Tokamak ex-
periments, but the detailed physics of the heating process is not yet fully
understood. As the RF wave and the particles interact, energy is exchanged
and the particle orbits are perturbed. As a result, the trajectories may, if the
wave amplitude is large, exhibit stochastic behaviour, even when collisions
are absent. The ions then diffuse in velocity and coordinate space, giving
rise to heating and particle transport. Since the electron temperature
usually is very high during high power ICRF heating, ion-electron collisions
are relatively infrequent. RF power absorption by energetic ions therefore
depends on whether collision-free stochastisation of orbits occurs or not. It
is therefore of interest to determine the threshold in wave amplitude for the
onset of stochastic motion of the ions. Earlier works treating this problem!-3
rely on the assumption that the particle orbit width is small in comparison
with the distance to the magnetic axis. In present-day experiments particles
are heated to energies of several MeV and tend to move along very wide
banana orbits. The present work fully incorporates large orbit width effects.

Unperturbed motion

Consider the motion of a charged particle in an axisymmetric, large-aspect-
ratio tokamak with concentric flux surfaces. Since the motion is integrable,
there exist three constants of motion, e.g.

I = ¥R, - ViR

L= viR- v'R,

L=y- vwR (1)
where R¢ and R denote the distances from the magnetic axis and the particle

to the axis of symmetry, respectively, vy and are the components of the
particle velocity v and y is the flux function

rog | ag
2 L g ey
Here r denotes the distance from the particle to the magnetic axis, w¢ is the
cyclotron frequency and q=rBy/RBg is the safety factor, here s~sumed to be
roughly constant.
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From eqs. (1) we obtain the equation for the guiding centre dnit surfaces

2
LR+ (y-1
R+ 206 (w-13)

I Il (2)
which intersect the equatorial plane of the tokamak whenever
R{y) =R £r(y) (3)

This is a quartic equation in W having four roots (Wi, W2, W3, W4) of which are
always real, the others possible complex.

The solutions to the equations of motion are conveniently expressed in terms
of these roots. In the case of two complex roots we find

_ (V844 T) + (WS-, T) en(@yL, X)

HEk= (S+T)+ (5-T) cn il e
$% = (Y- W) (W -Ya)
T2 = (g Ya) (Wo—iq)
. VST
®o = 2qR,
2 () - 6-T)
K= 45T
and in the case of four real roots
(W3-W2) + Wlyi-s) st )
W= Y {Wa—Wa) + Yaly Vs )

(W3=2) + (W —Wa) sn (@l k)

1
W, = —— f W1~V (W3—2)
AqR,

c

2 (W= V(W vs)
e m— > 1
(W= Wa)(Wa—Wa)
At sufficiently low energies, the former solution describes the motion of
trapped particles, the latter that of circulating ones.

Wave-Particle Intferaction
If an elliptically polarised ICRF wave is present, the integrals of motion I=(Iy,
Ip, I3) are no longer constant bur vary in time. Their time derivatives can be
determined by averaging the equations of motion over the unperturbed
Larmor rotation. The result is
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d, 2 k —
Lo 20 (1 S, 3, 0,00 + B Ty cos 6= AT, cos

e o
dl Zev, kv e
2= R (1= =5 )~ Re By Tokip) + E_okp)] cos 9 = AT cos 6 |

dlg ek"R

== = [E. J(kup) + E_T;(k;p)] 1 cos 0 = ALy cos ¢ i

where E; and E. denote the amplitudes of the right-hand and left-hand
polarised electric field components, respectively, kj and k; are the parallel
and perpendicular wave vectors, p is the Larmor radius and o is the angular
frequency of the wave. ¢ denotes the phase difference between the Larmor
rotation and the wave

b= _[ (0~ + kyvy)dt (6)

Nonadiabatic interaction takes place in a resonance zone, where the ion
cyclotron frequency is close to the Doppler shifter angular frequency of the
wave so that ¢ = 0. At resonance the invariants I rteceive nonadiabatic
changes computable by means of the stationary phase method

Al= AL %cus(q)i%)

Between resonances particle motion is essentially unperturbed. The phase ¢
evolves according to eq. (6) where

. mc(Rc) Rl: _ W(i}“ 13 (7)
o) = ETTOR i) = R,

with y(t) as in eg. (4) or (5), and I is approximately constant. This leads to a
set of finite difference equations governing the evolution of I

Thy=I, A-I_ iTT cos(b, £ n/4)
(®)

One1=9n +ﬁmffﬂ+ku"u)d‘

An approximate criterion for the onset of stochasticity in mapping equations
like (8) is that the stochasticity parameter

90n41
- 9
o ®

s

K= |
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exceed unity?. In the present case

2 Jw, BVHJ
K= -',-_"—AI' Eempiney k e Cl 10
AVAH |j(a1 +kj 5 il L

where the derivatives with respect to I may be calculated from egs. (3), (4),
(5) and (7) and the integration can be performed numerically.

Conclusions: The requirement that K > 1 far any of the resonance crossings
leads to a threshold in the electric field amplitude E (rj;, which has to be ex-
ceeded in order for the ions to move stochastically. In fig. 1 Egrip is plotted
as a function of ¥ = vy/v for a 200 keV He-3 ion with r = 30 e¢m in JET.
Trapped particles, which have -0.36 < 3 < 0.29 are seen to be much easier
stochastisised than circulating ones. At the trapped-passing boundary an
arbitrarily weak wave field is needed for orbit stochastisation.
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THE INFLUENCE OF ELECTRCNS HEATING ON THE
MAGNETOPLASMA SURFACE WAVES FPRCPAGATION AT
THE PLASMA - METAL STRUCTURE

N.A.Azarenkov , K.N.Ostrikov

Zharkov S5tate University , Kharkov ,3I0077,USSR

The study of nonlinear effects in plasma-metal structu-
res nowadays is of considerable fundamental and practical in-
terest.This interest is due to the fact that such structures
are often formed in gaseous plasmas and their study is necce-
sary in connection with the problems of plasma confinement
( limiter in tokamak [ I]),impurities ( divertor [I] ) and
probe measurements in plasma. They may also occur under plas-
ma or laser prosessing of metals as well as under movement of
artificial satellites in ionosphere.In such structures the
existence of surface ( located near the interface ) waves
( SW ),propagating across the external magnetic field is pos-
sible [2] . The phase velocity of the SW is usually much less
compared with the light velocity and a behaviour of such wa-
ves becomes sufficiently nonlinear under relatively small am-
plitudes. Note that nonlinear properties of the SW considerad
may be due to several nenlinear mechanisms. In our previous
works fS 5 4] the influence of nonlinearity,which is due tco
nonlinearity of the basic set of Maxwellian equations and
quasihydrodynamic equations , on the SW propagation was studi-
ed ., The aim of the present report is to study the influence
of nonlinearity which is due to electrons heating in the high
frequency SW field on magnetoplasma finite amplitude SW pro-
pagation at the plasma - metal structure .

Consider semi - infinite plasma occcupying the half -
space L >0 and bounded at the plane L'= O bymi@ﬁm
conductive metal surface. The external magnetic field }{0
is applied parallel to the boundary at 55 directigﬁ: We are

interested in study of the 8SW , propagating across }{0 { along
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Y axis )} at the plasma- metal boundary. SW_frequency sa-
tisfies the following inequality (J >>V > Y , where
Q-i is the characteristic time of collisional electron
impulse variation and I\‘)J-i is the characteristic time of
collisional electron energy variation . We take into account
electrons heating in the SW field , which leads to variation
of electron collisional frequency. This results in variations
of electromagnetic properties of plasma.

Electrons heating in the 5W field is assumed to be weak,

so electron temperature can be written as e =T e/ .
6’<< T , T is the electron temperature in the ab-
sence of the SW , e is a variation of electron tempera-
ture due to the action of the S electromagnetic field. Col-
lisional frequency as a function of electron temperature

can be presented as follows

9(9)=x>(‘1')+'59(x)5,l€|2), (1)

where E\)(X,j,lE]'z)::%\pe—(g) 6=T Qf(x)‘:j)lElz)« ))('T'),

The dependence of collisional freguency ‘\) on X and \j

coordinates is due to two -~ dimensional character of the SW
field pattern.

To describe an influence of electrons heating on the SW
propagation we start from quasihydrodynamic equations for
high - freguency electron motions with collisional frequency

'Q taken in the form { I ) and Maxwellian equations for
S electromagnrtic fields . We also used stationary energy
balance eq/uation [5] to obtain the electr;m temperature va-
(X,H)lEla) . When calculating £ (X,t{,iEiz) we assu-

med a temperature dependence on the SW electromagnetic field

riation—e

amplitude to be local. This is valid when the effects of
heat ccnduction may be neglected.

After the solution of the above menticned equations ,
using boundary condition EIH(T‘-’O):O , where E\j is the
tangential component of the BYW electric field , we obtain the

following nonlinear dispersion egquation
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D(W,C,) + i Re Q|EVZ exp (—gyc’z’fg‘) -

Iin!EiZEXP(—Z\Q”HdI)=o) TE
where -_D (COJ Kz) is the linear dispersion equation of the
gW considered [27, Y,= K;+i_]t‘£’ ig the 8W wavenumber ,

Re @, = SE (WM W) (£))% (£, 2%(O) | (M)
Bmc(ewt-wf)? (g)*R1g]] 26 v 5(r)
Im Q= £02% (co22+ W3) §2’ 9(e)| N(T) {Qﬁngx
o 2me(w?-w2) \//3..9_1(5:)3/2 20 IT5(T) | 4€]
1 ((eH2 n2y &g "2 727
x{asg (( z)”s(eil)l) v (13~ 5] + 20,00]
S/-8x(1-98/748))1% |
(,Oe_ 3 _Qp_ are electron cyclotron and plasma frequencies ,

o 14
@ , M are electron charge and mass , 81:811-!.51 "
%
&, :82’-“'_52/ are collisional magnetoactive plasma dielect

2

ric tensor components,respectively.linear dispersion equation
D(LD) ¥, ) includes linear collisional damping. Terms,pro-
portional to Re Qi and Im Q‘l are due to nonlinear dam-
ping and nonlinear frequency shift of the SW considered ,res-
pectively.One can see from ( 2 ) that nonlinear damping dec—
rement and nonlinear frequency shift decrease with the inc-
rease of the distance from the source of SW excitaticn(4=0)
Numerical estimates show that the condition of a weak
electrons heating approximation 9"44 F in a dense plasma
( QS/COQL o ) does not give more strict restrictions
on the 5W amplitude values than the condition of a weak non-
linearity approximation M<K 4, where _]V':V;:/Lvi;h (VE
is the characteristic electron oscillation velocity in the
field of SW , _Vph is the 8W phase velocity ) .So ,when
plasma density nONICJIg sm—5 5 :H-o.«v I kQCe ,parameter J“(
value 0,I cerrespends to 59 zrplitude value E ~ T kV / em.
Such field amplitude values may be produced in experiment.
More detailed investigations were carried out in the
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frequency range LOf’({ (JQ2<< u)é ,where Ci.)z is the low hyb
rid frequency. Since wave field amplitude decreases with H n
we study nonlinear damping and nonlinear freguency shift nea
the source of the 53 excitation sc as to estimate maximally
poessible effect of electrons heating cn the £W prepagaticn,
Taking temperature dependence of electron ¢cllisional frequ-
ency in the form 'Q(EQ)A’E9_.5 2 which is appropriate for
completely ionized gaseous plasma,we conclude that SW colli-
sional damping decreases in compariscn with linear approximsa-—
tion.In this case ncnlinear freguency shift is positive in
the whole freguency range of our interest and leads to an in-
crease of the SW phase velocity.This result is in contrast
with the results of [5] , where the influence of nonlineariti
cs which are due to nonlinearity cf the basic set of equati-
ons was snown to lead to the SW phase velocity decresse.Nume-
rical estimates show that presented nmonlinear SW self-interac
tion mechanism can be predominant only near the source of the
SW excitation due to its exponential decay exP(HQ_K;/[jU_
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ON EXISTENCE OF SOLITARY DRIFT WAVES
IN THE PRESENCE OF INHOMOGENEOUS ELECTRIC FIELD

Smirnov A.P, Shelna E.A.

Lomonosov Mescow State University, Moscow USSR

1. There are many papers devoted to the questicn of
existence in 1iquid, aitmosphere and plasma localised running
vortexes wnich play important role in the substance ana
energy transrer. For example, in Rer.l drift waves described
by the egquaticn

2 5
(w- Aw, + W+ M7 = Ja,Au), 1)

are considered In  magnetlzed plasma. In Eg.(
Jlp,T) =9 I - “I", u=wx,y,t) =edT , & - the electric
=

notential, T - the electron temperature, 2n =& In I/8 1n n,
n - the plasma density, length 1s normallzed to Tro4s time -

o 1/w,. w, - 1lon rrequency. 0 axis is perpendicular tc the
i i

magnetic field and the plasma density gradlent. It 1s shown
in i1] that this equation has the sciutien In the <form of
golitary wave which moves with constant prorile.
In this report we study the question oI existence oI
analogous vortex in the presence or eleciric rield derfined
oy the potentlal ¢(y). This mathematical model also des-
oribes vortexes in the shalilow rotating iiquid on the back-
around or zeonal riow [2). It 1s shown on the basis of theo-
ems (3] the existence of exponentlally decreasing voriex oI
monopol type on the banxgrouna ol Inhomogeneous electiric
field satisfying some conditions. These waves move perpendi-
cularly to the plasma density gradient and the magnetvic
Tield. The results presented in this report are *llustratea
by numerical calculations of innumogenuous rield and vortex
derined by 1t.

2 W 3 n)'l.r Eatal tho anIntinm nT (1) n The FAarm AT
Vs look tor the sciution or (1) 1h the Iorm ol

=Tel ] e mroTrs 2 T ~ i

gclitary wave ¢(x - at, y) with smooth profile ¢(x,y)} under
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satisries following conditions:

o "
ot 3 5 | Pp'e
R"'(1) €0 1n R';

sither a' R''":0) nonineresase In B°,
w &
or b = 8upg =-R""(E)) J Anr- RV Y < BEE,
< 1
teR’ teR’
R(z)/|8) = —¢ a8 |E]| » 03
- il
for some constants G, and G,
1 2

-

iCE »asa<0, ¢, »>Br0asa >0 rforalls

2
R'(z) 2 €, - 20,5;
R(z) > C, + €,2 — C,2°
A\u)/o -.f_f._o Eu;
2
& G A2 O
Ty e gy cn P, e W
97 4Bcle, B 4c
M g g 2
Then the nproblem (5), (61, (2) posses' Infinitely
smooth sclution - =z(y) and positive exponentially decreasing

D(X,7).

The proor of this theorsm uses "sub - and supersclution
methed" ("barrier method") to construct solution of (5 i
theorems cn existense positive decreasulng sclution of quas

ke

iinear equation (6%) [3]1. The 1imit case or our theo

om  1s

radlally-symmetric vertex with velocity a » 1, which was
Tound in [1]1 without taking into account stationary electric

Tield.” This sgolution ' corresponds to R(z) = Az - B=*
(A >0, B>»0) and z(y) = ay.

An example of Inhomogenedus rield prorile E = @ (¥
v
/(er ) 1s shown In Fig.i. In this case we
B/2 z=. Level curves oI solitary
1t +this 11eld are shown 1n Rig.Z2.

onity o and 1= nh*cofrnh{ﬁ on
ol LoAs aliisUulople U

Vid wiTdh




variables X

Fz28

and y.

Thiie Wwe snowea thet sxponentially loecalised vortex of
monopel type moving perpendiculariy to the magnetic rield
and the plasma density gradient might appear on the backero-
und of inhomegensous electric risld.

1
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1-2

Flg. 1. The inhcmogene
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WAVE PROPAGATION IN AN INHOMOGENEOUS
RELATIVISTIC
MAGNETOPLASMA

Kerkhof, M.J., Kamp,L.P.J., Sluijter,F.W., Weenink,M.P.H.?

Eindhoven University of Technology , Dept. of Applied Physics
5600 MB Eindhoven
The Netherlands

1 Introduction

This paper contains two subjects. In the first part a self-consistent descrip-
tion is given of the electron and ion statics in a relativistic inhomogeneous
magnetoplasma. In [Mahajan,89] this problem is treated for a non-relativistic
plasma with electrons and ions having equal charge.

Furthermore it is shown that there exist equilibrium solutions that sim-
ulate the interface of a semi-infinite neutral plasma with a magnetic field.

In the second part the time-dependent Vlasov-Maxwell system is lin-
earized around this equilibrium. The case of a non-relativistic plasma was
treated in [Martin,87). In the present paper a set of fully relativistic differ-
ential equations is derived for the first order electric field.

2 Equilibrium in a relativistic two-component
plasma

Our starting point is a plasma, that is inhomogeneous in the x-direction and
which is contained in a magnetic field By in the z-direction. The equilibrium

'Eindhoven University of Technology , Dept. of Electrical Engineering
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electric and magnetic field are described by the potanials ¢ and A:

+ ao =
Fg = ——¢, By =—¢; . 1
1 il dz 1 0 S z ( )
For the equilibrium distribution functions f, (s=e,i) that satisly the time-
independent Vlasov equations for the electrons and ions we choose funclions
that resemble relativistic Maxwellians ([Synge,57], [Mahajan,89],[Clemmow 69]):

9:A(z)

m,C

.{l(:rn ﬂ) = (’-XP(“J:‘J ld p? — - (T))

halpy + 2525 (2)
with s, = (m,e?)(sT,)"tand C, = ,u.,(drrhz(,u.) ~1, where K is the modified
Bessel function of the second kind of order two. For convenience we introduce
the dimensionless potential ¥ := eA(z)(m.c)™?, the parameters Z := qe71,

o =TT, f:=mm;t and the functions g. and g; defined by

Ne o ;
7(¥) = ﬁ ml‘E(/’y)hc(“D_ﬂy)dpy ’ (3)
ZN; o 4
WY = ol h.-(pv)h;(b—\vfpy)dpy, (4)

with

2rp, 1 -
Kelpy) = () { o (\/Tﬁy ETP —ptafL+p2)} . (5)

Expressing the particle densities and thc‘u‘ current densities in the functions
gs and their derivalives leads alter some algebra to the following set of dif-
lerential equations for the potentials X (=e(1 4+ Za=1)®)(2:T.)"") and W:
z

2 A
% = 1,\;; exp(—&x)[sinh(x)7(¥) + cosh(x)ga(¥)] , (&)
2 2z
£e _ﬁexp( —6x)cosh(x + #5)'(¥) + sinh(x + ¢a)ab(¥)] (7)
dz? ,13)\1235
with
- . 5= L :
§= q5(6) — a?‘cianh(é). g= —(gg +g‘,-), gd = _(gz = .(]:') . (8)

2 2

It can be shown that for a suitable choice of 7 (and with g4 taken zero) the
solution ng(z) A INg(tanh(zL™1) 4 1), Bo(z) = By — Btanh(xL™), Ly = 0
salisfies the equations (6) and (7).

Z+a’
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3 Linearization of the time-dependent Vlasov-
Maxwell system

Starting from the presumed equilibrium, the time-dependent Vlasov-equation
is linearized with respect to a small deviation. Because we are interested in
the high-frequency behaviour of the particles,the ion motion is neglected.

For the first order perturbation of the electron distribution the following
equation is obtained

(i C_' f1*-"( x Byey) - V,.fa
epe MY ,
T Tk (p)( (27 Ey~h ()(Ey + L x Bi)y) - (9)

Assuming harmonic time-dependence of fj, Ei,a.-nd B according to
ho, El . 51 o g it (10)

and using cilindrical coordinates (py1, ¢, pj) in momentum space the left-hand
side of (9) yields

; cpucos(¢) Afr afi
—iwf + e + 0Q(x) 96 (11)
The function f; is expanded in a Fourier series
n=+co
h= Z jEig (12)

This leads to the following equations for f():

nQ(z a

—ifo - TR0 LD (e o) B (19)

in which R, is the n-th Fouriercoefficient of (9). Using small gyroradius
approximation, the set of equations for f(" is solved to lowest order. With

this result the components of the current density can be calculated. We have

=ht+i-E , (14)
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3]
]

with

= 1 a8y

T = —e 15

Jo o dx v (%)

3 iﬁﬂ‘“wﬁ: =,

B o= T4 . 16
Ia(p) (16)

Here the tensor operator T is given by

')(2 D ) A=z )
(1) ‘ (2) 3 -
Tos “ZC‘ (“ (Fa=0 320 T ZG (, w)( 500 ) 0w U7

I‘{::z)r T(1,;:)-1 T(z::)a T(zy)=0 9 (18)

The functions G&lg, G(:g are linear combinations of Lhe relativistic dispersion
[unctions of the first and second harmonics which are defined by

nfl (&)la-tler roo (42 —1) (a-1) g=ny
ok, — =—2—""——f M’r—% dy (19)
([Bornatici,88]) with ¢ = £, I,n=0, £1, £2. The explicit expressions of

Lhe elements of the tensor T' will be published later.
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INFLUENCE OF PLASMA DENSITY INHOMOGENEITIES ON THE
EIGENFREQUENCY OF GLOBAL THREEDIMENSIONAL MHD MODES IN
TOROIDAL PLASMAS

Ferdinand F. Cap
Institute for Theoretical Physics, University of Innsbruck, Austria

Introduction

The propagation of electromagnetic and of MHD waves in toroidal plasmas is of interest
for the heating of fusion plasmas. As long as the wavelength is small in comparison
to the length scale of the device the use of geometric optic methods (ray tracing) is
suitable. If, however, the wavelength (of low frequency waves) is of the order of the
dimensions of the device, global wave solutions are necessary. For toroidal geometry the
MHD wave equations are however not separable into ordinary differential equations. Using
a collocation method [i], the partial differential equations describing MHD waves are
solved for a toroidal and arbitrary meridional cross section of the containment chamber.
The influence of various density distributions on the eigenfrequency of the global wave
solutions and the satisfaction of the boundary conditions on the metallic vessel wall will
be discussed

Starting from the equations of continuity, of motion, Ohm’s law and Maxwell's equa-
tions we obtained by the usual linearization a set of equations for p (density), ¥ (particle
speed), cy ( adiabatic sonic VElOClt.V) c4 (Alfven velomty) and the electromagnetic wave
fields £, 5. Eliminaitiong j (current density), E,B,p and v, we obtained in circular
cylinder coordinates r,, z, see Fig. 1, with the assumption ~ exp(imy — ikz + iwt) two
ordinary differential equations for v,(r) and v.(r) of the MHD waves:

2 2

Ldue s [ 2 gy W m ]
o (C_J_ +RC5)+LL; (CA +T£C,) k—2+;'2—kz—cz; g
1, o 1dpg _
+—[( (r —?+1)7c4)] -0 (1)
dv. 5 4 2.2 dv, o 2 2 L dpo 2.2 2%
o (rPw® —mic)) + 20 T krey +vz(r w p—ug+2rk i +4m T)+
+ikv (rPw? — mPc} — 26%) = 0. (2)

Here po(r) is the assumed plasma density distribution, Bulr) = By(r)é, is the toroidal
containement field, By(r) = RBg(R)/r, R is the major (and later a the minor) toroidal
radius, ¢} = B2(r)/popo(r) and n is an abbreviation for n = w?r?/(w?r? — m®c?). Due to
the gyroscopy of the magnetized plasma the phase factor i = exp(in/2) appears in (1),
(2), so that the MHD waves are prescribed by a time dependent rotating structure. We
therefore make a “snap-shot” at time ¢ = 0 and consider the two modes type 1 (v, — 15,)
and type 2 (v, — ¢5.) whose superposition describes the rotating MHD mode. In order
to solve the equations (1), (2) we assumed Tipn = Tefectron = L0keV, Bo(R) = 5T, 7 =
Yion = 2 and a Gaussian density distribution (nﬂ = 10E20 particles m~2)

polr) = ngAexp[-5 R)*/d?], (3)
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where A(A) has been chosen in such a way that the total plasma mass remained constant
when 4 was varied.

Boundary Conditions

The boundary conditions on a containing highly conducting metallic surface are ¥ 7 =
v, =0, B-7%=8B, =0and I, = £ x 7 = 0.1 the toroidal containment chamber
is situated as Fig. 1 shows, then the normal vector 7 is perpendicular to &, and the
houndary conditions [or B oand F are automatically satislied il v, = 0. If the meridional
cross-section in the 7, z-plane of the containing toroidal surlace is described by a curve
2" = z(r) and if tana = dz * [dr, then v, = —u, sina + v, cosa = 0. Inserting the real
solutions &, and v, from (1) and (2) in the form for mode type 1

KM
v(ry9,2) = 3. Aby v (1) cos kz - cosme (4)

ks

KA
U(rp,2) = Y. Az % (1) sin kz - cos g, (5)
ks

where s = 1,2 indicates two different but arbitrary initial conditions used in the numerical
integration of (1), (2), one obtains for P collocation points 1y, zi, i = 1...P a system
of P equations for the unknown partial amplitues Aj,,. Since the sum over s = 1,2
gives two values and if summation over m gives A values and over  one might have K’
values, the number N of unknown partial amplitudes Af,, is given by P = (M +1)-K.
The number £ of collocation points determines the accuracy of the solution. For fixed
P it has been shown [1], that the accuracy of the results is practically independent, of
the arbitrary choice of the separation constants k. According to our experience with
axisymmetric MHD modes (1] we make the choice k = 1/a, 2/a, 3/a...K{a, where a
is the “effective” minor torus radius for arbitrary cross section. When the k-values are
given, then the condition v, = 0 with o, v. inserted from (4), (5) constitules a system of
P linear homogeneous equations for the 2(Af + 1) - K unknowns Af,,. In order that this
system can be solved, the determinant D of the coeflicients (known at r;, z;) must vanish.
This condition determines the global eigenfrequency w. In order to be able to integrate
(1), (2), the density distribution of the plasma and the frequency w have to be known. We
thus integrate the differential equations (which deliver the elements of the determinant)
with an initial gness for w and ealeulate D(w). Looking for a root of the function Diw)
we obtain an improved value for w and a new integration yiclds improved coeflicients and
an improved w etc.

Results

As soon as the solutions (4), (5) are known it is possible to calculate the electric field
E.(r,z,0) and F.(r,z,¢) being known, the differential equations for the electric field
lines dz/F.(r,z) = dr/E.(r, =) have to be integrated numerically. The results obtained
are summarized in Table 1 and in Fig. 2 - 12.
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Curve |b m 3 A typel type2 Figs.
circle [a 0 04 3. 1.539 1.451 3,6
crcle |a 0 1.4 3. 1.764 1.557 5,6
circle | a 0 02 3. 1522 1.433 5,6
circle |a 1 02 3. 1804 1.456 -
circle |a 2 02 3. 1.646  1.432 -
circle [ a 0 12 2. 1771 1489 8,9
circle [a 0 1.2 20. 1.674 1.539 8,9
circle [a 1 1.2 28 1.774 1.541 11,12
circle |a 1 1.2 20. 1.675 1.540 11,12
circle | a 2 12 4. 1778 o 10
circle fa 2 1.2 20. 1.677 = 10
ellipse (2. 0 0. 3. 1701 - -
ellipse | 2. 0 1.2 3. 2.002 - -
ellipse | 2. 0 3.2 3. 25356 - -
ellipse | 2. 1 0. 3. 1.763 - 7
ellipse | 2. 1 1.2 3. 2026 = -
ellipse | 2. 1 1.6 3. 2127 - -

Table 1. Angular eigenfrequencies w in E7 as dependent from inhomogeneity parameter
3, aspect ratio A = R(a = 1) and geometry.

We see that the frequency increases practically linearly with increasing inhomogeneity
parameter 3. The dependence from the aspect ratio is discussed in Figs. 8§ - 12. Also
D-shaped cross sections have been calculated.
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Fig. 1. Coordinate system Fig. 2. Field in circle, mode type 2,

m=0,0=28




1v-120

1
1

1

IARLERARRRR

LLRERRRRRR RN

2.1 Jo 1.5
Fig. 3. Field in circle,
mode type 1, m =0, 3=28.

Frequenz

FERE T
Fig. 5. Circle mode type 2,
m =0, R =3, (@) in I0ET.
Fraguenz
7.1
2.05
.25 0.5 0.75 T35 105 ool
1.85
1.9
1.85
1.8
Fig. 7. Ellipse mode type 1,
m=1, R =3, w(f) in 10E7.
Frequenz
1.85
1.8
1.75
Ozﬂ.spekz

RS T S PR
Fig. 9. Circle mode type 1,
m =0, =12 w(A4)in 10E7.

Frequenz

.541&

L3408

Aspekt

L5408

L5404

.5402
Fig. 11. Circle mode type 2,
m=1,0=12 w(A)in 10ET.

F30

E@:c%

ﬁ'

{lmmrm AT

|

2 3 4
Fig. 4. Field in ellipse,
mode type 1, m=10, §=24b=138.

s
EH Froeta

Fig. 6. Circle mode type 1,
m=0, R=23., «w(3) in 10ET7.

Fregquenz

I.54;
1.52

P R R TR T el E
1.48
1.46
1.44

1.42

Fig. 8. Circle mode type 2,
m=0,0=12, w(4)in I0ET.

Frpgens
l‘%

1.74
1.72
Aspek
T o T i PO BT i
1.58 -

Fig. 10. Circle mode type 1,
m=2, =12 w(4)in 10E7.

1,58
Fig. 12. Circle mode type L.
m=1 =12 w(4d)in 10ET.




F31 Iv-121

ANOMALQUS DISPERSION OF ELECTRON-CYCLOTRON-WAVES
IN NON-MAXWELLIAN, RELATIVISTIC PLASMAS

F.Moser. E.Rduchle, Institut fir Plasmaforschung der Universitdt Stuttgart
7000 Stuttgart 80, Pfaffenwaldring 31, Fed. Rep. Germany

Abstract:

The dielectric tensor due to Orefice (1) is used to investigate the dispersion and
absorption of electromagnetic and electrostatic waves propagating obliquely to a
constant magnetic field in a weakly relativistic plasma. For the fast and slow ordi-
nary wave propagating perpendicularly to the magnetic field anomalous dispersion is
obtained in a small range around the electron cyclotron resonance. The influence of
the electron distribution ( Maxwellian -, drifting Maxwellian -, Loss - Cone - distribution
functions ) on the propagation of the electron - cyclotron waves is investigated numeri-
cally.

Deviations from thermal equilibrium lead to maser - instability.

The dielectric tensor:

Electromagnetic and electrostatic waves are investigated in the frequency range of
the electron - cyclotron resonance. The plasma is assumed to be homogeneous with a
constant magnetic field B,. Due to Orefice (1) and Moser et al. (2) the dielectric
tensor for a weakly relativistic plasma is given by :

CE TR QN W )
o & 3 ‘ 1 ; 2 )
_r_.i].+ (—mﬂ} {H].j[uﬁ—:]-rij{w[-wggzpo)} (1)

i
for an electron distribution function f:

f(pi,p”)=w1fl(pi,pnl+wzfz(pl_,p“] (2)
with w + W, = 1.

1
There is £, (p .p H) a Loss - Cone distribution function given by :

Imuy 2 2 e
Fylp, py) = ”opﬁm" pom eXp['li“llp% & p”)]. (3)

Topic:  General Plasma Theory (G)

Responsible author: Dr. Fritz Moser

Address: Institut fiir Plasmaforschung der Universitit Stuttgart
7000 Stutrtgart &0, Pfaffenwaldring 31, Fed. Rep. Germany
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n g is the normalization factor given hy:

electron  Jdistribution function with an electron  drift

=i

.
upll‘po:‘l]. (53

P=rp ‘@ P ¢ is the electron momentum in units of m
! i 1 L

SCLom is the elec-
e
tron rest mass. [ is the Gammafunction. Wy

e
and w . are the weights of the drifting

Maxwellian - and the Loss - Cone - Anti - Loss - Cone distribution functions, m  is the

Loss - Cone index and m , the Anti-Loss- Cone index. The operator H

and further
details are discribed in (1) and (2),

and 1 refer to

I = Hugiassg s indices
i 33 The indices
the directions perpendicular and parallel to the magnetic field.

The plasma is described by the following parameters:

%
Cdmn e~
W™ { T“-—' 17 ¢ the electron plasma frequency,
¢ )
I eo
eo® vH— :
e B S the relativistic parameters with T the electron tem-
12 kT, © 2
- pueratures,
eB, ;
0 = e ! the electron cvelorron frequency.
e cm -
ks

The wave equation and the dispersion

If the dielectric tensor (k! is known, the wave ecquation for the electric wave

field - E is given bv:

k,‘}‘\,‘g{,(%‘ . B I5E = D) (Hha)

!

or with o = T & the equation of polarization :

mynxnE+=lm.kKI-E =10 (Hh)
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From (6a) or (6b) there results the dispersion eguation :

Detl.'\ij}= 0 (7a)
97 T = - Kk
with Aij=n“(kikj-8ij)+sij(m,k), ki-ﬁ. (7b)

Numerical results :

The dispersion relation (7a) is solved numerically using a method of complex resi-
dual calculation in the root finding code. If the complex roots for the index of re-
fraction are determined there results the wave field SE, §H by solving equation
(6b). In the numerical calculation of the tensor elements €, the recursion formulae
for the generalized relativistic dispersion functions due to Shkarofsky (3) and Robin-
son (4) are used.

Two characteristic examples for the dispersion of the fast ordinary wave are shown
in the figures 1) and 2). In Fig.1) the anomalous dispersion considering relativistic
effects is compared with the result of nonrelativistic hot theory. Relativistic effects
result in smearing out the nonrelativistic singularity at the electron cyclotron reso-
nance. In the nonrelativistic result of hot theory there is no damping of the wave in
the frequency range around © . (‘ni = 0), but considering relativistic effects there is
a strongly marked damping fﬂr"E)fce> torforw<w witho =o /o

In Fig.2) the anomalous dispersion of the fast ordinary wave is shown for the pro-
pagation in a weakly relativistic, low density plasma with a Loss - Cone distribution
function with the Loss - Cone indices m i =2, m, =(0. It is shown that such deviations
from thermal equilibrium lead to an instability, the maser - instability.

An analogous anomalous behaviour has been found also for the slow ordinary wave in
the frequency range around cel whereas for the extra ordinary wave (X.W.) no
anomalous behaviour cut be found neither in low density plasmas (m < 1) nor in
high density plasmas (mp > 1). There is mpe— w v,

For the ordinary wave no anomalous dispersion could be found in the case of propa-
gation in high density plasmas. The anomalous behaviour could only be determined
for the case of low density plasmas.

The form of the electron distribution function has a large influence on the absorption
of the waves. Therefore the knowledge of the distribution function is necessary to

obtain a good theoretical understanding and description of experimental results.
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Fig-1)

ny = Re(n)

Fig.2)

nr = Re(n)
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A MULTIPLE TIMESCALE EXPANSION AND
ANOMALOUS PLASMA TRANSPORT

J.W. Edenstrasser

Institute for Theoretical Physics, University of Inngbruck, Austria

ABSTRACT

At the last meeting we had presented the applicalion of a mulliple timescale deriva-
tive expansion to the dimensionless Fokker—Planck equation. In continuation of this
work, the zere order Fokker—Planck collision operator appearing in the second—order
equalion is integrated and the first three velocity moments are performed leading to the
{ransport equations on the collision limescale. The transport processes resulting from the
finite zero—order fluid velocities and from the MHD fluctuation spectrum turn out to be
one order larger than these of classical or neoclassical transport.

INTRODUCTION

To make progress in understanding and describing processes like plasma relaxa-
tion, profile consistency and anomalous (turbulent) transport occuring on intermediate
timescales between the two limiting scales of ideal MHD and resistive diffusion, we had
initiated a multiple timescale approach at the last meeting of this conference series L
The expansion was based on a small gyroradius assumption and the four timescales
considered were those of particle gyration, particle transit, collisions, and classical
transport. The solution of the resulting zero and first—order Fokker—Planck equations
has led, depending on the assumption of vanishing or non—vanishing zero—order fluid
velocities to the static Stellarator and the stationary Tokamak (RFP) equilibria.

TFor easier reading and convenient reference we write down once more the Fokker—
Planck equation in dimensionless form applying the normalization

b =5/, §=Fvei/ig, B=D/B, E=Fcjvab, ¥=V/vgy, V=17, C=C/00 (1)

0, is the gyrofrequency, va is the Alfvén velocity, n, is the particle density, B is the
magnetic field, and v, the thermal velocity, 2ll five values taken al the magnetic axis
for a characteristic instant. 1 is the characteristic length over which the macroscopic

quantities change and which we take as the plasma radius a.

I/t + 6,9-VE, + 0(qy) (agh + V=B) - 0f ,/8V =T 0,  with (2)

Ci(f,f) = 47 ,ZB% Jd%-{fi(fr')afi(?')/(?v;( — £33 BE:(3) /vy +

%@{T;(G)Me(?}'ﬁﬂ Jvl — 13V i (F) /avk]] U (=9")  and (2.2)
Ce(f,£) = 42 Zﬁe—jj{ﬁv-[Ilz[fe(?)ﬂfg(ir")/ﬁv{(Afe(?')ﬁ‘fe(?f')/ﬂv;( s

]
(10) 324 0 1 3T [ (7 ) 63) [0 J Uik G, (2.b)

where the dimensionless factors T in front of the collision operators are given by
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R I P21} 3 [velle
b=y 5 [w;w;] 8 (20) Tei=-13 [Mﬂ 52 (2.d)
and the tensor Ujy is defined by Ujk(?;) = (Ek2 — xjx) [X] 3 (2.e)
Uy Tig \ ; Ts
Bl W :’7\;, N ::KTQ:T, o(q,) :=sign(qy), A := }l, 7 ::%ﬁ: (2.0)

e
7 is the charge number of the ions, v, are the collision rates, », are the transit frequen-
cies wy, = vy, /1, 11, are Lhe Larmor radii.

It turns out that for a fusion plasma in a present—day large fusion experiment the
four timescales considered obey in a standardized form the relation

Ton = Taolah Wwith 7.,=81 and n=0,1,2,3 (3)
The multiple timescale derivative expansion approach then reads in a standardized
form

fo :ngﬂégfm (x,Vito,t1,ta,t5) and 77 = n{.‘.@ég T (4)

This formalism is now applied to the dimensionless Fokker—Planck equation leading for
each order of §, to a separaie equation. The zero and first—order equations have been

treated in /1/, leading to the static Stellarator and stationary Tokamak (RFP) equili-
bria. In this paper we will discuss the second order equation (5).

0o oy OF s i
82: Ut_:n + Ht_(:l + BTUE + G-Vfcﬂ + cr(q&][g—éfanﬁg + vxla] -7(:9 +
v
_ Ly L
g—c“[ﬂ& by + Vxlly] - C; + [agko + V=Bo) ; ] =Ty Coo(fao>Tp0) (5)
v v

INTEGRATION OF THE ZERO-ORDER COLLISION OPERATOR Cy(f . fgy)
The zero order collision operators are obtained from Eqs. (2.a) and (2.b) by in-
serting for f, the drifted normalized Maxwellian distribution functions. According to

the different velocity normalization, we have in Cip and Cgg to insert fep(V'y78) and

fi0(V' /y7R) Tespectively, with Ueo = Teo/ 7R and ip = Tioy/7A.
The collision operators can now be integrated leading alter some tedious manipu-
lations to the simple form

- (G + By
Coo(X,v,ta, ta) = Unvﬁlexpl——frg_r—;ﬂ—]w-zr_\] with (6)
anwﬁ’_'ﬁg“ész, Vo= A(V—Ugg), Bo=do(lgp—Tsg)s Zg=Colly + By (6.a)
(a3
LT ! o ATio _ Teg
A= 3,5‘; e = , Gi= (1=, Ce= (1—47D). (6.b)

¥7ilio
With the aid of the perpendicular and parallel projection aperators ' and PH the ten-
sor ¥ can he written as
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- -+ f 1 !
W= (g— )P, (£) + 2P (5), £(0) = GO ) - Ll ert () —vet] (60)
Trom the above equations we infer that the collision operators G, vanishes for Eu =0,

i.c., for equal zero—order drift velocities and temperature profiles.

VELOCITY MOMENTS OF THE COLLISION OPERATORS €y
The zero—order moment, defined by (1) := [C,,d3v vanishes on account of the ve-
locity divergence of C,,, thus expressing particle conservation.

After performing the integration of the first—order moment (V) := [VC 4d3v we

obtain
B, 26,A2010040 b2
(V)Q: b—g—m [exp{—m] 78()-%’1‘&0,]3&)}, with (7)

S(421,b) = VT XaTeg AT BXP[—Ig]%] Yoy feo ) ©
n=0

and ki=1+1/7, ke=1+17, ﬁ:%—?T,
Neglecting terms of the order 0(7) we finally obtain

= i A n? 3 5 ;
@i = (o — o) gL, (o= (o —Tho) 3 M2 ©
€ e

The friction forces EQ are then simply written in dimensional form

iic: T muﬁaraguv%h<?>u (10}

It can be casily shown that the sum of the friction forces vanishes just as it should be.
For the second—order velocity moment defined by (v2/2) = [ (v2/2)C, d3v we

analogously obtain

3 150050 [[L : Coba ] ; [ bZ }

5 e T K WT-_ X —-1_)‘_| ] [ R

e bu"&Tch L a ol DL * fataD . L & ot

— [egba + q] S(AgT&U,bQ)} with (11)
ki= a0 (14 9) —bi, ko= 2000 (14 9) =bey 4, = % Ao [Tgo]

Again neglecting terms of the order 0(7) we finally obtain

r2 NI o = iy -+
(%‘)i = %ﬂr’z\lﬂ {(Afiu —Teo) —%mo(ueo - Uio)] and

2 : 2 8
e = 224850 { (1o — ATup) — T lio — ) (12)

.
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The expression for particle heating is in dimensional form then simply given by

v2

= [ 10 2 B 897 = 8,97 007, 5 (13)

We now conclude that the zero—order fluid velocity crucially enters into the velo-
city moments of the zero—order collision operator and thus contributes to the corre-
sponding transport on the collision timescale. Since in a present—day large Tokamak or
RFP rotation velocities are observed close to the ion thermal velocity, finite zero—order
{luid velocities have to be taken into account.

TRANSPORT EQUATIONS ON THE COLLISION TIMESCALE

We now calculate the velocity moment of the second—order Fokker—Planck equa-
tion (3) and perform the time average over the first two timescales 7,4 and 7,

dngg
U—+YL1111)L‘1_ (14.a)

J = 5 5? 5 .
Ut—(nn)[\0 + Ve (nlis) o, + 5 V(n‘l)ui —a(q,) [(nu)MXUD - %&,,— [ERI (nu)unxﬂgj} N

=T, 0:2(v)y—ala,) —(5—‘ (agngBi + (nﬁ)mxﬂl)r (14.h)
A%

UEREN
. -1- -, 9 5
?m{% nT + “}i ]&0 +V. H nT + T} u] ~a{qy,) % a, (1) 4oFs =

= Ty8i2 (e * 7(0,) ?r; a.{(n) g, L) (14.c)

Assuming for the first order quantities q,, a harmenic time dependence, the time

Ta0s Tal

average of the quadratic g, quantities on the right—hand side of Eqs. (14.b) and (14.¢)

will lead to an additional transport on the collision timescale. This will essentially be
the turbulent transport arising from the MIID fluctuation spectrum. Moreover, in these
terms there may be also included the elfects of wave heating or current drive. Note (hat
the transport coefficients arising from these equations are by a factor 6;% larger than

those of classical or neoclassical transport described by the velocity moments of the
third—order Fokker—Planck equation.
The solution for the qg, quantities and the actual calculation of transport coelfi-

cients is the subject of future work.

/1) JAV. Edenstrasser, Procecdings 17th EPS Conf. on Controlled Fusion and Plasima
Heating, Amsterdam, 1990, Vol. II, p. 831.

Work supported by the Austrian Research Funds, contract P 8405,
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ELECTRON HEAT CONDUCTION AND SUPRATHERMAL PARTICLES.

0.G. Bakunin, S.I., Krasheninnikov

I.V.Kurchatov Institute, Moscow, USSR.

As recognized at present, the applicability of Spitzer-
Harm's theory on electron heat conduction alcong the magnetic
field is limited by comparatively small values of the thermal
electron mean free path ratio, A to the characteristic length
of changes in plasma parameters, L: ¥=A/L = 10 [1-6]. As
shown in [7], the stationary kinetic equation for the elect-
ron distribution function inhomogeneous along the x-axis
fe(ﬁ,x) allows one to have solutions in the self-similar

variables. The objective of a given study is to generalize
the solutions [7] for the case of arbitrary g o that will

allow one to compare approximate solutions to the kinetic
equation with the precise ones in a wide range of parameters.

The electron distribution function may be represented in
the self-similar variables [7]:

£.(v.x)= N F(V)/IT (x)]% U= v(ms2T (x))'"7, (1)

where N is the normalization factor; IF(%)dﬁ =1; a is the
free parameter; the function 1‘(x) plays the role of a cha-

racteristic average electron energy. 1In this case kinetic
equation for f (V x) is converted in the following way:

¥
Ve aFNTHAE BFluBF 2, dF
F¥VUL [otF+— ] ST [uav+ 7 B.U] %t(v F)+ZV 5L{1 n )

2 av
where the parameter 7 = eETE/(Znqun ) is found from the
e

particle flux ambipolarity condition J= [ F(%)Vﬂ d§=0;
St(V F) is the collisional Colomb;an operator; E(x) is the
ambipolar electric field; u= cos(v x)

The solution of Eq.(2) corresponds tc the constant ratio
of the mean free path for electrons with the energy of about
T (x) to the characteristic length of a change in T (x):

¥ = - Tez(dlnTe/dx)/(zne“Ane) = const. )

Taking account of Egq.(1), the relationship Eq.(3) re-
sults in the following dependencies T (x), n (x) and for the

AERE

energy flux density q(x):
T:a'LQl(dTe/dx) = const, Ao v RO (4)

e e

B



a(x) = or_(x)"Oncz/my, 0 = [ PVl . (5),
In the llmlt of interest, V >>1, Eg.(2) is transformed
into the form:

[aF ESF‘]

FE 28 Gp

w[fst-gig]— =22 P @E} Le (1 (6)
where £= V°, B=(1+Z_)/2.

Further simplifications of the kinetic equation can be
related with a fast symmetrizatign of the electron distribu-
tion function at high g, when F(V) can be represented in the
form: F(V)= FD(V)+ uFl(V}, where FO\E‘1

2

e #5) - 4 (o)

. (3-00)

‘ dF
3 d s}

-2 {FD — ] (7)

dce” F )/d§+6;adF /dE.

Now let us consider when such an approach is Jjustified
from the viewpoint of a research in an effect of suprathermal
particles on electron heat conduction. TLet us assume the
electron temperature profile to be characterized by the mag-
nitude of ¥<<l. Analyzing Eg.(7), one can show that a distor-
tion in the Maxwellian distribution function and, as a re-
sult, an essential effect of suprathermal electrons on heat
conduction, provided by the suprathermal particle tranuport
starts to be manifested at the energies ESZ B/? . On the
other hand, in order the condition Eb(v)>> F(v), to be true,

where 6:75/3 =1, F0=-

it is necessary, as seen from Eg.(7), to have the electron
energy to be rather small &= B/y. Hence, it follows that an
analysis of the suprathermal particle effect on electron heat
condition at the plasma parameter profiles characterized by
can be based on a symmetrized kinetic eguation of the type
[6] or qu(?) under condition B = ¥ only. Then, at the
energies £ = B/w , i.e. when electrons have time to diffuse
for a distance (in the free mean paths) of about y distor-
tion in the Maxwellian function becomes very strong ,and
£ (V ¥ ) is determined by the integral T‘(XJ profile. A strong

anlsotropy in (V,X) and violation of the applicability

conditions Eq.(7) can be expected to approach at 522 B/7,
when the mean free path becomes greater than the characteris-
tic inhomogeneity size in T (x). (Fig.1).

e

In the apposite case (B = V“), a distortion in the

Maxwellian distribution function 15 accompanied by a strong
anisotropization even at ra}her low energies, not mentioning
energies of the order of £°z B/y. Therefore here one should
consider the complete equation Eg.(6). (Fig.2).

We omit here the exact solutions of Egs.(6),(7) since
they rather cumbersome [8]. However, the presence of a stron-
gly-anisotropic tail in terms of power 1§y to the distribu-
tion function at the energies £ =z (f/v) should be, first
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of all, emphasized in the solutions of the above-derived
equations. This result is quite natural, if one takes account
of the fact that electrons are collectivized at such energies
and their spectrum should be determined by global characte- |
ristics of the temperature and density particles, T (x), i

HB(X): not by their local values. Since we consider the dist-
ribution function fe(;,x) in the dimensionless variable "en-
ergies" £, Eq.(1), the only dependence feon v, satisfying
this conduction, will be f e v 7).

Formally , such a power-law dependence, fe(v) results in

a divergence of the dimensionless heat flux, Q in the expres-
sion Eg.(5), at =3, provided by the contribution of supra-
thermal particles that corresponds to a rather steep depen-
dence Te(x): dlnTé/dlnx =2/7; the quantity ¥ in this case can

anywhere pear to be negligible. At a=3 the divergence has a
logarithmic nature, at a<3 it obeys the power law. One should
note that the Luciani like expression for the heat flux, for
the electron temperature and density profilesunder considera-
tion does not discern the cases when a >3 and a < 3: ¢q=

2 2
9, (x)/[1-9"(3-a)"].

However, the emergence of a great amount of suprather-
mal, electrons is related with their transport from some
hotter zones. Therefore in the real limited systems, the
effect of tail electrons on the heat flux becomes essential
at a rather great temperature difference:

172 -1
T /2 \17(3-00) ('-“1/w » B
L >{3r[1 ] ] x exp (a<3), (8)

B .
min CZ(B/'JE)VS; B>7 1/2

/2

here ¢, = 2/[3(3-)], C, = 3Yor(1/5)r(4/5)/[5(3-a)].

Note, however, that the estimate Eq.(8) and other gene-
ralizations made in a given paper are based on self-similar
solutions to the collisional kinetic equation, obtained for
the electron temperature and density profiles characterized
by %. It in natural that they are not spread to the =zones
with uniform electron temperature at the steep-wise tempera-
ture profile. Moreover, a definite effect on the heat flux
production is done by some boundary effect too (e.q. integra-
tion between the plasma and divertor plates of the tokamak).
Their study is beyond the framework of a given paper.

L« ]
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FAST POLOIDAL ROTATION AND IMPROVED CONFINEMENT.
V.,Rozhansky*, A.Samain**, and M.Tendler

Royal Institute of Technology, Fusion Research, Stockholm 70, $-10044 Sweden

*Technical University, Leningrad, USSR
#* A gsociation Euratom-CEA, DREC, CEN Cadarache, St Paul lez Durance, France

1.INTRODUCTION. _ o
Recently it has been shown on many tokamaks that a transition into regimes with improved

confinement is accompanied by an increase in the poloidal rotation velocity Vp at the edge of a
tokamak! . This is also borne out by experiments on the tokamak " TUMAN 3",where large
poloidal rotation velocities much in excess of the poloidal sound speed @CS(G):BPIB and

C; =(T/m;)1/2 ) were induced by means of the extemally biased electrodel.

Here, the temporal and the spatial relaxation of an arbitrary poleidal rotation velocity is
considered.It is shown that extending the neoclassical expressions for the parallel viscosity

and the inertia for the plateau regime into Vp>®C5 yields qualitatively different results
compared to Vp<<9CSZ.Thc parallel viscosity and the inertia turn out to be the grossly
nonlinear functions of the V. Moreover for VPEGCS, the time scale for the relaxation of Vp is
strongly enhanced versus V<< ©@Cg.Furthermore the quasi-stationary state does not emerge
at all (the torque provided by the inertia can not be damped by viscosity) within the framework

of the neoclassical theory provided that V,>>OCg.Therefore the inertia and the viscosity

driven by the turbulence are invoked resulting in the quasi-stationary profile of the poloidal
rotation velocity. Thus our model accounts for fluxes driven by a turbulence and therefore is
more general than the neoclassical theory.Resulting profiles of Vp acquire the large flow

shear,beneficial for suppresion of edge turbulence by decorrelation3.
2.KINETIC MODEL.

Because the typical timescale is much longer than the gyroperiod,a drift kinetic equation is
employed in the plateau regime.In the circular cross section approximation with coordinates

1,0 and z,which will frequently be used for simplicity,the magnetic field is given by
B=B()(e;+0e,))/(1+ecosv); e=1/R
The drift kinetic equation can be written for the jon distribution function f  as 4
APtV "V + VOH/AVID+ Vi @OfidV 1 )=Stf (1)
where Vy; is the guiding center velocity and V|3,V | j are rates of change of the parallel and
the perpendicular velocities. They are given respectively by
Vei=-cmi(V 1 12/2+V)i2)(eycosv+esinv)/eBR+[BXV BB+ Ve tue,  (2)
V)i = -e@9d/m;rdv - V J_iz@esin'uﬂr + VgV esinu/r 3)
V4=V Vi Gesinv/2r + Vy V  ; esimv/2r 4)
where uy is the velocity of anomalous transport and V=c®q/Bdr is the rotation speed in the

radial electric field.
The first term in Eq.(4) and the second in Eq.(3) arise due to the conservation of the magnetic

moment p=mm;V ; ;2/2B at the trajectory.The last terms in Eqs.(3&4 ) result from the
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inhomogeneity of the electric drift in the nonuniform magnetic field. The solution is sought in
the form

fi=fpi O+ f13(r0),  P=Po(D)+P(r,0) (5)
where fp; is the angle-average distribution function,close to Maxwellian and f;,® ~exp(iv)
are the first order perturbations determined by Eq.(1).In the plateau regime,the conventional
approach v{—0 yieldsd
£1;=(P.V. L (Vo+OV )~ 11+ m8(Vo+OV ] Ajfo;
Aj={e®1/m; [©9/0V | +cm;d/(e;B)dr] —cmy(V 1 2/2+V|;2) ecosvd/(eiB)or +m;(V|i2+V 1 ;2/2)
ecosv/T} (6)
where P.V. is the principal value integral. Integrating Eq.(6) over the velocity space and
employing the quasi-neutrality,the variations of density n1(v) and ujjj(v) are obtained in a
simple and compact form for IVl >>0Cq.
nj{u)/ng= - 2ecos V[1-H1+T/2T)/V 2] @)
uyi=2eCgeos v (1+T/2TH/V( (8)
where V(" =V/@Cq, uyjj is the poloidaly varying flow velocity. The flux surface average <uj;>
has been assumed to be smaller than V(y/® in accordance with experimental results. Thus
Eqs.(7 & 8) are highly nonlinear functions of V(. The dependence given by Eq.(8) differs
significantly from the linear function for IVl<<©Cg 2, given by the well-known Pfirsch-
Schluter formula
ujji{v)= - 2eVpcos v/© %)
where Vp=V+up; is the speed of poloidal rotaticn and upi=c(eBn0)’1dpi/dr is the
diamagnetic drift velocity.Note that the expression for uj;(v) has the opposite signs in Eqgs.(8
& 9) and is much smaller in the case given by Eq.(8) than by Eq.(9).Moreover the variation of
density is of the higher order in p/Or if IV()l<<@Cq 2 Thence the variation of density
contributes much more significantly to the flux surface average flows in the case of
Vgl >>0C than for 1V(l<<@Cg. Furthermore the variation of density peaks at the inner half

of a tokamak.This is reminiscent of the MARFE phcnomcnon6.
The flux surface average flow reads

Ti=<JdVi(Veip(foi+11)> (10)
where V; is given by Eq.(2). Thus the surface average of the parallel viscous flux is
Fi=<B-V?I:'>(NEO)= - \f?tnOCTiez(cBgr}‘]Vo’{ZVO'4+2V0'2+1)exp(-\/0’2) (11
The particle flux given by Eq.(11) is the (mj/mg)1/2 times larger for ions than for electrons

regardless the value of V(). Therefore the ambipolarity requires I'j=0 and Eq.(11) yields
V'=0. However,it is important to keep in mind that Eq.(11) has been derived under the

assumption that up; <<@Cg.More accurately the relation V(j=0(©C;) has been
obtained. Accounting for the higher order terms in up;/@C; (this procedure corresponds to the

next order expansion in the parameter py/©r) the well-known expression from the neoclassical
theory for the poloidal rotation velocity is obtained
Vp=ke(eB)-1dTy/dr (12)
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where k is a coefficient. However,although this result remains unchanged,the relaxation
process from an arbitrary V to the value given by (12) undergoes the drastic changes when
the parameter V()" ranges from zero to infinity
In order to emphasize the difference we list cases a).V'<<1 2 and b).V">>1 below.
The flux surface averaged parallel momentum balance govems the process of relaxation
showing that the parallel viscous force damps the poloidal flow according to
mnd<u||iB>/dt=-<B-V'?t.i|>(NEO) (13)
Thus within the framework of neoclassical mgnry(nc%lecting terms originating from |
turbulence)the time dependent inertia proportional to dV(/dt cancels the viscous force.The
term at the left hand side of Eq.(13) may be described as damping due to the transit time
magnetic pumping in the wave field of the 1/R modulation of the toroidal magnetic field”.In
case a).using Eq.(9) and performing the averaging we obtain 2
1, =2(2/m)}/2qR/Cy (14)
where q=¢/0 is the safety factor.In deriving Eq.(14) we have used the expression derived in 2
mnd<uy;B>/dt= - (1+2q2)em;ng(eB)-1 aV/at (15)
In contrast to the case a),the typical time scale is grossly enhanced for the case b) in
accordance with
1p=qR/Cyexp[ (Vo) 2/ V2 16)
Thence T~e when V(™o and the rotational quasi-steady state does not emerge.We
emphasize again that this rather unexpected result originates from the significant accumulation
of density at the inner half of a tokamak due to a fast rotation (thereby almost canceling the
effect of the increase of the magnetic surface at the outer half) and the sign reversal of u)); for
the case b) versus case a). The latter effect is manifested in the expression for the transit time
magnetic pumping term
mnd<u)iB>/di= 2qZcm;ng(eBg)-1 @VaNX (Vo) 2(14Te/2Ty) (17)
Thence an arbitrary poloidal rotation velocity increases on the time scale given by Eq.(16) for

IVl>>@C; and the quasi-stationary state described by Eq.(12) does not exist within the
framework of the neoclassical theory.

In order to alleviate the difficulty we modify the neoclassical theory incorporating the effect of
anomalous transport on convective inertia and viscosity. The corresponding terms are added to
the Eq.(13) yielding in the steady-state

mnud<u);iB>/dr = - <B-V?E||>(NEO) - <B'VHT|:||>(A) (18)
where nup =-D(A)dn/dr is the anomalous flux,which is also assumed to be ambipolar. The
anomalous viscosity is determined by the dependence of u||j on the minor radius component r

and may be reduced to 8
<BV “ty>=<(B/r)d[mn (duy/dr)dr> (19)
where T]/mi==D(A) is the anomalous viscosity If [Vl<<@Cg (the case a)) Eq.(18) yields 2
dV/dr+am)(Vo-Vo™NEO)=(mn r u{AN-1d[rm(dV o/dr)}/dr (20)

where a(r)=(ur(A)'|:a)'i,Vg(NEO) is the neoclassical profile of the rotation velocity. Eq.(20)
governs the spatial relaxation of the V() profile for the case a).The resulting profile crucially

depends on the ratio of the third and the first terms in Eq.(20).If /m; =D(A) then the third
term due to anomalous viscosity is of the order Ly/Lyg the first term arising due to the inertia

. ]
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enhanced by a turbulence.Here,L;; and Ly are the spatial scales of the density and the
rotation speed profiles,respectively.

When [Vl20Cq,Eq.(18) represents the strongly nonlinear equation with respect to V. The
analysis of this complex equation is postponed to subsequent publications. However,for the
case b),when [Vl >>OCg,the simple solution may be obtained because then the effect of the
neoclassical viscosity is weak due to the exponentialy small amount of trapped particles.

Thus,the second term in Eqs.(18 & 20) can be neglected and the obvious solution is obtained
reading ujj is a constant independent of r.Thence substituting Eq.(8) we obtain for

Vgl>>0Cq
Vo)=A q ©2 Tj (1+T¢/2T}) (21)

where A is a dimensional coefficient,governed by boundary conditionsZ,
In sumumary, the profile of the velocity of the poloidal rotation is determined by profiles of

q,0,T; and T if [Vgl>>0Csq.

3.CONCLUSIONS.

1. Itis shown that the quasi-stationary profile of the poloidal rotation velocity does not
emerge within the framework of the neoclassical theory in the plateau regime if the impesed
poloidal rotation velocity significantly exceeds the poloidal sound speed.

2. In order to obtain the equilibrium profile the neoclassical theory has been extended by
incorporating both the anomalous inertia and viscosity. Thence,the resulting profile for the
poloidal rotation velocity is shown to be governed by both of these effects.

3. This profile is characterized by the enhanced flow shear,beneficial for suppresion of edge
turbulence by decorrelation.

4, The significant peaking of the plasma density is found at the inner half of a tokamak
resulting from the fast plasma rotation,
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Net Transport Equations For A Tokamak Plasma*

J.D. Callen and J.B. Hollenberg
University of Wisconsin, Madison, WI 53706-1687 USA

Introduction. Tokamak plasmas seem to exhibit a combination of classical /neo-
classical (Coulomb-col]jsion-induced) and anomalous (turbulence induced?) trans-
port mechanisms — Spitzer electrical conductivity plus bootstrap,! trapped-particle®
and poloidal flow damping? effects along the magnetic field B, but mostly anomalous
transport perpendicular to B (except at low plasma current where ion neoclassical |
heat conduction can become dominant?). Thus it is of interest to develop a plasma
transport model that includes, simultaneously, both collision- and turbulence-induced
processes in a tokamak plasma. In calculating the plasma-turbulence-induced trans-
port it is important to eliminate the components of the fluctuations that cause no net
transport (e.g., those that satisfy E4+V x B = 0). In order to begin such a develop-
ment we consider a fluid moment (n, V) description of a tokamak plasma that allows
for a kinetically and nonlinearly determined stress tensor (II) closure relation. These
extended fluid moment equations are the result of fluid/kinetic hybrid descriptions
of plasmas based upon a Chapman-Enskog-like approach that have been developed

recently.’®

Time-Scales. Presuming the tokamak plasma is stable to ideal MHD instabilities,
on the relatively short Alfvén time scale (ty4 ~ Roq/Va ~ 0.1 — lusec) it comes
into local MHD equilibrium and the poloidal magnetic flux surfaces are governed by
the Grad-Shafranov equation. Collisionless free-streaming (t;, ~ Roq/vr ~ psec) of
electrons and ions cause the density and temperature to be constant (and governed
by an ideal equation of state) along magnetic field lines and hence flux surfaces on
approximately this same time scale. On the slightly longer time scale of electron
collisions (t,, ~ 1/v. = 10psec) electron inertia effects become negligible and the
classical /neoclassical Ohm's law becomes established. On the even longer time scale
of diamagnetic flow effects (t. ~ 1/w. ~ 10 — 1000usec) and resistive reconnection
of magunetic field lines (1/yr ~ t45%/°/m*/® ~ msec) one can have various types of
microinstabilities in a tokamak plasma. On roughly this same time scale ion collisions
(ty, ~ 1/v; ~ msec) damp the poloidal ion flow® and lead to purely toroidal net
plasma flows within a magnetic flux surface and ambipolar cross-field transport.®:”
Finally, on the transport time scale (7g ~ At(a/Az)? 2 a®/vip}; ~ 100msec) there
are small net cross-field plasma particle and heat flows due to classical (Az ~ p;, At ~
1/w;), neoclassical (Ax ~ \/fepgi, At ~ €fvy, fr ~ +/€) collisional effects and the
turbulent fluctuations (Ax z cm,At 5 msec?) in the plasma. A comprehensive
theory of plasma transport must properly take into account all these effects to obtain
the correct net transport.

Generalized "Frozen Flux” Theorem. In plasma physics textbooks® it is usually
shown that in the ideal MHD model [E + V x B = 0] the magnetic field moves with
the plasma fluid and hence that there is no net transport of the plasma relative to the
magnetic field. Kadomtsev and Pogutse” have extended these notions by showing that
for isothermal electrons and an Ohm'’s law given by E+V x B —(1/nq)Vp = 0 there

L. ]
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is still no net transport of plasma relative to an extended magnetic flux function—
diamagnetic flows alone induce no net transport. We generalize these concepts still
further by calculating the net change in a generalized {lux function for the complete
momentum balance equation of a given plasma species:

av
mnTtianE{»VXB}—VP—V-E-}-F (1)
a
in which ¥ - II is the viscous force and F = —ngJ/o is the frictional force -— both

dissipative effects. Motivated by the form of the canonical momentum p = mv+gA
and its velocity space moment P/n = mV + gA, we generalize the usual magnetic
flux$ = [[dS-B = []/dS -V x A to a surlace function #y that is a combination
of the magnetic and vorticity flux:

" =ffpds-vx(A+%V):]fpds-(13+%V><V)- (2)

Then, taking the total time derivative of ths for an arbitrary surface I’ that moves
with the species flow velocity V, we find [after using Eq. (1), Faraday’s induction

law (V x B = —dB/d1), and the identity!?dS = (V- V)dS — VV - dS]:

rzlp ffds - vmvn F fze Vp+V-I-F

ng ng

(3)

The first term in the surface-integral expression can be written as V x (1/nq)Vp =
(L/g)V(1/n) x Vp = (1/ng)VT x Vn. For an ideal (i.e., non-entropy-producing)
equation of state (d/dt)(p/n") = 0, we have n o p and hence this first term vanishes.
Thus, we find that the enly processes which cause dyy /df to be nonzero (net motion
of the plasma species relative to the surface #y) are dissipative effects—the viscous
and frictional forces in Eq. (1) and the "small” entropy-producing eflects that cause
deviations from the ideal equation of state. The fact that other, reversible motions
of the plasma give rise to no net transport must be taken into account in caleulations
of net "radial” transport of plasma in a tokamak.

Net Parallel Transport. The parallel (to B) transport (Olun’s law) processes in a
tokamak are developed as follows. For times long compared to the electron collision
time (t > 1/v.) the electron inertia term in Eq. (1) becomes negligible and the
equilibrium parallel (B-) electron momentum balance yields the Ohm’s law. From
the charge continuity equation (V-J = 0) in the presence of diamagnetic flows induced
by the gradient of an isotropic pressure (to lowest order), we have

dP B? < .]”B > B?

N8B = - 4
jH = Ide i ol & < B> ()

in which I(+) = RBr is the poloidal current function and <> represents a flux-surface
average. Here, the first term represents the Plirsch-Schliiter current' and < JyB >
is determined from (ux-surface-averaging the Ohm’s law to yield (< B - Vp, >=

<B-Vp>=0)
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1
(JHB>=0'"<Ei|4B>+;<B'V'HE> (5)

in which o is the Spitzer electrical conductivity, < ElfB > represents the inductive
electric field drive, and the parallel viscous force causes the neoclassical trapped-
particle and bootstrap contributions® to Ohm’s law in a tokamak. In view of Egs.
(2) and (3), we should really take the By = B 4 (m./¢.)V x V. component of
Ohm’s law and average over the yy surfaces — instead of just the 1 or magnetic flux
surfaces. However, since the electron vorticity correction to the flux function is of
order m(V % Vo)/qeB ~ (kipe)(Ve/vre) ~ (kipe)(pe/E), it is second order in the
gyreradius and hence negligibly small for this calculation. Phys. Fluids 31, 8 (1988);
31, 2249:

Net @toss-Field Transport. For perpendicular transport we take Bx (or By x)
the momentum balance equation to determine the perpendicular components of the

flow:

V.= ; B x (—ngE + Vp+II — ngl /o —mndV [dt (6)
ngB?

which indicates, respectively, the E x B, diamagnetic, viscous and frictional force
induced, and inertial flows. Taking the flux-surface (or really i) average of the
density balance equation we obtain

d<n> d
—F <V, - VVe>=10 7
TR (M
in which Vy is the volume of the b flux surface. The net "radial” particle flux, after
eliminating the non-dissipative flow effects since they apparently, from Eq. (3), do not
contribute to net plasma transport, is (after using the vector identity Vip x B/ B* =
~IB/B* + R*V()

r = <HVL'VV#>
V¢ xB ngd _ I 1 1 KB oy
e ot gmsli - Aa
I
-————<B-V-1I < RWVC-V-O>. 8
q<Bﬂ>< 7>+q< ¢ > (8)

Here, the first term indicates both classical transport (due to the equilibrium dia-
magnetic current) and resistive instability effects (due to fluctuating currents), the
second term indicates the Pfirsch-Schliiter transport, the third term indicates neo-
classical perpendicular transport®!? (note that it depends on the same component
of the parallel viscous force'® as appears in the average Ohm’s law [Eq. (5)], and
the last term apparently indicates the dominant effects of kinetic plasma instabili-
ties since it is negligible for Coulomb-collision-induced processes.!? Thus, anomalous
transport is represented here by the toroidal viscous force that the plasma turbulence

= ]
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produces. In obtaining this equation we have neglected the difference between 9,
and i, which, as noted above, seems Lo be second order in the gyroradius expansion
and hence negligible. Also, we have neglected Vi x VT effects due to the "small”
departures of the equation of state from its ideal non-entropy-producing form. We are
currently developing a more complete approach based upon a formal small gyroradius
expansion. We should also note that the present analysis does not allow for "mag-
netic islands™ which would change the topology of the 4y surfaces. While the present
development of an expression for the net particle flux is somewhat phenomenological,
it does indicate that the net transport is due to dissipative effects (friction and vis-
cosity) and how the classical, Pfirsch-Schliiter, ncoclassical and turbulence-induced
transport fluxes should be added to obtain the complete, net particle fux.

* Rescarch supported by the U.S. DOE under grant DE-FG02-86ER53218.
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Introduction:

It is well known, that neoclassical transport based on collisions between trapped and
transient particles, scales like the collisionality »* in the banana region and is far away
to explain experiments. (v is of order 0,05 under reactor conditions). For this reason
we have started a knew approach for solving the kinetic equation which studies the
effeot’ of the transient particles on transport in the region of long mean free path.
Tle losses due to transient particles are based on the drift terms arising from the fast
gyromotion in conjunction with poloidal variations of temperature, flow velocity and
density on a magnetic surface. In analogy to the collisional regime, the driving term is
the diamagnetic poloidal heat flow, which is in toroidal geometry not divergence free.

Complementary to the usual neoclassical ordering scheme a kinetic model is set up by
extending the Chapman-Enskog procedure into the long mean free path regime. For
the distribution function the ansatz f = fa; + f1 is appropriate, where fag is a local
Maxwellian with two temperatures Tj, and T';. So we preserve the basic idea of Grad’s
13-moment method, but intend to solve the kinetic equation directly in erder to find
a closed system of moment equations. The collision term of Clemmow and Dougherty

%‘H: = y%” [v,,f+ 3;—‘; %{—J] , which is consistent with particle, momentum and energy
conservation, is applied enabling an analytic treatment. The basic result obtained for
the electrons in this model is the electron parallel heat flux to be independent from
the mean free path and thus from the collisionality. This exhibits similarity with the
case of a Knudsen gas. As an immediate consequence the radial heat transport is in

agreement with plateau scaling and widely exceeds the trapped particles contribution.

A. Parallel heat conductivity derived from a 1-d kinetic equation:

Taking into account the motion of the charged particles along the magnetic field the
simplified 1 — d Fokker-Planck equation for the distribution function f for the electrons
reads in the steady state case:

a
'Unéri‘ +Ve

af e of av. of

. T s m Vi a—
Or me duy dz dvy,

=Ie

Here v, denotes the random velocity v, = v — V.,V the mean velocity and E, the
parallel electric field.

.
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We look for a periodic solution with periodicity length L = 27 Rq which is the closing
length of a field line and introduce a periodic coordinate § = =/ Rq.

With the ansatz f = far + fi the first part fas is given by a local Maxwellian with
inhomogeneous density n.(z), temperatur T,,(z) and flow velocity Ve(z)

Mg

1/2
far =ne(z) ( ) exp (717151.';2,/217,(.1')).

QTFTH(JJ)

fi is chosen to staisfy the conditions [ fi6vy = [ vy fiév, = Jv2fi6v = 0, therefore it
does not contribute to the moments of density, flow and temperature.

For the ordering we introduce two small parameters, namely § = i"l: 8T, /68 and a =
Ve/vihe. Here vipe denotes the thermal velocity. The moment equations determine
ne, Vo, T. and B, with the heat flux determined by the kinetic equation. This allows
the electric field to be given in terms of appropriate source terms. Here instead of
E, the temperature variation is prescribed. Non trivial solutions with finite surface
variations for n., T, V, and the electric potential E, = —39¢/Rqd8, are derived.The
heat flux in the energy equ. is assumed to scale like ¢ inplying the density variation to
be of the order ;l:é-ne/'&ﬂ ~r fat.

This large density variation is a disatvantage of the 1-d kinetic equation and due to
the fact that the collision term I. of Clemmow and Dougherty does not contain a non
symmetric source capable of driving a surface variation. Retaining terms of order §
and §a~! the kinetic equation becomes

b f1 & fmr ofar T e 6fm Ve  bfm
et w — + Voo — — E = ; =
v bx 2 fx + ox Me " v sz " buy €
Expanding f; in Hermite polynomials
N
fr=fm Z an(8) H, (%), (£ = vy/vihe, N = truncation number)
n=3

the Fourier transformed moment equations for the different orders H,, yield a recursive
system. This tridiagonal system is solved nummerically. For the third order moment
a3, which describes the heat flux, we find the very interesting result

. >0
a5 = Fi027Fy,. }m
m <0
This expression holds for every ratio A/Rg of the meanfree path A = vy /v to

the connection length Rg. It is emphasized that collisions are necessary to get a
solution. The case without collisions yields only the trivial solution fi = 0 and
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vanshing surface variation of the macroscopic quantities. Even for reactor relevant
plasmas the electron collision time is in the order of 30us. In the special case of
m=1lj.e. Tu="Tne (Tysinf + T.cos8) the heat flux Sy reads

Sy =0.78 ne Ty vihe ('f'cst'nﬂ — ’f"acosf))

In order to find sufficient convergence we need N ~ A/Rg(i.e. N = 100) polynomials!
Therefore the standard thirteen-moments approximation yields accurate results only ‘
in the collisional regime in difference to the result achieved on the basis of the Krook

collision term /1/.

B. The physical model of transport:

The explanation of perpendicular tranport is based on the drift term in the heat flux,
whose poloidal component

5ne T,
2eB

is not devergence free in toroidal geometry (here we take circular magnetw surfaces, B
the magnetic field). Therefore a return flow Sy is set up such that V- (S,, + S_L) =

This causes a variation of T, = Teo (14 T, sinf+ chnsﬂ) in a way where T is of order
¢ = r/R (e the inverse aspect ratio) and T, of order €2. With S, from the foregoing
chapter we found

S16=— £ dT. /dr

Ty = —6.4 €pe 9/ L.

(here o, is the poloidal gyroraduis, Lt the radial temperature decay length).

To estimate the effect on the radial transport we will use the radial component of the
drift term and average over a magnetic surface. This gives a heat diffusivety for the
electrons of

X, = 6.4 (T.o/eB, R,)? °q( %s") ~ T3/2q/BIR,
he
For JET values (T, = 4keV,q = 2,By = 2,5T) we find X, = 0.4m?s~! not far from

the observed values!

C. The treatment of the complete kinetic equation:

As described in an earlier paper /2/ the distribution function f = f, + fi is based on
a two temperature local Maxwellian f, and for f; the ansatz is made

fo= @) Y %o B (),

n=3

s ]
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where H( ") are Hermitian polynomials of order n, (for definition of w see /2/). The
equation for f is derived such, that the lower moment equations (zero, first, second
order) are satisfied duhnn"ntimll)

f1is separated in fi = fo(ip1 +2) with o1 = w1(wa, w?) a quantity independent from
gyropliase. ¢, is of first order in the smallness parameter 6.

After some algebra we obtain for ¢ the equ:

Fovene /200 (0;6T 1 6z ,}w”(u' —2) + fotiine/2Tu(bidT [ bx; )u”{w,, —3)
Hﬁ)fv/afﬂu (forpr)8’w +Hm /“O/Hrmfe(fu%)éaw

2 2 . _ . 2
~vieHj; fofa f HPw, fbi8' 01 /62180 + venerwn fobit' o1 /52; = L forrn)
&' means derivation at fixed velocity variable .
Uphe = (T”/me)l’z,cvo = 'b'!-"iiﬂ’ie/Tl_ and o = 2a,

b is the unit vector of the magnetic field. Contributions to polynomials of first (H(”)
and second order (H ) will cancel automatically. To solve this equatlou we work with
an ansatz for a( ™) which contracts a(-n) .H-(rJ to polynomials of wy,w? only /3/.

The equation for 3 depends from the gyrophase. Here we work with the usual gyro-
radius parameter & and expand &, up to second order. This work is still progressing.

(1) W. Kerner, D. Pfirsch and H. Weitzner,
Zeitsehrift fiir Naturforsch. 44a (1989) pp.1029 - 1040

(2) V. Oraevskii, R. Chodura, W. Feneberg,
Plasma Physics Vol. 10 (1968) pp.819

(3) H. Weitzner, private communication.
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3D MODELLING OF RADIAL DIFFUSION OF HIGH
ENERGY IONS IN TOKAMAKS

F.S. Zaitsev 11!, A.P. Smirnovi!. M.R. O'Brient?, M. Coxf?.

"Moscow State University, USSR.
2JKAEA/Euratom Fusion Association, Culham Laboratory, UK.
ipart 1, fpart 2.

Part 1. Neoclassical diffusion.

We solve the 3D Fokker-Planck equation for the hot ion distribution function in a
tokamak allowing for neoclassical diffusion [1,2]. The equation for the distribution,
which is a function of speed v, dimensionless magnetic moment s = v3 B,/(v%B) and a
magnetic surface label v, takes the form [2]:

af w10 af 19 af
U= e o] 4 g [l ¢

1 i[»f)\('r)c(il('yw) o x(Jl(v,s)—f((T’s)ﬁ)]} (1)

A7) (v, 8)7 v wi(7) 7,8) By
where
_ 5 2ma(r) m Tp(v) s m,
a(7u”) = ;zﬁ ne mg mu aﬁ(’)'!v)’ b(’?’vv) = g Zn ng mp bﬁ('}‘al):

ns(7)
) =42 AL 2 cstmo?, d0,0) = 3 B entr o),
il e
m 1/2 ngz
= [ﬁ] mneelz2inA

Here wy(7) is the poloidal field cyclotron frequency. The last term in (1) describes
neoclassical diffusion. For high energy particles some negligibily small terms in the
radial flux term were omitted [1,2]. The coefficients ag, b3, ¢z have the same form as

in [3]. The following system of real-space coordinates was used [4]:

x=(R— A7) + 7 cos 6 — 6(7)sin®0) cos ¢

y = (R = A(7) + cos 0 — §(7)sin’0) sin ¢ (2)

= A7)y sin
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with 0 < v <7, —m <80 <7, 0< ¢ < 2w, 7, the label of the limiting magnetic
surface, # the ‘poloidal’ angle and ¢ the toroidal angle. For the flux surface labelled
¥, A, A and § are the ellipticity, shift and triangularity. The coefficients J; arise from
the surface averaging of the equation and take into account the magnetic field geometry.

At the trapped/passing boundary (s = 1 — (7 + A(y))/R) we assume continuity of
the distribution function and of the flux in phase space. The equation for the conti-
nuity of the flux is put in more convenient form by changing from s to the variable
£ =35+ (v+Ay) — A(0)/R. This leads to the appearance of additional terms in
the radial flux, however they are of the order y/R and should not play a substantial
role. The boundary conditions at s =0, s =1+ (v — A)/R and v = 0 are the bound-
edness of f. At v = 7, and at v — oo, f = 0. Eq (1) is solved for v > v, for
v < Upin = (2074/m4)Y? the distribution is Maxwellian.

Calculations were performed with the code VSG developed by F S Zaitsev for T-10
parameters: R = 150cm; 7, = 29cm; B = 2T; Tp = To (0.9(1 — v*/+2) +0.1); ng = n?
(0.9(1 = ~4%/42) 4+ 0.1); Tp = 1keV; nl = 10'3 em™2; f=d(euterons), ¢(lectrons); current
density j(7) = jo(l — ¥3/92), 4o = 212A[/em*; A =1, A = § = 0. The effects of neoclas-
sical diffusion for devices of the size of T-10 are more important than for larger devices
[3]. The grid {v,£,v)=(100,96,32) was used for the numerical solution.

Fig.l shows the dependence of the steady state distribution f on energy w for s=1
and different v. The dashed line shows the Maxwellian function, the dot-dashed line
the results obtained from analytic formulae [5] and the solid line f3P, the solution of eq.
(1). Tt can be seen that analytic formulae and f3? give very similar results for the mid-
dle range of 4. Dilferences occur for small and large . Apparently the reason for this
is the assumption in [5] of local Maxwellians for f which give sharper radial dependence.

In order to compare f3P and f?P [3] we have averaged f°P over s. Fig. 2 shows
< [P >, (solid line) and f?P (dot-dashed line). There is good agreement between
these functions for small and middle v. However for large « the results differ signif-
icantly. This can be explained as follows: < f3° >, and f*” are comparable in the
range of ¥ where f3” depends on s weakly. The increase in < 3P >, for large v is due
to the fact that D32 /D20 < 5/¢'/? is greater than unity for 5 ~ 0.

neo neo —

Our investigations show that simplified models {5,3] give a good description of the
region ol detachment from the Maxwellian distribution and the dependence on energy
for the middle range of 4. However in the peripheral regions substantial differences
occur (2-50 times) arising from the strong dependence of f on D,,.
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Figure 1 Hot ion distributions for (1)
7 = 7.25cm, (2) v = 18.13cm and v =
95.38cm. The solid lines are solutions
of the 3D equation, the dashed lines are
Maxwellians and the dot-dash lines from
the analytic expression.
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Part 2. Influence of magnetic field geometry on the
distribution function of hot ions.

Many working and planned tokamaks have non-circular cross-section. Here we dis-
cuss the influence of deviations from circular geometry on kinetic processes. Preliminary
conclusions can be drawn from analyses using Maxwellian distributions. We have con-
sidered the (X, A, §) model of the magnetic field (2) and studied 3 cases: (a) - ‘standard
ITER’, R=6 m, 7, = 2m, A = L7+ 037342, A = —0.6(1 — 7*/42)m,§ = 0; (b) -
‘circular ITER with the same volume’ R=6, 5, = 2.83,A = 1,A = 0 (total number of
particles is close to (a)); (c) - ‘circular ITER with the same minor radius’ (for fixed v
the density is the same as in (a), but the total number of particles is different). Tor
(a)-(c) we consider the same profiles: density n = (0.99(1 - 4*/42) 4+ 0.01) x 10%**m =3
and temperature T = 30 (0.9(1 - v%/42) + 0.1) keV. Fig. 3 shows density profiles of
passing and trapped particles. Cases (a)-(c) differ by 10-30%. The differences arise
because cases (b) and (c) have higher ‘effective inverse aspect ratios’ v/ Rcsy than (a).
Thus geometry can have a strong influence on kinetic processes in which the fraction
of trapped particles is important.

To illustrate the influence of geometry we consider the extreme case in which the
radial diffisivity of trapped fast ions is very large (D = 10072/7.(400keV)) and zero
for passing ions. The solution of eq. (1) was performed using two independent codes:
VSG and BANDIT-3D [6]. This gave the density profiles shown in fig. 4. Note that
the differences between (a), (b) and (c) are similar to those in fig. 3. This is because
the maximum losses depend strongly on the position of the trapped/passing boundary
in phase space, which differs for (a), (b) and (c). These results suggest that when
simulating experiments with a code which treats only circular geometry, surfaces of the
correct aspect ratio (and preferably the correct shift) should be chosen. Due allowance
should be made for the different areas and volumes of surfaces when calculating global
quantities such as current, as well as for the higher poloidal field in shaped plasmas (for
the same safety factor) which will give lower neoclassical transport for example.
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NEOCLASSICAL CURRENT AND PLASMA ROTATION IN HELICAL SYSTEMS

N.Nakajima and M.Okamoto
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In order to clarify geometrical effects of the magnetic field on the neoclassical
theory in general toroidal systems, the neoclassical parallel particle flow, heat flux,
current and plasma rotation of a multispecies plasma are examined using the moment
approach on the basis of the original papers (1 2. 3] under the assumptions of no
fluctuations, no external sources and losses except for a fast ion beam and an external
inductive electric field, steady state, and | 4, |& v, where %, and vp, are the macro
and thermal velocity of species a, respectively. Hence, we might have a point of view of
unifying understanding the neoclassical theory in general toroidal systems. Three
collisionality regimes, i.e., the 1/v ( in non-axisymmetric toroidal systems ) or banana (
in axisymmetric toroidal systems ), plateau, and Pfirsh-Schliiter collisionality regimes
are examined separately.

In order to obtain the flux-surface-averaged parallel particle flow and heat flux, the

flux-surface-averaged parallel momentum and heat flux balance equations are used:
12 3

< B Fons

<4§-V-ﬁa> L
—‘(B-F,,fg)

—<B.v.8,>

+[ﬂn€a<-§'Eu)>j|1
0

5 . (1)
where T, and ©, are the viscosity and heat viscosity tensor, respectively. F’M and ﬁah
(7 =1or2) are frictions of a species ¢ with thermal species and fast ions due to the
neutral beam injection, respectively. And E(A) is an external inductive electric field.
The friction coeffecients are classical quantities in the sense that they are independent of
the magnetic field B and reflect the self adjointness and momentum conservation of the
Coulomb collision operator. The geometrical effects of the magnetic field come from the
viscosity terms. In axisymmetric toroidal systems the magnetic field strength B is a
function with respect to the flux label and the poloidal angle, so that there is only one
type of trapped particles and the geometrical effects of the magnetic field structure in
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the fluxc-surface-averaged parallel viscosity appear through the connection length and
the fraction of trapped particles except for some magnetic-surface quantities. In contrast
to the axisymmetric toroidal systems, in non-axdsymmetric toroidal systems the strength
of the magnetic field B also depends on the toroidal angle, thus there are many types of
trapped particles and another type of factor reflecting the magnetic field structure
appears in the parallel viscosity, which is called the flux-surface-averaged "geometrical
factor” < Gpg >. (2,451 The flux-surface-averaged parallel viscosity and heat viscosity
have the following general form:

<§‘\7-ﬁu>] Mg

g Hal  Ha2 < Bu"u >
= e = <Bgp>
-<B-v.8,> | Tao | Mz pay | | —25M
PR eqd!
NgMg L 2 ol
iy < Ggs > Hal  Ha2 e,(Pu j:‘ Ta ) (‘2]
Taa Ha2  Ha3 "::'

where fi; (j =1~ 3) are the non-dimensional viscosity coefficients which reflect the self
adjointness of the Coulomb collision operator. The above general form is obtained by
modifying the original results. (' 2 31 The geometrical factor prescribes the parallel
particle flow and heat flux due to the gradients of the density, temparature, and
electrostatic potential. In the 1/» or banana collisicnality regime, the viscosity

coeflicients are (j = 1 ~ 3) L2

fe_ 3{B% 11 B

= =l =1-- —AdA = 1-2A '

Ao e =g g T Bree
where f; are the fraction of trapped particles and f. = 1 — f,. The coefficients
Pay (j = 1~ 3) are not dependent on the magnetic field but dependent on the particle

constitution. The flux-surface-averaged geometrical factor < Gpg > is given by the

(3)

following equations: @

1 3(8%) [1{gs)
<G55> = -f—;{(g:)—ZBgmaI n@\d)\} (4)
= 92\ _ 3 e _ "
B-v[-ﬁ) = BxVV.V Bg), =, (5)
BV (5’1) = BxVV.V (i) 94(Brmaz) = 0. (6)
1 J1

In the plateau collisionality regime, the viscosity coefficients ji,; (7 = 1~ 3) are

expressed as follows : (L. 3.8
N o U (i, + ) «
Paj = 3—Papsy = =" g5 (7
APL APL < >
where A, = 7., is the mean free path of species a, i,, =2, i, = =1, fi,; = 13/2, and

Apr is a characteristic length of the magnetic field in the plateaun collisionality regime.
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Note that #z,; (j =1~ 3) is independent of the particle constitution. 1, and y, are

given by
VT, VB — 0B..(0,0)/08
e T( ! 2rr|tm+n|)' (8)
T m#0n#0
VT ,i-VB 8Bma(8,€)/8¢
He = "'2-( ol 2ﬂ.ltm+ﬂl)l (9)
T m#0n#0

where n = E/B and B = Em,n Bm”(ﬂ,g) - ):m,ﬂ ancos(Q'rrmH +27nC + Pma) is
assumed. The flux-surface-averaged geometrical factor < Ggs > is given by
dV 'Iup = Ty,

< Gpg >= ——F———, 10
5 = Bty ¥ (10)

In the Pfirsh-Schliiter collisionality regime, the viscosity coefficients are i 2]

2 2
b = Gy p = g T E (1)
where fi,; (f = 1~ 3) are not dependent on the magnetic field but dependent on the
particle constitution as well as in the 1/v collisionality regime. Aps is the characteristic
length in the Pfirsh-Schliiter collisionality regime. The flux-surface-averaged geometrical
factor is given by
< §(J% - I82)(#-VB) >
<(n-VB)>
In axisymmetric toroidal systems, the geometrical factor reduces to the same expression
in all collisionality regimes. In contrast with it, in non-axisymmetric toroidal systems,
the expression of the geometrical factor changes according to the collisionality regime as
well as the viscosity coefficients, i.e., it has the dependence of the fraction of trapped
particles in the 1/v collisionality regime, and the connection length dependence in the
plateau and Pfirsh-Schliiter collisionality regimes. The normalized geometrical factor
< Gpgs >y, which is defined as < Gps > / < Ggs >¢ and generally smaller than unity,
may indicate the deviation of the general toroidal system from axisymmetric torcidal
system. The normalized geometrical factor changes drastically according to the
magnetic field structure in the 1/v collisionality regime and it becomes very small and
even negative. 245 T I the plateau and Pfirsh-Schiiter collisionality regimes, it is
considerably small. Thus, this geometrical factor mainly makes differences to
neoclassical results between axisymmetric and non-axisymmetric toroidal systems.
Solution of Eq.(1) gives some general results. The self adjointness and the
momentum conservation of the Coulomb collision operator give common properties to
the multispecies plasma in general toroidal systems in spite of the geometrical effects of
the magnetic field. The parallel particle flow due to the radial electric field is
independent of the particle species and the parallel heat flux is independent of the radial

< Gpg >=27

(12)
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electric field, if there are no other external sources and losses without the momentum
conservation, for example, the charge exchange loss. Consequently, the charge neutrality
guarantees the neoclassical current ( the bootstrap curent ) be independent of the radial
electric field. Quantitative changes, however appear in the neoclassical current mainly
through the geometrical factor. (2 45,7 Tpe magnitude of the bootstrap current,
which is proportional to the flux-surface- a.vera.ged geometrical factor, changes
considerably in the non-axisymmetric systems accerding to the magnetic field structure.
Moreover, the poloidal and toroidal rotations change both qualitatively and
quantitatively. In the axisymmetric toroidal systems, the poloidal rotation in the
multispecies plasma is independent of the radial electric field. © In non-axisymmetric
toroidal systems, however, the poloidal rotation has the radial electric field dependence.
The radial electric field dependence becomes larger as the geometrical factor decreases.
Consequently, if interactions between thermal ions and fast ions are negligible, then the
ion parallel flow almost disappears in non-axisymmetric toroidal systems with a
sufficiently small geometrical factor, which contrasts with the fact that the ion parallel
flow streams to cancel the ion poloidal flow in axisymmetric toroidal systems.
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NUMERICAL SOLUTION OF THE DRIFT-KINETIC
VLASOV EQUATION

A. Ghizzo* M. Shoucri, P. Bertrand®, M. Feix} E. Fijalkow!

Centre Canadien de Fusion Magnétique, Varennes, J3X 151, P.Q., Canada

The problem of F x B drift at a tokamak edge is of great importance in tokamak physics.
It is now generally believed that the anomalous particle and energy transport in tokamaks
is caused by turbulent fluctuations generated by instabilities due to the E X B dnft in the
plasma edge. (See recent results from the Tokamak de Varennes [1], [2]). Also, E x B rotation
associated with a radial electric field in tokamaks edge have been associated with improved
confinement performance of the tokamaks known as H-mode [3].

It is the purpose of the present report to present some results in studying the solutions of
an important equation pertinent to this problem, the drift-kinetic Vlasov equation or guiding
center equation. The advantage of the Vlasov codes over particle-in-cell codes for such a problem
is obvious. Given the low noise level of these codes, they provide a powerful tool to study low
frequency oscillations.

The Drift-kinetic Equation

This equation couples the motion along a magnetic field with the E X E motion normal to the
magnetic field (Egs. 1, 2). We solve these equations for the case of a slab model, periodic in the
x-direction, finite in the y-direction, and allows the total magnetic field B (in the z — z plane)
to have an angle § with the z direction. In this system of coordinates, the electron distribution
function f (z,y, v)c) for the electrons obey the following equation:

afe sin 6\ 8f. sinf df.
5t + (v”E cosf + E, o ) o E, o ay
dfe
—FE; cosé =0 1
e (1)

and the ions distribution function f (z,y, v);) obey the following equation:

at e dz T By

1/2 ; !
+ (me Te) E, cos ﬁﬂ'—_ =0 ’ (2)

m; Ti

A i\ 1/2 : :
a5 + (‘U".‘ (mgTz) cos + Eysmﬂ) afi B sind 0f;
m;Te w,
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9| is normalized to the electrons thermal speed vy, = (Te,’me]l’lz, vj; is normalized to the ions
thermal speed vy; = (Ti,"mi)”z, z and y are normalized to the electrons Debye length Ap,
and the time f is normalized to u;c‘. we is the electron cyclotron frequency normalized to wp,.
The subscript (11) refer to the direction of the total magnetic ficld.

We solve the Poisson equation:

Ap=mn; — ne (3)
and

dp _ Oy
Ez—*'a‘;;; y__ay (4)

The numerical code developed applies a method of fractional steps associated with a cubic
spline interpolation technique [4].

Solution of the 2D equation.

For 8 = %, Eqs (1-4) reduce to the well-known vorticity equation

% +a.Ap=0 (5)
Vip= —p = (ne(z,y) - nilz,3)) (©)

where p is the electric charge, ¢ the potential and

o Ex e,
e 7
de EX (")
where ;, is the unit vector in the direction of the magnetic field.
The linear perturbation of Equations (5)-(7) around a velocity profile of the form
o = sink,y k,=2n]L (8)

leads ta an equation well-known in hydrodynamic as the Raleigh stability equation [4]. For
L = 2r, the linear growth rate predicted from this equation for the profile in Eq. (8) is 0.122,
while the numerical value calculated in Fig. 1 is given by 0.125 [5]. Fig. (2) shows contour
plots of the nonlinearly saturated potential.

Solution of the Drift-kinetic Equation (8 # 7).

We have studied the solution of Eqs (1-4) for @ # § using an equilibrium calculated in [6], which
consists of a flat density profile in the center decaying to zero at the boundary. The growth
rate of the unstable fundamental mode which is maximum at # = %, decreases when 6 gets less
than = /2.

Calculations are done for mg/m; = 1/100, T, = T; and a time step At wp, = 0.05. The
number of grid points used in the simulations is Nz Ny Ny =64 x 80 x 32.

The growth rate of the instability at 8 = 3, calculated in [6] using a water-bag model, is Im
w = 0.138. The corresponding value calculated numerically is I, = 0.13. Tig. 3 shows the time
evolution of | @, |* for the fundamental mode, whose growth rate is decreasing with decreasing
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@ value, while in Fig. 4 the time evolution of the first harmonic shows this mode becoming
dominant for decreasing value of §. This behavior is confirmed by examining the contour plots
of the potential.

Work is in progress to apply this code to study the E x B instabilities at the plasma edge
of a tokamak.
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Fig. 1 Growth and saturation of the
potential (log scale) as a function of
time for the 2D problem

IR TN N N N TN SN S
0 510 15 20 25 30 35 40 45 50
twp
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Fig. 2 Contours plot of the potential
at saturation (wpt = 200) for the 2D
problem
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THE INTEGRALS OF DRIFT PARTICLES MOTION
WITH FINITE LARMOR RADIUS

V.I.Ilgisonis
I.V.Kurchatov Institute of Atomic Energy, Moscow 123182,USSR

A large number of cosmic and laboratory plasma objects
ig often described with help of collisionless magnetized
plasma approximation. The object considered is assumed to
vary its state with time and spatial scales which are more
great than cyclotron period (v1/0=mc/eB) and Larmor radius
(mv&/n) but less than path and time between collisions. The

particle motion consists of fast cyclotron rotation, drift
across magnetic field lines and longitudinal moving. The dy-
namics of slow drift and longitudinal motions of particle
ensemble could be described by Rudakov-Sagdeev drift-kinetic
equation (DKE) [I] derived from collisionless Vlasov equati-
on by cyclotron rotation averaging. The importance of finite
Larmor radius (FLR) effects for plasma equilibrium and sta-
bility problems [2] has stimulated the various attempts to
modify DKE for non zero value of 1/Q. Contrary to previous
papers [2,3,4] concerned to 2D-geometry there was obtained
the generalization of DKE [5], including entirely the all
FLR-corrections at first order of 1/Q for arbitrary 3D-case.
Using this equation the problem of particle motion integral
existence is here investigated taking into account a macro-
scopic plasma flow and FLR-corrections to drift motion.

The generalized DKE (gDKE) has been obtained from Vla-
sov kinetic equation by means of expansion procedure in
powers of 1/0Q and Larmor rotation phas% averaging. The mag-
netic moment of charged particle p = va/ZB is well known to

be conserved in any order of an expansion in powers of 1/Q
[6]. Being influenced this fact let’s attempt to build the
analogous integral of DKE. As can be easy seen at zero order
of 1/0 the value

o)

is an integral of traditional DKE [I] if the magnetic field
is frozen in plasma moving with mass velocity Vv, i.e.

= mui/ZB (1)

9B = rot[VxB] . (2)
Here u is an ion random velocity and subscripts "i,I" cor-
responds everywhere to the direction of vector b=B/B. 1:£
1/Q # 0 the equation (2) should be medified as

BtB/B = rot[(VxB]/B - rot(F/mn)/Q , (3)

where F = mndtv + V-P, P - pressure tensor, n — plasma den-
sity, and dt= gt VeV, At zero order of 1/Q the pressure
tensor is orthogonal one: P”= plEU + (pH - pl)bsﬂ. Taking
into account (3) and terms ~1/Q in gDKE, it’s possible to
find the FLR-correction to (1):




1
s
n
=

-n

L
9 _ - _%p
u® = - 52 brrot(ub+v). (4)

So the sum u_+ u? is the gDKE-integral taking into ac-

count the main FLR-terms. The magnetic mement itself is known
to contain some more phase angle oscillating additions:

M p,-P vp
1 2 _ 0 VB 2 2 L = _ L
wr = g% (e T (Mt e PP T T T
+ 2u bWV)) + ewp[uub + V] ], (5)
-~ 1
where e v] = (e +(e *V)V - — b+rotvV), e and e are the
wp[] (w(p ) o2 _) P ¢
orthogconal to b unit vectors in velocity space:
ep = {u ~ (u-b)b)/ul, e@ = [bxep].

Thus uo+u? is the integral of gDKE and u = uo+ u?+ u:+ uf is

the solution of kinetic equation at first expansion order.
The expressions (4,5) generalize the known magnetic moment
formulas [B] for plasmas with non-zero mass velocity V.

If a particle moves in a stationary electric potential
(E = - V&, at¢ - 0), its total energy £ = ed® + mv’/2 is very

well known to conserve (the presence of slowly varying mag-
netic field is also permitted). In this case £ is the integ-
ral of kinetic equation as follows from direct substitution.
However the same substitution of € into DKE [I] doesn’t
transfer the equation in an identity. The appearance of this
paradox is connected with a breach in the logic of an expan-
sion procedure in powers of 1/0Q. So the paradox elimination
is possible only on the base of generalized DKE [5]. Actual-
1y unlike the function F the electric field at v, # 0 con-

tains the value of order ~Q which should be taken into con-
sideration at main order of expansion. Formally the statio-
nary function &(r) satisfies DKE in case when vud + u“bVQ =

= 0, whence it follows V@ = [VxB]/c (the multiplier B/c pro-
vides to & an electric potential dimension). This expression
should be substituted into the first order (“1/Q) terms of
gDKE [5], whence we’ll obtain that the value

Epxg = €8 * (ui+va+2u“'\in+uﬁ)m/2 (6)
is also the integral of the equation considered as a magne-
tic moment is.

There is the important property of gDKE that the value
(6) seems to be the approximate integral of gDKE also in
case of variable fields with frequencies w « Q. For this the
scalar electric potential in (6) should be specially calib-
rated in accordance with following formula:

a,@ - V-3 A/c = 0. (7)

Here A is a vector potential: rotA = B, and the electric




field is given by usual general expression E = - V@ - atA/c.

By the way the scalar potential is defined with appropriate
function £ moving with plasma together (i.e. 8, & + V-VE = 0).

In other words the replacement ¢ » & + £ (and A » A + Va at
the same time where g .a/c = -£) conserves both the electro-

magnetic field and the calibration (7). For the stationary

plasma flow (atv:o) the calibration (7) turns into Petviash-

vili-Gordin one [7].

Now let’s consider the macroscopic conservation lows of
magnetized plasma dynamics. The equations of continuity and
motion are formally identical to corresponding MHD-
equations, therefore the total particles number and plasma
momentum conservation is obvious in case of essential FLR-
effects too. It’s natural to expect that the total plasma
energy should be conserved without a dissipation as well as
it takes place in magnetohydrodynamics. Nevertheless for
this time there is no general expression for energy density
variation were obtained in frames of drift theory [8]. The
such expression can be derived from gDKE in first order of
1/Q. Firstly let’s comment this derivation for the usual DKE
in zero order.

The space energy density of particle heat motion is

simply Eg (ui + uﬁ) = gk p"/Z. Taking DKE-integral with

weights ui, uﬁ and summing the equations obtained we’ll have
dt(pl+ p”/z) = = (2P1+ p"/2)divV - div((ql+q"/2)b) +

+ (p,- P,)b(bU)V
The non-divergent items in right side are removing by taking
into account both magnetic energy and plasma flow kinetic
energy. So

2 P 2 2 P 2

v LGBy - o gj Ll o, B
at(mn4§ + pl+ R +§F) = le(V(mn 5 + 2pl+ 3 + 4n) +
+ +ﬁ+ - —iv-bb + V(F + 1 [BxrotB 8
(a,+ 5 + (= P~ zz)V'b) ( a7 [BxrotB]). (8)

The energy density wvariation is connected with convective

energy transport (first divergent item), longitudinal heat

flows (items with ql"), energy convection along magnetic
L

field lines (with magnetic energy) and a work of electromag-
netic forces too (final item in (8)). For example, if the
electric current is conditioned only by plasma component
considered then the final item is disappeared precisely what
is equivalent to a zero electric field in co-ordinate frame
frozen in this component.

Having performed the same procedure for the gDKE we
obtain the expression of energy density variation including

Iv-159




TV-160 Fag

FLR-terms:
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Here R = mnu4 mnuﬁuffz, Rl= mnui/S are the fourth

R =

Il I’ #
moments have been calculated by isotropic part of distribu-
tion fo, and the expression for pressure tensor P ~ 1/0 has

been given in [5].
For an one-component (e.g. hydrogen) plasma formula (9)
describes the energy variation of ions and magnetic field.

In guasineutrality FiF = = i [BxrotB] and Vezv = rotB

B
an 4mmnf

(the subscript "e" marks electron component) and we’ve the
removal of final (nondivergent) term in (9) when pressure in
left side denotes the sum of electron and ion pressures.

Finally the total volume energy integral conserves with
FLR-corrections similar to ideal MHD:

2 P 2

The simple consequences of FLR~generalized DKE given in
this paper expand the convenient notions of charged magne-
tized particles drift motions for a case of final Larmor
radius.
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DRIFT EFFECTS IN THE THEORY OF MAGNETIC ISLANDS

A.I.Smolyakov

I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR

1.Introduction

Destruction of magnetic surfaces is one of the possible
reasons for anomalous electron heat transport in tokamaks.
Several models for electron heat conduction emerging in
overlapping chains small-scale magnetic islands has been
proposed recently [1,2]. The problem of magnetic islands
emergence and stabilization mechanism is a basic one for
such models. It is known [3], that in nonlinear regime
magnetic islands grow when A’ is positive. Magnetic islands
pass into the nonlinear regime when their width exceeds the
linear tearing layer width [3]. The linear tearing layer is
very thin for the present day tokamaks parameter so the
typical resonant magnetic perturbations from external
sources (e.g. field errors or another instabilities) are
large enough to produce magnetic islands in nonlinear
regime. Recently it was noted that the magnetic islands
dynamics can be essentially modified when plasma
inhomogeneities are taken into account [4-6]. This
modifications result in a conclusion about possibility of
magnetic islands grow when A’ is negative [5,6]. Here we
examine this new driving mechanism which arise from drift
effects as well as TFLR effects for ions. Besides we
investigate the role of radial electric field in the
magnetic islands dynamics.

Perturbation in a magnetic field is described by the
potential .

X
Yy =-—B + Y cos & (1)
2L *°

~ t r r A
Here £ = (m@ - Jw(t)dt), 6 = 6-L/q, X =o-a_ -is a distance
from the corresponding magnetic surface, LS=qR/S, S=rq’/q.

Dependence ¥ and ® on time is caused by the dissipation.
Here we suppose that this dissipation is sufficiently small
(ay/at ) /y=(dw/dt )/w <<w , so we can apply the method of
successive approximations including dissipative effects only
in the first order equations and neglecting ones in zero
order.




2.Short-wave ( w/p.<<l) magnetic islands
1
in inhomogeneous plasma

At first let us consider the magnetic islands with width
less than ion Larmor radius. For the electrons we adopt the
standard MHD by Braginskii, which includes thermoelectrical
effects. The ion density response in the short-wave regime
is adiabatic. The longitudinal electron heat conduction and
longitudinal plasma conductivity are taken into account as a
dissipative effects. The initial equations are

dO 1
- n - 4—-VHJ =0, (2)
dt e
T0 1 1
Ei + — ¥Yyn=—J - (1 + a) —V, /T =0, (3)
| " en - e |
e]
3.4, T
o P el kW T #F [l s a) ——Wds (4)
5> at [ & |
1 a8y a, i
Here E" = —v"¢ + - — - = — + VEV.

I
c at dt at
These eguations can be integrated in stationary case
[5]. Using standard matching procedure for the solutions in
nonlinear and linear regions [3] we obtain

2 2
’ -
W L
aw A 2[;2 pe s 4 5
G— =D (— + - — — (W = Wy )). (5)
1 R
at 4 W 2 2 2
7 Sl c
2] te

The second evolution eguation is obtained from the energy
conservation equation

1 3w dw
- — (alm ~) F g, — = (6)
W at “ at
o wz L2
3 pe s 5
Dy -, @y (0 0y) f (7)
W 2 _2 2
ke V.. © ,
rne f = C‘zne + Ci(m/w* - 1), Dy = c“/4ne, w - islands
width, c= P o a)2 JT/ezx, C2 = F(1+ d)UT/ZEEK. numerical
values are o = 25 o, = 1; a = g e G1 = G2 z 0.4. The

steady-state islands with A’<0 are possible when W' > wf
and £ =0 [5]. The condition for the formation of short-wave
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magnetic islands (under the assumption A’<0) are n, > an
and mn < 0O, n”=CI/C2. The width of such islands is of the
e

order of = s
kew = B LS/Ln,
I
where 8 =4HDGT/B:, L= n/ ng, and frequency is defined by
equation
W= w/ (1 —ne/ncr)
For the nE>0 these islands move in the direction of the

diamagnetic ion drift. We have found that such steady-state
islands are stable.

3.Long-vave (w >> p )lmagnetic islands

In the long-wave regime the effects of the finite Larmor
radius are important. Here instead of adiabaticity relation
for ions we use the current closure equation div J =0 taking
into account the gyroviscosity in the egquation of the ion
motion. For the electrons equations (2-4) are used. As in
a short-wave regime we can integrate initial equations [5]
and then we find equations determining evolution of w and w
for the long-wave magnetic islands

2

I
oW A ISGZ Ls
G— =D (— - - ww - w, ), (8)
1ot R 4 e i
8 "a
i 202 .08 2 g 2
— (T w,w /p" + Tw +ITww,) + Iwv —W =
1% s 2 3k 4
at 2 at
1 £ P .
—DR ;3 . 2 2 W (w - u”) P (9)
* (] a
Here numerical values I1 = 0.3, 12 z 0.5, I3 2 1.4, 14 =
1.4, lﬁG3 = 1. From (8) we can find that in the case A’ < 0

the long-wave magnetic islands can grow when 0 < w < w, [5].

i
The steady-state islands width is of the order of

2. 2 2,2

(kgw)™= (kgp) "B L/L .
The rotation frequency is determined from the same equation
as in a short-wave regime.

4.Magnetic islands in a plasma with radial electric field
In the case of magnetic islands in a homogeneous plasma
with radial electric field the first evolution egquation is
readily derived from (8) by substitution w - w - WL where
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= F i
W, K8c¢ /BS, so we can obtain

2
aw A’ ISGz Ls

G— =D (— - -

‘ot Ty v K: ef

9 a

Similar equation was derived in [7]. The second equaticn for
the w and w which is followed from the energy conservation

has the form

2
(w - w ). (10)

ow a

i (K]mg K - Kgmz )+ w —(K4w2 +Kw o) =

at - at

i % \
~DR ;3 = 2 (w - wE) : (11)
6 "a
Here XK = 0.9, K = 1.2, K, =2 2, K = 1.4, K_ 2 0.1. The

i 2 3 4 5

second term in equation (10) associated with plasma inertia
is always stabilizing, so the islands grow when A’>0.
Recently the stabilization of magnetic islands by radial
electric field was investigated numerically in [8].

5.Conclusions

We have obtained the equations for the evolution of the
magnetic islands width and rotation frequency in the
short-wave and long-wave regimes. We have shown that the
nonlinear exciting of magnetic islands with finite threshold
can occur when A’<0. The possibility of existence of the
steady-state islands in inhomogeneous plasmas is
demonstrated. The stability of such steady-state islands is
studied. It 1is found that the radial electric field can
stabilize the magnetic islands growth.
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INFUENCE OF MAGNETIC ISLANDS ON MAGNETIC FIELD LINE DIFFUSION
A. M. Marlins. and J. T. Mcndonc;‘.u
Centro de Fusdao Nuclear, ;lssocz’aQELo Euratom/IST

Instituto Superior Tecnico, 1096 Lisboa Codex, Fortugal.

1. Introduction

One of the proposed mechanisms to explain the observed anomalous transport
in Tokamak discharges is the ecrgodization of magnetic field lines due to the
interaction of small magnetic islands, excited by microtearing instabilities in adjacent
rational surfacesl. Such an interaction does not necessarily lead to a complete
ergodization of the field lines and it is perhaps more likely to assume that a number
of periodically distributed magnetic islands still remains, surrounded by a stochastic
sea. The ‘change in size of these islands will eventually serve as a sellf-regulatory

mechanism lor temperature profile consistency.

Apart from the purely slochastic situation, for which analytical expressions
for the diffusion coefllicient can be derived, the inflluence of the magnetic island

size and spacing has only been studied by numerical methods.

In the present work we study, on purely analytical grounds, the changes
occurring when the quasi-linear dillusion process lor the stochastic field lines is
perturbed by small size magnetic islands. First, we derive our model equation, which
is a diffusion equation with a locally perturbed diffusion coefflicient. We then solve
this equation using an iterative method which leads to a renormalization of the
dominant diffusion process. Our final result will depend, in a simple way, on the

islands size and spacing.

2. Maodel equation

In a toroidal configuration, the magnetic field line equations can be written in
. X
canonical form as*:

dg _ 9%, do _ 3, oH)
d¢ Y d¢ a0
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where ¥ and %, are the toroidal and poloidal [lux functions and ¢ an 0 are the

toroidal and poloidal angles. The general Torm lor the Hamiltonian ¥, is:

ValW,0,8) = oot} + B(,0.5) @)
where the [irst {erm describes the current profile and the second term is associated

with the magnetic field lluctuations:
Bu,05) = 5 A o™ @)
m

Let us lirst consider the case where the [jeld lines described by eq. (1) are
completely stochastic in some domain of the phase space (¥,0). We can assume a
stalistical ensemble of trajectories in such a domain, described by a given
distribution function [(%,0,(). We know that, due to the hamiltenian nature of the
field line trajectories, the kinetic equation [lor F(1,6,¢) reduces to a dilfusion
equation:

o .9

d
a " ax; uias | @
where x=1, .\'3=0 and:
. dx.
A 1[0 s [§ s, 1955 ]
oy-gin, & [Far e <[l &)~ ©
o 0

Using the quasi-linear approximation, we can write Dllngw as simply

proportional to the energy of the magnetic field lluctuations™ :

Dyy = Lo 3 w2 1A y(e=0) > ©) 7
where Lo is the correlation length in the toroidal direction. We can also write”
D::EDGGE(kG/mo):Dn, where ko and mg are typical (radial and poloidal)
wavenumbers of the magnetic fluctuations. We can lurther assume that the off-
diagonal terms D”_ and D'-_’l are equal to =zero, if the radial wvariation of the
coefficients Ap is uncorrelated with their absolute value: <A ,(3A,,/00)>=0. Using

these assumptions eq.(4) is reduced to:

=
r (7)

where Dp=Dyy, x=¢ and y=(mo/ko)0.

Now assume that this purely diffusion process is locally perturbed by small

magnetic islands with ares a, where the field lines are regular and not stochastic,

localized at given positions rif(xij X & Yij ¥). The perturbations introduced by

these islands on the diffusion process can be easily described by the [lollowing
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equation:

A o - s i -
jc SIDe-D T glT - i)
2 1] ’

— . ' —
where g (r- r; ) 15 sirengly peaked arround e
15| ,

This simply means that, arround
these points, the diffusion coeflicient is reduced to a value (Dg-D", which is equal

to zero inside the islands. An appropriate cloice is:
— =, T~ — o
( - L ! = o oy I Q)
g (r rl’JJ a 61 rl,J) (9
3. lterative solution

Following 8 well known iteralive method, the soluticn of eq.(8) can be written

as:
= (n);
o -3 (T (10)
n-o
where:
FOR ) = Ugleiso) M0 an
and: ¢
. . n- ; ;
fRe - j Uolgso) & 1V e g (1
(o
In these equations the [ree propagator Ug is the integral operator:
— —,. 2
. i —, (r-r"°
Uol§i€o) = == |d X B T (13
ol§:50) I=coiDy J r'exp| AE5Dy ] )

and L' is the perturbed differential operator:

L=-aD Xl v (14)

L
ST s — —  —+ 3
Let us assume the following initial condition flr, §=¢,) = 8(r - ry). We know

that the Fourier transform of the zeroth order solution (11) is simply given by:

(o ? . ..c.3 s - »

2% =tk Dpeiwl™ expligy- ik 1o (15)

In order te calculate the following order sclutions we assume a periodic distribution

for the smail magnetic islands: rilelx.\:-i-l_JL\,-Hn)y, where Ly snd Ly are the
s y

periodicities and & e phaese shiflt between adjacent chains of islands. Aftier some

calculations, we obtain: R
()= Ik

—
0k W o= 2 B S (16
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ko= ==t - == j1x+ - iy am

In crder to get o simplz but stll meaningluall selution, w2 assume that the

5
dominant Lerms in the summatiens implicit i eq.f16) are those proportional to (K™Dg-
l:r..?‘l, because these lerms contribute to the daminant diffusion process deseribed by

2q.115). Neglecting the other terms we obtain, 2lier imverse Fourter iransformation:

18]

(P = L[ 7 (6Co! Deg IV~

wheare:

(19

4. Conclusions

This result shows that the diffusion process D perturbed by ain infinite)

number of perindically distributed small msgnetic islonds, 13 equivalent to a
diffusion process Dgg . which depends on o small adimensional parameter {_‘”?'\a.[.xl.é-
iLhe area of the islands normalized to the ares of the elementary netr. When this
paramelar is closa te unity snd D,=D°, we will have no diffusion. bezsuse the
=)

regular islands will dominate cver the siochestic region. This means thal eq.t

remaing at least gualitetively wvalid Tor Tinite size islands, even il its derivation is

of the diffusion

limited te infinitesimal ands. This also means that the decres

a! experimentls. cun be largely

saefTicient with respect te 1), observed in numer

ands., Another interesting foatuie

explained by the increase in size ol the regular
af equls) is that it is insensitive to the phase shift & wlhich oniv contributes Lo

Ingher order terms. Finely, we note that aur medel squation can alse be used to

madelize the heat propugeation i a hot plasma tarming colder sionds.,
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Computation of Plasma Equilibria with
Semifree and Free Boundary

A. Nicolai
Forschungszentrum Jillich Gmbll, Association EURATOM-KFA

1. Introduction

Besides the solution of the GRAD-SHAFRANOV equation for the fixed and semifree
boundary value problem /1/ the solution of the free boundary value problem is of
particular interest because it provides the possibility to account for the passive con-
duclors and the driving voltages. These voltages are in general composed of two parts,
one with preseribed time dependence and the other used as feedback part. lHence the
performance propertics of the feedback control of the plasma position and the shape
parameters can be assessed. The solution of the semifree boundary value problem can
be used for comparison.

Combining the approach of SHAFRANOV concerning the time evolution of equilibria
with the circuit equations, the transport equations for the particle and energy inventory
and the equilibrium constraint, the time evolution of the discharge can be tracked
during the current rise and the flat top phase.

2. Solution of the semifree boundary value problem /1/

Instead of chuosing the driving voltages as an input, the inverse problem might be
cnvisaged. The coil currents maintaining certain prescribed positions of the plasma
boundary are computed iteratively. Since cither the current in the primary solenoid
or the value of the poloidal flux function at the plasma boundary is known from the
poloidal finx balance a regularization of the semifree boundary value problem is not
needed. The prescribed positions at the plasma boundary are those at the outboard
side, at the inboard side, at the upper edge and the lower edge. This means that
the plasma clongation and the plasma volume (or the effective plasma radius) can be
adjusted. However, it is impossible to adjust the triangularity. This would require
more coil groups than envisaged here.

3. Solution of the free boundary value problem

Although the numerical approach in solving the {ree boundary value problem is quite
different from that lor the semifree boundary value problem, the computed time evo-
lution of the discharge is similar to the simulation results obtained in treating the
semilree boundary value problem. The reason is the feedback control of the shape and
position parameters. Since in this paper the aforementioned positions of the plasma
boundary are used as designed positions for the feedback control, similar results in
solving the free boundary value problem ean be expected.

By applying Faraday’s law at the coil positions and at the plasma boundary the fol-
lowing equation connecting the driving voltages with the ceil currents and the current
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density in a virtual casing /2/ replacing the plasma can be obtained:

(1)

Here I is the inductivity matrix accounting for the miutual interaction between the
coils and the plasma and among the coils themselves. '.’ is the voltage vector, i the
(diagonal) resistance matrix, J' the current vector and (p stands for the plasma loap
voltage.

We note that equation (1) originates from a rigorous approach /2/ and that the nu-
merical errors enter through discretization only, The voltage vector may be composed
by a leed forward and a feedback part. llere the Teedback part is assumed to be pro-
portional Lo the deviations between the actual and the designed position and shape
parameters. The feedforward part is assumed Lo be constant.

4. Treatment of the transformer iron

Employing the discontinuity relation for the tangential component of the magnetic
inductance an integral equation of Fredholm’s second kind was derived Tor a surface
current density. simulating the magnetic action of the iron as described in reference/ 1/

5. Evolution of the plasma parameter

The time evolution of the electron and ion temperatures depends essentially on the
distribution of the power sources, as Ohmic, neutral injection or high frequency heat-
ing, and on the distribution of power losses effected by conduction. convection. line
radiation, charge exchange, ionization, and recombination. The particle souree and loss
mechanisms which determine the particle inventory, are the diflusion perpendicular to
the magnetic field, the inward flow, deposition by neutral injection and the recycling
Processes.

Accounting for these processes and for an evolving flux surface geometry one arrives al
the transport equations /1/ for the particle densities the electron and jon temperatures
of a multispecies plasma.

These evolution equations are completed by equations for cither the poloidal or the
toroidal flux function which account for the resistive eflects within the frame of a
one dimensional approach. The mutnal impact of changes in the toroidal flux on the
poloidal lux function and vice versa is included also as proposed by SILAFRANOV

13/.
6. Results

The caleulations are based on parameters recently analysed for a pulse length prolon-
gation of the TEXTOR device. Here besides the primary solenoid covering the total
iron core and the vertical field coils, shaping coils had been assumed to be available

where the yukes merge into the iron core {Fig.1). The minor radius is a = 50 cm
B (=] (o] 1
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major radius R = 175 cm and the toroidal field B, = 2.25 T. Fig.2 shows the depen-
dence of the current in the shaping coils and of the magnetic flux on the current in
the primary solenoid Ip,. Concerning the modelling of the yokes,two cases had been
envisaged: firstly the averaged permeability according to ref /1/ and secondly the local
iron permeability. In the first case I's, saturales at -1.3 MA,and in the second case at
-1.1 M4, thus showing that the modelling of the yokes has a considerable impacl on
the shaping current. The Iig. further shows that the flux swing available for the flat
top phase is 4.7 Vsee.

A contour plot of the poloidal flux function is displayed in Tig.3. The plot belongs to
the flat top phase (f,; = -4 M) The currents in the shaping coils (I5, = -1.3 MA)
enforce that no primary flux is relcased between the primary solenoid and the plasma.
In this way it is avoided that the plasma is squeezed between the primary solenoid and
the vertical field coils, and the cross-section stays almost circular. The triangularity is
§=-35%.

During the current rise phase a positive triangularity § = 1.5 % occurs because of the
attraction by the shaping coil currents (Is, = 400 kA) which have to elongate the
otherwise prolate plasma cross-section. Without the action of the shaping coils this
prolate cross-section is due to the attraction by the (positive) primary current [, =
1.6 MA.

Similar results are obtained in solving the free boundary value problem as outlined
above.The time evolution of the designed and computed plasma current (I, and f; re-
spectively) shows that in the envisaged time interval (0 < ¢ < 400 msec) the maximum
deviation [, and /4 is around 10 %. llowever, after the transition to the flat top phase
oscillations in Is, and I, occur showing that improvements of the equations for feed
back parts of the voltages are needed.

7. Conclusions

The calculations show that by means of the shaping coils the circular cross section
can be maintained rather accurately although their radii differ considerably from the
major plasma radius. Since the maxima of the plasma boundary in the R,z plane
arc flat, the alorementioned values of the triangularity mean only slight deviations ol
the computed plasma shape from the designed circular shape. The solution of the
free boundary value problem indicates that the aforementioned numerical procedure
for the proportional control of the plasma position and shape parameters should be
supplemented by lerms describing the respective differential or integral control.In this
way the accuracy can be improved, the oscillations may be damped and the optimum
control can be reached.

/1/  A. Nicolai, P. Bérner, J. Compul. Phys., 90 (1989) 98

/2/ K. M. Link, S. C. Jardin, Fusion Technology 12 (1987) 22

/3/ V. O. Shafranov, G. V. Pereversev, L. E. Zakharov in Proceedings
of the 3rd. Int. Conf. Plasma Theory, Kiev, Tricste, 1977, p.469
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STUDY OF DENSITY AND TEMPERATURE
PROFILE ACROSS THE MAGNETIC ISLAND

Qingquan ¥Yu and Yuping Huo

(Institute of Plasma Physics, Hefei, 230031, P.R.China)

I Introduction

It is well known that the magnetic island develops near
the rational surface in Tokamak due to the tearing mode
instability.1"3 1In the magnetic island region the energy and
particle diffusivity are much larger than those outside the
magnetic island due to the magnetic field fluctuations and
the reconnection of the magnetic field lines of force. It is
therefore considered previously that the plasma density and
temperature profile are flattened there.?

In this paper it is found that the following question
exists in the previous theories. That is whether the
equilibrium condition

Vp =jxB/c (1)

can be satisfied if the plasma density and temperature
profile are flattened across the magnetic island. Here p is
plasma pressure, p=nT, n and J are plasma and current
density, T is plasma temperature, B is the equilibrium
magnetic field.

If the plasma density and temperature profile are
flattened across the magnetic island, the equilibrium
condition will not be satisfied unless the plasma current

density j and the equilibrium magnetic fieldB become much

less inside the magnetic island than those in the case of no
magnetic island.

In practical case however the magnitude of j andB is
not much decreased inside the magnetic island,3 so that the
magnetic force is larger than the thermal pressure force in
radial direction when plasma density and temperature profile
are flattened. The net force exerts on plasma inside the
magnetic island is inward which pinches the plasma towards
the center of the plasma column.

The resulting inward motion of plasma thus appears which
plays the role in increasing the density gradient across the
magnetic island and making the thermal pressure force larger.

This pinch process will continue until the density
gradient across the magnetic island becomes large enough so
that the net driving force approaches zero. More steep
density profile is needed to achieve a new equilibrum.
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IT plasma density and temperature profile inside the
magnetic island

Here the consideration is concentrated inside the
magnetic island region and a huristic analysis is carried
out.

we first consider the plasma temperature profile. The
temperature evolution is described by the energy transport
equation. Since the thermal diffusivity is much larger inside
the magnetic island than that outside, the plasma temperature
profile should be flattened inside the magnetlc island as

that pointed out in previous theories,5:6 37T/3r =

The plasma density n is determined by the continuous
equation

dnfot + V-I' = 0 (2)

Where I' is the particle flux. Outside the magnetic
island I' can be given by I'= -DVn, where D is the particle
diffusivity. From the discussions in above section it is
found that the thermal pressure force will be smaller than
the magnetic force once the plasma temperature profile is
flattened inside the magnetic island while the magnitude of 3j
andB is not much decreased, a net inward force exists which
pinches the plasma inward. Therefore an inward plasma pinch
velocity Vp appears in addition to the diffusion flux which
also exists outside the magnetic island. The total radial
flux inside the magnetic island is now given by

I'= -pVn +nvy, (3)

The pinch velocity vy is determined by the equation of
motion in radial direction in cylinder geometry

pdvg/dt = -j;Bg/c - Tan/ar (4)

Where dT/9r=0 is used inside the magnetic island. p is
plasms mass density.

A simple estimation about the magnitude of vp can be
made here. when the width of the magnetic island is much less
than the Tokamak small radius, w/a<<l, in lowest order Jzs BQ

and n can be approximated to have the same values as those
before the onset of the magnetic island (of course their
gradient is changed). Before the onset of the magnetic island
the equilibrium condition is satisfied and the plasma
temperature is T, therefore

pdvy/dt = -nd T, /or (5)
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v, is found to be vp ~ (vys)?t/Ly from above equation, where

vza:(zTa/M)lfz, Lp=T,(d T, /3r)™! and M is the ion mass.

From eq.(3) it is found that at the time t~t ~DLy/ (vi,) 2L,
the diffusion flux is canceled out by the pinch effect and
the total particle flux decrease to zero. Where L =n(dn/dr)-1l.

Since the particle diffusivity D is much less than the
ion parallel diffusivity D = (v¢3)? T;; and Lg/Ly~1, so that
tg<< Tyyr  Tyy is the lon-lon collision time.

Just at the beginning of onset of the magnetic island
the density gradient in it is decreased because of the large
particle diffusivity. In a very short time t~tg the pinch flux
becomes large enough to cancel out the diffusion flux and
lead I' to approach zero. At t>tg the pinch flux exceed the
diffusion flux, the total flux inside the magnetic island is
inward, so that the density gradient is increased there.

The increasing in the density gradient leads Vp larger,
the net driving force 1is therefore decreased. The

acceleration process will not be stoped until the density
gradient is large enough so as to achieve a new equilibrium

T dn/dr = -jzBg/c (6)
The density difference across the magnetic island is
An = J (-3;By /cT)dr (7

The integration is carried out across the magnetic
island.
If w/a<<l, in lowest order An =wj,By/cT, where T, j, and

Be take values inside the magnetic island.

Because the temperature gradient is very small inside
the magnetic island,®r® the density gradient inside the
magnetic island will be larger than that in the case of no

magnetic island when the magnitude of j,Bg is approximately

the same.

So we see that althouth the particle diffusion flux is
very large inside the magnetic island, an large inward plasma
pinch flux develops due to the force unbalance which cancels
out the diffusion effect. At final stage a larger density
gradient results from the requirement of equilibrium.

The detailed form of the particle diffusivity is not
important in determining the final density gradient inside
the magnetic island, the density gradient there is determined
by the force balance of eq. (6).
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III Conclusions

From the analysis made in former sections we finally
reach at the following conclusions:

1. There is a plasma pinch process inside the magnetic
island due to the force unbalance resulting from the
flattening of plasma temperature profile.

2. The pinch flux becomes large enough in a very short
time to cancel out the diffusion flux.

3.The plasma density profile are more steep rather than
flattened across the magnetic island due the requirement of
equilibrium.

Further numerical study is needed to treat the full
transport eguations to give the detailed plasma density
profile with practical Tokamak and plasma parameters.

In previous tearing mode theory it is considered that
the plasma density and temperature profile are flattened
across the magnetic island and the diamagnetic frequency is
quenched in the nonlinear stage, the nonlinear growth and
saturation of the magnetic island and the Mirnov oscillations
observed in Tokamak experiments are independent of the
diamagnetic effect.?

The result that a larger density gradient exists inside
the magnetic island found here will change previous
conclusions and lead to different results. The nonlinear
evolution of tearing mode had already been showed to be
dependent on the density and temperature profile
theoretically.?
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TWO-FLUID THEORY OF FRESHEATH AND SHEATH INCLUDING MAGNETIC
FIELDS

H.—EBE. Valentini

Fhysico—Technical Institute, Helmholtzweg 4, D/0-6900 Jena

Abstract: The transition between presheath and sheath is
taken into account by means of a two—fluid model of the whole
plasma. Sheath criteria are investigated. The sheath is de-
fined as region where the influence of the space charge
dominates. A magnetic field parallel to the wall can reduce
the voltage drop across the sheath and can increase the
thickness "of the sheath.

1. Introduction

It is customary in the theory of low pressure plasmas to
treat the bulk plasma and the space charge sheath at the
wall separately (e.g. f1/y /2/7)y. A criterion for the sheath
edge and a procedure to match the solutions for the bulk, the
presheath and the sheath are necessary (e.g. /3/, /4/). The
well  known Bohm criterion is relevant for collisionless
plasmas only /3/~-/%/. Using a two-fluid model for the whole
plasma the transition between presheath and sheath including
magnetic fieluds are calculated. Restrictions are eliminated
which otherwise would be occur by use of a sheath criterion

or a multi-scale theory.

2. Basic equations

The plasma is considered to consist of electrons and of
single charged positive ions in a motionless neutral gas.
Charged particles are generated within the plasma, flow to
the walls, recombine there and re-enter as neutral atoms.

A plane., one-dimensional and steady-state model with insula-—
ting walls at x=xd is considered. The well known basic equa-
tions for the ions (s=i), the electrons (s=e), the neutral
atoms (s=n), the electric field intensity E, and the poten-

tial & read

[} -
NaVay + VauMNg = O f1)
/ s 1 - 5 T o
NgMgvg, vgy ThTgNg Igr(E tvg B )-Fg, (z
Msvsxvéy B2 Zde Ve By = FEY/NE (%)
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E) = (B/gy) (Nj-Ng) (4), &'= -E

H (5)

H
where !'=d/dx and k. &, [ and later p, are used as usual.
Constant temperatures T, and the magrnetic induction B, direc—
ted parallel to the walls are supposed. Mg is the mass, N_ is

the the particle density, v_ is the drift velocity, Z;=-Z.=1,

5
A=t =—Un=Y,;Ng - Fa = (P + Vgn NgMave (8)
FJ':'L - (Na vni # Ni. vl:”v'ivi » vk = Ve * 1':i."/:';‘

with the freguencies of ionization VY elastic electron-

fud.

atom collision 7 charge exchange V. and elastic impacts

en *
between ions ?nd atoms vi'__?ni’ Ver
V() = qp(vlf + Ban/nﬁn)l/L holds as approximation with the

are taken ss constant.

effective cross section oy.
The set of the seven differential equations (1)—-(4) is non-

|
linear and invelves isolated singular points at  the sound i

)
speeds vy, =vg. where v, = (HTS/MS]Lf‘- (71
Six boundary conditions are given by

VE“=VSV=U . E_ =0 if =0 (8)
and from & simplified electron kinetics /27, /7&/. /77

- s : 172 e

Viy = (LFEJEHME) if w=d . (7)
In addition, it is necessary to remove the singularity at
Viy=Vig by the condition Vjy Mili= Ze(E, +v; B )-F;, . (10)
One can derive the particle balance Niviv: Nevew tE1) and

the pressure balance

o, . B 2 -
g NE(HTE & Mﬁvsg) + Bz*/Eyo i Ex‘/2£m = gonst (1E)

as integrals of (1)-(3) where s=i, e, n /3/, /8/.

It can be easily seen that

Ty = Te* Ty o vo= (RTy/MY/20 oy = To/T, o 15 = vg/iny
wg = eH IZ 1/Mg, Eg = kTg/elj, 1 = (EgkToreNg (0N /2 (13)
ag = (Ip/1)% 4 K o= Noapve/V,g « Aag = Yer/Vnj

are characteristic parameters, where a; describes the in-
fluence of space charge and E that of ion-atom collisions. |
. Bolution methods

The set (1)-(4) can be solved by an expansion in  powers of
BeHo B Mp Vi
numerical integration is performed in the remaining parts of

near the singular point of the ion ogas. A

the relevant interval, where in the subsonic region, i.e.
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VigsVips the numerical methods tend to be instable if K is
large, but they are stable in the hypersonic region, i.e.
ViN}ViC b o Ti{{TE an expansion into power series of ai ig

useful /3/, /9/. 1f aoﬁﬁil an eMpansion into power series of
& Can be used /3/. /7/, /10/. Restricting to cold ions, i.e.
Ti=0, leads to a hypersonic ion flow in the whole interval.
4. Space charge sheath
It is physically reasonable to define the sheath as region
with dominating action of the electric field caused by the
space charge density. From (12) follows
2iea

NghTg + NjkT; = E,“/2€, (14)
as the condition for the sheath edge. relevant for all values
of K. The guasineutral approximation leads to a sheath edge
at vy,=vq with an infinite electric field intensity.
Another definition of the sheath edge couwld be

(d/d(H/d))(Niw Ng) /N () = 1 . (15)

5. Results

Results are given in the dimensionless variables

s=x/1i, Vg=vo/lvgs W=NG/NL(0),  F=E /E;. N=-ed/kT, (ié6)
for an argon plasma. The sheath criterion (14) becomes

We = (ag/2)f%  if  €;=0 and @,=1
The fig. 1 shows V; at the wall, i.e. Vi=Viws where E_ =0, If
Viwﬁl the Bohm criterion cannot be satisfied.

In fig. 2 the profiles of the ion and electron densities w,

W, and of the Maxwellian tension (aﬂ/z)fz are plotted.

The fig. 32 shows the ratio of the sheath thickness 1, to the
mean free path of the ions 1in and of lb to the Debye length
lpy at the sheath edge.

In the fig. 4-& the influence of a magnetic field is repre-
sented where only the electron gas is taken to be magnetized.
The figures show w, wg and (aO/E)fz if ap=2.3 1675 k=1.84,
C%/Fen=0, 100,  further, the wall potential ﬂw dependent on
W/ Vg if 8g=2.3 1078, K=1.B4 (a); ay=1.5 107%, K=1576 (b).
More details, including the transverse variation of Tgs are

given in /7/.
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THE GRAD-SHAFRANOV SHIFT CALCULATED ON THE BASIS OF
MAGNETIC COMPRESSIVE AND TENSILE STRESSES

V.0. Jensen
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DK-4000 Roskilde, Denmark

Introduction

A magnetic field can be conceived as a medium where an isotropic com-
pressive stress, B%2y,, is superimposed on a tensile stress, B/p,, parallel to the
field lines. When an ideal MHD plasma is present in the field, the particle pressure
adds to the magnetic stresses to form a combined stress tensor. Based on this
tensor it is easy to calculate plasma equilibria and to interpret the results. An
extended analysis of magnetic stresses is presented and the equilibrium conditions
for the screw pinch and the tokamak plasma are calculated. For the tokamak
plasma with circular cross-sections the Grad-Shafranov shift is rederived.

The magnetic stress tensor
The magnetic stress tensor, Ty, is usually derived from the time independent
equations of ideal MHD [1].

JXB=Vp (1)
and
VXB =pj (2)
which together with V-B = 0 can be written
B’ BB
Vp=-V—+4V. —=V.T . (3)
2p B o

L 4]
The physical interpretation of Eq. (3) is that a differential volume element, dV, in
a region with plasma and/or magnetic field is acted upon by a resulting force dK =
(V-Tm —Vp)dV. Therefore, Eq. (3) also shows that the Vp-force in a magnetized
plasma in equilibrium is balanced by an isotropic magnetic pressure, B¥2y,, and a
tensile stress, B%/p,, acting only along the lines of force.
For further examination of the tensile part of the magnetic stress tensor,
T'm,; = BB/p,, we introduce a local system of coordinates with the Z-axis pointing
along the line of force through the origin and with the yz-plane coinciding with the
plane of osculation for this line. In this system we get for the tensile force on an
element, dV, centred at the origin
aB aB
ik =g “v9.p —3). (4)
m, pu Z (}L z
The y-component of Eq. (4) describes the force caused by the curvature of the field
lines, while the Z-component represents the force resulting from a change of field
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strength along the lines of force. The y-component being perpendicular to the B-
lines can also be written
dv B? .

dK o R, (5)

m,t, L n R

[
where R is the radius of curvature of the field line, and R a unit vector in the R
direction. It is easy to show and useful to know that Eq. (5) is more generally valid,
namely also in situations where B is the projection of the B-field line on any plane
containing the radius of curvature and R is the radius of curvature of the field line
projection on this plane.

To calculate the resulting force on a finite volume element, V, it is necessary
to integrate the particle pressure p, the isotropic magnetic pressure, B%2p,, and
the magnetic tensile stress over the entire surface. Being isotropic p and B%2p, are
easy, they both act perpendicularly to the surface. The magnetic tension acts with
a tensile stress B %/, perpendicularly to the surface and with a magnetic shear
stress ByB | /i1, parallel to the surface and in the By-direction.

Remarks on the current-free vacuum field, the virial theorem

It is interesting to note that Egs. (3)-(5) hold good also for cases without
plasma, i.e. for p = 0. In this case the field is Laplacian, as also VXB = 0. For any
volume element, differential or finite, in such a field the forces caused by the
isotropic magnetic pressure B%2p, cancel those caused by the tensile stress BB/p,.
As the sum of all the magnetic forces acting on any volume element is zero, such an
element cannot absorb any forces. It ean only transmit them and only to regions
where j = 0. This is another way to show the virial theorem which states that a
plasma cannot be confined by the magnetic field generated by currents flowing
only in the plasma region. Confinement can only be established when there are
regions with currents outside the plasma to which the field can transmit the forces
tending to expand the plasma.

Balance equation for linear pinches

The balance equation relating p(r), Ba(r},
and B,(r) for the linear pinches (Z-, 0-,
and screw pinches) is easily derived by
using the concept of magnetic stresses.
Using Eqgs. (3), (4), and (5) on the
element rd0 dr dz in Fig. 1 leads directly
to the well-known equilibrium equation

B +B () B
LL% o _ 8

d d [

dr Bt dr 2;.10 ur

Based on the concept the interpretation
is simple: the two first terms in Eq. (6)
describe the outwards directed particle
pressure and the magnetic pressure,
Fig.1. Linear pinch respectively. The last term is caused by
the tensile force of the bending Bg-lines.
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The Grad-Shafranov shift in circular tokamak plasmas

Circular flux tube Perfectly con—
cross—section ducting wall

Plasma boundary

R(b N )
o1 WANAN A(c)/
R(r) AL

R(0)

Fig. 2. Tokamak flux tubes with cireular eross-sections

Consider a tokamak plasma with circular cross-sections of all flux tubes as
shown in Fig. 2. The conducting wall has the minor radius b and the major radius
R(b). The plasma minor radius is a and its major radius is R(a). r is the minor
radius of a flux tube with the major radius R(r) where 0 = r = b. R(0) is the major
radius of the magnetic axis. The Grad-Shafranov shift A(r) = R(0)—R(r) is
indicated for the three ;;values b, A, and r. The three quantities varying with r and
0 are designated P(r), By(r), and By(r) for 8 = £ n/2. Using V-B = 0 and simple
geometry (see Fig, 2) leads to

] L

CO T Ry rcost @

~e R(r)
B(r,0)=B(n [ [ 450 (8)
Rir)+reos@||1— cos 0
r
while

p(r,8) =Pl). (9)

We consider a flux tube segment with minor radius r and expanding from —n/2 to
+ /2 in the ¢-direction. We introduce an %-axis parallel to the R-axis for ¢ = 0 and
calculate the X-component of all forces acting on the surface of the segment. To the
lowest order in the inverse aspect ratio r/R(r) and in dA(r)/dr we find for the forces
caused by the particle pressure

" dp(r)
F ()= 72nJ e B (10)
p.p. dr'

0

by the toroidal field
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rdB (r')
F, ()= [ 2dr % (11)
B, o dr
and by the poloidal field
rdBAr)
F, (0= ’ZB (r)r( Rd‘“’)) j %r’zdr-]; (12)
p B, o dr

The balance condition
P 4K, +F =0 (13)

combmed w1th Eq (6) (or what would be better a toroidal version of Eq. (6)) allow
dA(r)

dr

»

calculations of dA(r)/dr for allr. The internal shift, A, = RO)-R@) = J

depends on the profiles of p(r), By(r), and By(r) in the plasma and can therefore be
calculated when these profiles are known.

The external shift, Aex; = R(a)—R(b), depends only on the gross features of
the plasma as it describes the change in the outer vacuum field necessary to
transmit the outward forces from the plasma to the wall. By introducing the
standard quantities: the poloidal B

4|1u a
B = J p(rr'dr (14)
p Bp(a]a2
and the normalized internal inductance per unit length
a
= J B2 dr' (15)
i 2 p

B (a)a® ‘o
p
we find for the external Grad-Shafranov shift

b? -1 a’ b
NEEITREE
® 2R(0) P2 b2 a

This expression was first derived by Shafranov [2]. Now the same result or similar
ones caleulated by solving the Grad-Shafranov equation can be found in many
textbooks, see e.g. [1]. The advantages of using the concept of magnetic stress are
that it makes the calculations very simple and that the physical interpretation of
the various terms is easily obtained by tracing the terms back through the
derivations to Egs. (7)-(9).

The concept of magnetic stress could also be used to calculate corrections to
Eq. (16) caused by higher order effect in the inverse aspect ratio r/R(r). Also non-
circular cross sections could be considered. They will be topics for future studies.

(16)
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1. Introduction.

It has been noticed since a long time [1] that in ohmic tokamak discharges a remarkable
near-identity exists between the profile functions of the pressure p(r)/p(0) and of the toroidal
current density j(r)/j(0). Kadomtsev [2] came to an explanation of this based on the principle
of minimal free energy of the sum of plasma kinetic energy and the energy of the poloidal
magnetic field and found:

-2

PO _j@® _[; , 12 Qa
Po  Jo _{1 = az(% 1)} ’ )

Recently, Taylor [3] came to the same expression based on the hypothesis that the current
is filamented on a fine scale. In this paper we will call this form of profile consistency the K-T'
model.

In order to test the K-T model, the consequences for the Te-, ne-, pe(r)-profiles are
compared with the experimental ones obtained from the RTP-tokamak during steady state and
transient periods, caused by applying ECRH and ramping of the plasma current. For a general
description of the RTP-results, see [4].

2. Steady state ohmic discharges.
In Eq. (1) the value qo appears, which cannot yet be measured in RTP. However, the

g=1 radius is in agreement with the empirical scaling found in nearly every tokamak
(Arunasalam [5]):

r(@=1)=a/qy . 2)
Combining this with the K-T model, one finds:

qo:q_;lf—l. 3)
This simplifies the expression (1) even further for stationary states:

J(T)fjo =1+ Qa r2/a2)'2 5 [N

Expression (4) is compared to experimental j-profiles found by Soltwisch [6]. The agreement
is good (see Fig. 1), except for deviations caused by magnetic islands.
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Fig. 1. Soltwisch experimental j-profiles [6], compared to the K-T model prediction.
Under the additional assumptions that corrections to Spitzer-resistivity are constant over

the cross-section and that pj(r) « pe(r), it is easy to predict the ng-, Te-, and pe-profiles and
their halfvalue radii

De() = ngo (1+ ga 1¥a2) %3 r(neo/2) = 1.828 a g2 (5a)
To(r) = Teo (1+ qa 12/a2)” 43 H(Teo/2) = 0.825 a g /2 (5b)
Pe(t) = Peo (1+ ga 1%/a2)2 1(peo/2) = 0.643a "2 (5¢)

The experimental halfvalue radii for stationary RTP-plasmas are compared with these
predictions (Fig. 2). The agreement is satisfactory.

3. ECRH-heated plagmas at constant current.
RTP-plasmas heated with 180 kW ECRH show a very high and strongly peaked Te-

profile (Tgp = 650 —» 2600 eV; r(Te/2) = 0.05 — 0.02 m). Simulation with magnetic diffusion
codes indicate that the full re-adaptation of the j-profile to the new resistivity profile takes
typically 200 ms i.e. longer than the applied EERH pulse of 90 ms. Therefore, the stationary
relations (4) and (5) are broken since j(r) # T3B . One has to go back to Eq. (1) and assume
jEc(®) = jo(r). Since, according to the K-T model n(r)«j(r)/T(r), one expects a hollow ngc.
profile inside r = 3 cm radius and a broadened ngc-profile outside with halfvalue radius
increased by 2.5 cm. This is in excellent agreement with experimental ne(R)-profile (Fig. 3).

4. Ohmic discharges with a ramped current.

Experiments were done with ohmic plasmas during which the plasma current was ramped
up from 60 kA (ga = 6.67) to 100 kA (ga = 4.0) in 50 ms or ramped down from 100 kA to
60 kA (Fig. 4) and compared to a stationary plasma with I = 80 kA (g = 5.0). The density
halfvalue radius follows the changing qa-value as predicted by Eq. (5a), but delayed with
about 10 ms, due to the finite skin current penetration.

5. EC-heated discharges with a ramped current.

The same current evolution waveforms have been used in these experiments as mentioned
under Section 4, but now at elevated electron temperature because of 180 kW ECRH (Tep =
700 — 1800 eV). The averaged skin penetration time increases with about a factor 4. The
skin current penetration time at the edge becomes equal to the current ramp time and therefore
the j-profile in the centre is nearly unchanged by the current ramps. Accordingly, r(neo/2)
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a. The density profile with ECRH
(full time) and without (dotted line).
b. The density halfvalue radius as a
function of time.

does not change very much. In Fig. 4c one can notice that the density halfvalue radius is
increased immediately after switch-on of the ECRH, as explained in Section 3, but does not
change very much during current ramp.

For these discharges the T¢(R)-evolution measured by superheterodyne e.c.e. was
available. In Fig. 5, the pe(R)-profiles calculated from measured ne(R) and Te(R) are shown
for the case of a ramped-up current. The central 2 cm part is omitted since this falls into the
EC-deposition profile, which presumably breaks the K-T model validity. Outside this radius
the pe(r) follows the j(r)-profile: immediately after switch-on of the ECRH the pressure
increases dramatically (curve 2) over the ohmic case (curve 1). After the current ramp-up
(curve 3) the whole pg(r)-profile appears to be lifted with a constant amount. The latter means
a larger relative increase at the edge than in the centre as expected from the K-T model.

6. Conclusions.

All experimental observations made in RTP so far are in agreement with the K-};inodcl
even in transient situations where skin effects break the proportionality of j « T°'“. The
observed profile consistency, therefore, seems to be related to j- and p-profiles more than to a
particular dependence of the transport coefficients on n and T. The density profile appears to
be the quantity which adjust to maintain p « j.
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Abstract

A decontaminating working régime of the ergodic divertor at low collisionality has been
studied : the outwards radial electric field which appears in the laboratory frame when the
ergodic divertor is energized, in conjunction with the magnetic ripples action on ions, can
produce outwards flux of impurity ions -Dnz(dngz/nzor+Zdne/nedr). This contrasts
with the neoclassical flux -Dnz(dnz/nzdr-Zdny/ngdr) which produces the deleterious
accumulation of impurity ions in the ng profile.

I Introduction

The ergodic divertor allows to apply resonant magnetic perturbations which destroy the
magnetic surfaces at the edge. The magnetic field lines within that stochastic layer connect the
confined plasma to the wall [1]. One expects from this arrangement the same basic effects as i
from the axisymmeltric divertors, e.g. frictional decontamination of impurity ions by recycling
hydrogen ions and accumulation of a low temperature high density plasma near the wall [2,3].
In this paper, our interest is focused on the possibility of impurity control by the ergodic divertor
in a low collisionality régime. The frictional decontamination effects are then very weak. The
only possible action on impurity ions is through the radial electric field. A radial electric field E;
appears indeed [4,5,6,7] in the frame where the ergodic perturbation is static, i.e. in the
laboratory frame, to ensure the confinement of electrons in the stochastic layer :

Er= (Te/e)/(dne/nedr). This effect takes place as soon as the stochastic flux lines are
connected to the wall because of the fast parallel motion of electrons along the field lines, even if
the magnetic perturbation has pratically no direct effect on the ion transport. The basis of the

effect we consider is that the ions tend to be extracted outwards by the radial electric field E;.
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Effective extraction necessitates however that the average motions of ions along 6, ¢ are
hindered by resonant static electromagnetic perturbations. Then, the balance of the radial force
Nion€ionEr by the Lorentz force due to average 0 and ¢ motions results into 6 and ¢ frictions
forces, which in turn produce an outwards radial diffusion. We will study the effect of magnetic

ripples 8Bripple/B=b.cosN¢ acting together with the poloidal magnetic modulation
8B po1/B=(r/R)cosb.

A very convenient presentation of the mecanism of ion diffusion is obtained by
considering that each ion assembly exhibits average velocities vg, Vg in the poloidal (8) and
toroidal () directions, and that these velocities produce frictions -fgvg and -favg due to the
magnetic pumping effects [9,10]. The calculation of the friction coefficients f(, and fy is based
on neoclassical theory. For each type of perturbation, taken alone, the friction force is effective
in the kinetic régime : kyAcoll > 1 where Aol is the parallel mean free path and k/=1/qR
for 8B pol/B=(1/R)cos8 and ky=N/R for 8Bripple/B=bcosN@. The values of the
coefficients kg and k¢ depend whether the perturbations 8B/B produce trapped particles or not
[11]. Two different régimes of low collisionality are investigated. In the Landau régime (plateau
régime as far as kg is concerned), 1<kjhcon <(8B/B)3/2, one has :

ko ork ———Lmz L 01"b2vu,3lor&2
® T
_or_) R R
gk R

where m is the particle mass and vy, the thermal velocity (2T/m)1/2. In the Zakharov-

Karpman régime [8] (banana régime for kg), (B/8B)3/2< k/Aeol, it comes

kg or kg = m/_‘qR or R

N G or o vor (or R 2L

Teoll

where 1/1¢on=<(Av1)2>h / vin2 and <(Av )25 is the Spitzer coefficient for the
considered species at the thermal velocity vih. For both species, light ions (H) and impurity
ions (Z), in the stochastic layer, the mechanical balance equations yield :

(1) n.e.(E+vaB) -VP + F =0

where F represents the friction forces -kgvg, —k(pvq, and the collisional forces along 8, ¢

between the two ions assemblies proportional to the differences Vg,0H-Vg,0Z. The radial
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particle fluxes I'=nvy arise to balance these friction forces. The set of equations (1) for H and Z
ions along the radial, poloidal and toroidal directions allows to calculate the velocities vg, v
and the flux I' for given density gradients dny z/dr and a given electric field
E;=(Tele)/(dne/nedr). In the limit of strong magnetic ripple,
k(p(H)>>(B92[B{p2)kg{H), we find that the static ergodic divertor perturbation leads to a radial
impurity flux of the form :

(2) Tz= -Dng[(dngzmzdr)+Z(dne/n.dr)] (D>0)

which creates an outwards accumulation of the Z ions outside the ng profile. This result

contrasts with the neoclassical flux :

(3) Iz=-Dnz[(dngzmzdr)-Z(dng/nygdr)]

which produces the deletetrious concentration of impurities within the ny profile.

II Discussion

The form (3) is a consequence of the friction effects between light ions and impurity ions
which tend to set the two assemblies of ions in thermodynamical equilibrium in the same frame
rotating around the major axis, and this, independently of the value of the radial electric field E.
On the contrary, the form (2) reflects that all assemblies are in thermodynamical equilibrium,
locked in the laboratory frame from, the ions by the magnetic ripple and the poloidal modulation,
the electrons by the static magnetic perturbation of the ergodic divertor. The desired
decontaminating régime (2) applies only at low collisionality. It appears from calculations that
both assemblies H and Z must be in the plateau or banana régime. If the Z assembly is in the
Pfirsch-Schliiter régime, one recovers the form (3), independently of the E; value in the
laboratory frame and of the magnetic ripples level. At very low collisionality, the Z ions may be
trapped in the magnetic ripples and then experience a radial diffusion because of the vertical drift
combined to the effect of collisions. In that case, the structure (2) applies.

Numerical application with typical Tore-Supra paramaters n=1018m-3, T=1 keV,
b=0.1, B=4T shows that a flux of the form (2) occurs with D..0.1m2.s-1 comparable to
neoclassical values. In a steady state where the flux I'z is balanced by a turbulent flux I'y of
the form I'j=-D(dn,/dr), ones finds that ny=ne"%, a=Z(D/(D+Dy)), implying that a

significant decontamination effect only occurs across the layer for steep density gradients at the
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edge and if Z(D/(D+Dy)) > 1. This contrasts of course with the neoclassical case (3) where one

would have nz=ng+.

Iv nclusion

We have shown that a decontaminating régime of the ergodic divertor can also be -
expected at low collisionality. This effect is due to : the stochasticity of the layer and the ergodic
connection to the wall create a radial electric field, directed outwards, in the laboratory frame
(thermodynamical equilibrium of the electrons), a static resonant perturbation - we have
considered the case:of magnetic ripple -, by hindering the average ion motions along 6, ¢ then
tends to expell the ions outside the ng profile. One can expect that the electromagnetic
perturbation induced directly by the ergodic divertor has a similar action on impurity transport.
The study of this effect and of the corresponding decontamination level is in progress.
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Introduction

The high levels of auxiliary heating (RF, NBI or their combination) achieved in today's
tokamak experiments and planned for reactor size machines produce distribution functions
which are highly anisotropic and far from Maxwellian. Moreover, rotational transform and
finite aspect ratio give rise to nonuniform particle guiding center (g.c.) motion and trapped
orbits. We present a model of the conductivity tensor describing radio-frequency heating
which takes these features into account. Linear wave theory is applied to a banana regime
plasma within the drift orbit approximation. Wave frequency is assumed large with respect
to the frequency of g.c. poloidal motion. For an initial exploitation, mode conversion physics
is excluded with restriction to situations where ® ~ ) and ki pL«1, Our focus is rather on
the effects of finite transit time of ions through cyclotron resonance and nonuniform g.c.
motion. Trapped particles are fully incorporated in the theory with account for tangent
resonance interactions (i.e. Doppler-shifted wave-particle resonance layer quasi-tangent to
g.c. trajectory).

Wherever no confusion arises, particle species index p is omitted. We adopt the ordering

®, W » Gy » 27 /ta (1), where o is the RF field angular frequency, @, the cyclotron
frequency, my=27/T, the g.c. poloidal bounce frequency, and TaL the characteristic evolution
time of the equilibrium distribution fg. In the whole paper, <...> means a trajectory lime
average over tp. All RF quantities are represented by complex amplitudes: f(r,v), the

perturbed distribution function; E(r) and B(r), the electromagnetic fields. Solving the
linearized Vlasov equation by the method of characteristics yields the well known expression

f(r,v) = - - [ c'im("'l)(E(r'}-s-v'AB(r‘)).g:O. dr' @,

where the integral is evaluated along the unperturbed particle orbit passing through (r,v)
at t'=t, In axisymmetric toroidal geometry and within the drift approximation, this orbit is

best conveniently described by the set {P,8,v,x,0,a}. P=¥ -2zR2m (b/qg is -(2n/qp) times
the foroidal canonical momentum; it includes g.c.radial motion (e.g.finite banana width). ¥ is
the poloidal flux function, 8 the g.c. poloidal angle, o the gyrophase, o the sign of v, all at
time t. v is the (invariant) particle velocity , and x the dimensionless adiabatic invariant
x =pBa /(mv%2) (Ba: equilibrium induction on magnetic axis). G.c. toroidal (p) motion,
including banana drift, is expressed in terms of these variables. Larmor gyration around the
g.c.is given by ¢=-wctvy/ T, o= =0, where I is the local torsion radius of the magnetic
field line.
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Restricting the discussion to equilibria independent of gyrophase fo=f5(v,x,0,F) (3)

[9], we define a reference magnetic surface ‘¥.=P+<2nmR2cb!q5> and the equilibrium
coefficients

+2(1 ) fa Ngn_l%_z_xafu Y ofy Ncgszv,@g_,!%

Ngop =12f
dot xRl Vv v ax ViaP’ v ax T

JP
= M, and N=N(¥.) is the average density on the reference magnetic surface.

Nq

Eq.(2)becomes f=- e Aot l)[ e+i¢(g0 | E.Fig,  cB+vygyEy) dt (5)

The fields have been decomposed in polarszed +(left hand),-// components relative to the
local By. At this stage, they are still evaluated at particle position, all other quantities being
expressed in terms of the g.c. variables (e.g. vy =v{xB/Ba,vy=cv{1-xB/Ba, B=|B|).
Superposed signs are used for conciseness, and mean a sum of the two alternative terms (e.g.
a4 b: = a*b_+a.b+}.

Equation (5) includes 3 sources of spatial nonlocality :

-finite Larmor radius p_ effects around g.c., which can be treated by the usual L
expansion of the fields and operator methods. This is potsponed to future work, and in what
follows the RF fields are evaluated at g.c.;

-g.c.radial excursions (for bananas, ~ pLg. the poloidal Larmor radius);

-g.c.poloidal motion due to rotational transform.

The integral extends to time scales >tq, where collisions and heating ensure wave-particle
phase decorrelation [5,6]. This process can be accounted for by introduction of an
attenuation factor k(i -t) in the integrand ( x(0)=1, x(<)=0; x can also depend on constanis
of the motion).

The simple model «(t)=e-V{V)T (6) is equivalent to the usual handling of causality by

inclusion of an imaginary part iv(v) in . More realistic models as K(T)=e'(m|-)3 (6",
based on results of e.g. ref.[5], improve the theory at lower energies.

Axisymmelry allows to study single toroidal modes (f,E,B):(fﬂ,En,Bn)ei”‘Pindependently.

From here on, we shall omit the mode index n wherever unambiguous. Defining the phase

L
function \UL(I)EJ (o-L(en, -%rﬂ) -n@)dt' (7), where L is the cyclotron harmonic number,
o

Ho(E) =vg/Ey and Hy,(E)= %gmﬁiﬁ g,,cBy) (8), we take advantage of the g.c.
motion periodicity in the poloidal plane: in eq.(5), E;,Bn and equilibrium coefficients vary
with the same period t,. W (1), integral of a periodic function, can be split into a pericdic

and a secular part <\;'IL>t The general orbit integral is then reduced to the Fourier series

f"—Ijr? L_%:ﬂ 1,2 { KGlop-i<yr>) eilll m+e] <HL(E) gl 0> ] (9), where

TI (1) = w(h) - <yp>t+mpt  (10) and the integrand of last <...> is periodic.
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f=_%ﬂb§il 1=§m { K(Glop-i<yr>) gillTpo+Lal <H (E) g-illi0 > } (9), where

IT(1) = wi(t) - <y> t +laowt  (10) and the integrand of last <...> is periodic.
K(s) is the Laplace transform of the attenuation function k(). In the simple collision model
eq.(6), Kilay-i<yL>)= i/(<yL> - loow) (10) generalizes the usual resonant denominator of

homogenous plasma theory; with model eq.(6), K(s)=m 313y Hi(-3"Rys) (109,
Egs.(7-10) express the general RF perturbation of the distribution function in tokamak
geometry, including Landau and fundamental cyclotron interactions.

The RF conductivity tensor
Eq.(9) directly yields the R.F. current and conductivity tensor:

j(E}=c.E = Z qBJ‘ fgv dv (11). However, we rather concentrate on the global quantity

e ;3:% F‘.jB[E} dr (12), V being the whole plasma volume, and F a general
electric-like vector field. Indeed, WFE|3 includes all information on the plasma R.F.
response: ’D&EEB=P5—iQﬁ is the total (active-i*reactive) power absorbed by species §;
choosing suitable 3-functions for F yields back }{E} and power deposition on flux surfaces;
finally, once discretized, W FE is also a direct input fo finite element wave codes.

Transforming to g.c. coordinates, integrating over toroidal angle and gyrophase, separating
contributions from passing and trapped particles, parametrizing poloidal angle integrals as
g.c. lime ones, and summing over o for trapped particles, our main result follows:

Y (s

¥, -
i L) =t1 X2
WFEB='EQ[ QEOJ‘Z,I dvvd Y : f dem 2, ¥, (
2 0 B, 0 s, e no sum (tr.) X1 iy fecss
4 Kl - ij>) <GrF)eil®s | <H (E)eilt)> ) (13),
Go(F)=v/Fy and Gy (F)= "ﬁla (19);

For passing particles, x1=0, x2=Ba/Bmax(P); for trapped particles, x1= Ba/Bmax(P),
x2=Ba/Bmin(P).

-When f is isotropic and the g.c. radial motion is negligible or the equilibrium
homogenous, eq.(13) reduces to
Y, (psss.)

. ‘yﬁ 2 =+1 2
wmﬂ:%@ﬁ) %_ng,f v [faa S 30

0 pass.ar, \ 10 sum () L=021 l=-eo

A K(ilay, - i<yp>) <Gp(FeiMO> . <Gy (E)edM)> ) (15)

and Pp is positive definite when afpp/dv<0 for all v, in agreement with [1].
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-In the homogenous limit (uniform g.c. motion: at magnetic axis, or in a cylinder), the
series of poloidal bounce harmonics | reduces to a series of independent contributions from
field poloidal modes eild, Velocity space integration then yields the usual plasma dispersion
function [7].

-Global power absorption P= Re W8 EE is in general not positive definite due to equilibrium
anisotropy (g1,#0), tails (g0.>0), or radial inhomogeneity (g,,#0, g/, may be>0).

Eq.(13) requires 1o evaluate Fourier integrals on one bounce. The arbitrary fields are
expanded in poloidal harmonics e‘ma, and this depandence included in the phase I1i.. Under the
basic ordering (1}{L=t1 terms) or in the case KNV~ (L=0 term, significant Cerenkov

interaction), ATl>>2r on one bounce. The remainder of the integrand varies on time scale b,
and stationary phase points(s.p.) contributions give highly accurate asymptotic expansions.

As third order s.p. are of special interest to the study of tangent resonance (IT=0: extrema in
B, vicinity of banana tip), we use a uniform expansion valid for quadratic+cubic phase [8]:

I~ Y el AL ) Lw‘ (16)
J

All fast variations lie now in the phase factor. A is regular at I1=0 and is simply expressed in
terms of the exponentially scaled Airy function and its derivative.

In quasi-homogenous situations (for L=+1, in the tiny region p< Rp wp/a; for L=0,
cases where k,v, . const.), or for very well trapped orbits, a Bessel expansion of the
phase factor is more appropriate than eq.(16).

Conclusions

Under natural assumptions, expressions have been obtained for tha R.F. conductivity
tensor and power absorption operators of a toroidal plasma with arbitrary poloidal cross
seclion and rotational transform. As these quantities pick up contributions from individual
guiding center orbits, they are valid for quite general equilibria (e.g. all solutions of the
bounce averaged Fokker-Planck equation). They allow a self-consistent study of wave
propagation and absorption in auxiliary heated tokamaks. Striking differences with straight
Bg medels are finite ion cyclotron resonance crossing time, trapped particle effects and
tangent resonance phenomena. Collision-limited nonlocality is induced by rotational
transform over magnetic surfaces, and radially by drift effects.

Asymptotic methods allow practical use of this theory; its quantitative investigation
and its implementation:in a full wave code are under way.

| sincerely thank Drs. D.W.Faulconer and R.Koch for numerous fruitful discussions,
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STATE DIAGRAMS OF TOKAMAKS
AND SCALING LAWS

E. Minardi
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Via Bassini 15, 20133 Milano, Italy

Abstract The scaling of the confinement time of auxiliary heated tokamaks
with respect to toroidal magnetic field, current and auxiliary power, is
derived from the condition of wvanishing production of the magnetic entropy.

The axial current density profiles j(r) of a cylindrical tokamak
with wvanishing entropy production (according to the configurational
magnetic entropy introduced in previous work (Minardi, 1990)) satisfy the
equation

2. % 2
Vi o+ sz = - pA/E (1)

where pA is the auxiliary power density, E is the axial electric field and

it is a parameter which labels the states with constant entropy. When (1) is
solved in the confinement region As < r < s, taking p, as uniform for

simplicity, and the boundary values js=j(s). Jj=jlas), q5=q(s), g=(As)=1

one finds a relation of the form (see Minardi, 1988, eq. (3.5))
L{qs, A, pA/EJ, us, JS/J] =0 (2)

between the discharge parameters of the isocentropic states. We shall take a
(time averaged) flat profile for j(r) in the sawtooth zone r<is so that

J=cB/2mR (in view of g¢=1). Assuming in addition the ohmic relaxation

ijTE/Z, one obtains, from the compatibility of (1) with the energy

balance in a one-fluid model, the following conditions

2 E{5+2m]/3 B{1*2m1/3 F*l (3)

n(r)xlr) = F ™ (T(r)/m) 2, i
where T=T(5A); F is assumed as independent of current, temperature and
auxiliary power and m is arbitrary at present. Alsoc we have supposed that
the losses are due only to the thermal diffusivity x. Combining the
relations above one cbtains the following scaling of the confinement time

-1 ~4m/(5+2m)F—5/(5+2m)”4m/(5+2m)

Tx ) «B (4)
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where p depends on the discharge parameters through the state equation (2).
In order to specify further the scaling of T let wus consider a

transformation Bsk B of the magnetic field which implies, through Ampére
law, a transformation jokj of the current density. We consider that the
electric field and the density are invariant with respect to this
transformation because E, n and B can be independently controlled
externally. Assuming that the parameter p is also invariant one has from

Ohm's law and from (3) that p o E(S*zm)/S,Tr)Tka/3 and FeFk(l_zm}iB. Then p

depends only on E, while x depends on B through F. One has F « B for m=2

and F « 8_2/3 for m = 3/2. We note that when the density is forced to

transform as k4/3 one has the “dimensionally similar" transformation

preserving B and collisionality considered recently by Waltz et al. (1930).
The symmetry above is broken when the parameters are constrained by the
state law (2), that is to say when they are related by isoenlropic
transformations. It is this symmetry breaking which is the source of the
Goldston scaling, as we shall see. Indeed, under the transformation above,
T, according to (4), transforms as follows

= i k_1/3 Fom B—1/3 l_l"im/[fi-l-Zm} (5)

but u is related teo the other parameters by the isoentropic law (2). In
order to discuss the constraints imposed by this law in physical terms it
is convenient to rewrite it in terms of the variable

6/(5+2m)

X = (ps) /jE which is proportional te pA/B in wview of the

P
relation above between p and E and of j « B. Then (2) can be written as
L{qs. A, pA/B' us, js/j) = 0. Considering this equation, one should keep in

mind that it expresses a relation between externally controllable
quantities and the parameters of the plasma. As already observed B and E
(or, which is the same, B and ps) are independent variables, as well as B
and Py The state law establishes, for instance, a relationship between B

and A at constant E or, in a case with constant current I(s), between E (ar
ps) and Py (because Py influences the resistivity and then E through the

energy balance and the temperature in a ohmically relaxed plasmal. The
following cases are physically interesting:

Scaling of T with B and pA, (1, js/j fixed) By changing B with fixed p (or
E) and Py = 0 one follows the trajectories in (qs, A) space described in

fig. 1. It is a general property of the stale law (2) that these
trajectories are essentially independent of X « pA/B and hold also far
pAfﬂ. Along these trajectories T varies as Fil/S. If then one applies the
auxiliary power at a fixed point [qs‘ A, js/j] of a trajectory, one obtains
the trajectory of fig. 2 (where m=3/2) in (pA/E, us) space. As can be

numerically verified this trajectory is practically independent of the
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values taken by qs, A and jS/j along the trajectories of fig. 1 and can be

represented for X > 0.50, by the power law

(ue) 1M 15*20) o (g p ) (8) i

where o increases slowly with m. For 3/2 < m < 2 one has 0.50 < « < 0.B0.

Thus, independently of the point (qs, A, js/j). T scales as follows:

3 A/ (5+2m) o« oa-1/3 —o |

_ 1/
T =T (BO/B} (u/uo) B Py (7) I

For o = 0.50 one has T « BI/6 pAio'SO, practically independent of B.

Scaling of T with I and By (B, js/j fixed) First one changes the current
along a trajectory (qs, ps) with B fixed and pA=O and then one applies the
auxiliary power following a trajectory in (pA/B, us) space with qs fixed.

As we know from previuos work (1990) T scales as follows

B 4m/ (5+2m) B -u
T =T, (J.l/p.o] « 1 Py (8)

where B~ 1 and a~ 0.5. Alternatively one can reach the same final state as '
above by following initially the path (qs,l) of fig. 1, with given electric |

field and pA=O. Along this path T does not depend on the current because p

is fixed (see (5)). We observe that this path should be favoured in the
ohmic case because it can be followed without further consumption of
Volt-sec. At the end of the path the auxiliary power is applied in
a situation in which q, is low and A 1is large. The system is then

susceptible to move along the trajectories of fig. 3 which involve a rapid
reduction of the sawtooth zone when Py increases at low q with constant E.

The final point is then reached with a transformation in (pA/B, us) space

wvhich implies a decreasing electric field when Py increases.

In conclusion the constraints on the parameters imposed by the
isoentropic state law allow the interpretation of the scaling of the
confiinement time of auxiliary heated tokamaks with respect to B, I and Py

However, the wvanishing of the entropy production is viclated in many
cases, for instance in the H-transition. In these cases the scaling of the
confinement time may be different.

Minardi, E. and Lampis, G. (1990) Plasma Phys. Contr. Fusion 32, 891.
Minardi, E. (1988) Plasma Phys. Contr. Fusion 30, 1701.

Waltz, R.E., De Boo, J.C., Rosenbluth, M.N. (1990) Phys. Rev. Lett. B5,
2390.
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NEQCLASSICAL POLOIDAL FLOW BIFURCATION IN THE H MODE
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Introduction

The sudden onset of mass poloidal rotation at the L to H mode
transition observed in tokamaks operating with divertor configurations
and intense auxiliary heating [1], is a manifestation of nonlinear
behaviour in the parallel momentum balance equation. In normal
conditions a poloidal rotation of the plasma is inhibited, or damped on
an ion-ion collision time, by the parallel viscous force which, according
to conventional neoclassical theory depends linearly on the poloidal
particles and heat flows [2]. Attempts to account for the observations
have relied on particular models for the external torque input, assumed
mainly to be due to ion orbit losses, and on the derivation of nonlinear
expressions of the parallel viscous stress for high (sonic) poloidal
velocities [3]. This and other models tend to predict far too high rotation
velocity and cannot relate the transition to a power threshold in
agreement with observations.

Given the variety of methods of supply of external power which
causes the onset of rotation we reconsider more generally the
mechanism of the poloidal spin up of the plasma within the frame of
standard neoclassical theory in the moments approach, with an
external power and momentum source [2]. The model proposed is based
on the coupled set of equations governing the parallel momentum
balance and the global power balance, with the generalised neoclassical
Ohm's law. We simply assume that in the generality of cases the
effective torque driving plasma rotation must be constrained by a
relation to the total externally supplied power.

The tenets of the model rely on the neoclassical result stating that

the cross field heat flux q¥ and the particle flux I'V are linearly related

to parallel viscous forces < B-V-II > and therefore to poloidal flows. We
can show that with a power balance constraint the equation for poloidal
rotation can have bifurcated solutions, when a power threshold is
overcome.The model depends on two control parameters, the total power
and the edge pressure gradient, and is applicable to the conditions on
these parameters occurring at the L - H transition.

Equations of the model.

We adopt substantially the standard notation of [3] and consider a
pure (Z=1) plasma of electrons and deuterons. To leading order in the
Larmor radius expansion parameter the equation for the surface
averaged (ion) mass poloidal rotation velocity in a a narrow layer at the
plasma edge is:

IVv-201
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dU, B B
minTtp % ;3%(13 VoI = B—g(c o)

The power balance equation in thermal steady state is:

10y qvs 2BrY)|-pm) 4 by,

V' oy 2
And the neoclassical Ohmic power term is :
i B 3. dp| 38 B
(E-J) =0ncE), + 155 cE dy| * T BeE// enUy,

where g ~(2€ )1/2/(1-(2€ )1/2) is the ratio of trapped and circulating particles.
Note that at the edge <EJ> is dominated by the bootstrap ferm
contribution.

Now we use the neoclassical expressions of the cross field fluxes and
of the viscous tensor [2] to express, from the LHS side of the power balance
equation, an explicit constraint on the absorbed power in terms of the

poloidal flow velocity:
RT| d , (VRBT)
P, =-{E]) +0.8v.m ng<>+ Aln( U
abs i EBG dy iBl; p |
Multiplying the momentum equation by Up, passing to the
dimensionless variable x=Up/cs, and combining the expressions for Paps,
<EJ>, to express <GextUp>=f Pabs, With f<1, the following equation for the

"poloidal kinetic energy" is obtained:

2
dx” _ _ 2 _ _
4 = Iy H 0T I+ (P-Q)x - Q,
B P b +< El >
with Px:f—;~ E 5
\.'_m.l'll::S
1 1
2 53 fBe <El>
R —— 2
02 1 B \.'_m‘l']C2
i i ]

This equation exhibits bifurcations and has the analytic solution:
9 X — X 1t
== -ln

¥-1 |x—x i

1 9 TOOtS of the rhsof the equation .

2

Considering now for the temporal evolution of the kinetic energy a
"potential” function F in the x>0 variable, i.e.

P-Q
F(x) ='§‘x3—(421‘)“x2+Q2 X
the stationary states are located at the relative minimum and maximum
of the function F. This function depends on the two control parameters P
(external power), and Q; (edge gradient) which at the L-H transition are
assumed to be positive and sufficiently large. In normal undriven
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conditions Qp is zero and the standard neoclassical result is recovered,
with a minimum of F at |xI=0, as shown in Fig.1. Fig. 2, 3 show the
function F versus the dimensionless velocity |x|, using data from JET L
and H modes. In undercritical driven condition (P>0), with Q; =0 the "L
mode" has a stable minimum close to x=0 (Fig.2). When a power
threshold is overcome, and the condition Q7 >0 is established, the external
driving term (linear in x because of the neoclassical transport constraint)
overcomes the viscous drag term proportional to x2 leading to a
bifurcation instability. Fig.3, relative to H mode transition, shows that the
solution around zero becomes unstable while a stable solution appears at
higher velocity. The transition from the lower (unstable) rotation regime
to the higher one occurs in a few ion collision times as shown in Fig.4
which gives the time dependence of x. The power threshold is increasing
with the magnetic field but only as B1/2. For fixed power, the threshold can
be expressed as a necessary condition on the temperature edge gradient,
which must have a scale length related to the ion banana width:

ldInT|, _a7s  “Viep (g
| dr |~ fi+3.029) VimivthiqRLpei

The bifurcation is indeed due to the bootsirap current contribution to
the ohmic power term; if he auxiliary power steepens the edge pressure
gradient this term provides an additional drag which tends to limit the
poloidal rotation but the lower velocity is unstable and a flip to high
rotation occurs. The resulting high shear in rotation contributes to quash
microturbulence and therefore enhance by a factor (but not in scaling) the
confinement time.

*A.T, C.N. present address : JET joint Undertaking, Abigdon
OX143EA, UK

Figure captions:

Fig.1- Unforced case. Potential of viscous and active forces vs poloidal

velocity.
Q1=0.13 P=0.13 Q2=0.0 T=5.

Fig.2 -L mode. Potential of viscous and active forces vs poloidal velocity.
Q1=-0.15 P=047 Q2=0.02 T=5. Shot20354.

Fig.3 -H mode. Potential of viscous and active forces vs poloidal velocity.
Q1=-0.13 P=149 Qp=0.02 T=5.00

Fig.4 - Normalized poloidal velocity Up/Cg vs dimensionless time t=vit
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ON THE EXISTENCE AND UNIQUENESS
OF DISSIPATIVE PLASMA EQUILIBRIA
IN A TOROIDAL DOMAIN

M. Spada and H. Wobig

Max-Planck-Institut fiir Plasmaphysik, IPP-EURATOM Association
D-8046 Garching bei Miinchen, Federal Republic of Germany

INTRODUCTION AND OUTLINE OF THE MODEL

The ideal magnetohydrodynamic (MHD) model is often adopted to describe the equilibrium of a confined
plasma. Within this model, the pressure gradient is simply balanced by the magnetic force (Vp = j x B),
and one assumes the existence of nested magnetic surfaces which are constrained to have the shape of
the plasma (B - Vp = 0). In this paper, we consider a one-fluid dissipative MHD model which includes
inertial forces, finite resistivity and viscosity, and a particle source which sustains the pressure gradient
in the plasma. This dissipative model eliminates the topological constraints of the ideal MHD model,
and is also applicable to non-axisymmetric equilibria with magnetic islands and stochastic regions. In
particular, the model applies to the boundary regions of stellarators and tokamaks, where the plasma is
collision dominated and magnetic surfaces are destroyed.

In the following, we formulate a boundary-value problem on the basis of the above model assumptions
and address the question of existence and uniqueness of solutions. Generalizing the techniques used in
the mathematical theory of hydrodynamic flow, we rigorously prove that at least one weak solution exists
if the plasma f is sufficiently small, or if viscosity and resistivity are sufficiently large; moreover, we prove
that, under a condition of the same kind as that for existence, but more stringent, there exists only one
solution. We refer to (SPADA and WOBIG, 1991) for all the technical details.

Specifically, we assume that the equilibrium of a plasma, filling a toroidal region Q of the space R2,
can be described by the following set of one-fluid, dissipative MHD equations: p(v-V)v = —Vp-+jx B+
Vvini=E+4+vxB;j=VxB; V-(pv)=5; V.B =0. Uere, p is the plasma density, 5 the resistivity,
v the flow velocity, B the magnetic field, j the current density, p the scalar pressure, E (= —V¢) the
electric field, S a particle source which sustains the pressure grgdient in the plasma. Moreover, Vv is the
Braginskii viscous force field (BRAGINSKII, 1965) given by (Vv); = —dm;/0z;j, mij = Ei___ﬂ YaNaWaij
(ta = =1 for @ = 0,1,2 and 7, = 1 for o = 3,4) where Waij = Aaij ri(h) Wy (repeated indices are
summed); here, h = B/B and Wy, is the rate-of-strain tensor: Wiy = djop + drvy — %EMV v (= Wi):
the coeflicients Aq;j i are given on p. 250 of (BRAGINSKII, 1965). From now on, we assume that the
plasma density, the resistivity, as well as the viscosity coefficients 74 (a = 0,...,4), are uniform.

We proceed reducing the above system to a problem with unknowns p, v, B; let us use the third
equation into the first and the second, and take the curl of the second equation. We assume, for the
moment, that there is no loop-voltage; we shall discuss, later on, how our results are modified if it is
present. Thus, we obtain: p(v-V)v = —=Vp+(VxB)xB4Vv; 1V (VxB) = Vx(vxB); pV-v =5,
V-B=0.

We supplement this system with the following boundary conditions: v = vpon ', B -n = () and
7(V x B) xn = (vg-n)B on I, where I' = dQ is the boundary of  and n is the unit outward normal
on I'. The last condition expresses the requirement that the tangential component of E vanishes on T.

We assume that Q is a toroidal domain (viz., an open connected set) of R®, and that the boundary
T' is a manifeld of class C*°; moreover, we assume that { is Lipschitz. Concerning S and vy, they
are assumed to be smooth (S € () and vo € (C*=(I'))*) and to fulfil the compatibility condition
pJrdove-n= [ d% S(x).

The domain Q is not simply-connected; specifically, it is doubly-connected. The above problem
becomes well-posed by prescribing the value of the toroidal flux of B (SERMANGE and TEMAM, 1983;
FOTAS and TEMAM, 1978). Let Bo € (€*°(Q))® be the field having the prescribed toroidal flux, and
fulfilling the following equations: V-Bg = 0 and Vx By = 0in Q, By -n = 0 on I'. Because of the
topology of Q, this problem for By has non-trivial solutions. Now we set B = Bg + Bp, the field B,
being our new unknown.

As regards the flow velocity field, let vs € (€°°(82))® be one of the solutions of the following problem:
PV :vs = 5in Q, vs = vg on I'. In the following we shall consider vs as given and fixed. Setting
v = vg +u, the field u becomes our new unknown.

Using the above split for B and v and introducing the approximation h ~ Bg/|Bg|, we have the
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following problem for'the unknowns p, u and By:

plu-V)vs + p(vs - V)u+ plu- V)u— (Bo - V)By — (By - V)Bo — (B - V)B,

+V(ﬁ+%|Be+BP|2) ~Vu="fs+(By V)Bo W

v x(V x B,) + %{Bu +By) —(Bo - V)vs = (By - V)vs — (Bo - V)u @)
—(Bp - V)u+(vs-V)Bo+(vs - V)Bp + (u- V)Bo + (u-V)B, =0

V-u=0, V.B,=0. (3)

This system is supplemented with the following boundary conditions: u=0on T, By -n =0 and 5(V x
B,)xn = (vs-n)(Bg+B,) on I'. Here, well known identities have been used. Moreover, the field fs ap-
pearing in equation (1) is defined by fs = —p(vs V)vs+Vvs. Note that fs is a given quantity. It will play
the role of an external force field.

FUNCTIONAL SETTING OF THE EQUATIONS

Let L*(R) be the space of real-valued functions on © which are square integrable for the Lebesgue
measure d°c = day.dzadag; this is a Hilbert space for the scalar product (£,£) = [, d3 £(x)¢'(x).
Let H™(Q) be the Sobolev space of functions which are in L?(Q) together with their weak derivatives
of order less than or equal to m (ADAMS, 1975); HJ*(Q) is the Hilbert subspace of H™(Q2) made of
functions vanishing on I'. Moreover, we use the notations L*(Q) = (L*(Q))?, H™(Q) = (H™(Q))%,
HP(Q) = (H(Q))°.

We shall use the following spaces: V; = {v € (C=°(R))*, Vv = 0}; Vi = the closure of ¥ in H}(2);
Vo ={B€(C®(Q)’,V-B=0,B-n|r =0 and [;doB:n=0}; V2 = the closure of V3 in H(Q);
here, T is any smooth manifold of dimension 2 such that the open set & = Q\ I is simply-connected and.
Lipschitz (i.e., T is not tangent to T'); roughly speaking, T is a poloidal cut.

We equip ¥ with the scalar product (v,v')1 = (&v,8v'), where 8; = d/0z; and, as always,
repeated indices are summed. This is a scalar product on H}(Q) thanks to the Poincaré inequality, and
provides the norm on ¥} given by ||v|l; = {(v,¥)1}}/*

We equip V2 with the scalar product (SERMANGE and TEMAM, 1983) (B, B"): = (VxB, VxB').
This scalar product defines a norm on V; given by ||B||z = {((B,B))2}/?, which is equivalent to that
induced by H!(Q2) on V2; see (SERMANGE and TEMAM, 1983).

Finally, we introduce the product space V = V; x ¥, and equip it with the scalar product (®,®")) =
7l(v, v )1 + (B, Bz for all & = (v,B), & = (v/,B') € V, where 7, = § milia=o,1,27. This scalar
product provides the norm on V given by ||®]| = {(@, @)}/

We proceed now establishing a weak formulation of problem (1)-(3).

Let us assume that p, u, B, is a smooth solution. The first step is to multiply equation (1) by a
test function w € V) and integrate over 2. Note that, for all ¢ € C*° (), we have [, d%z (V()-w =
Ja Pz [V-((w) = (V- w] = [do{w -n =0, and also [ d%x [(Bo - V)Bo]-w = [,d% [(V x By) x
Bo + V(3[Be[*)] - w = 0. Concerning the quantity (=Vu, w) arising from the Lh.s. of equation (1),
we proceed in the following way; let us introduce the bilinear form £: ¥, x Vi — R, (a,b) — £(a,b),
Eab)= -2 Vel Joo @2 Brar(Aaij ki + Aaijix)d5bi. One can easily check that, since u is assumed
to be a smooth solution and w to belong to Vi, the identity (—'i?u,w) = £(u,w) holds. Moreover, by
using trivial inequalities as well as the Cauchy—Schwarz inequality for sums and for integrals, we can easily
convince ourselves that, Ya € V; fixed, the mapping £(a,e): Vi — R, b — £(a,b), is a bounded linear
functional. Therefore, by using the Riesz’ representation theorem, we see that there exists one and only
one a € V; such that £(a,b) = ((&,b)); Vb € V. Since, for a € V), fixed, the element a € V) is unique,
we can give the following good definition of the operator E:Vy — Vi, a— Ea = a. It is advantageous
to introduce also the operator E by setting E = n, E so that, finally, we have (7l7u, w) = i ((Eu, w)).
Note that the operator E is linear (and, hence, the operator E' too), as £ is a bilinear form.

In order to shorten the notation, we introduce a trilinear form on (H'(Q))? by setting b(£,£',£") =
Ja @z &(8ig} )¢} This form is continuous (SERMANGE and TEMAM, 1983).
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Thus, the above-mentioned projection of equation (1) yields the following (weak) equation:

N(Bu, w)); + pb(u, vs, w) + pb(vs,u, w) + pb(u, u, w)

4

—0(Bo, By, w) — b(B,,Bo, w) — b(B,, B, w) = (fs, ). “)

Next, let us deal with equation (2) and remember we are assuming p, u, B, to be a smooth solution.

We proceed in the following way (see also (SERMANGE and TEMAM, 1983);: we multiply equation

(2) by a test function C € V; and integrate over ©. Note that the identity [, d°z [V x (V x B,)]- C =

Jo @z (V% Bp) -(V x C) — [Lde[(V x B,) x n] - C holds. A straightforward calculation yields the
following (weak) equation:

(B, C)z + b(w, Bo + By, C) — b(Bo + By, u, C)

5
—b(Bu+Bp,vs,C)—b(vs,C,Bg+Bp)=U. 5)

In order to establish a problem for weak solutions in the product space V', we introduce the operator
U:V—=V,®=(v,B)— Ud=(Ev,B). Note that U is a linear operator as E is linear.

Furthermore, in order to shorten the notation, let us define the mapping B: V x V — R, (&, ®')
B(®, @), B(®, &) = pb(v, vs, v')+ pb(vs, v, v') + pb(v, v, v') — b(Bo, B, v/) - (B, By, v') — b(B, B, v/} +
b(v,Bg + B, B’) — 6(Bg + B,v,B’) — b(Bg + B, vs,B’) — b(vs, B, By + B), where & = (v,B) and
@' = (v',B). Note that the mapping B is manifestly linear in the second argument but nonlinear in the
first one.

Now, we add equations (4) and (5) and obtain the following (weak) equation:

(U, 0) + (2, %) = (fs,w) (6)

where @ = (u,Bp) and ¥ = (w, C).
We can now establish the following weak formulation of problem (1)-(3):

PROBLEM (weak solutions). Under the above hypotheses for @, vs and By, find @ = (u, B,)evVv
such that equation () is satisfied for all ¥ = (w,C) € V.

Note that we do not require that the solution has to be smooth. For a thorough discussion on the weak
formulation of problems of this kind see (LADYZHENSKAYA, 1963; TEMAM, 1979; SERMANGE and
TEMAM, 1983).

EXISTENCE, UNIQUENESS AND ESTIMATE OF WEAK SOLUTIONS

We proceed considering the question of existence and uniqueness of the above-defined weak solutions.
As we shall see, proving existence also yields an estimate of the solution(s). The mathematical techniques
we are going to use are classical for problems of this kind (LADYZHENSKAYA, 1963; TEMAM, 1979);
nevertheless, since we describe viscosity by the Braginskii operator while in previous work the Laplacian
operator was always used, we shall have to carry out a special analysis in relation to this point.

Firstly, we consider the r.h.s. of equation (6). It is easy to show that the mapping V — R,
¥ = (w,C) — (fs,w), is a bounded linear functional. According to Riesz’ theorem, this functional can
be represented in the form (fs, w) = ((Fs, ) for one and only one element Fs € V; obviously, the second
component of Fs is equal to zero.

Next, we consider the term B(®,¥) in the Lh.s. of equation (6). It is not difficult to prove that,
V® € V fixed, the mapping B(®,e): V — R, ¥ — B(®, ¥), is a bounded linear functional, so there exists
an operator B: V — V such that B(®,¥) = (B®, ¥)). The operator B is clearly nonlinear.

Thus, going back to equation (6), we can write it in the following way: (U®,¥)) + (B, ¥) =
({(Fs,¥)). It is advantageous to introduce the constant operator C's: V — V such that @ — Cs® = Fg
for all @ € V, and also the operator Z = Cs — B. The element & € V is a weak solution of our problem
if and only if the above equation is satisfied for all ¥ € V; therefore, the weak problem reduces to solving
the nonlinear equation /® = Z® in the space V.

Next, one can prove that the estimate from below £(v,v) > n.||v||} holds, namely, the form £ is
coercive. This means, roughly speaking, that the Braginskii viscosity operator is negative definite; this
property has a plain and elegant physical interpretation: the viscous forces do always dissipate encrgy.
It is not difficult to see that, therefore, the operator U/ is one-to-one and U~! is bounded. Thus, the
equation we must solve can be written equivalently as a fixed-point equation:

U-'Zod=a. @)
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To investigate the solvability of equation (7), we apply the Leray-Schauder principle (LADYZHEN-
SKAYA, 1963). This principle is particularly suitable for problems of this kind since it guarantees
existence but not uniqueness.

1t is easy to check that V, the space in which equation (7) is defined, is a separable Hilbert space
(viz., it has a countable dense subset). Moreover, one can prove that the operator U~1Z is completely
continuous in V, iz., it maps any weakly convergent sequence {®,} in V into a strongly convergent
sequence {U~1Z®,]} in V. Therefore, the Leray-Schauder principle guarantees that, if all possible
solutions of the equation AU~'1Z® = & for A € [0, 1] lie within some ball ||®|| < R, then the equation (7)
has at least one solufion inside this ball. One can prove that the norms ||@(»)|| are uniformly bounded if

(8)

IV 3pM. M.
Gs = “V_g”],d(n) (-—\/L + Tz) <L

Tk

Here, M 5 are the imbedding constants of the compact imbeddings V3,2(]|e ||1,2) — L*(2); note that they
depend only on Q. Therefore, if the condition (8) is satisfied, at least one weak solution of our problem
does exist. The requirement is that the source must be sufficiently small, or viscosity and resistivity
sufficiently large.

Moreover, for the solution(s) the following estimate holds:

lvsllLgaylBollwsgny/ /1 + 1 Fsll

12l < 1-Gs @

As one could expect, the above estimate shows that the larger are viscosity and resistivity (or the smaller
is the source), the smaller is ||®||: the dissipation quenches the flow velocity and the plasma currents. In
particular, if the source vanishes we have that ® = 0, viz., the plasma is quiescent and no current flows in
it. (We recall that we assumed there is no loop-voltage; in the presence of loop-voltage, another positive
quantity would appear in the numerator of equation (9) and a nontrivial solution could exist even if the
source vanishes.)

Equations (8)-(9), together with the condition for uniqueness we are going to derive and the above
study of the Braginskii viscosity operator, are the main results of this analysis.

We conclude this study dealing with uniqueness of the solution. Suppose that condition (8) is
satisfied, and that @® and & are two solutions; let us define A = & — &' (€ V). By using a classical
technique (LADYZHENSKAYA, 1963), one can prove that if

_— % 4 MMz M\ vslle@lBollusy/ v+ 1Tl _ (10)
2 T 1—Gs

then A = 0: there exists only one solution. The requirement for uniqueness expressed by the above
formula is of the same kind as that for existence. It is important to remark, however, that condition (10)
is more stringent than condition (8).

Finally, we remark that the Navier-Stokes problem can manifestly be studied as a particular case
of problem (1)-(3). The important existence and uniqueness resulis for the Navier-Stokes problem,
which are well known (LADYZHENSKAYA, 1963), can be easily recovered from conditions (8) and (10).
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L-H TRANSITIONS VIA THE MATSUDA ANOMALY
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1. INTRODUCTION

Electron-ion momentum-transfer collisions parallel to the magnetic-field direction
are anomalously enhanced if r.. < Ap for electrons with vjje ~ O(vei) [1,2]. Henceforth
this anomaly will be referred to as the Matsuda anomaly. As the electrons slow down
while approaching the turning point #;, the enhancement in the drag force collisionally
captures a fraction @,y of the electrons. These electrons couple strongly to the ion
component and are prevented from continuing their banana orbits until they are able to
overcome the drag force. The dwell time, 7.4, of this stagnant population results in a
radial displacement L = v 47¢ 4 sin 8; via the VB drift. The electron diffusivity becomes

<I’>
DE N Tesc + 0-5760'-::1}1 ! (1)
where 73 1s the bounce time. The escape time, T.q, is found to increase approximately
exponentially with T07%; relatively small changes in T} at the plasma edge cause dis-
proportionately large variations in D., resembling L-H Tokamak transitions [3]. For
T; ~ O(100) eV, the step length L becomes comparable to the width of the edge region,
signaling the onset of convective transport and the diffusion model ceases to be valid.

2. ELECTRON CAPTURE

Electrons (prior to capture) and ions are assumed to possess Maxwellian velocity
distributions (the capture and stagnation processes introduce a pronounced loss cone in
electron-velocity distribution). Probability that an electron encounters no collisions is

A d\'
Pa-m()‘) = exp |:/ m} 3 (2)

where d\ = qRodf, Apsp, = [oyl/¥a; va is the anomalously enhanced electron-ion
collision frequency which for Ap = (1/wpe) /To/m/Ti/(Ti + ZTe) > ree or 7 =

(wee fwpe) /BT /(T: + ZT,) > uy j, is given by [2]

Z hi<vl> w; n :
o R T—— "7 . 1 ?
drn; v ﬁ . (3)

Vil et Uy fe

v,

fi; is the number of ions within the sphere in velocity space with radius |U||!, < vl >is
the average v? for these particles, v, and v;; are the electron and ion thermal speeds,
e = v/ \/i-t:,ﬂk,') is the normalized electron velocity, ¢ is the safety factor, Z is the
lonic charge, p = r/a, a is the plasma radius and Ry is the torus major radius.
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The collision probability becomes Peoii(A) = 1 — Peye(A) which upon differentia-
tion gives the capture (collision) probability per unit length at position A as peap(A) =
Peoe( A)/ Amp(N). The capture probability per unit radian at f for an electron of velocity
(ujje,trse) at 8= 0 becomes

8 8,
Peap(te: 6, w76) = O(6) [exp (ﬁ / ew')de') + K(80) exp (— ]g ew’)cw')] y

where 8 is assumed to lie in the range 0 < 6 <,

6 0
&(f) =1- O(f)exp (—f @(9')(!3') de,
0 0

Q‘Ru Va (3)

o(8) = m i (4)

1/2
| g(1 —cosb) ,
wyjge,i(8) = [“u/e,i(o) - muye,f(o) y

and 6; is the turning point for the velocity (u"/(,ullz). The captured fraction becomes-

Qctip(:l"-||/\-:5gauj_/e) — g3/ exp [—1{38(0)] pc,“.,(tl"/,:,a,lu_fe) :

Integrating over the parallel velocities gives

R

(‘tmp(e,tl-_u‘e) = [ ﬂcup(“”/mga”i[e)d“ll/c s

Ula

where & = 7/ Ry, the integration limits uy, = /(1 — cos#)/(1 + e cos B)u, . and uy, =

V/2e/(1 = €)u . being set by the trapping condition. The Matsuda anomaly extends to
parallel electron velocities of the order of £y, with £ ~ O(1), or within an angle

m £ (l+4ecost)?

A~ 5
M2, (0)e(1+¢)siné; ’ (5)

from the banana-orbit turning point 8. Since Af# < 8, (except for an insignificant region
8; £ m/M), the capture process is concentrated near 8 ~ 8.

3. ELECTRON ESCAPE

The escape probability and escape rate out of this stagnant pool are given by

8
Pr;sc(aa'uﬂfe-»u.l./e) = exp li#f SIEa )dﬁ’] for vy <0,
0

(6)

0, 6,
= exp [- o) ds" — / @(Gr)dﬂ':l for v >0,
] 0
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and :
Pcsc('ga I(||/e= uJ./e) == ""'escPeac(ez “H/m uife) 3

respectively, where vy > 0 for electrons moving along increasing # and weee = |vy|/r is
the angular escape frequency. Integrating over the parallel velocities gives

o
Proc(8u1ye) =/ Wesefs (8 e, 1 pe ) Pescl 8w e, ge) duyge (7)
(s <]

where f, is the stagnant-population parallel-velocity distribution. The escape rate
may be approximately ascertained by replacing wess(v))fa(8,u)se,u1se) in (7) by
ceu(v")fs(ﬁ, U firt1se), where f; possesses the Maxwellian parallel-velocity distribution
of ions, while cesc = Wescla/(Wese + Vo) acts to tailor the Maxwellian by concentrating
Cesefa at vy S &vyi. Finally, one obtains

Tuc(61 "-"'J./E) = Pe:::(g’ H-L/G) =

4. PARTICLE AND ENERGY DIFFUSIVITIES

The stagnant fraction a, becomes

Te.sc(aa ”'J.,n'e)
TE5C(B= “‘J./e) ¥ '5Tb(8= Ulfe

ay(f, HJ_/E) = ) Cfcap('gau'l/e) i

The contribution to the particle diffusivity is

DE(HHH'J_/E) =z Ug(‘g»ul/e)'reac(& 1"’.L/z)a!(‘91u,L/e) ) (8)

where the radial component of the drift velocity is given by

6‘ ) _ 1: (]. + E) sin @ U?eu’i/e (9)
va(f,uyye) = ST+ econtl) Goulle - g
Integrating over # and u, /. gives the total diffusivity at v as
N ™ n
D.(r) = 471‘/ clﬂ/ De(fuype)uyjeduyy, (10)
0 0

Similarly, the contribution of radial electron drift to the electron thermal diffusivity may
be expressed in the form

(L +e)ud . (0)

Xelburre) =g

DE(:G: u_i_je) ) (11)

where the entire kinetic energy of the electron is assumed to be contained in Uy e at the
trapping location 6 = 6;.
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5. COMPUTATIONAL RESULTS

Fig.1 shows the diffusivities as a function of plasma radius for several Ty in a
hydrogen plasma with n, = neo(1 — p?), Te = Teo(1 = p*), ¢ = 90 + (¢ — @)%, Z =
exp(pln Zy), Bep = 8T, negg = 10°m™=3, qo =1,q. =35, 2, =3, Rg =2m, 4 =3
and Tjg = T.o = Ty. For normal operating conditions, the diffusivity contributed by the
Matsuda anomaly is inconsequential in the plasma interior. However, the relatively large
collisionality near the plasma edge triggers an explosive buildup; the diffusivity increases
by several orders of magnitude within a span of a few centimeters.

Such violent episodes might have been anticipated from the exp(— [ © df) depen-
dence of capture and escape probabilities. In (6), Pese — 0 as [ ©df = OA8 > 1. For
a given radius, (3)-(3) yield QA ~ ngZTt-_zne In By . The Tf2 dependence of OAF
predisposes the particle and thermal fluxes to the sudden onset/extinction of the stag-
nation catastrophe with decreasing/increasing ion temperature at the plasma edge. The
phenomenon;, instigated by purely collisional processes, has the appearance of a bifur-
cation. The poloidal variation of diffusivity (¥ig.2) is in agreement with the observed
asymmetry of the heat flux to the divertor [4]. Further details are given in Ref.[5].

m
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o
- w
IU‘ = g N
= =
= =
e 4 o J
= ©
= e
e | o
w [
w h = i
& &
A e A e O I .
L 085 050 095 100 a 0° 30° 60° a0° 1200 1500 180°
q &
Fig.1 Diffusivity versus p Fig.2 Diffusivity versus 6

6. CONCLUSION

The stagnation catastrophe bears a close resemblence to the L-H mode transition
in Tokamaks, satisfying the transition eriteria given in Ref.[4]; namely, (i) the theory is
capable of bifurcation, (ii) the transition has a threshold involving the edge temperature,
(iii) the edge gradients would become steep at the transport barrier, (iv) the asymmetry
of the heat flux to the divertor is redueed, and (v) the transition is not critically dependent
upon the heating method.
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THE ROLE OF PFIRSCH-SCHLUTER CURRENTS
IN PLASMA EQUILIBRIUM, STABILITY AND TRANSPORT

H. Wosic

Max-Planck-Institut fiir Plasmaphysik,
EURATOM Association, D-8046 Garching, FRG

In a toroidal equilibrium the plasma current j, which is needed to satisfy the equi-
librium condition j x B = Vp, usually is decomposed as a diamagnetic current j;, =
B x Vp/B? and a parallel current Jj- The first to compute these currents were D.Pfirsch
and A. Schliiter [1] who found the approximation jj & (j12/¢) cosf in an axisymmetric
magnetic field B. This approximation has been made for stellarators without net toroidal
current and large aspect ratio. In tokamaks, however, with finite toroidal currents the
problem arises, how to define the P.S.-currents properly. In the literature often the condi-
tion < jps+B >= 0is used which unfortunately leads to a rather inconvenient form of j pg.
A more convenient definition starts from the Hamada coordinate system ((, 4, s; (and 8
are toroidal and poloidal coordinates and s is the volume of the magnetic surface ) of a
general toroidal equilibrium. The magnetic field is given by B = '(s)e; + x/(s)ep and
the current by j = I'(s)et+J'(s)ep. ep = V(X Vs, e = Vsx V0, V-ep =0, V-.ey =0
are the poloidal and toroidal base vectors on the magnetic surface. Using the equilibrium
condition J'y' —I'x' = p the current can be written in the form '(s)j = p'(s)ep+1'(s)B.
The current p'(s)ep flows along the coordinate lines {=const. which are poloidally closed
and therefore the net toroidal current is zero. p'(s)ep is the sum of diamagnetic currents
and P.S-currents which are given by

-B
Wllirs = #(6) 2B )
The toroidal current is then described by the second term I'(s)B. This definition of the
P.S.-currents leads to the following definition of the Pfirsch-Schliiter diffusion flux. The
radial integrated flux of the flow vector pu is

—(¥'(s))’T = np{< ep-ep>p'(s) + II'(s)} @)

The first term describes the classical diffusion plus the Pfirsch- Schliiter diffusion. The
Pfirsch-Schliiter diffusion coefficient is Dps = np < ep - ep > [1'(s)? and the factor
< ep - ep > is proportional to 1 +2/:2 in large aspect ratio configurations. The second
term is a classical pinch effect. An extensive discussion of the implications of these
two definitions of the P.S.-currents will be published elsewhere [2]. In the following the
definition eq.(1) will be used.

Plasma equilibrium. The main effect of P.S.- currents on plasma equilibrium is the
Shafranov shift due to the vertical magnetic field. In standard stellarators this shift is
A~ fR/2:* which defines an equilibrium 8- limit when A is equal to 1/2 of the plasma
radius. Above this limit the distortion of the configuration is considered as too large. In
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the concept of advanced stellarators [3] the P.S-currents are minimized to large extent by
shaping the magnetic surfaces properly; in Helias configurations [4](see Fig. 1) the ratio
< jﬁ/ﬁ_ >= 0.5 was achieved while in standard stellarators this number is ~ 2/:2. This
reduction leads to a very small Shafranov shift and to a small change of the rotational
transform by the finite beta effect. Another effect of the parallel plasma currents is the
formations of islands on rational magnetic surfaces [5]. This is a particular problem of
non-axisymmetric configurations, since on rational magnetic surfaces islands may arise
which are correlated to the magnetic field of the P.S.-currents nearby. If the plasma is
stable against resistive interchange modes, these islands saturate at a finite level; in the
opposite case they grow with § [6]. However, a self-consistent picture with island overlap
and stochasticity is still missing,.

Neoclassical transport. Neoclassical transport in toroidal equilibria is the result of
radial particle drift vp - Vs and Coulomb collisions. The ideal case is the isodynamic
equilibrium [7] where the radial drift is zero and all neoclassical effects are zero, too. In
reality, however, radial losses can only be minimized to a finite limit by reducing the
P.S-currents and localizing trapped particles in regions of small radial drift. In terms of
P.S.-currents the radial drift velocity is

VB e B VB
vq-Vs = m(v"-l—é—vi){ep'?—%B‘? (3)
Tor stellarators (I = 0) one can prove that ep - B — 0 & ep - VB — 0. Therefore,
it may be expected that small but finite P.S-currents imply small neoclassical effects.
Neoclassical losses are driven by the poloidal viscous forces ep - V - m, where péiy + i
is the pressure tensor. Retaining the Chew-Goldberger-Low form of the pressure tensor,
the integrated neoclassical particle flux is given by

—'(s)qlmeo = < (7 —PL) p - %‘lz > (4)

Similar expressions can be derived for higher order moments and the related fluxes. In
deriving eq. 4 use has to be made from the equilibrium condition ep x B = V). The
geometrical factor ep - VB clearly shows the correlation between neoclassical losses and
P.S-currents. The anisotropic pressure pj —p 1 has to be calculated from the kinetic equa-
tion. Various approaches using Monte-Carlo techniques [8] and analytic approximations
[9] have shown that in Helias configurations with reduced P.S-currents neoclassical losses
are also small. This holds for losses by barely trapped particles in the plateau regime and
losses by trapped particles in the 1/v-regime. In this regime losses can be characterized
by an effective helical ripple of €5 55 & 0.01 — 0.02 [9].

Stability. In tokamaks the ohmically driven parallel current is the dominating one and
the related instabilities like kink modes and tearing modes are determined by this current
rather than the P.S.-currents. In stellarators P.S.-currents are the only parallel currents
and therefore they may also contribute to plasma instabilities. The Mercier criterion for
localized modes (H — ¢'(s)/2)? — Dg > 0 with

BZ
[Vsf?

"
> x{p’l‘b L8

ol ) / €p - &
Dr = ') < m+(?(3))2 < T%ﬁ>} (8)
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shows the importance of reducing ep-ep, as much as possible, since in configurations with a
magnetic well the last term in Dp, is the only destabilizing one. —Dp > 0 is the resistive
interchange criterion which is more stringent than the Mercier criterion. The stability
limit in 5-period Helias configurations found from the resistive interchange criterion is
< fB>=5-10%.

In order to study microinstabiities using linearized kinetic equations the distribution
function F' of the plasma equilibrium must be specified. Electrostatic drift instabilities
are described by the linearized Fokker-Planck equation with the driving term 6E - V, F,
where 6F is the perturbed electric field. A distribution F which is compatible with the
ideal equilibrium condition Vp = j x B has the form F = F*(v?, s) + F'®. Pfirsch-Schliiter
currents and all equilibrium flows in the magnetic surface are vector moments of the
antisymmetric distribution F*. Expanding F* in Laguerre polynomials g o L:”z(vz}
[10] yields

F* =" fugv-Uy ; V- -Up=0 (6)
k

where fyr is a Maxwellian, U, is the particle flow and U, is the thermal flow. In stel-
larators without integral toroidal fluxes these vector moments are given by Aj(s)ep; the
gradients A}(s) are related to the scalar moments of F*® [11](pressure gradients, temper-
ature gradients etc. ). These are the driving terms of drift instabilities. F*(v*) is only
destabilizing if it is non-monotonically decreasing in v?. The destabilizing term is

2
6 - VoF" =3 fugibE - ep Ay(s) + —5 (fargn) 6B v : v - epy(s) (M)
o

Since drift waves have a small but finite parallel electric field §E - B the factor e, - B
occurs in the second term of eq.7. Retaining the gyro-angle average of the tensor v : v
yields §
v 1, 6E-B

EE-v:v-ep—*—%JE-ep-{-(vﬁuivi)?(ep-B) (8)
Thus, the driving term of drift waves consists of three terms, one of these is proportional
to the P.S-current factor ep - B. The relevance and importance of this driving term is
under study.

Turbulent transport by drift waves depends on the phase relation between fluctu-
ations §E(¢) and the plasma response 6f(t). Let éng = [&fgyd®v be the generalized
density fluctuation; then the turbulent flux of the flow [ fgpvd®v through the magnetic
surface is given by

—'(s)Thy = <GngbB-ep>+ <OB-6M-ep> (9)

where the tensor §M[f*] is defined by My =: 2/v2 [ g, v : v6f d®v. The overline
denotes the time average. For turbulent particle fluxes (k = 0, g = 0) the second term is
zero and the first term is the well-known expression for turbulent losses. In case of energy
losses (k=1), however, the thermal flux of the particle species « is

e 2¢1
U
-1 (S)I‘l =< énibE rep > + < ma'vg

5p_L5E ‘ep >

0 (10)

2
) >

O] 8 "
o7 0P — 5PL)(E B)(~,
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with ¢; = const. The third term in the thermal flux contains the parallel electric field,
the pressure fluctuations §pj — 6py and the P.5-term ep, - B. This term does not arise if
turbulent transport is calculated in slab geometry or cylinder geometry where PS.-currents
are zero.

Conclusions Pfirsch-Schliiter currents have various negative effects on plasma confine-
ment in stellarator geometry. The Shafranov shift and the modification of the i-profile
can be minimized 1o a large extent by reducing the P.S.-currents in the advanced stel-
larator concept. Since particle orbits and P.S-currents are linked via mod B on magnetic
surfaces this reduction has beneficial effects on neoclassical transport and bootstrap ef-
fects. MHD-stability does not only depend on P.S-currents, however f-limits set by
resistive interchange modes can be increased by reducing the P.S-currents. In the theory
of electrostatic drift modes an extra driving term exists caused by finite P.5-currents; its
influence on the growth rates needs further study. The extra term in turbulent energy
fluxes is of particular interest for drift waves, since the parallel electric field §E-B is finite
and a large anisotropy of the pressure fluctuations dpj — ép, has to be expected.

Fig. 1: Magnetic surface of a 5-period Helias configuration. Thick lines are poloidally
closed current lines, The average < jﬁ/ﬁ_ > is 0.5.
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FIRST RESULTS OF ECRH TRANSMITTED POWER MEASUREMENTS ON RTP

F.M.A. Smits, S.L.. Bank, W.A. Bongers, A.A.M. Oomens, R.W. Polman, RTP Team

FOM-Instituut voor Plasmafysica 'Rijnhuizen’, Association EURATOM-FOM,
P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands.

Introduction

A diagnostic, TraP, has been installed to measure the transmitted power fraction of the
60 GHz, 180 kW ECRH beam, launched in O-mode radially from the low field side into RTP.
The RTP tokamak has the parameters: R = 0.72 m, a = 0.17 m, ng = 2-1018 - 2.1020 m'3,
B<24T,Ip <150 kA and a pulse length of 250 ms. The main purposes of TraP are:
(1) check ray tracmg and absorption theory at high power in poloidal and toroidal direction up
to densities near cut-off, to extend previous work [1,2,3,4]; (2) provide measurements of the
power deposition profile as an input for local transport analysis.

Measurement set-up

TraP includes a set of 9 horns placed in an orthogonal cross at the high field side facing
the ECRH launcher to determine the beam width and position in both directions (Fig. 1). The
horns are embedded in a smooth top-roof mirror which prevents reflections back into the
launcher. In combination with a cylindrical mirror on the low field side, it reduces the influence
of unabsorbed multiply reflected rays to a negligible level. Low power measurements revealed
that open ended wave guides in an oblique mirror have an asymmetric antenna pattern and are
sensitive to interference due to diffraction at the mirror edges. These effects are avoided by
using horns with a minimum of the antenna pattern in the direction of the diffracting edge and
by rounding off the edges. Conical horns and circular fundamental wave guides receive and
transmit both polarizations. Polarization scrambling in the guides caused by bends and elliptical
deformations has been compensated by squeeze sections, Taking a horizontally polarized input
wave and monitoring the polarization ellipse at the end of the guide, the wave guide is squeezed
until the incident polarization is restored. If no

other irregularities occur in the guide, the vertical

polarization is then also restored. At the end of 9 wave mess;
the wave guides, the horizontal polarization guides tHck
component is measured by diode detector units vacuum Squeeze

with DC-30 MHz preamplifiers. An ellipsometer windows ~ sections

[5] has been built which can measure both polari-  top roof

zations and their respective phase simultaneous-  mirror & positions of
ly. It is replaceable with any of the detector units. 9 horns Vf:S“S"gl“ the horns

It consists of an orthomode transducer to sepa-
rate the field components, and a varactor tuned
Gunn oscillator with two mixers for coherent
down conversion of both signals. A phase
locked loop locks the Gunn within 0.5 s to the
gyrotron frequency. The 10 MHz IF signals are
analysed by a vector volt meter to determine both
the amplitude and the mutual phase. TraP is
absolutely calibrated by in situ measurements of
wave guide attenuations and detector (ellipsome-
ter) sensitivities. A separate detection unit, called Fig.1. Experimental set-up.

ECRH
launcher
7 outside
/ _mirror

poloidal
cross-section  front view
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sniffer probe’, has been installed in the equatorial plane at 120° toroidal angle with respect to
the ECRH launcher to estimate the global absorption. For full shot recordings, the signals are
20 kHz low pass filtered and sampled at 50 kHz. For fluctuation studies, 20 kHz high pass
filters are used and the sampling frequency is set to 8 MHz. A data processing code is written
which calculates the main transmitted power parameters such as the horizontal and vertical beam
positions and the total transmitted power in between shots.

Refraction

For the calculation of the transmitted
power density distribution at the measurement
surface as a functon of time, and for the
simulation of measured power levels, lots of
ray tracing is required. Full threedimensional
ray tracing is computer time consuming and not
practical for the interpretation of large amounts
of data. The full toroidal ray tracing code
TORAY shows small focussing in toroidal
direction which increases with density, and
large poloidal refraction which is sensitive to
the density profile and the vertical plasma
position. Therefore, in toroidal direction, a first
order estimate -of the beam narrowing is
obtained from a dataset calculated for a
parabolic density profile as a function of the
peak density. For data interpretation in poloidal
direction, a fast-poloidal ray tracing code with
circular symmetry, CRAY, has been
developed, based on the analytical solution of
the ray equation [6]. It calculates the transmitted
power density profile at the measurement
surface as a function of the measured electron
density profile and the plasma position. A
typical output is given in Fig. 2 for the density
profile of a high T discharge [7]. CRAY is in
excellent agreement with TORAY.

The density and plasma position
dependence of the power density profile is
measured by ‘having the resonance surface
outside the plasma. In poloidal direction, the
power density profile decreases and broadens
with density. This causes the central horn
signal to decrease almost linearly with density,
while the outer horn signals first increase and
then decrease with density. If the plasma centre
reaches the cut-off density (4.46-1019 m3), the
signals vanish. Poloidal power density profiles
are given in Fig. 3 for several densities during a
single shot. The solid lines are CRAY calcula-
tions for which the vertical plasma position and
total transmitted power are fitted to the
measurements. The total transmitted power is
170 £ 25 kW at all densities, indicating that the
scattered power is negligible. The plasma
position is slightly below the centre, causing

Ne PROFILE

]

<
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FOWER DENSITY [W/mmZ]

Fig. 2. Typical CRAY output.
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Fig. 3. Poloidal power density profiles. Symbols
indicate measurements, lines are CRAY fits
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Fig. 4. Measured (dots) and fitied (full) upper
hom signals as a function of peak density.
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the power density profile to shift upwards with increasing density. The measured and fitted
evolution of the upper horn signals as a function of peak density are given in Fig. 4. At higher
densities, the fit becomes worse due to the strong dependence on the measured electron density
profile. For the same shot, the toroidal beam width as a function of the peak density is
determined from a Gaussian fit on the data. Within the error bars, it is in agreement with
TORAY calculations for a quadratic density profile with the same peak density.

Absorption

The total absorbed power can be calculated
without any ray tracing by subtracting the
integrated power density profile from the input
power. Assuming the beam refraction is not
affected by absorption [8], the absorbed power
profiles in poloidal and toroidal direction can be
determined by calculating the transmitted power
density profile at the measurement surface and
subtracting the measured power density profile.
Assuming localized deposition of the power at
the resonance surface, the local power deposi-
tion profile can be determined from projection
along the rays back to the resonance plane. In
poloidal direction, application of this scheme is
difficult at high densities because of the sensitiv-
ity of the transmitted power profile to small
variations in the vertical position of the density
maximum. In toroidal direction, projection back
on the resonance surface is not possible yet due
to a lack of fast ray tracing software.

Absorption experiments are performed by
moving the resonance layer through the plasma
during the current flat top at constant density.
Fast inward and slow outward moving (1.2 m/s
and 0.2 m/s), as well as a static scan has been
done at several densities and plasma currents.
Most of these measurements are in close agree-
ment. The horizontal array signals are given in
Fig. 5 as a function of the resonance position.
The traces are built up from two different shots
with the same peak density (2-2.5-1019 m3),
The transmitted power signal decreases strongly
(>10% of the input power) in a region around
the plasma centre coinciding with effective
heating [7]. This region increases with plasma
current. The asymmetry around the plasma
centre may be explained by the relativistic down
shift. The central channel measures other minima
at -9 cm possibly related to the =2 surface. A
strong (20% of the O-mode transmitted power)
X-mode component in the central channel is
observed simultaneously with the mimima. A
large toroidal asymmetry is observed, coupled
to a pronounced decrease in fluctuation level.
Even when modulating ECRH in this region,
the modulation has disappeared entirely on the
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Fig.5. Traces of the horizontal array signals as a func-
tion of the resonance position. They are indicated by
their position to the central horn. Full lines are for

Ip = 60 kA, dotted lines are for Ip = 120 kA.
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low signals. A density scan with the resonance 1.4 e =

in the centre, shows that the asymmetry and the
I
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T
T

impossible to say whether the asymmetry is due
to wave scattering, absorption, or arcing at the
mirror surface.
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o
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X-mode component disappear with increasing
density (Fig. 6). Generally, boronization did not
affect the results significantly. At this stage, itis
A
.5 2.5 4.5
He [E13/M3]

Fig. 6. The X-mode signal of the central horn as a o
function of the peak density for a single shol. s

]

Sawteeth, MHD oscillations, fluctuations

The signals turn out to be very sensitive to density fluctuations and MHD activity. Small
sawteeth, including the usual inversion, and m=2 activity are clearly observed. Correlation
analysis of high frequency measurements during 60 kA high Te-shots showed a strong
anticorrelation between the upper and lower horns and correlation between the horizontal homns,
suggesting that the observed density fluctuations may have an m=1 character. The frequency
spectra show a broad peak from < 20 to 200 kHz followed by an exponential decrease of 1-2
orders of magnitude reaching noise level at 2-4 MHz.

Conclusion and discussion

An ECRH transmitted power measurement set-up has been designed, constructed and put
into operation. Uncontrolled wall reflections disturbing the measurements have been prevented.
Spatially resolved absorbed power profiles can be deduced from a combination of transmitted
power measurements and ray tracing calculations. Refraction is in agreement with ray tracing
predictions. Absorption measurements show large toroidal asymmetry accompanied by mode
scrambling and a strong decrease in fluctuation level at peak densities below 3.5-101% m3. The
diagnostic is promising for the observation of small sawteeth and MHD phenomena. Cross
correlation of signals yields information on the mode number and rotation frequency. For more
detailed studies, a fast toroidal ray tracing code must be developed. For the measurement of
poloidal asymmetries, an additional diagnostic to determine the position of the plasma centre
accurately is required. The measured signals can furthermore be projected back onto the
resonance surface to obtain the local optical depths. The possibility of arcing at the mirror
surface explaining the toroidal asymmetry must be checked experimentally. Further
investigations at high density and several temperatures are needed to fully check linear theory.
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MEASUREMENTS OF PLASMA POTENTIAL IN T-10

Melnikov A.V., Tarasyan K.N., Vershkov V.A., Dreval V,A., Sushkov A.A.

I.V.Kurchatov Atomic Energy Institute, Moscow, USSR,

Krupnik L.I., Nedzelskij I.S,
Kharkov Physical-Technical Institute, Kharkov, USSR,

Kharchev N.K.
Institute of General Phyvsics, Moscow, IUSSR.

The dynamics of radial electric field in a tokamak plasma affects
considerably on the processes of radial particle transport and on the tran-
sitions into the improved confinement regimes (L-H, S-B transitions, etc.}.
To study the plasma electric potential in T-10 a diagnostic system for
plasma probing by a beam of Cs' ions with the energy up to 160 keV was
developed [1]. The schematic location of the elements of the diagnostic
complex in a midplane of the facility is given in Fig. 1. A peculiar featu-
re of this complex is the presence of an electrostatic plates P in front of
the aperture of the secondary ions analyzer A. The electrostatic plates
correct the toroidal displacement of secondary ions which is caused by the
magnetic field poloidal components. Fig. 2 shows a calculated detector grid
in the midplane of the plasma column with correspond values of beam energi-
es and injection angles. The measurements were carried out in the points of
detector line r = 19-31 em (fat line). Spatial resolution of measurements
is 1 cm.

The measurements were performed in the regime with the magnetic field
By = 1.3 T, Ip = 135 kA and with a sharp turn-off a gas-puffing valve on
265 ms of the discharge. In that moment plasma density reached it's critical
value. The time evolution of some discharge parameters are shown in Fig.5.
This regime is similar to the one studied earlier (S-B transition at By =
3.0T, Ip =200 ks [2]).

Radial profiles of plasma potential in the regime to be investigated
are shown in Fig.3. Two potential profiles are given for every moment of
time (a,b,e): for the regime with a circular graphite limiter T, = 33 cm
LF 30 cm introdu-

ced from the lower port (black stars). The chamber radius is r, = 38 om.
Heavy ion beams method’s measurements are supplemented with the data

(light circle) and for the regime with the rail limiter r

of Langmoure probes (black circle) that were set on the top of rail and on
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the circular limiters.

The errors in absolute values of plasma potential are determined,
mainly, by the accuracy of secondary ions current on the analyzer collector
plates measurements . An accelerating and analyzing voltades set up with
some uncertainty, which has systematic character. So the absolute
referencing in the potential profile (a possible vertical displacement of
the curve ) equalsx150V. Note, that an error in a relative time dependence
of the potential is much less, since it can be taken during single
discharge (the influence of the variations between the pulses is excluded;
the angle of particles entrance into analyzer does not change).

One may clearly distinguish three regions on the potential profile:

I - the internal region of a weak electric field ( r = 19 - 24 cm )}

II - the region of a strong electric field, that locates closer to limiter
(r=24 -28 cm );

I1I - the pre-limiter region with a weali.positive or negative electric
field ( ¢ = 28 - 38 cm ).

Mean electric field value in the whole region of measurements is 100 V
cm_l, and in the second region up to 200 V eml, The potential flattening
in the first region may be connected with the development of the magnetic
island in the wvicinity of a surface q=2. A peculiar electron temperature
profile flattening indicates to its presence. The dimension of the second
region practically coincides with the characteristic depth of cold neutrals
penelration into plasma. From Fig.4 it is seen that in the potential respo-
nse to gas-puffing turn-off, there is a qualitative difference between the
third region where the potential starts to decrease at once and the first
and the second regions where potential grows with time-delay. Hence, time
evolution of the potential in very external point (r=3lcm) correlates well
with the time variation of flow frem plasma to the circular limiter, The
decrease of the flow after the valve's turning-off correlates with the
decrease of the electrical field absolute value in the third region, and
the successive increase of the flow (323 ms) leads to the field increase.
The increasing of plasma flow on the limiter is typical to the regime with
the switching off wvalve and can be explained by the broadening of the
plasma column. The potential time evolution in the first region is explain-
ed clearly by behaviour of the density integrated along the 20 cm - chord,
A considerable growth of the potential in this region occurs after density
drop lower than the initial walue. Similar dependence of plasma potential

on density was observed in TM-4 experiments [3].
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The experiments with the disruption regimes showed a sharp growth of
plasma potential which observed at 2&ms before the disruption that correla-
tes with MHD-activity increase (Fig.5). Here solid lines is disruption,
dashed lines - turn—off the gas-puffing regime. The similar effect was seen
in ISY¥-B tolkamak [4] as well as in TEXT [5] in the experiments with magne-
tic surfaces ergodisation by means of special coils.

In conclusion let us note that mean value of the electric field in the
external region of the plasma column ( r/a = 0.6-1 ) is 100 V em™ and it
is up to 200 V cm71 in the region of neutrals penetration.
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TWIN E-MODE REFLECTOMETRY FOR MAGNETIC FIELD
MEASUREMENTS IN TOKAMAKS

E.Lazzaro,G. Ramponi.
Istituto di Fisica del Plasma, Associazione EURATOM- ENEA-CNR,
via Bassini 15, 20133 Milano, Italy

Introduction

In recent years microwave reflectometry has been more and more used
as a succesful means for diagnosing fusion plasmas/1,2,3/. The method is
based on the propagation and reflection of a probing wave in an
inhomogeneous plasma. Two modes of operation are possible, depending on
the polarization of the injected waves: the ordinary O or Extraordinary E mode.
In the O-mode, the reflection condition (cut-off) depends only on the local
plasma density, allowing measurements of the density profile in the swept
frequency operation, or of movements of the density layers in the fixed
frequency operation. For the E-mode there are two possible reflection layers, at
the "lower"wy and "upper" wy cut-off respectively:

b oy == Joat [fobroha-n)

1 1

2) O =+50ce+ ‘/Im%e+ m%/(l— nZ//)

Each one of the two cut-off conditions depends both on the density and on
the magnetic field. Consequently reflectometry in the E-mode is generally
considered suitable to give informations on the density profile when the the
magnetic field is known or viceversa. Here we present the principle and give a
preliminary assesment of sensibility and applicability of an alternative method
of using refllectometry in the E mode. We suggest that simultaneous
measurements at Wy and Wy, in swept frequency operation (by launching and
receiving the waves in the equatorial plane from the low-field side, along the
same line of sight), could give the "total" magnetic field profile, by noting that:

3) o, -0, =g

2 _(1_n2
4) mp-(l n//)mLcuU

Principle of the measurement

The principle of a reflectometer consists in phase measurements of a
microwave wave reflected by a cut-off layer in comparison with a reference
wave, The phase difference for a wave launched from Ryt and reflected on a
cut-off layer located at a (major) radius R.>Rg is /4/:
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R

out

5) (DCRC)=% ) nl(m,coL(R),mU(R))dR—%
R

The R dependence is through the cut-off frequency,therefore it is possible
to probe different radial positions by sweeping the frequency . The formal
inversion of relation (5) yields:

o 42
R = v
B Royg M= meI_ nJ_(c:;v,v)dv

The task is to find, for a fixed value of wp, a value of Wy such that
Rwi=Rwu: in this case relation (3) gives directly W¢e(R). A numerical iterative
technique has been developed to solve this equation in the unknown wy, for
given tabulated values of the group delay times d®/dv, obtained

experimentally, and containing the information on the magnetic field . The
theoretical expression for the E- mode group delay time is:

R 4 2 2 2 _ o SRty SR |
do 2 f’“‘“’ + oyyley + oy - 209 - ooy

5 T2 dR
R, . n (@)@ - o)

Preliminary Tests

In order to simulate the "possible” results of such a measurements in a JET-
like plasma, we use the following profiles and data:
Density profiles:

n=n D(1 ~r2/a?)®
Magnetic field including poloidal and paramagnetic components:

[1+ e=27] 1 i
BO=B R, ! +[R0q(r))
where:
q=q,+@qa-qpr’
with

a=1m,Rp=3m,By=3.4T, ng=3x10 cm-3, qp=1, gz=3, &=1-3, B=0.--.1, y=1--3.

In Figs.1,2 the "expected" values are shown of the delay time for E-waves
propagating perpendicularly to the magnetic field in the equatorial plane
from the low field side toward the upper and lower cut-off layers, respectively.
Figures 3 and 4 show the positions of the reflection points in the two ranges of
frequencies. First we note that the ranges of chosen frequencies cover a
sufficiently large portion of the plasma, which width depends obviously on the
density profile.
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We also note that , for a 10% variation of the paramagnetic field, the typical
percent variation of the delay time is 40% for the upper cutoff and 25% for the
lower cutoff. Moreover both the cutoff layers are sensitive, as expected, to
density profile variation but the E.C. frequency, as difference of the two
corresponding cutoff frequencies, is free from all systematic errors and
independent on the density. We finally note that a_direct deduction of the
poloidal field is however impractical because the required accuracy on Wee
should be better than 0.1% to appreciate a variation of 10% in the poloidal field.

Preliminary tests show that twin reflectometry at both the E-mode
cutoffs, could provide direct information on the paramagnetic field
distribution,free from systematic errors on the density profile.This diagnostic
technique can reach the central plasma region if the density profiles are
sufficiently peaked. The full reconstruction of the poloidal field profile is then
made easier by inserting the explicit information on the paramagnetic field
profile in the expression of the toroidal current density used in a Grad-
Shafranov equilibrium solver:

dp  [27m7 Oce RO Vyay
j(p(R/W)—RElI—I-F[ - ] }J'Q iR _FLDRBR

The single remaining unknown source function dp/d|}) can be obtained

by fitting to other kinetic measurements. Limitations of this diagnostic
technique are due to poor spatial resolution in the low frequency range of the
lower cutoff, near the plasma edge. The spatial resolution improves moving
towards the central region ,and is increasing with the central plasma density,
the magnetic field (i.e. for short wavelenghts) and with the density gradient.
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MAGNETIC FIELD MEASUREMENTS AT JET BASED ON THE
FARADAY AND MOTIONAL STARK EFFECTS
C Challis, M von Hellermann, B Keegan, R Kénig, W Mandl, ] O'Rourke, R Wolf,
W Zwingmann
Jet Joint Undertaking Abingdon, Oxfordshire OX14 3EA, UK
INTRODUCTION

An integrated identification of the plasma equilibrium which makes use of the poloidal
flux and the tangential magnetic field at the vacuum vessel, as well as measurements of the
Faraday effect along vertically probing chords, has recently been developed and tested at JET /1/.
We report on the study with this of the current broadening in a 2.2 T, 3 MA, single-null X-point
plasma during 7 MW of neutral beam injection. Details of the measurement of the motional Stark
effect, the magnitude of which is given by the Lorentz field experienced by the neutral beam, and
its incorporation into the equilibrium identification algorithm are described.

FARADAY EFFECT

The rotation of the polarisation angle of far-infrared radiation provides a line-integrated
measurement of [Byng dl. InJET laser light at 195 pum is used. There are six vertical and one oblique
viewing chords. The Faraday angles (typically ~ 0.2 rad) are measured with 1% sensitivity and
5% accuracy with a time resolution of 1-10 ms /3/.

MOTIONAL STARK EFFECT

A local measurement of the toroidal and poloidal magnetic fields is obtained from the
Doppler shifted emission from deuterium in the neutral beams due to the Motional Stark electric
field E=vheam x B. Both the magnitude and the direction of the electric field vector are measured.

The beam emission spectra are observed via a horizontal fan of eight viewing lines,
intersecting the JET neutral heating beams near the midplane of the torus at major radii between
R =305 cm and R = 370 cm. The magnetic axis of JET is in the vicinity of R = 310 cm , the last closed
flux surface lies at R = 410 cm. The angles between the viewing lines and the neutral beams are in
the range of 120" to 150° causing a Doppler shift of the beam emission spectrum. The observation
port consists of a lens system with 1.0 mm optical fibres in the focal plane, each corresponding to a
single viewing line. 90 m of fibres relay the collected light to the spectrometer, where the spectra
are imaged on a two dimensional CCD detector, which in the present set-up is able to detect up to
12 spectra simultaneously with an integration time in the range of 50 to 100 msec. The neutral beams
are viewed indirectly via a nickel mirror, which has a special coating to minimise polarisation
effects. The mirror can be folded back to protect itself and the vacuum window behind it from being
coated during discharge cleaning or beryllium evaporation. The incoming light is split by means of
two polarising beam splitter cubes into two perpendicular polarised components with one fibre for
each component. With this technique, giving a full spectrum for each polarisation component, the
polarisation direction at three plasma locations could be measured simultaneously.

A typical set of spectra each corresponding te a polarisation component is shown in Fig.1.
The radial positions are determined from the Doppler shift between the cold edge feature and the
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Stark spectrum. From. the intensity ratio of the Stark m-components, which are strictly linearly
polarised, the angle of the Stark electric field is calculated. The two detection channels for the
perpendicular polarisation directions are calibrated against each other by using the unpolarised
bremsstrahlung background. To obtain the full spectral resolution a multi-Gaussian fit is used.
Making use of the known symmetries and line ratios of the Stark multiplet /2/ the number of free
parameters used is-kept to a minimum. It enables the Stark n-components to be separated from the
g-compenents and the bremsstrahlung background leading to a determination of the Stark splitting
from which the magnitude of the local electric field is derived. .

At present the magnitude of the electric field can be determined with an uncertainty of less
than 1%, the polarisation angle within the range of +0.5" to +1.0° depending on the intensities of
the spectra. This leads to an error of toroidal magnetic field of less than 2% and an absolute
uncertainty of the poloidal magnetic field of 0.03 T to 0.04 T.

EQUILIBRIUM IDENTIFICATION
The equilibrium state is calculated from measurements with a modified version of the code

IDENTD /1/. The identification is done by fitting a cost function to the measurements with the
constraint of the Grad-Shafranov equation of the flux function ¥. The control variables are the
parameters a, b and j of the toroidal current density profile, defined by

jtor=RPB A(P,a) + (1-f) BO¥,b)/R.

A and B are chosen to be piecewise linear functions (R: radius). The cost function is formed by the
sum of the squares of the differences between numerically obtained and measured quantities and is
given by

N
K= 2 wi g (fi.calmiusd =1 i,muiu.red)z ik M- Q[\V]

i=1

The wj are related to the errors of the measurements and must be chosen accordingly. The
regularising term Q controls the smoothness of the current density. Its parameter u has to be
adjusted to fit the measurements within these error bars, but preventing unphysical oscillations of
the current. The original version of IDENTD includes magnetic measurements of 14 flux loops and 18
pick-up coil at the vessel contour, the plasma current, the diamagnetic signal, the Faraday rotation
values as described above and the total pressure profile. The measurement of the Stark electric
field was included recently. The magnetic field cannot be deduced directly from the Stark
measurements, because the magnetic field component parallel to the neutral beam velocity vbeam is
undetermined. Therefore the E values defined by

‘E= vbeam X B = (vbeam-etor V' + Ybeam X etor - vbeam'V'¥"etor)/R
are fitted (eor is the unit vector in toroidal direction).

RESULTS

Pulse #21022 is a 2.2 T, 3 MA, single-null X-point discharge in which 7 MW of neutral beam
injection (NBI) produced a H-mode lasting some 4.5 sec. No Stark effect data are available for this
pulse so that only magnetic and Faraday data are used. Fig. 2 shows the change in the current
distribution between the end and the beginning of the H-mode phase. Also shown is the change
calculated using neo-classical resistivity (including the bootstrap current). The steep density
gradients produced by the H-mode drive a large bootstrap current (~ 0.5 MA) in the outer portion of
the discharge, causing a broadening of the current distribution in good agreement with the
integrated equilibrium analysis /4/. The discrepancy near the centre can be attributed to the fact
that the diffusion calculation does not include any effect of sawteeth on the current distribution.

Incorporating the Stark effect a 2.9 T, 2.1 MA discharge (#22826) with 2.8 MW of NBI has
been investigated. The discharge shows sawtcothing behaviour during the investigated time
slices. The calculated equilibrium without including Faraday and Stark effects give a q on axis
well above 1. The Faraday data lead to a equilibrium with qo near to 1. Since no Faraday data
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were available at the plasma centre, the equilibrium calculations still do not produce a well
defined qo. Although an uncertainty in the alignment of the Stark measurement has not been
resolved totally, adding the results from the Stark effect indicates that gg is below 1. Fig. 4 shows
the obtained g- and current density profiles. In Fig. 3 the measured Faraday and Stark data are
compared with the results obtained from the equilibrium calculations. All measurements are fitted
within their expenmenta! uncertainties.

SUMMARY

The above results show that both Faraday and Stark data represenhng measurements from
the inner plasma influence the outcome of the calculated equilibrium significantly and can be used
to study non inductive currents. The radial variation of the Stark electric field indicates that qg in
#22826 is below 1 during the time slice considered.
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The Correlation of Magnetic Flux Surfaces With Soft X-Ray
Iso-emissivity Surfaces in COMPASS-C

R.D. Durst, P. Haynes

UKAEA Fusion/Euratom Association
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1 Introduction

It is often assumed that the surfaces of soft x-ray (SXR) iso-emissivity and magnetic flux
surfaces are identical. Indeed, it has been proposed that a knowledge of soft x-ray iso-emissivity
surface geometry may be used to determine the details of the interior equilibria in tokamak
discharges [1,2,3]. However, the level of correlation of SXR iso-emissivity surfaces with flux
surfaces is not well established experimentally. In this work this correlation is studied for a
variety of discharge conditions in the tokamak COMPASS-C. Tt is found that a significant
up-down asymmetry can occur (of the order of the inverse aspect ratio, ¢), principally at high
density. Neoclassical theories of impurity distribution on a flux surface [4,5] reproduce both
the sign, magnitude and the scaling of the asymmetry.

2 Poloidal Asymmetries in Impurity Density

Poloidal asymmetries in the radiation from the plasma edge have been observed on a number
of machines including Alcator [6], PDX [7], TFTR [8] and JET [5]. Poloidal asymmetries
at the edge may be caused by localized neutral sources due to plasma-surface interaction or
gas refueling. However, there is strong evidence that such asymmetries may often be due to
a variation of impurity density around flux surfaces such as predicted by theories based on
neoclassical impurity transport [4,5]. Feneberg et al. [5] give this up-down asymmetry (in the
absence of poloidal rotation) as

'n.(zl) 20 i

n(zﬂ) T4 (1)
where ¢ is the inverse aspect ratio, a/R, n(z"'l) are the symmetric and up-down asymmetric
part of the impurity density, i.e.,

ng = ng” + n(zi)ain(ﬁ) (2)

and {0 is the ion collisionality parameter

WeiTii€ Py
?Z%pP!

(3)

Here w,; is the ion cyclotron frequency, 7;; is the ion-ion collision time, P; is the ion pressure,
P! is the radial ion pressure gradient, q is the local safety factor, Z is the ionic charge and p
is the radial flux surface coordinate.
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Figure 1: Examples of raw, vertical and Abel inverted, horizontal soft x-ray profiles produced
by the tangentially viewing soft x-ray camera.

A smaller, in-out asymmetry is also predicted

ng) 2¢

Ao I2E 4
A0 0741 )

This theory has been successful in reproducing the poloidal dependance of the edge emis-
sivity in JET. However, note that equations 2 and 4 also imply the existence of significant
poloidal asymmetries in the interior impurity densities. This would lead to a decorrelation
between the SXR iso-emissivity surfaces and magnetic flux surfaces.

3 Description of the Experiment

COMPASS-C is a compact, circular tokamak (R=0.55 m, a=0.196 m) with a full aperature
poloidal limiter (graphite), and a boronized vacuum vessel. The 2-dimensional distribution of
soft x-ray intensity is imaged by a tangentially viewing soft x-ray camera [9]. The camera has
a resolution of 128x128 pixels which is, in practice, reduced to 64x64 by averaging adjacent
pixels. This corresponds to a 5 mm spatial resolution in the plasma. The spectral response is
set by a 9 micron aluminium foil filter to the region of 1-10 keV [9]. In this region the spectrum
is seen to be dominatad by recombination continuum. The temporal resolution of the system
is typically 10-16 msec. This means that many sawtooth cycles are averaged. The diagnostic
incorporates a microchannel plate intensifier which may be gated so that the sawtooth crash
is not integrated.

Figure 1-shows typical vertical and horizontal data from the tangential SXR camera. Note
that vertical asymmetries can be detected by direci inspection of the raw data as shown.
However, 0 detect horizontal asymmetries the raw data must be Abel inverted and then
compared to. the flux surface geometry (which is derived from magnetic diagnostics).

4 Vertical Asymmetries

To characterize vertical asymmetries the asymmetry factor, A, = n(zl) fn(;), or the skewness,

£, may be used. The skewness is a measure of asymmetry defined by
u—-w

£ (5)

where i is the mean of the distribution, @ is the mode (maximal point) of the distribution and
o is the standard deviation. In practice, for experimental data £ is calculated using Pearson's

il

a
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formula for a unimodal distribution which expresses the skewness in terms of the first four
moments of the distribution [10].

Tor small asymmetries £ and A, are equivalent in that they are proportional to each other.
However, £ has the advantage of relative insensitivity to noise compared to the asymmetry
factor. Also, note that ¢ is invariant under translation: it only measures changes in shape,
not positional shifts. Thus a vertical shift of the plasma can not be misinterpreted as an
asymmetry.

The vertical skewnessess for a variety of COMPASS-C discharges are plotted in figure 2
together with equation 1. The right hand scale shows the asymmetry factor (proportional
to skewness for small A,) at p = 0.3. The dimensionless pressure scale lengths, oP;/dp Bt
are assumed to be in the range 3-4. Because of its boronized vacuum vessel the dominant
impurities in COMPASS are boron and carbon and thus Z is taken as 5-6. The data show a
fairly clear correlation with the prediction of equation 1.

Equation 1 predicts that the direction of the asymmetry depends on the direction of the
toroidal field. Normally the COMPASS-C toroidal field is clockwise which leads to an enhance-
ment in SXR emission from the top of the torus. Reversal of the field direction was found to
reverse the sense of the vertical asymmetry in agreement with equation 1.

5 Horizontal Asymmetries

Horizontal asymmetries are more difficult to measure as the SXR data must be Abel inverted,
then compared to the Shafranov shifted flux surfaces as reconstructed from magnetic data.
As there are appreciable errors associated with both the Abel inversion and the flux surface
reconstruction this technique can only hope to identify fairly large in-out asymmetries: agym-
metry factors smaller than 0.3 cannot be reliably detected using this procedure. Also, only a
small number of discharges have been analysed in this way.

The Abel inversions were performed by assuming toroidal symmetry and using the Bayesian
Regularized Algebraic Reconstruction Technique [9]. The errors in the shifts derived from this
procedure are estimated to be about 20% near the peak to about 70% near the edge of the
profile (because of the smaller signal to noise ratio at the edge).

The flux surfaces were reconstructed from the experimental magnetic coil and flux loop
data using a forward modelling technique. A database of 1000 near circular discharges was
generated using a free boundary equilibrium code. This data base was then searched to find
the best fit between the calculated equilibria and the experimental magnetic measurements.




1V-236 G5

Figure 3: The Shafranov
shifts from magnetics and
SXR data for two discharges
where £ = 4.8 (upper
curve from :magnetics, trian-
gles from SXR) and 0 = 3.8
(lower curve with squares). 0 I \ I L
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Two techniques have been used to perform this fitting procedure: a least squares minimization
and a novel, neural network approach. In the neural network technique a multi-layer perceptron
[11] with 15 hidden neurons was trained using 250 of the model equilibria and tested using the
remaining 750. For realistic noise levels both systems perform similarly and can reproduce the
Shafranov shifts in the interior (p < 0.6) to within 15-20%.

Figure 3 shows a comparison between the Shafranov shifts caleulated from the inverted
SXR emissivity profiles (triangles and squares) and the shifts derived from magnetics (solid
lines) for two discharges. Any in-out asymmetries of the SXR emissivity would cause a relative
distortion between the curves derived from SXR’s and magnetics. Though differences are
apparent they are within the experimental uncertainties. It thus appears that there are no
large (Ap > 0.3) in-out asymmetries in the SXR emission. This is consistent with theory as
equation 4 predicts that A, < 0.1 for =3 - 5.

6 Conclusions

It is seen that there can exist significant differences between SXR iso-emissivity surfaces and
magnetic flux surfaces in the plasma interior. In COMPASS-C vertical asymmetries are seen
which are thought to be due to the variation of impurities along a flux surface. The sign,
magnitude and scaling agree with the neoclassical theory of Feneberg et al [5]. In practice
this means that the asymmetry scales mainly with the central density and can reach values on
the order of the inverse aspect ratio at high density. Within the accuracy of the experiments
performed to date no significant in-out asymmetries are seen in the interior of COMPASS-C.
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IMPURITY ATOMS DIAGNOSTIC BY OBSERVATION OF NEAR-RESONANT
RAYLEIGH SCATTERING

AB. Berlizov, I.V. Moskalenke and D.A. Shcheglov

IV. Kurchatov Institute, Moscow, USSR

The =studies of near-resonant Rayleigh scattering (NRS> of
laser light provide data related to interaction light with atoms,
but. also considered to be useful as preparatory steps for develo-
pment. of NRS-diagnostics for fusion plasmas [1-31

This paper describes the application of NRS-technigque for
spatially resolved measurements of atoms density in a plasma We
treat. this method to be supplementary to LIF-technique and useful
in the cases when: (13 medium under Iinvestigation is optically
thick in the lne center; (2) fluorescence is influenced by col-
lisions in the plasmas; (3> high level of line background radia-
tion i= present; (4> lidar scheme of measurement is desirable. We
report on our selections of atomic transitions, the development.
of lasers for NRS method and =scattering experiment at barium
atoms.

THE SCATTERING CROSS SECTION AND SATURATION OF NRS SIGNALS

The cros= section for =cattering of laser frequency oy is

given by [1l:
3 s 1 2 > 2
Lo, wpes|<t|e d|2>|? |<2|e_d|1>|
—_—— = 1
2 4 2 2 2. B

d{)sdws ho [(coL mo) + QR + '
where w_ and wy are the frequencies of scattered light and atomic
transition, respectively, ;L'
¥yt vg *trp where ¥y - the rate of natural radiative decay of

the excited =state; ?E’ ¥y -~ rates of elastic and inelastic colli-

;s - the polarization vectors. ' =

sions; <1 I;LE!2> - is a matrix element for transition between two
relevant states. The Rabi frequency iz defined as QR-<1|;3 |2>Eo/h
2

Laser intensity IL - OR and Rayleigh scattering intensity
IR for collisionless regime is proportional to

I EICAE + DRZJ = xC1 + O, 2>

where detuning A is equal to (mL—wo) and x = CQR/AJH. If » « 1,
IR ~ ¥ but the condition x 2z 1 defines the Rayleigh scattering

saturation region.
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SELECTION OF CmL, mo) PAIRS FOR NRS-EXPERIMENTS

Our conception of NRS-diagnostic for tokamak plasmas as a
“by-product” of LIF and Thomson systems restricts our choice by
powerful fixed-frequency lasers (ruby, Nd3+, excimers) in combi-
nation with SHG, THG and Stokes Raman shift in Hz, Dz, GH4 gases.
The analysis provided a few tens (J\L, AD)-pa:l:rs to be of interest.
A number of the cases are listed in Table 1.

Table 1

No X nm> A (nMd Atom Transition Source of radiation

1. 1079,4 1083.,0 Hel 2°s, - 2P, AlYDs:Nd3+

2. 447.2 447,15 Hel z”p6 - 4% THONG®> - 2SCCH,)>
a. s02,9 501,57 Hel 2'sj- 311»1" —n— - 2S G
4. 487,9 4861 H, (m=) - = SHECrubyd — —n—

5 435,2 434,05 H?’ (n=2) - (n=5) —A L - 25((]!‘]4)
6. =248,4 247,9 oI 2's - alp° KrF

7. 313,0 313.1  Bell 2s°S - 2p°P KeF -  2SCH)
8. 308 307,16 Bal 6'S, - 7P° XeCl

[}]

DEVELOPMENT OF LASERS FOR NRS EXPERIMENTS

It was proposed [3] to apply NRS near Hel transition ZBS-ZSP
(Fig.1b>. As a part of our NRS-program the AIYDB:Nd3+ laser was

developed (A, = 1079 um, pulse energy 08 - 1 J, pulse duration

10-15 ns=ec, :epetltion rate up to 20 pulses/sec). The estimate of
x-parameter gives the value x = 05-1 for laser beam cros=s secti-
on of ~ 1 —cmz. It means that there iz no =ense in further incre-
as of peak power for this laser.

Another proposal relates to NRS from metastable level of CI
atom (see No 6 in Table 1> with help of XeF excimer laser. The
idea to realize LIDAR system for ITER divertor plasmas dlagnostic
with good -spatial resolution is now under consideration. It was
also proposed to use “hybrid" picosecond system with wide-aperture

KrF laser as a final amplifier with output energy at least 1 J.
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MODEL SCATTERING EXPERIMENT

We performed the NRS-experiment at barium vapor near the re-—
sonance line ﬁsz—és’?p using XeCl laser ()\L = 308 nm, see Fig. 1a
and Table 1. Barium was selected as convenient test atom for mo-~
del experiments and also as one of candidates for spectroscopic
marker elements. (Implanted spectroscopic markers have been pro-
posed as a technique for ITER first wall erosion monitoring [4D.

The experimental setup and the study of Rayleigh component in
emission spectra were described in our previous paper [3]. We re-
port on our studies of side emission in =scattering experiment
using excimer laser light. We observed the fluorescence at the
resonance wavelength Au of barium atom (6s-7p at Fig.2)>. This co-
mponent. was produced by collisions of Ba atom and buffer gas (ar-
gond. Intensity IF was studied as a function of buffer gas pres-
sure - see Fig.3. By measuring the ratio of IF/IR one is able to
have an information concerning elastic and inelastic events (IF/
IR = yE/(;vNﬂvI) - see [2D, but guantitative analy=zis needs cor—
rection for optical thickness of media and it will be made elsewhere.

The estimate of x value /see [21/ gave for our experimental
condition x = (1-2}:(10-3 f.e. the measurements were made in low-
intensity region. The same fact explaines the absence of "three-
photon" component. at Wy = ZmL - uy in emission spectrum of Fig.2.

It is due to the dependence of 13/1R ratio on the =ame parameter
x: ISAR = x2/4 for x = 2. It means that fluorescence component
iz of exclusively collisional origin and can be explained as a re-
sult. of collizional excitation from virtual level. The measuring
of I_. intensity could also be used for plasma diagnostic in case

F

of low level of background radiation at )\0.
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INVESTIGATIONS OF LIGHT IMPURITIES TRANSPORT IN TOKAMAK
USING SMALL-VIEW OPTICAL TOMOGRAFHY.

B. V. Kut,eev*, M. V. Ovsishcher

Seientific-Industrial Center "INFORMATIKA ', Samara, USSR
*Leni ngrad State Technical Uniwversity, USSR

In most problems of optical plasma diagnostics the object
of interest, i.e. poloidal local emission distribution ICr,ed
is supposed to be close to the axial symmetry. Conventionally
used Abel inversion generalizations give satisfactory results
when reconstructing with a full set of chord signals received
from the distributions without peripheral disturbances and
strong oscillations in poleidal direetion. But the impurity
transport phenomena - in particular at the beginning of the
shot or just after pellet injection - are to be described by
non-axial ICr,8) having peripheral maxima according to impurity
source localization. Such distributions can’t be reconstructed
by ordinary Cormack’s or similar methods [1] when the number of
projections is s=mall. In this paper a tomography method for
such a distribution is worked out which consists of the
following steps: idseparation of “disturbance" and "background"
contributions in projection data; i1i) coordinate calculation of
a peripheral disturbance center; iiil) separate reconstruction
of "background" and "disturbance" distributions; 1i1iid Joining
the reconstruction results in a single image.

Experimental projection data from FT-2 tokamak concerning

optical radiation of low-Z impurities in hydrogenous plasma
were obtained by the two-projection spectro-tomographic
collection system with an optic-mechanical timed scanning [11.
It was found cut that all projections may be divided into two
groups: “"double—- humped"” Cwith two distinct maximad and
“"three-humped" Cwith three maxima ,respectivelyd. In the case
when both projections are "double-humped" it may be supposed
that the excess of one "hump" over the other is the result of
peripheral ‘“disturbance". The appearance of "three—-humped"
projection may be then caused by the situation when a
“disturbance" maps in this view upon the central part of the
projection and doesn’t coincide with any equal "humps" of
non-disturbed state. Then the algorithms of the contribution
separation are the following:
Algorithm Al. It is developed for "“double-humped" projection
processing. Point-to-point subtraction of projections oriented
in such a way that contributions from '"disturbance" C(maximal
"humps") are placed in different "halves" of projections:

F.CP) = F Cpd — F (P €13

should suppress the background if it is close to axial
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symmetry. Considering that the "disturbance" is supposed to be
strongly localized, the following functions

g F_Cpd,pz0 _ FGCD p=0
Flepy = r Fcpd) = £ =)
& p<o o, p>0
glve the “disturbance" contribution, and the linear
combinations
FPcpd = F Cpd - FCpd ; Focpd = FCpd - F Cpd e
1 1 E 2 =

glve the value of "background" contribution in each projection.
Algorithm A2. The following function in A2 is taken as the
value of "background" contribution:

FPCpY =min <F,Cpd,F

C—pd,F_C-pd> c4d>

1 2tPY+Fy =
Then "disturbance" contribution is determined as

F?Cp) = F1Cp3 - FPCp}; Fng3 = FECP3 s FpCpD (doh)
The advantage of Al consists in the possibility of taking into
account the localization of peripheral ‘'disturbances" and
non—-axiality of the “background" ¢ the difference between F?Cp)
and Fngj 3. Its disadvantage consists in the fact that it dees

not exclude the existence of small negative wvalues in divided
projections when "disturbances" are displaced to the center,
although they may be eliminated with the help of algorithm A2
or suppressed artificially. Algorithm A2 does not give negative
values in projections, but it assumes the "background” to be
axially symmetrical and the asymmetry is considered to be the
result of "disturbance" thus limiting the class of
reconstructed functions. Algorithms Al and A2 do not need a
“leading" ("basic'") projection and may be used in projection
data processing having two "double-humped" projectlions.

Algorithm A3. Algorithm A3 is intended for projection data
processing, having "doubl e-humped" and "three—humped"
projections and needs the choice of "double-humped" projection
as the "basic" one (for definiteness, F1Cp)). Then the

following function is the value of the "background" projection:

chm = min <F,Cp),F, C~pd3 = FPepd ey,

and the following function is the wvalue of the "“disturbance"
projection:

d

- = Pl . g9 - - gP
FyCP) = F,Cpd) - FICpd; Fplpd = Fylpd - FRep3  C7.

Algorithm A3 is similar to algorithm A2, though the value of
the "background'" is estimated considering only one projection,
which may lead to distortions during their division.
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After projection division and passing into the “center of
gravity" of the corresponding distribution the reconstruction
may be performed using any known small-view tomographic
algorithm C¢i.e. tomography with a small number of projectionsd
(21. The unification of the reconstruction results into one
image is fulfilled with account of their mutual localization.

Mathematical simulation of tomographic reconstruction with
the use of developed algorithms was performed on model
distributions produced when sol ving the simplest
two-dimensional equation of impurity transport with appropriate
poundary conditions and realistic transport coefficients
typical for small tokamaks like FT-2. The algorithm’s work
abilities were investigated and proved in many cases.

7 Tomographical reconstruction of the experimental data
obtained from FT-2 tokamak for lines ©OII - OIV, CIII - CV, Hﬁ

with bi-view diagnostics was made with the help of Al - A3
algorithms. An example of the algorithm Al when reconstructing
oV emission is shown in the figure. Sequential frames are
obtained with time interval of 3.6 ms. A comparison between
initial and recounted projections let us consider of the
satisfactory quality of reconstruction. Impurity source moves
at the initial stage and then retains its position during the
main part of discharge. It is clear that more anisotropic
distributions than treated by Cormack algorithm can be
reconstructed by the method proposed.

Conclusions.

Several algorithms for tomographical reconstruction of
impurity emission in tokamak are developed and tested wvia
model task and experimental data from FT-2 tokamak. They are
suitable for analysis of the strongly asymmetric impurity
emission.
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MEASUREMENT OF GAS INJECTION EFFICIENCY FOR HELIUM,
NEON AND ARGON IMPURITIES IN TEXTOR

& M McCracken*, U Samm, G Bertschinger, V Philipps, R A Pitts*, D H J Goodall*,
A Pospieszczyk, B Schweer, P C Stangeby T, G Waidmann

Institut fur Plasmaphysik, Forschungszentrum Julich, GmbH
Association KFA Euratom KFA, D-5170 Julich, Fed Rep Germany
*AEA Fusion, Culham Laboratory, Abingdon, Oxon, 0X14 3DB, UK
(Euratom/UKAEA Fusion Association)
+TUniversity of Toronto, Institute for Aerospace Studies, 4925 Dufferin Street,
Downsview, Ontario, Canada, M3H 516

Introduction

The impurity concentration in a plasma depends not only on the production rate
but also on the probability that the impurities produced actually enter the confined
plasma. After entering the plasma and becoming ionised, impurities move parallel and
perpendicular to the field lines. If they are ionised near or outside the last closed {lux
surface they may have a very short lifetime in the plasma, thus making an insignificant
contribution to radiation or fuel dilition.

In earlier experiments in TEXTOR, the paralle] diffusion and ijon heating was
studied [1,2]. A series of experiments are reported here in which impurities have been
puffed as gases into the plasma boundary and measurements made of the resulting in-
crease in radiation and Z.;;. From these measurements a global figure of "gas efficiency”
has been calculated. It has been found that this gas efficiency varies with the impurity
species.

Experiment

Gas has been introduced into the discharge, both from the wall radius and from a
hole in a rail limiter whose radius can be varied. The gas flow from the wall is accurately
calibrated and can be preprogrammed. The gas is injected at a constant flow rate for
a fixed period, typically 0.5 to 1.0 sec, during the steady state period of the discharge.
The plasma density can either have feedback control to maintain the density constant
when the impurity is injected, or maintain a constant plasma species fuelling rate and
observe the density rise due to the impurity injection.
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Measurements are made of the local emission at the limiter using a visible spec-
trometer, of the recycling rate, the total radiation and of various impurity lines in the
plasma. The central value of Z.;; is calculated from the loop volts and measurements
of T.(0) using the ECE system. The edge plasma density and temperature profiles are
measured.

Results

A comparison has been made of the effects of injecting He, Ne and Ar into a
standard ohmic discharge with I, = 350kA, n, = 2 x 10" m™®, T, (a) ~ 1 keV. A typical
result for neon injection is shown in fig. 1. Density feedback control was used in these
experiments. The recycling of the neon at the limiter increases approximately linearly
during the gas injection. The emission from low jonisation states, total radiation, and
Zeysys all increase similarly, and then decay at the end of the gas injection phase. The
hydrogen recycling falls slightly during impurity injection and then recovers. The torus
had been boronized a few days before the impurity injection experiments and a typical
value of Z.; before impurity injection was 1.3. The increase in Z.s; and in radiation as
a function of the number of injected atoms is shown in figs. 2 and 3 for helium, neon and
argon. As is expected the helium radiation rise is very small, while the rise for neon is
significantly greater than that for argon. The Z,; data shows similarly that the rise for
neon is greater than for argon; although lower, the helium injection makes a significant
contribution to Z.gy.

Measurements have also been made of the partial pressure of neutral impurities in
the scrape off layer during the discharge with a mass spectrometer. The partial pressure
increases and decays proportionally to the spectroscopic signals for all three impurity
species, fig.1. At the end of the discharge the impurities are observed to be released from
the torus and pumped away by the vacuum system. The integrated gas release shows
that > 70% of the total amount of the injected helium and neon is released after the
discharge, if the pumped limiter is closed.

The decay time of the impurity concentration during the discharge also depends
on whether the pumped limiter, ALT II, ducts are open or shut. In the case of helium
and neon a significantly faster time constant of the decay rate is obtained with the pump
duct opened. However, even without the pumped limiter it is observed that argon and
to some extent, neon, decays, indicating a net pumping by the walls. In contrast, there
is no significant net pumping of helium.

Discussion

The central Z,;; is a measure of the impurity concentration. The impurity con-
centration of the impurity was calculated using a mean charge state of 2, 10 and 18
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respectively for helium, neon and argon. From the impurity concentrations, the average
number of impurity atoms is calculated assuming a flat impurity concentration profile.
It is seen that whereas the gas efficiency for helium is ~ 100%, neon is 40% and argon is
only 3%. These results are qualitatively consistent with the power radiated, where the
argon radiation is less than the neon despite the higher charge state.

The ionisation rate of 0.05 eV atoms starting at the wall has been calculated as a
function of radius using the measured density and temperature profiles in the boundary.
The results show that the fraction of helium, neon and argon which reach the last closed
flux surface without lonisation is 80%, 31%, and < 1% respectively. However, ionisation
does not in itsell produce a net loss of particles. Modelling with LIM [3] shows that
they could recycle from the limiter or wall and re-enter the plasma without significant
loss. No significant fraction of the inventory was obtained as neutrals, consistent with
the mass spectrometric data. It is therefore postulated that those ions produced in the
SOL are trapped in the wall or limiter when they are accelerated into the surfaces by
the plasma sheath potential.

Earlier measurements with CO, CHy4 and other species also showed very low gas
efficiencies consistent with the high molecular ionisation cross sections. [2,4] Further
investigation of other impurity species and of the effect of plasma parameters on the gas
cfficiency is planned.

Conclusion

Measurements of the gas efficiency of a range of impurity gas species introduced
into a plasma have been made and it is found that the value varies widely. Low gas
efficiency has been attributed to a combination of high ionisation rate coeflicient and

efficient trapping of the ion species in the surfaces of wall and limiter.
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NEUTRAL DENSITY IN FT OHMIC PLASMA

G. Bracco, A. Moleti, V. Zanza

Associazione EURATOM-ENEA sulla Fusione, C. R. E. Frascati,
C.P. 65 - 00044 - Frascati, Rome, Italy

In tokamak plasma the information about neutral density in the plasma core is
very poor. If the ion temperature profile is known the measurement of the charge
exchange neutrals permits to evaluate the neutral density and hence to estimate the
particle sources and fluxes which can be compared with the theoretical previsions.

A set of chmic discharges of deuterium plasma in FT has been selected with a
magnetic field of 6 T, a safety factor q between 3 and 4 and line averaged plasma
density fi in the range 0.4 to 2.3x1020 m™3, In FT a 7-channels,mass selecting neutral
particle analyser (NPA) measures the passive neutral particle flux, observing the
plasma perpendicularly to the toroidal magnetic field. The selected energy range has
been 1 to 7 keV.

The flux @(E) of the charge exchange neutrals at energy E is given by:

tD(‘E]=fniﬂE)(n0<sv>“+ne<sv>“)e_fdll"’idl (1)

where n; is the ion density, f(E) is the ion energy distribution function, ng is the
neutral density, <sv>, is the charge exchange reaction rate, <sv>, is the
recombination rate, 1 is the neutral mean free path and the integration is performed
along the line of sight. In relation (1) f(E) is exponentially decreasing with the
distance from the plasma centre (if E is greater than the maximum ion temperature)
while nj and the transparency factor are exponentially increasing towards the plasma
edge. The combination of these dependences provides a rather precise radial
localisation of the measured neutral flux at each energy so that even with one line of
sight the charge exchange spectra contain informations about the profiles. Unluckily
if both ion temperature and neutral density profiles are unknown the unfolding of the
equation (1) does not provide an unique solution.

In FT it has been shown [1] that experimental ion temperatures are in good
agreement with Chang Hinton neoclassical previsions and so the ion temperature
profile obtained as the solution of the ion power balance with neoclassical thermal
conductivity has been used to analyse the NPA spectra. The electron temperature
profiles have been measured by the Thomson scattering at 7 radial position, i values
are provided by a single channel HCN interferometer. The Thomson scattering data
on electron density profile have suffered from problems in the absolute calibration
and so a parabolic density profile has been used as reference. The experimental
values have been also used even if uncertain in order to assess the dependence of the
results on the assumed density profile. The Z effective has been derived from the
plasma resistivity.

The radial profile of the neutral density has been evaluated using a 1-D neutral
transport code which solves the continuity equation for neutrals in a similar way of
the ANTIC code [2] The reaction rates for charge exchange, electron and proton
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jonization have been evaluated from the published cross section data retaining the
dependence both from the neutral energy and the plasma temperature. The
recombination cross section has been taken from [3]. The code requires as boundary
condition the neutral density and temperature at the plasma edge which have been
chosen to reproduce the absolute values of the NPA fluxes at the lower energies.

In order to check the accuracy of the neutral density determination by the
simulation of the NPA fluxes, for each of the selected plasma discharges several
cases have been completed changing the following parameters: the shape and the
edge value of the electron density profile, the fitting method of the electron
temperature profile, the neoclassical multiplier in the ion temperature computation,
the edge value of the neutral density temperature, the Z effective by using Spitzer
resistivity with and without neoclassical corrections, the main impurity species (high
or low Z). In each case a good agreement between computed and experimental NPA
fluxes has been required together with the agreement between the computed and
experimental value of the neutron emission. These two requirements limit the
possible combinations between the variations of the previous parameters. It can be
noted that in the case of the high density plasma ion and electron temperatures are
very close, Z effective is close to 1 and so ion dilution is unimportant, and the
neutral density in the plasma core is fixed by the recombination. In this case the two
constraints on NPA fluxes and neutron emission do not permit a large variation of the
electron density profile parameters.

In the following the results are shown together with the error bars obtained
with the procedure described previously. In fig. 1 the localization of the NPA fluxes
is shown as a function of A. The radial average position of the 1 keV detected
neutrals is typically between 0.13 and 0.16 m (limiter radius is 0.2 m) while the flux
at the maximum detected energy varies between 0.04 m at low energy and 0.08 m at
high density. At high density the maximum energy with a detectable signal is 5 KeV
In fig. 2 the energy at which the NPA flux has a maximum of production at half
radius is shown as a function of and it varies between 1.5 and 4 keV. It can be
concluded that the experimental NPA fluxes provide information about the neutral
density up to about 2/3 of the plasma minor radius in every plasma condition.

In fig. 3 the neutral density at the plasma centre and at half radius is shown as
a function of fi, Recombination is the main source of neutrals at A greater than
0.9x1020 m-8 at plasma centre and at i greater than 1.4x1020 m=3 at half radius.
Neutral density in the plasma edge region is not under observation of the NPA due to
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Fig. 1 - NPA flux localization
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the chosen energy range. Moreover the neutral density at the edge is affected by
strong toroidal and poloidal disomogenities which reflect mildly in the plasma core
expecially at high plasma density. For these reasons the global particle confinement
which depends strongly from edge conditions, can not be evaluated using these NPA
data. On the contrary the steady state particle transport in the plasma core can be
quantified as the neutral density values shown previously are known with sufficiently
low error bars.

In fig. 4 the particle fluxes at half and 2/3 of the plasma radius, computed using
the experimentally deduced neutral density are shown as a function of A. When the
neutral density is due to recombination only the particle fluxes are near to zero., The
comparison between experimental and theoretical particle fluxes must take in
account that also the theorical previsions are affected by large errors expecially
when gradient dependent fluxes are evaluated. The neoclassical particle fluxes [4] in
the plasma core are dominated by Ware pinch and so are directed toward plasma
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centre and the absolute values are one order of magnitude greater than the
experimental values, (-3 to -1x101® m~2 571 at half radius ). It can be observed that
the experimental fluxes are in the order of magnitude of the Pfirsch-Schluter fluxes
(1 to 10x1018 m=2 s71 ) which have the outward direction.

[1]
(2]
[3]
(4]
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FIRST RESULTS FROM THE JET TIME OF FLIGHT NEUTRAL PARTICLE ANALYSER

* * *
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1 - Introduction

A Time of Flight (TOF) Neutral Particle Analyser (NPA) has been
recently installed at JET. The system consists of a single NPA based on
the measurement of the time of flight of the analysed particles /1/, so
that a random background can be discriminated by a standard coincidence
technique. The analyser energy range is 0.5-200 keV and it has been
absolutely calibrated for hydrogen, deuterium and helium neutrals.

The analyser is located at the bottom of the machine and its line of
sight follows a vertical chord passing at a major radius R=3.1m on the
equatorial plane of the torus. The neutrals coming from the plasma are
ionised in a gas stripping cell and energy analysed with a cylindrical
electrostatic plate system. The inner cylindrical plate is terminated at
both ends by twe flat electrodes and is set to a positive potential. This
configuration provides the focalization of the ion beam from the stripping
cell in both planes parallel and perpendicular to the cylinder axis.

A set of 15 TOF detectors collect the ions with an energy dynamic
range 1:25. Each detector is composed by a thin (1ug/cmz] carbon foil and
two channeltrons. The ions produce secondary electrons in the carbon foil
which are detected by the first channeltron (CEM A) thus providing the
start trigger for the coincidence. The signal in the second channeltron
(CEM B), produced directly by the particles, constitutes the stop trigger.

The start pulse triggers a set of three programmed time delays (in
the range 10-400 ns) and at the end of each delay a time gate of
pre-programmed length is generated (5-33 ns). A coincidence event is
counted if the stop pulse occurs during the gate time. In this way up to
three different masses can be counted by each detector.

The analyser wuses channeltrons as ©particle detectors, and
channeltrons are sensitive also to neutrons (n), gamma (), X and UV
radiation. The analyser box and the surrounding materials do not provide
any significant attenuation of n and y, while X and UV radiation enters
the analyser through the stripping cell diaphragms and is not fully
absorbed by the light trap.

The n induced background has been measured by keeping the valve to
the torus closed and a good time correlation has been found with the n
production rate. The evaluation of the radiation induced count rate showed
a maximum of 1000 counts/s clearly correlated with the detector position
in the analyser box. It can therefore be concluded that the only large
random ncise source is the n induced background and that its intensity
requires the shielding of the analyser to prevent the channeltron
saturation. A shielding factor of =100 would allow the operation of the
analyser up to a n production rate of the order of =3 107 n/s.
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2 - Experimental Results

In the following some results of the TOF NPA in the last JET campaign
will be described. The main objectives of this first operational period of
the new NPA, apart the assessment of the random noise rejection
capability, has been the initial expleoration of the neutral particle
spectra in the present, very varied, JET operating scenarios.

It is well known that the neutral flux at energies greater than the
peak ion temperature strongly depends on plasma density, as the neutral
density and the plasma transparency decrease exponentially with density.
This means that a significant high energy neutral flux, able to provide
information on the peak ion temperature, can only be detected at low
plasma density. For example, in pulse 23003 (deuterium, ohmic, 2.8 T, 3
MA), with a volume averaged density of 10%° m_3, neutral fluxes up to 30
keV have been measured. The ion temperature cbtained from the slope of the
NPA spectra in the energy range 5-15 keV is in good agreement with the
peak ion temperature cbtained by the neutron flux monitors [fig. 1].

Deuterium (D) Neutral Beam Injection (NBI) in a hydrogen (H) plasma
allows the exploration of various aspects of the analyser operation. These
include the analysis of the mass rejection capability and some more
detailed studies of ion temperature and neutral fluxes in NBI heated
discharges, where the main plasma component can be measured separately
from th?giggected particles. The spectra obtained in pulse 22926 (2.8 T,3
MA,2 10°°m ~,5 MW NBI at 80 keV, single upper null) are shown in fig. 2.
The D spectrum shows the standard slowing down features while the H
spectrum has a well identified slope, in the energy range 5+30 keV, which
allows to estimate the ion temperature. At higher energies the H spectrum
becomes similar in shape to the D one, but with an intensity of a factor
100 lower. This can be attributed to the contamination of the H channels
by the D beam.

In pulse 22927 (same as above but with 8 MW NBI) very large sawteeth
are observed on the ECE Te. A clear modulation of the NPA Ti: obtained from
the H slope is also observed and appears to be well correlated with the Te
sawteeth. From a more detailed examination of the H fluxes at various
energies [fig. 3] it can be seen that for energies greater than 20 keV a
proper sawtooth is present, while the signal at 17.9 keV shows no
sawteeth, suggesting that neutrals at this energy are coming from the
region of the inversion radius. At lower energies at each sawtooth crash
corresponds a rapid increase of the neutral flux which can be explained
with these fluxes originating from the region between inversion and mixing
radii, where a widening of the Ti profile produces a flux increase due to
higher neutral density and lower neutral attenuation.

In fig. 4 two H spectra, before and after a sawtcoth crash, are
displayed. The portions below 18 keV remain unchanged, apart for a
variation of intensity, while those at higher energies (originating from
the central region of plasma) show a definite change in slope. It is well
known that passive charge exchange measurements are difficult to interpret
because the localization of the observed neutrals is not clear. We want to
point out here that, if the interpretation of the previous data is
correct, a precise localization of the neutral source zone is available so
that the neutral density at the inversion radius can be directly evaluated
by taking into account the neutral attenuation. It must also be stressed
that the measurements of these details of the H spectra has only been
possible by taking advantage of the random noise rejection capability of
the analyser. In fact, as shown in fig. 5, in the discharge considered
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above the neutron induced count rate is a factor 10 to 50 higher than the
count rate due to particles.

In pulse 23034 (deuterium, 3.1 T, 3.5 MA, double null) a 6.3 MW Hes
neutral beam has been injected. The TOF NPA has been tuned to detect D and
Hea particles and in fig. 6 the spectra of the two species during NBI are
shown. At high energies (>70 keV) the detection of D particles appears to
be contaminated by the He neutrals. The species rejection factor is again
typically 100. -

From preliminary estimates it appears that the observed He
particles are the product of the C-X process between He ions and D
neutrals. A more precise description of all processes involved is
complicated by the mentioned poor localization of the measured neutrals
and needs some more investigations and a careful modeling of the plasma.

In pulse 23100 (3.2 T, 3.6 MA, double null, pellets at 44.7 and 45 s)
Ion Cyclotron Resonance Heating on H minority has been performed by
injecting 11 MW of RF power. At the same time 2.7 MW of D Neutral Beam
have been injected for diagnostic purposes.

In fig. 7 the H fast tail and the D slowing down spectra are shown.
If the correction due to the variation of the charge exchange cross
section rate with energy is applied to the H spectrum, it appears to be
fully saturated at high energy pointing to a very high energetic minority
tail. The D spectrum is composed by three distinct portions: a low energy
(E<20 keV) part dominated by bulk ions, a slowing down region (20-80 keV)
and the region at E>B0OkeV. The slope of the spectrum for energies greater
than the injection energy is given by an average of the electron and ion
temperatures weighted on the fraction of power deposited on electrons and
ions. Being in this pulse Tex Ti, this slope is directly related to the
plasma temperature. This is shown in fig. 8 where the slope of the NPA D
spectrum at E>B0 keV is plotted versus time together with Ti from CXRS and
X-ray crystal spectroscopy.

3 ~ Conclusions

Some results obtained with the new TOF NPA in various JET plasma
scenarios have been shown. A series of interesting features of the NPA
spectra have been identified which constitute the starting point for a
systematic work to be performed with this instrument in the future JET
operation campaigns. Some of the results have been obtained in plasmas
producing a high neutron induced background, so that the random noise
rejection capability of the analyser has been demonstrated.
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D. Reiter*, HF. Tammen and T.F. Vijverberg
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Introduction

The diagnostic methods for the determination of the ion temperature in ther-
monuclear plasmas need further development to reach the same standard available
for electron parameter measurements. One technique to improve this situation is the
Rutherford scattering diagnostic (RUSC), which has been recently installed at TEX-
TOR. To evaluate the potential of this method, the ion temperatures in ohmic dis-
charges are compared with the results obtained from passive neutral particle analysis
(NPA), which is usually applied as a standard diagnostic for medium sized tokamaks.
The results from both independent methods show good agreement for a range of
densities (n.= 1.0 - 4.0x10" cm-?*) in deuterium plasmas.

The Rutherford scattering diagnostic

The method is based on the elastic scattering of injected mono-energetic He atoms
over a small angle by plasma ions. The energy distribution of the scattered atoms is
determined by kinematic conservation laws. Therefore, in the case of a Maxwellian
ion velocity distribution, the energy distribution of the Rutherford scattered particles
is broadened by the thermal movement of the plasma ions. The width of the energy
distribution is related to the mass ratio of the beam and plasma particles, m, / m,,
the scattering angle, ¢, the beam energy, E,, and the ion temperature, T,

m
AEpy = 4 sinB Fﬁ E, Tin2
P

Hence, the T;-value in the scattering volume can be directly obtained from the ob-
served broadening at a certain scattering angle. The position of the maximum of the
energy distribution depends on the mass ratio of the colliding particles.

The experimental set-up of the active beam scattering diagnostic consists of a
neutral He beam (30 keV, 5 mA equivalent current), which is vertically injected into
the plasma, and a mass-selective time-of-flight (TOF) analyser to detect the scattered
atoms. The scattering angle is adjustable between 3° and 8¢ /1/. For ¢ = 7, the vertical
length of the scattering volume is 0.25 m. Ion temperature profile measurements can
be performed on a shot-to-shot basis by a lateral movement of the beamline in the
radial direction.
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Figure 1 shows a measured TOF-spectrum of scattered He atoms. The initial beam
energy was chosen at 30 keV, ¢ = 7° and the scattering volume was situated at the
centre of the plasma. The solid line in Fig. 1 represents the instrumental broadening
of the analyser, determined from scattering on a cold deuterium gas. The circles
show the distribution which is additionally broadened due to the interactions with
the plasma ions during an ohmic deuterium discharge. In general, also contributions
from He particles scattered on minorities of H-, C-, O- and Fe-ions show up in the
measured spectra. Since, the differential cross section scales with the square ion
charge number, a relatively small impurity concentration can influence the shape of
the spectrum /2/. The ion temperature is obtained by using a fitting procedure for the
interpretation of the observed spectra. The calculated distributions of the different
ion components are compared to the data, leaving the T;-value and the different ion
concentrations as free parameters.

An independent measurement of Z.;;, which might be deduced from the differ-
ent ion concentrations resulting from the best fit, is yet beyond the scope of this
work, because of the poor accuracy of the available atomic data for electron loss in
combination with the small-angle scattering /3/.

The error in T; is determined by the instrumental broadening, the finite value
of the detector solid angle and, the temperature and density profile in the scattering
volume. Furthermore, the finite number of events taken for one single spectrum
limits the accuracy. The combination of the above mentioned error sources results in
a typical AT; of 12% for 1000 events in a spectrum.

Neutral Particle Analysis

In the plasma core, a small fraction (~10-°) of the particles is not ionized and
is therefore not confined by the magnetic fields. Neutral particles are created by
the recycling of H- or D-ions at the plasma facing components. Most of these
atoms recombine to molecules and flow with thermal velocities back into the plasma.
These molecules become dissociated or ionized. Some of the atoms undergo charge
exchange with the plasma ions. After the collision, both particles keep their initial
velocity, since a negligible part of the kinetic energy is exchanged. Information on
the ion velocity distribution is thus obtained by measuring the energy spectrum of
the neutralized particles, emerging from the plasma.

In TEXTOR the toroidal pumping limiter ALT II is the main source of the neutral
particles. Up to 80% of the plasma ions recycle at this limiter, the remaining part at
the liner. Consequently, the poloidal distribution of the atoms is strongly asymmetric.
For the interpretation of the measured spectra the 3-dimensional Monte Carlo code
EIRENE is used /4/. This code models the random walk of the atoms in the plasma.
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The calculations show that the slope of the high energy part of the spectrum depends
mainly on the maximum temperature along the line of sight of the analyser. For the
chosen position of the neutral particle analyser, the correction of the ion temperature
is below 20%. A more accurate approximation is obtained by adjusting the local
temperature values until the experimental spectra are reproduced.

The neutral particle analyser is an electrostatic device of the Harrower type with 9
energy channels. The energy range is between 0.5 and 55 keV, In order to increase the
energy resolution, the deflection voltage of the analyser is ramped up slowly during
the stationary phase of the discharge. Ion temperature profiles can be measured by
scanning the line of sight of the analyser over the minor radius of the plasma on
a shot-to-shot basis. Fig. 2 shows both the measured and simulated energy spectra
for the central radial position. The analyser is optimized to handle count rates of
detected particles of up to 5 MHz per energy channel. Depending on the particle
flux, the time resolution is better than 1 ms. The accuracy in the determination of
the ion temperature is approximately 10%. Compared to the error of the calibration,
other sources like the statistical errors and the inaccuracy of the profile corrections
are negligible. The minimum measurable temperature is 250 eV.

Comparison between both methods

In Fig. 3 the results of both diagnostics for a density scan are shown. The
temperatures correspond well within the experimental error of the methods. The NPA
diagnostic measures the higher part of the velocity distribution (2kT<E<5kT), while
RUSC uses the lower part (E<2kT), which implies that the diagnostic is insensitive
for deviations from a Maxwellian distribution. Furthermore, impurities can obscure
the spectrum of the scattered He particles and might thus influence the accuracy of the
obtained temperatures for RUSC. However, the interpretation of the spectra is rather
straightforward for RUSC, whereas a complicated procedure is needed to interpret the
NPA-spectra. The spatial resolution is better defined for RUSC. Both methods might
give an underestimation for the central T; and need therefore to be corrected for the
density and temperature profiles. Both methods have the limitation that several shots
are needed to measure a T; profile.

References

/1/ A.AE. van Blokland, E.P. Barbian, T.W.M. Grimbergen and T. Oyevaar, Proc. 16th
Conf. on Plasma Phys. and Contr. Fusion, Amsterdam (1990) 1528,

/2/ E.P. Barbian, A.A.E. van Blokland, A.J.H. Donné and H-W. van der Ven, Proc. 15th
Conf. on Plasma Phys. and Contr. Fusion, Dubrovnik (1988) 1159,

13/ AJH. Donné and F.J. de Heer, J. Appl. Phys. 62, (1987) 780,




IV-260

/4/ G. Bertschinger, D. Reiter and L. Konen, Proc. 12th Conf. on Plasma Phys.

Fusion, Budapest, (1985) 251.

303 keV

5

20x10% cm=?
700 eV e

E.
]

n,
T.

TIME DISTRIBUTION (a.u.)
n

a L £3 L L .
‘8@ 185 288 205 =218 215 220 225 230 235

TIME-OF-FLIGHT (ns)

Figure 1 TOF-spectrum of scattered He
atoms. The instrumental broadening of the
analyser is represented by the solid line.
The circles show the spectrum during the
flat top of the discharge.

Gl1l

and Contr.

neulral parlicle flux

B2 gnsdE
arb, unils

liner
limiter

liner + limiter

10 ™ T
o 1 2 3 4 5 6

energy of neulrals / keV

Figure 2 Measured (x) and calculated
(solid lines) neutral particle spectrum during
the stationary phase of a deuterium
discharge.

1.
T,/ keV
o
8
6
4
R 175m
a 046 m
2 ln 346 kKA
B, 225T
Zan 15
0 : ‘ :
0 1 2 3 4 5
line averaged electron density / 10" cm™®
Figure 3  Central ion temperatures for a density scan.




612 IV-261

A NEW DIAGNOSTIC FOR THE TRITIUM PHASE OF JET
COVERING THE VISIBLE AND UV WAVELENGTH RANGE

H.W.Morsi, R.Hatzky, M.von Hellermann, W.Mandl,
R.R.McKillen, M.Mijnarends, P.Millward, P.Nielsen,
J.Reid, P.Roberts, J.Ryan, P.Thomas, B.Viaccoz

JET Joint Undertaking, Abingdon, 0X14 3EA, UK

Introduction

The objectives of an active-phase direct optical link between the JET
tokamak and spectral instruments beyond the biological shield are mani-
fold. The present optical fibre links, which are used as a standard at JET,
may be subjected to much enhanced radiation levels in future operations
with D-T plasmas, and a direct optical link, based on a system of remotely
controllable relay mirrors, will be a vital test for future activated
fusion devices.

A further aim is to extend the spectral range of exploitable charge
exchange (CX) lines to shorter wavelengths, which is presently limited by
the transmission of quartz fibres to CX lines above 4000A. The latter
aspect is particularly relevant in the case of Hell where the sole CX line
of Hell (n=4 to 3) in the visible , is superimposed by a BelV CX line (n=8
to 6) at the same wavelength (4685A). This fact constraints the present
helium analysis to plasma conditions with n(Be)<0.3+n(He). For future alpha
particle studies, especially at low alpha particle densities, this
constraint may require either sophisticated analysis procedures or
alternatively the use of other less "disturbed" lines, possibly in the UV
wavelength range.

Finally the UV link is intended to provide an optical transfer channel
for short optical jumpers to other JET observation ports = for example
coherent fibre bundles imaging the X-point strike zone - to the diagnostic
instruments in the roof laboratery of JET.

Instrumentation

An essential feature of the optical mirror link (Fig.1) with regard to
a future fusion device, is the minimisation of the neutron shielding. The
optical mirror link consists of 5 mirrors, of which 2 mirror assemblies (A
and B) inside the torus hall and a flat mirror (C) at the outer end of the
penetration trough the biological shield form a labyrinth like light path
to avoid direct neutron fluxes from the torus. The mirror assemblies (A and
B) consist each of a spherical inner part for plasma light and flat outer
parts used by an automatic mirror alignment laser system. The fourth
(spherical) mirror (D) focus’ the plasma light via a beam splitter onto 2
Czerny-Turner spectrometers (f=1m) equiped with 1light intensifiers and
linear array detectors (OMA). The laser alignment system is similar to the
system used on the LIDAR Thomson scattering diagnostic at JET.

The true imaging capabilities of the optics allow the extension to
spatially and spectrally resolved measurements by replacing the linear
array detectors with 2-dimensional systems. The critical feature of the
system is the alignment stability of its mirrors because of the combination
of long light path (30m) with small apertures (biological wall: 95mm, torus
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port: 22mm).

The étendue of the spectrometers (f/D=8.7) is matched to the optical
mirror link, and ray tracing confirms that over 90% of the rays between
entrance slit and its image in the plasma centre are maintained. The
mirrors are coated with UV-enhanced aluminum permitting spectroscopic
access to the atmospheric cut-off wavelength around 2000A. All components
of the diagnostic are remotely contrecllable, emphasising its tritium
compatibility.

An adapter which accommodates an input and/or output optical head to
the light path of the UV optical mirror link is inserted between torus port
and mirror A (Fig.1). The input optical head channels light of other
measurements ‘(e.g. light emitted from the X-point target strike zone, or
from the future JET divertor chamber) tec the roef laboratory. The output
optical head is presently used for the plasma core CX spectrometers (fibre
link).

Data analysis and preliminary results

First measurements with emphasis given te the UV wavelength range were
carried out during the last two weeks of 1990 operation. A UV-line survey
down to 2070A revealed several interesting results of which two are
presented:

The ‘CX recombination line of carbon CVI (n=7 to 6) at 34354 (Fig. 3)
appears to have a reduced passive 'cold’ component compared to the active
'hot’ CX component form the plasma centre. In addition, there is no
evidence of other strong impurity line activity in the spectral
neighbourhood. It appears therefore that during neutral beam injection
(NBI) the cold component at 34354 can be neglected, allowing - in principle
- a fast automatic analysis of the CX spectrum by a single Gaussian fit.
Since the S/N-ratio of the detectors can still be optimized, the time
resolution will be eventually limited by the 3ms detector readout time.

By comparison, the equivalent CVI line at 5290A (n=8 to 7), in the
visible spectral range , has usually a more pronounced cold component, and
moreover during JET discharges with plasma touching either the Be belt
limiter or the Be target plates in lower X-point configuration, a very
intense Bell line at 52704 may be a factor of 10 in intensity above the CVI
spectrum. .The presence of the Bell line requires therefore a 3 Gaussian
fit, which implies more CPU time and larger statistical errors in the
analysis procedure.

In Fig.4 central ion temperatures (Ti) for an entire NBI phase are
calculated. The comparatlvely larger noise on the Ti-trace deduced from the
visible CX line at 52904 (fibre link) shows that its sensitivity limit is
reached at -a carbon concentration level of the order of ne/ne=0.2% In
contrast to this, the line at 3435;5\ with its significantly higher CX
cross-section promises detection levels below 0.1 %

The intensity ratio of the two CX lines at 3435 and 5290A is found to
be 2.5, 'which is in reasonable agreement to the predicted values ¢(n=7 to
6)/c(n=8 to 7)=2.3 [1].

.The commonly used Hell (n=4 to 3) CX transition in the visible at
4685A superimposes on the BelV (n=8 to 6) CX emission (Fig.5). The
extraction of the active CX helium emission (hot component) involves 10
Gaussians, of which 4 are superimposed on the He-line wavelength position
alone, thus creating large ambiguities even with interactive fit
procedures.

The HeII (n=5 to 3) CX transition in the UV at 3202A permits an analysis
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with 3 Gaussians only. The BeIV (n=10 to 6) CX emission at 3202A is weaker
than expected and needs further investigation.

References
[1] Boileau et al., Plasma Phys. and Contr.Nucl.Fusion 31, 779 (1989)

Figure captions

Fig.1 Overall schematic view of the new optical mirror link diagnostic at
JET. Only mirrors A, B and the relay optics adapter are exposed to direct
neutron fluxes. Mirror C is hit by scattered neutrons only. The reduced
thickness of mirror C minimizes vertical secondary scatter into the roof
laboratory.

Fig.2 Schematic view of diagnostic equipment beyond the biological shield
in the roof laboratory.

Fig.3 CX CarbonVI spectrum in the UV, recorded with the optical mirror
link. a) Cold component from edge recycling without NBI. b) Hot and cold
components during NBI. Hot component from plasma centre fitted. Cold
component not fitted, but relative amplitude shown as dashed level.

Fig.4 Comparison of Ti(CVI) deduced from the visible and UV CX lines.
Fig.5 BeIV CX spectra at 4658A (nmﬁ to 5) and 4685A (n=8 to 6) in the
visible wavelength range. The 4685A BelV line coincides with the only Hell
CX line accessible in the visible. The example is for a relatively high Be
concentration level n(Be)>>n(He).

Fig.6 HeliumII CX spectrum at 3202 (n=5 to 3). Similar to the visible
spectrum a Bell line is present in the neighbourhood. The corresponding
BeIV CX line (n=10 to 6) is supposed to be small but not completely
suppressed in comparison with the Hell lines.
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Abstract

Diagnostics to examine the lost o particle flux at JET during the D-T phase are
under development. A passive 3He collector probe has been tested during 3He NBI
and RF heated discharges. 3He ions with energies of at least 100 keV have been
detected; their source is probably due to the metastable component of the 3He NBI.
A code has been developed to model the charged particle fluxes at the wall.

Introduction

3,56 MeV o-particles produced in D-T plasmas in JET are expected to be well
confined. However, processes such as sawteeth or a-particle driven instabilities may
cause the loss of some of these fast particles to the wall. Detection of these escaping
particles would provide useful information on the loss processes from the plasma,
but represents a considerable challenge at JET because of the 300°C vessel
temperature and the high neutron fluxes. Two approaches to measuring a-particle
fluxes at the edge of the plasma are discussed here. The first is a time-resolved
method of measuring the prompt loss particles. The second is a time-integrated
method which gives the energy spectrum of the escaping alphas down to low
energies. To aid in the design and interpretation of these detectors, a code has been
developed to calculate the expected particle fluxes during D-T operation.

Charged particle flux calculations

The code calculates the flux of charged particles at a detector inside the JET
vacuum vessel. For computational simplicity the particles are calculated travelling
backwards in time from the surface of the detector, with the upper bound on the
line integral determined by the first intersection of the orbit with a material surface.
The following integral is evaluated

A 4
Flux = L_[ dd J
4 o o

where A is the surface of the detector, 6 is the angle to the normal of the plane of
the detector made by the incident particle and S is the charged particle emissivity
at any point on the orbit [1]. The details of the geometry of the JET vessel and of
the detector under test are all explicitly included. The code assumes that the
charged particles are not slowed down or scattered between their birth points and

cos f dglj Sdl
0
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hitting the detector. This assumption is good for prompt loss charged fusion
products where the slowing down time is typically several orders of magnitude
larger than the time taken to traverse the distance to the detector. However, for
lower energy particles, this assumption may become invalid. The code also assumes
that the particle source function has toroidal symmetry. The magnetic field
geometry is calculated directly from measurements made for a specific JET
discharge using the IDENTC code. Toroidal ripple cffects are not normally included
but a simple ripple model has been used for preliminary investigations. However,
the fluxes appear not to be seriously affected unless a ripple much larger than that
normally found at JET is used.

Escaping alpha particle detector

The main problem with building a time resolved prompt loss « particle detector
at JET is the low flux of a-particles compared with the high flux of neutrons. This
requires the use of a detector highly insensitive to neutrons and y-rays yet still
capable of accurately measuring low fluxes of a-particles. The most likely available
position for a prompt-loss e-particle detector is in a vertical port, where the
maximum detection efficiency for a 3MA, 2.9T plasma is typically ~10# cm2. For
a plasma with 1019 s D-T reactions, this implies a flux of 10! a-particles cm s,
equivalent to a 32 nA current. This is a lower limit for the current as non-classical
particle loss mechanisms may greatly increase it. The current could be meastired
by use of a Faraday cup detector. This forms the basis of the proposed escaping
a-particle detector, shown in figure la.

The diagnostic will be mounted inside a vertical port in the shadow of X-point
dump plates and should be primarily sensitive to prompt-loss «-particles. A test
version is expected to operate in the D-D phase of JET operations in order to show
the feasibility .of the current detection in the electrically noisy environment of the
JET vacuum vessel.

Fast ion probe

Initial measurements of helium ion collection used passive nickel samples
distributed poloidally on the vessel wall and exposed to =5000 discharges [2]. The
depth distribution of helium in the samples was obtained by sputter erosion and
mass spectrometer detection. A significant population of energetic helium ions with
energy > 1 keV was detected. To study the energy distribution under better defined
conditions, a series of samples were exposed to one or more discharges in the probe
shown in fig. 1b, using the JET Fast Transfer System [3] to position them near the
plasma edge. The collectors are distributed in slots at different angles to the
magnetic ficld in order to select ions of different Larmor radius. The energy
distribution of the helium ions incident on each sample is derived by a
deconvolution-of the depth distribution [4].

Three classes of discharge will be discussed in this paper, labelled as
tvpes [-111. Tvpe T discharges were primarily heated by D® NBIL. The “He fluence
at three different slots is shown in fig. 2a and it can be seen that the fluence at
slot 0 is much greater than at slot 1 or 2. The average energy of the “He has been
measured to be less than 2 keV. Type II discharges were heated with *He NBI
(2.5MW at 120 keV), D NBI (3MW at 80 keV) and *He ICRH (6MW). Figure 2b
shows that the measured 3He fluence was much higher for slots +2 than for
slot 0. The derived energy distribution of the *He ions in three slots is shown in
fig. 3 and a substantial high energy component to the 3He distribution is observed
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in slot 2. Type III discharges involved *He ICRH but not He NBI. The fluences
are found to be similar to those in type I discharges.

To simulate the results of the Fast lon Probe (FIP), a detailed model of the
probe geometry and of the adjacent ICRH antennas were included in the code. The
results from the code are shown in figure 4, where the source function of 3He is
assumed to be isotropic with an emissivity of 102'm-3s! at all radii. The type I
discharge can be explained simply as a high density of *He with low temperature,
since low energy 4He ions have a small enough gyroradius that they cannot easily
enter slots +1 or +2. The magnitude of the signal implies an emissivity of order
102 m3s-1. The type II discharges cannot be so easily interpreted. The ratio of
slots +2 to slot 0 implies an anisotropic population of 3He, with few particles
having a pitch angle less than 45°. This could be generated by the metastable
3He beam ions deposited near the edge on banana orbits [5]. This is supported by
the observation in type III discharges, which have no 3He NBI, that slot 2 has a
much lower fluence than slot 0. The results are also consistent with the observation
that no energetic deuterons have been detected during D° NBI [2]; this is as
expected since the metastable component of D° beams is negligibly small.

The flux of energetic 3He detected at the FIP in type II discharges implies an
emissivity of =1020 m-3s! at the edge. If this were uniformly distributed over the
wall it would imply a total energy loss of many MW. Since this is considerably
larger than the 0.25 MW expected to be lost by the 3He beams near the plasma
edge, we conclude that the *He flux to the probe is enhanced by a process not
included in the model so far. Work is in progress to include large angle scattering
by nuclear processes and ripple effects as possible explanations of this effect. The
observed low fluence in slot 0 in the type II discharges implies a density of thermal
3He near the edge approximately two orders of magnitude lower than the 4He edge
density in the type I discharge. This could be explained by 3He being strongly
pumped by the beryllium limiters as the type I discharge was run during the carbon
limiter phase of JET, whereas the type II d1scharge occurred durmg the beryllium
limiter phase.

Conclusions

The development of diagnostics to study the escaping a-particles from the JET
plasma during the D-T phase is underway. The prompt loss a-particle detector has
been designed and should be constructed and tested in JET soon. The Fast Ion
Probe has been used in a number of discharges and has been shown to be effective
for detecting high cnergy particles in the edge region. The results have been
explained in a qualitative manner but more work needs to be done on the
quantitative comparison. Further measurements on a wider variety of discharges
should also be carried out. In particular, observation of discharges with 3He NBI
but no ICRH should be carried out in order to confirm that the source of the high
energy particles in type II discharges is the metastable component of 3He NBI.
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NEUTRON PRODUCTION DURING DEUTERIUM INJECTION INTO ASDEX
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1. Introduction

In this paper we discuss the behaviour of the neutron rate during deuterium
injection into a deuterium plasma for several confinement regimes, namely co-
injection, density limit discharges, and discharges with counter-injection. With
these results we are able to explain the ion temperature development in these
regimes. Finally, we present results from deuterium injection into a helium plasma.

II. Theoretical predictions

During deuterium injection into a deuterium plasma the total neutron rate Q is
the sum of the beam-beam neutron rate Q,,,, the beam-target neutron rate Q,, and
the target-target neutron rate Q,,. Here Q,, consists of neutrons from reactions
between the injected deuterons, Qy, is produced by the Maxwellian plasma and the
injected particles, and Q. is the result of reactions between the Maxwellian

" deuterons.

For the plasma parameters in ASDEX, plasma current Jplasma < 460 kA,

toroidal magnetic field B, _ < 2.8 T, injection power < 2.7 MW, injection energy

injected
particles

Fig. 1
< 53 keV, central ion and electron temperatures Tp(0) and T_(0) < 3 keV,
central electron density n_(0) < 1.5:10" cm™3, the total neutron rate is dominated
by the beam-target neutron rate (Qy./Q,, = 0.8). As illustrated in Fig. 1, Q,, is
directly determined by the injection, deuteron temperature Tp, and density np,
electron temperature T,, and plasma geometry, whereas the electron density n,
has a more indirect effect, influencing the injection and the two temperatures.

E

inj
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To express the radial variation of a plasma parameter g(r), it was defined as the
product of its central value g(0) and its profile function fE(r) : glr) = gl(0) * fg(r).
Furthermore, we use the peaking factor 4 = g(0) /<g(r)> = Vplasma ffq(r) dv,
where Vplasma is the plasma volume, g increases with tapering profiles.

The calculations for this paper were done with our new NRFPS neutron rate 3
interpretation «code, which takes a solution of the Fokker-Planck equation to
describe the velocity distribution function of the particles /1/. The following
discussions are ‘based on a data bank of 246 injection profiles, calculated with the
FREYA code, depending on the electron density and injection energy.

Figures 2a and 2b show the influence of the electron density on the beam-
target neutron rate. With tapering n_ profiles and n,(0) kept constant, the
deposition profile also tapers, qp, increases, and the central deposition D(0) rises.
The rise increases with decreasing central density, and so Q, increases with
rising q,, as shown in Fig. 2a. If we increase the central density for constant
profile, the deposition profile f, broadens and the central value D(0) decreases.
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A, n, (0) [10* em~3]
Fig. 2a Fig. 2b

Thus Q,,, decreases with rising n_(0) (Fig. 2b). The reasons for these kinds of
behaviours are the dependence of the ionisation length of the injected neutral
particles on the density and conservation of the number of injected particles. Other
parameters such as Shafranov shift, temperature and so on only slightly influence
the deposition in the parameter area discussed.

The beam-target neutron rate is proportional to the number of injected
particles, represented by the deposition profile, and proportional to the ratio of
the deuterium and electron densities, which are defined by Z,_ and Z_g.. For all
our calculations we use Z_ = 7 as an average for oxygen and carbon.

The electron density influences the temperatures too; it is n_(0) ~ 1/ T_(0),
but the proportionality factor changes with the injection power and depends on
the confinement regimes.

Figures 3a and 3b show the influence of the temperature on the beam-target
neutron rate. Increasing T_(0) increases Q. The rise depends on the ratio T,/T,,
the same profile being assumed (Fig. 3a). Of course, Q, decreases with tapering
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profiles if the central value is constant. But the decrease in the case of tapering
electron temperature profiles is higher than in the case of tapering ion temperature
profiles (Fig. 3b), since the total slowing-down time of the injected particles is
more influenced by impact with target-electrons than with target-ions.
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III. Density limit

In density limit discharges n_(0) rises during co-injection, while q_,
keeps constant. Consequently, T_(0) decreases from 1 keV to 0.6 keV and
qp does not change either. If the measured neutron rate Qf(t) is plotted versus
Pupi*T.(0) * ny/n_, it is found that the proportionality factor between Q(t) and
this product depends on the time of the density development. In Fig. 4 the squares
represent the beginning, the crosses the middle, and the triangles the end of
injection, when the density limit is reached. The difference in the measured
neutron rate between the beginning and end is 50 %, From our model we get a
decrease of 50 % in the neutron rate owing to the rising densities and 25 % owing
to the decrease in the electron temperature. Therefore, there must be an increase
in the T /T_ ratio. With our interpretation code we get Ty, = 1.2 keV (T/T_ = 1.2)
at the beginning of Injection and T, = 0.84 keV (T,/T, = 1.4) at the end.
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IV. Counter-injection

As in density limit discharges, n(0) rises during discharges with counter-
injection, from 6°10'3 cm™3 to 9-10'3 cm™3, and T, (0) decreases, from 0.9 keV to
0.6 keV. But the demsity profiles taper during the injection from q_ % 16 to
q,.~ 2.1. Plotting the measured neutron rate versus N/ *Pyp*T.(0) (Fig. 5),
we again found a difference between Q(t) at the beginning of the injection (squares)
and at the end (triangles) (Fig. 5). The difference between the start and the end
is 30 %. One has to expect a decrease of 30 % due to the demsity rising and
peaking and 25 % due the temperature decrease. Thus, their must again be an
increase in the T,/ T, ratio. Results from the interpretation code give T, = 1.08 keV
(Tp/T, = 1.2) at the beginning of injection and Ty, = 0.78 keV (Ty/T_ = 1.3) at
the end.

V. D%->*He

For discharges of this type we cannot show the neutron rate as a function
of Pyp*T.(0)#n,/n, as for density limit discharges and counter-injection,
because the deuterium density np Is not known from Z_ .. measurements. The
bremsstrahlung spectrum is disturbed by spectral lines from the helium. So the
points will scatter around a rising line as in the Fig. 4 and 5.

On the other hand, this situation allows us to check our results from the
NREPS code for the beam-beam neutron rate. When injection starts, there are only
neutrons from d-d reactions until the fast particles are thermalized. This period is
characterized by the energy relaxation time t,. For the plasma parameters of
discharge #32548 (n(0) = 1.1 *10' cm™3, T_(0) = 0.8 keV, E;, = 50 keV) we get
T, = 8 ms. There is good agreement between the calculated beam-beam neutron
rate from NRFPS (Q, = 6.0-101 n/s) and the measured neutron rate
(Q(t) = 5.2 101 n/s).

V1. Comparison with H- and L-mode

In /2/ we studied the neutron rate during the H- and L-modes. There Qlt)
is proportional to Pyp*T.(0)*n,/n,, but this does not depend on whether
Qft) is measured at the beginning or end of injection. The ratio T/T,_ is thus
constant. In density limit discharges with co-injection and discharges with
counter-injection T_(0) decreases because of the rising density. The rise also
broadens the deposition profile. But the decrease of the measured neutron rate
due to these two effects is smaller than the predicted one. Thus, there must be
an increase in T/T,.

/1/ B.Wolle, B.Bomba, K.Hiibner, 17th Europ. Conf. on Control Fusion and Plasma
Physics, Amsterdam 1990, part IV, p. 1516

/2/ B.Bomba, K Hiibner, J.Kucinski, S.Lutz, et al., 16th Europ. Conf. on Control
Fusion and Plasma Physics, Venice 1989, part IV, p. 1457
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OBSERVATION OF VELOCLTY DEPENDENCE AND LINE-OF-SIGHT EFFECTS IN ION
TEMPERATURE AND TOROTIDAL ROTATION VELOCTTY MEASUREMENTS AT JET.

+
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Department of Physics I, Royal Institute of Technology, S 10044
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The goal of this work has been to improve the accuracy of the plasma
rotation velocity and ion temperature measurements based on spectro-
scopic techniques. It has been clear from previous comparison of data
from different diagnostic systems that the spread in data was too large
to be explained by statistics only ( see e.g.[(1)). In this paper we
have studied in detail the different physical aspects of the spectro-
scopic measurements and as a result achieved a significantly improved
accuracy of the measurements for a large range of plasma parameters.

At JET the two spectroscopic techniques used for ion temperature
and toroidal velocity measurements are based on high resolution x-ray
measurements from intrinsic medium Z impurities (mainly Ni is used)

(2) and visible charge exchange spectroscopy using the neutral heating
beams and observing emission from low Z impurities in the plasma

( e.g., Be, C and 0) [3). Thus, the x-ray spectroscopy method is based
on interpreting data along a line-of-sight through the plasma and the
visible charge exchange spectroscopy is based on spatially resolved
observations along the neutral beam path through the plasma,

The radial dependence of the line-of-sight observations can be
extracted through modelling the observed spectrum using observed radial
profiles from e.g., electron temperature and density together with the
calculation of the x-ray spectrum with proper line profiles taken into
account. As a result of this analysis method the central values for
ion temperature is obtained from the line width and the central
rotation velocity from the line shift in contrast to the average values
obtained directly from interpreting the line-of-sight data. The difference
between the central and the average values thus depends on several
plasma parameters such as electron temperature and density, profile
functions for the electron and ion distributions(4). The dependence on
the different factors can only be obtained through a complete modelling
of the x-ray spectrum which takes into account all the atomic processes
producing the spectral lines and integrating each spectrum along the
line-of-sight. The best fit modelled spectrum representing the observation
along the line-of-sight is achieved from an iterative procedure comparing
with the experimentally observed line-of-sight spectrum. Figs. 1a and 1b
show the result of the analysis for a specific JET pulse with a maximum
electron temperature of ca 7 keV, It is clear, that the accuracy of
the line-of-sight x-ray measurements is considerably improved by the
analysis method which can also be extended to other spectroscopic line-
of-sight observations. Furthermore, it is interesting to note that the
analysis method gives not only consistent and considerably improved ion
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temperature and toroidal velocity data but also data on electron tempera-
ture|5) and Zeff of the plasma.
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Fig.1 Ion temperature (a) and toroidal velocity(b) profile from the
model fit compared to the profile and central chord value from
charge exchange recombination spectroscopy (- - -) and the average
values from the line—-of-sight x-ray spectroscopy (l Y

For the charge exchange spectroscopy observations the velocity
dependence of the reaction cross section gives rise to an apparent
rotation velocity depending on the ion temperature. Fig.2 shows the
predicted apparent rotation velocity taking into account the geometry
of the JET spectroscopy set-up and the different energies in the neutral
beam|6). The predicted apparent rotation velocity has been experimentally
verified analysing the spectral data from the charge exchange spectroscopy
emission from carbon ions over a wide range of ion temperatures. The
agreement with the theoretically predicted dependence is good and shows
clearly that the effect will cause a systematic deviation of the toroidal
velocity data deduced from charge exchange spectroscopy.

15 T T T
10 OExperimental difference -
;-g 5 ATheoretical difference -
o
£, 1 e e e s s e S RS R
a0
S - ::d" A ]
=
o .0 o 44 A 1
o 00 g o My
c 15 a9 7
= 5]
g or o 2 ]
(o]
< B
-25 N
5
= 0 7]
0 a5f e
- ! !
40 0 20

5 10 18
Carbon lon Temperature (keV)

Fig.2 Apparent rotation frequency as a function of ion temperature
caused by the energy dependence of the charge exchange cross

section(& ) and compared to the experimentally obtained values(o).
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Spectroscopic observations from both the helium-like nickel x-ray
lines (w from Ni26+, 1s2 15, - 1s2p 1Py, is used since its effective
emission is largest for all nickel ionisation stages for electron
temperatures up to 11 keV) and for hydrogen-like carbon visible lines
(produced by the reaction DO + CO*+ D+ + C+(n=8)+ C5+(n=7) + hv) have

been comparedfor a large number of JET pulses using several time slots

for each plasma pulse. The results are presented in Figs. 3 and 4.

It is clear that the effects of the improvement in the analysis methods

can be quite dramatic. The full analysis of the x-ray measurements has

furthermore considerably decreased the scattering of the data and reduced

the uncertainty in the central ion temperature values from 607% to 20%.
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Fig.3 Comparison of ion temperature values from charge exchange and x-ray
measurements before (o ) and after (e) the full analysis method
has been applied to the x-ray data.
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ABSTRACT
A study has been made of the neutron emissivity, using the JET
neutron profile monitor, obtained for ohmically heated deuterium
" discharges. Both one-dimensional (1-D) best-fit inversion procedures and
2-D tomography have been used to deduce the radial profile of the
neutron emission from the line-integral data. The profiles of ion
temperature and ion thermal conductivity are then derived. The scaling
of the ion thermal conductivity with plasma current is found teo be
opposite to that of neoclassical theory.
INTRODUCTION

The behaviour of the deuterium 1ions in a thermonuclear
deuterium-deuterium (D-D) plasma has been extensively studied at JET by
means of the neutron profile monitor [1]. This profile monitor consists
of nineteen collimated channels and detectors, ten horizontal and nine
vertical (eight are used). The measurement, after corrections for solid
angle, detector efficiency, neutron attenuation, neutron backscatter,
livetime and collimator scattering, gives the line-integrated neutron
emissivities from each channel. These can be inverted to obtain the
actual distribution of the neutron emissivity in the plasma.

In ohmic plasmas, the neutrons produced are due only to thermal
reactions. The ion temperature profile can then be inferred from the
neutron emissivity and deuteron density profiles, the latter obtained
separately from electron density and Zesr measurements. Ion temperature
profiles of ohmic discharges in JET are particularly useful for
transport studies because of the large plasma current range, and they
can then be used to deduce the ion thermal conductivity for comparison
with neoclassical theory.

DISCHARGE CHARACTERISTICS

The ohmic discharges chosen were deuterium plasmas with high enough
neutron yields, for good statistics (> 107" neutrons except for 2 MA
plasmas, integrated over time), and Zefrr < 4, to obtain a good estimate
of deuteron density. During each discharge, the integration times were
at least one second, with the neutron emissivity and the electron
density constant to within 20%, except for sawtooth oscillations.
Sawteeth were present in discharges with medium and high currents. Some

He minority ICRF heated discharges are also investigated, making a
total of 30.
NEUTRON EMISSIVITY PROFILES

The neutron profile monitor data are analysed in this paper

principally by means of the 1-D ORION code [2], with comparisons made
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with the 2-D NEUTOMO tomography code [3]. ORION uses a minimization
procedure that fits a neutron emlsSiVlty profile represented in a 1-D
functional form Sn(p)=So(p)(1-p7) where p=r/a, to the measured
line-integral channel data. Magnetic flux surfaces are assumed to have
constant emissivity. Fig. 1 shows the experimental neutron brightness
in bar chart form versus channel number in the 4.8 MA ohmic discharge
#15119, with data integrated from 9 to 14 s. The best fit from the
ORION code, where on=4.15 was found, is also plotted as circles. The
advantage of the parabolic (to the an power) form is that the profile
width of a wide range of discharges can be compared with one parameter.

Fits are also obtained with NEUTOMO which does not assume any
particular functional form of the emissivity. The 2-D NEUTOMO results
are then averaged into 1-D to compare with the ORION 1-D results; they
are shown as x's in Fig. 1. Fig. 2 shows the volume neutron emissivity
plotted versus normalized radius p, for #15119. For p>0.3, the results
are similar but diverge on axis. The discharge has large sawtooth
crashes, and the neutron emissivity profile, integrated over these
sawteeth, is a superposition of profiles before (peaked) and after
(flattened to hollow) the sawtooth crash. Even so, the an calculated by
ORION gives a good measure of the relative peaking of the discharges.
At low plasma current, the two codes give similar results near the axis.

In Fig. 3, the peaking factor an is plotted versus plasma current
for the ohmic dlscharges Sawteeth are present at 3 MA and above. Also
shown is the an for deuterium plasmas with ICRF “He minority heating,
where the results are somewhat more peaked. The trends clearly show
that the profiles broaden as the plasma current increases.
ION TEMPERATURE PROFILES

Once the neutron emissivity is available for a plasma with only
thermal D-D reactions, the ion temperature versus radius is determined
from S(p)=0.5n"<cv>, where n 1is the deuteron density found from the
electron density profile and Zeff, and <ov> is the thermal D-D fusion
reactivity for neutron production. The resultant ion temperature
profiles are fairly well fitted by the function T(p)=T(0)(1-p )7, In
the ohmic discharges analyzed, the central ilon temperatures are less
than 2.7 keV. The neutron emissivity is proportional to Ti , where
Kk > 4 in this range. For ICRF heated plasmas with higher temperatures,
k still exceeds 3. Therefore, even though there is some disagreement in
neutron emissivity on axis between the ORION and NEUTOMO calculations,
the ion temperature profile is still accurately determined and agrees
with independent neutron spectrometer measurements. For (errors) in the
neutron emissivity (15%), electron density (10%), and Zerr (30%), the
errors in ion temperature are 15% and 30% for Zefr of 2 and 4,

respectively. As is shown in Fig. 4, the ratio of central ion to
electren temperature is equal to about 2/3 and nearly constant over a
wide range of central electron density. ICRF heated plasmas in this

data sample reach higher densities than ohmic, and have a slightly
higher ratia, around 3/4.
ION THERMAL CONDUCTIVITY

In the .central and intermediate regions of an ohmically heated
plasma, the ion power balance in steady state should be dominated by
heat gain from the electrons and loss from ion thermal conductivity,
apart from the effects of sawteeth in the central region. By
integrating the electron-ion transfer power up to a radius p, and
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finding the ion temperature gradient dT/dp at each radius, the ilon
thermal conductivity xi is calculated. The ORION and NEUTOMO
temperature profiles give similar results for 0.3<p<0.5, where they are
most reliable, since sawteeth are important for p<0.3 and, for p>0.6,
the effects of radiation, convection, and charge exc?@nge may be more
important for the power balance. ICRF heating with "He discharges is
not included in this analysis, since there is some direct ion heating
from the fast "He lons.

The ion thermal conductivity xi for each discharge is averaged over
the range 0.3<p<0.5 and plotted as a_function of plasma current in
Fig. 5. The range of 1 is from ~0.5m/s to ~2.5m /s and xt Iincreases

with plasma current. The error bars can be as large as 100%. The
experimental scaling of xi therefore appears to be opposite to that of
neoclassical ion thermal conductivity [4] and, for individual

discharges, even with large error bars, the neoclassical value is always
exceeded. For the xi1 values averaged over 0.3<p<0.5, the ratio to the
neoclassical value varies from over 2 at the lowest current to over 30
at the highest current.
DISCUSSION AND CONCLUSIONS

It is shown that neutron profile monitor data, using both 1-D and
2-D analysis methods, provides g measure of the thermal D-D neutron
emissivity during chmic and ICRF "He minority discharges which, in turn,
provides a reliable determination of the radial deuterium temperature
profiles. The neutron emissivities and the ion temperatures are found to
be much more peaked at the plasma centre for low current discharges than
at high current. The ratio of central ion to electron temperatures is
nearly constant over a wide range of densities. By means of a simple
local transport analysis, the ion thermal conductivity can be derived
from the deuterium temperature pEPfile. The inferred xi1 for 0.3<p<0.5,
is in the range 0.5 to 2.5 m/s and is higher than predicted by
neoclassical theory. The wide range of plasma current in JET
demonstrates the deviation from theory in chmic discharges.
REFERENCES
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Abstract

Ion temperature measurements are routinely made wusing neutron
spectrometry during different forms of additional heating. In this paper the
results are compared with those from other diagnostics. Estimates of the
deuterium concentration derived from neutron diagnostics are also presented.
The advantages of using of helium neutral beams for neutron diagnostics are
discussed.

1.Introduction

The neutron energy spectrum from a purely thermonuclear deuterium plasma
takes the form of a gaussian centred near 2.45MeV. The width (fwhm) of the
peak is related to the deuterium temperature (T ) according to the formula:

fuhm = « T}

where « is weakly dependent on ion temperature [1] and is approximately equal
to 82.5 when the ion temperature and fwhm are in keV. This ion temperature
measurement, when coupled with measurements of the total neutron yield, can be
used to provide an estimate of the deuterium ion concentration.

The use of additional heating can greatly affect the neutron energy
spectrum. Deuterium neutral-beam injection leads to predominantly beam-plasma
and, to a lesser extent, beam-beam reactions. The former results in a much
broader neutron spectrum [1] which limits the ability of neutron spectrometry
to determine the ion temperature. The use of an ‘inert’ beam species, such as
helium eliminates beam-plasma reactions. This provides the opportunity to
compare temperature measurements from neutron spectrometry and  charge
exchange spectroscopy, which has not been previously possible. The neutron
spectrometers used at JET include a %He ionisation chamber and a time-of-
flight spectrometer [2,3].

A high energy tail in the deuteron energy distribution, which can be
generated during RF heating, produces a broad neutron emergy distribution
which does not obscure the 2.45MeV peak produced by the neutrons generated in
thermal fusion reactions, i.e. the fwhm is still measurable. On the other
hand, the presence of beryllium in the plasma can lead to a gross distorfion
of the neutron energy spectrum, and the width of the peak can no longer be
related to the temperature.

2. Neutron Spectra during NBI.

The neutron energy spectrum recorded during deuterium NBI is made up
primarily of two major components, the relatively narrow thermonuclear peak
and the broader beam-plasma distribution. The fractional plasma-plasma yield
can be determined by fitting the sum of the two calculated spectra to the
measured spectrum using the relative areas and the ion temperature (i.e. the
width of the gaussian) as fitting parameters [2]. If the ion temperature is
already known this can, alternatively, be used as a constraint. With both ion
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temperature and the plasma-plasma fraction known, the deuterium concentration
can be determined even in the presence of a sizeable beam-plasma component[4].
When helium and deuterium beams are used simultaneously, the thermo-
nuclear fraction can be relatively large, which greatly simplifies the
measurement of the ion temperature from the neutron spectrum. Measurements
using this technique are compared to those from charge exchange spectroscopy
in figure 1 and show good agreement. For all the disharges studied, the
plasma-plasma yield represented more than 50% of the total neutron yield.

3.Neutron Spectra during RF and R¥/He-beam heating.

In the absence of deuterium NBI and at moderate levels of RF power per
particle the neutron spectrum is gaussian and the ion temperature can be
determined. At higher RF power levels, reactions between a high energy tail in
the ion energy distribution and the bulk plasma result in a low flat continuum
in the neutron spectrum; the 2.5MeV thermonuclear peak is superimposed on top
of this. A comparison of ion temperature measurements from neutron spectro-
metry and the xray crystal spectrometer [5] (fig. 2) yields good agreement.
This demonstrates that the fwhm of the gaussian peak can still be accurately
determined in the presence of a non-thermonuclear background and remains an
accurate measure of the temperature.

Neutron spectrometry has a limited time resolution because of the limited
count-rate capability of most spectrometers and the need for a certain minimum
number of counts. However, the high levels of thermonuclear emission produced
during combined He NBI and RF heating permits a spectrum to be accumulated in
500ms and, when combined with total neutron yield measurements, allows a
determination of the deuterium concentration (nd{l as a function of time (fig.
3). This is particularly important during He injection when na cannot be
determined from Zerr measurements, because the He concentration is not known,
or from charge exchange spectroscopy since there is currently no appropriate
line-of-sight for the He injection box.

The presence of a high energy tail in the ion energy distribution can
lead to a distortion of the neutron spectrum due to neutron producing reac-
tions between the fast ions and beryllium when this is present as an impurity.
Reactions involving protons, deuterons, and “He ions have been identified by
analysis of yray specira collected simultaneously. The effect is most
pronounced during ‘monster sawteeth’. In figure 4 the electron temperature
traces for discharges 23261 and 23285 are shown as a function of time. During
discharge 23285 there are rapid sawteeth while in 23261 the sawteeth are
stabilised. The neutron spectrum from the first discharge retains the thermo-
nuclear peak while in the second the 2.45MeV peak is obscured almost totally
by neutrons produced in reactions with beryllium, although the RF power per
particle is the same in both discharges. The impurity accumulation in the
absence of sawteeth can be a serious problem.

4.Comparison of heating techniques

Neutron spectrometry has been applied to the regime of neutral beam
heating using helinm beams. The advantages of this form of heating in terms of
neutron economy and reduced machine activation are discussed elsewhere [6] but
the relative efficiency of He NBI is demonstrated in figure 5. The ion
temperature, obtained from neutron spectrometry is plotted as a function of
total additional heating divided by the axial electron density. The
temperatures duting pure deuterium beam heating, measured using the charge
exchange spectroscopy diagnostic since neutron spectrometry measurements are
less straight-forward during pure D NBI, are also included. It can be seen
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that the ion heating using He beams can be at least as effective as pure
deuterium beam heating. The effect of additional RF heating is unpredictable
but under optimised conditions substantial ion heating is possible.

5.Conclusions

Neutron spectrometry can be used to obtain a reliable measure of the ion
temperature during neutral beam heating provided the thermonuclear fraction is
sufficiently high (>50%) and during RF heating if the spectrum is not unduly
contaminated by reactions with impurities. These measurements, if combined
with the total neutron yield, can yield the deuterium concentration.

Helium NBI is as effective in heating the plasma as deuterium beams while
facilitating neutron diagnosis of the plasma by eliminating beam-plasma
reactions.

The ion temperature attainable with RF and He NBI are comparable to those
obtained with deunterium beam heating alone for similar levels of power per
particle.
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ON THE OPPORTUNITY TO MEASURE THE PLASMA TON
TEMPERATURE BY A PHOTOELECTRON METHOD

Yu.V.Gott,V.A.Shurygin

I.V.Kurchatov Institute of Atomic Energy,

Moscow, USSR

A photoelsctron method for measuring the ion

i1 based on a conversion of X-ray impurity

. line (its width is determined by tlhe Doppler effect) into a

photoeleotron one is proposed in a given paper. Such a
conversion occurs as a result of the photoeffect in
interaction of X-ray radiation quanta with atoms of a
target-converter in a photoelesctron spectrometer (PES). The
energy Ee of photoelectrons , produced in this process is
related with the energy E,T of guanta Dby the known
relationship [1]:

E,=E -E -9, (1)

where B, is the slectron binding energy in the ithéahell of
the target atoms, ¢ is the work function of the substance of
which the spectrometer is mads. The proper width of a
photoelectron line emerging under an effect of monochromatic
¥-ray radiation and produced by photoelectrons outgoing from
a target without energy loss is practically equal to fthe
width of a corresponding atomic level and for the K-shells
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with Z<32 does not exceed 2 eV. Thus one can see that the
X-ray spectrum conversion into a photoelectron one occurs
with high precision. Measurement of the photoelectron line
broadening related with the Doppler effect is possible only
in case, when the proper width of the used atomic target
level, AEi,'and a full width at half maximum (FWHM) of the
response funotion of the PES energy analyzer, AEA, satisfy
the condition

AE,,AE, <« AE7 5 (2)

where
KBy = By (2;/(1.72 102 A N2,

1 i (3)

is the Doppler broadening of a plasma impurity line, Aj is i
the atomic weight of an impurity dion, T, is expressed in
keV. Trom (2) it follows that the accuracy of Ti—measurement
by the photoelectron method will depend not only on the
Ti—magnitude and on the option of a suitable plasma impurity
line, but on the option of a target and on the resolving
power of the PES-energy analyzer.

Let us eonsider an opportunity to optimize the option
of a target and that of an energy analyzer for PES. From (1)
one can see that the requirement to the resolving power of
an energy analyzer oan be esssntially reduced, if one |
chooses the farget so that the Ubinding energy in the
Kth—shell would be close to E, in its magnitude. In this
case, the energy of the produced photoelectrons is reduced,
that results in an increase in relative broadening of a
photoelectron line, AEE/Ee. So lhe necessary resolving power
of the PES-analyzer ( RE:EE/AEA, ﬂEA ~ AET, EY_Ei>>@ ) can

be estimated by relationship:

Ry = (E\-E;~)/AT, = R (4)

e

= Ei/AET "

-
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where R, = E_/AE, is found from (3).

Let us consider the rescnance line Ni XXVIII (E, =
7.805 keV), widely used at present for deftermination of the
plasma ion temperature, as an example. The Doppler FWHM of
this line exceeds 5 &V at the plasma temperature Ti25 keV.
In this case it is suitable to use the target of cobalt, for
the atoms for the Kth—shell of which EK=7.709 keV, AEK:1.45
eV [2]. From (2)-(4) one cbtains I, ~ 100 ev, Re > 30 ,
meanwhile for a traditional crystalline X-ray spectrometer

it is necessary to have R, exceeding 103 in its magnitude.

Trom (1) one can see that fthe contribution into the
photoelectron spectrum production will be done by all the
shells at which Ei < ET + (. As a result, along with the
photoelectron 1line one can expsct the emergence of the
background related with the photoelectrons knocked-out from
the L- and M-atomic shells and loosing a part of their
initial energy in the process of their yield from the
target. One should reduced the efficiency of L- and
M-photoelectron registration to reduce this background, e.g.
by reduction of a target thickness to 50-100 2 and/or by
using of appropriate filters in front of target.

The PES- registration efficiency with such a target and
with an energy analyzer having a rather high transmission (
v 1% ) at the resolving power equal 100 will be about 10_6
electrons/quantum. At a high magnitude of the X-ray quanta
flux from the plasma of large facilities this deficiency of
the technique is not of great importance.

Thus one oan use the PES wilth an energy analyzer
operating in the energy range E, < 1 keV  with fhe
resolving power equal 100 and with the transmission of about
1% for realization of a-"photoelesctron technique for
Tmeasuring an ion temperature exceeding 5 keV. The analyzers
with such a resolving power are widely used in various
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studies at present.

One of the advantages of such a technique for measuring
Ti is that it can be used under hard radiation conditions of
the reactor plasma, since the PES detector is located
outside the diagnostic channel, that allows one to realize
its effective radiation shield and to reduce the background
providedlbywneutrons and hard Y-quanta.
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MEASUREMENT OF ION TEMPERATURE PROFILES IN THE TCA TOKAMAK
BY COLLECTIVE THOMSON SCATTERING
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A Pochelon

Centre de Recherches en Physique des Plasmas
Association Euratom - Confédération Suisse
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1. Introduction

After many years of development in the field of plasma diagnostic
techniques, local ion temperature measurements in tokamak plasmas
are still rather difficult. Neutral particle analysis (NPA), e.g., although it
is a line integrated measurement, provides approximately the maximum
temperature along the line of sight. But the result is influenced by
charge exchange cross-sections, the neutral particle distribution and,
with our system at TCA, by the H-D composition of the plasma.

It has been shown, that collective Thomson scattering in the far
infrared is capable of measuring ion temperatures in tokamak plasmas
with good spatial and temporal resolution [1]. Nevertheless, the result
depends on other plasma parameters which must be determined
simultaneously.

The collective Thomson scattering system on TCA has been modified
to allow measurements of the spatial ion temperature profile in the
central part of the plasma. The results are presented and compared with
NPA temperature profiles measured in similar TCA plasmas.

2. Experiment

The source for the collective Thomson scattering experiment is an
optically pumped D20 laser with 0.5-1 MW power within 1.5ps at 778.47
GHz. The beam is focussed vertically into the plasma and the scattering
volume of 3mm diameter is observed under nearly 90°. The solid angle
of observation is about 4.3-10-3 sr. This results in a scattered power of
the order of 10-19 W/Hz. A heterodyne detection system was developed
to obtain spectral resolution at such a low signal level. An optically
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pumped CW CDsCl laser at 782.17 GHz with 1mW CW power serves as a
local oscillator and is focussed together with the scattered light onto a
Schottky barrier diode mixer. A 12 channel spectrometer analyzes the
difference frequency with 80 MHz resolution.

focussing mirror in the detection
optics (see fig.1). This allowed
observation of the profile from
the plasma centre to 2/3 of the
plasma radius. Of course the
scattering angle and the angle
between the scattered wave
vector kg and the magnetic field
B are different for each radial
Mirror  position. The influence of the
Window latter can become Very
important when it approaches
900, In this particular case, the
spectrum is dominated by
structures induced by the
magnetic field. It was verified in
this experiment, that this angle
was always smaller than 87° so
that the influence of the
magnetic field was kept small.

Laser beam

Viewing dump

Observation

Dump

Fig.1: Scattering geometry

The  position of the
scattering volume could be
changed by tilting the first

A radial profile was built up from a series of reproducible tokamak
discharges, and each temperature value in figure 2 is an average over 2
or 3 shots.

The evaluation of the spectra requires the knowledge of additional
plasma data. The electron temperature was provided by incocherent
Thomson scattering using a ruby laser. A q profile was derived from
these data, from which the angle between kg and B could be determined.
The electron density was measured by a 4 channel FIR interferometer.
The impurity concentrations were asumed to be uniform over the
plasma radius with 2% carbon, 1% oxygen and 0.2% iron, corresponding
to a Zegr of 2.5.

All measurements were performed in high density deuterium
discharges ( me = 1020m-3) to obtain acceptable signal to noise ratios.
Such discharges could be produced in TCA with high reproducibility by
hard gas puffing. The plasma current was kept constant while the
density was in the transient phase.
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In a series of comparable discharges the line of sight of the neutral
particle analyser was scanned vertically over the plasma minor radius.
Thus, we could compare T; measurements from two different diagnostics

methods.

3.Results

T; profiles measured by collective Thomson scattering and by
neutral particle analysis are shown in figure 2. The corresponding Te
profile from ruby Thomson scattering is included. It has a central value
of about 750 eV and is clearly peaked. The data from the collective
Thomson scattering reveal a flat profile with a nearly constant T; value
of about 400 eV in the observed part of the plasma and crosses the Te
profile at one half of the minor plasma radius. In the outer part of the
plasma Tj seems to be larger than Te. This means, together with the facts
that the central temperatures are very different and the equipartition
time is very short (<10ps), that the radial ion heat transport must be
very large. However, the NPA results show a significantly lower value of
about 300eV. It indicates, that Tj is not significantly larger than T in
the outer parts of the plasma, but both temperatures are equal at
r=100mm.

Ti/ eV The confidence
154 WX interval for the ion
700 7
| temperature measured by
600 collective Thomson
1 scattering was analyzed
500 l with Monte Carlo
1 I . simulations and can reach
gl | Tt (Thomson) about 12% for densities of
it 1020m=-3 and for a single
shot, if the 12 channels of
200 the spectrometer are tuned
ok 1 to the optimum part of the
20 40 60 80 100 120 140 160 180  SPECITUM oF .Hi5:. Eeumiorsd

light [2].
For these calculations

¢ ) uncertainties of 5% for ne,
Fig 2: Measured temperature profiles 10% for Te, 30% for the

in a high density plasma
during hard gas puffing,
130ms after breakdown

r/ mm

impurity concentrations
and 10% for the magnitude
of the magnetic field were
assumed.
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Unfortunately, the number of spectral channels used had to be
reduced becanse stray light dominated the scattered light in the most
central spectral channels. The stray light became large during
measurements at outer rtadial positions, when the detector looked
directly on the metal wall of the tokamak vessel and not on the ceramic
viewing dump. This increases the uncertainty considerably. With only
11 channels the uncertainty grows up to 25% [2] and even exceeds this
value when less channels are used.

The statistical error for the NPA measurements was found to be
about 8%. The NPA might give systematically too low temperatures,
because the result is a weighted average over all temperatures along the
line of sight. The existence of hydrogen released from the wall imposes
another systematic error on the NPA measurement, because the system
is calibrated to deuterium.

Within ‘these errorbars the results of both diagnostics are
comparable. The form of the profile in this region is flat in both cases.

The observation of peaked Te and flat T; profiles is consistent with
results obtained in other tokamaks with comparable parameters [3,4,5].
It should be noted that our measurements refer to discharges with ne =
1.1020m-3, .whereas most of the results given in [3,4] have been obtained
at considerably lower central densities (2-5-1019m-3),

4. Conclusion

It was shown that the measurement of Tj profiles can be performed
by collective Thomson scattering. The results are consistent with NPA
measurements in the range of the errors of these diagnostics. It was
found that ‘in high density TCA dischargesT; might be larger than T, in
outer parts of the plasma . This implies a large radial ion heat transport.
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POTENTIAL OF MILLIMETER-WAVELENGTH
COLLECTIVE SCATTERING IN A HIGH FIELD TOKAMAK

U. Tartari and M. Lontano

Istituto di Fisica del Plasma, EURATOM-ENEA-CNR Association
via Bassini 15, 20133 Milano, Italy

Introduction - The availability of high power (P, =< 400k1) mm-wavclength
(w,/2m = 140 GHz) gyrotrons has given impulse to the development of collective
Thomson scattering (CTS) for ion velocity distribution diagnostics in tokamaks /1, 2/.
Here the results of a preliminary investigation on the feasibility of ion temperature
measurements by CTS in the high magnetic ficld tokamak FTU (B, < 8 T) are re-
ported.

High signal-to-noise ratios (SNR) and receiver-noise limited performances are
more easily approachable in CTS in high field devices due to the high density and to
the favourable propagation condition w,. < w, < @, which implies that no electron
cyclotron radiation is emitted in the CTS bandwidth by a Maxwellian plasma.

In contrast, satislying a condition which has becn considered necessary /3/ for
feasibility of CTS, i.e. avoiding the modulations at the ion cyclotron frequency w,;
which occur in the spectrum for fluctuation wavevectors with k< wufvy; (k= 0), vy
being the ion thermal velocity, can be impratical in a medium temperature, high field
device, the angular range in which the modulations occur being wider than that
available at the narrow ports where the receiving antenna is to be accomodated.

The possibility of resolving the modulations is considered here, stimulated by the
fact that, besides T;, a high spectral resolution CTS diagnostic would offer the possi-
bility of measuring the total magnetic field internal to the plasma.

SNR analysis - The scattered power and the SNR at the output of the n-th channcl
of a coherent receiver can be written as

P =l DL, S SNRY = [PINPE) + Pl (1)
where P, is the incident power, [, a polarization faclor, ', a geometrical factor, S
the channel-integrated form lactor, Py = TyAfy the total noise power, 7, the inte-
gration time, and Af;;, the bandwidth of the resolution channcl.

Neglecting plasma cffects, the polarization factor is ', = [# % (§x&,)]*, the unit
vectors § and é, referring to the line of sight and to the polarization direction of the
incident electric field, respectively. Independently of the scatlering angle @, T, is max-
imized ([, = 1) by taking the incident and the scattered wave both in the ordinary
mode and by choosing a scattering geometry such that the scattering plane is parallel
to the poloidal plane. For vertical incidence this requires a toroidal angle between the
linc of sight and the normal to the magnetic ficld  ~0°. In FTU the uscful angular
range at the port is y ~ 4+ 5°; avoiding the modulations requires a magnetic angle
¢ =sin-'(cos 0/2 sinf) = 13° Q. = I8° for @ = nf2 (5ce Fig. 1a).

The geometrical factor writes I, = IV, AQ.fA,, I/, being the scattering volume, AQ,
the collection solid angle, and A; the cross-section of the incident beam. Coherent
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detection sels an upper limit to AQ, through the limitation to 22 of the étendue. With
I/e-truncated Gaussian beam profiles, both the geomelrical factor and spatial resol-
ution are optimized by taking the waists of the transmitting and the receiving antenna,
(47)min = (Wa)min = W, , to be minima. Preliminary antenna design shows that focusing
al w, =2 em.is achicvable /4/. The size and shape of I, , hence spatial resolution, are
cvaluated in terms of the ellipsoidal interference pattern formed by the incident and
the so-called "antenna’ beam /5/. With w, =2 ent and 0 = 72, the best spatial resol-
ution achievable in FTU is found to be ¢ =4 6.5% ; resolution in k space s
< +£1%.

For unmodulated spectra the channcl-integrated form factor can be simply writlen
as S, = S(k, 2nf..) Afay, where S(k, 2nf) is the spectral density function and Jne the
central frequency of the channel. To represent the average behaviour of the CTS
spectrum we refer Lo a ‘standard’ channel, still of width A7, centered at a frequency
Jw such that S(k, 7,.) = S(k, 0)/2 = 5./2. From well known CTS formulas and ac-
counting for a scallering parameter o= 1/kip, =3, &k being the fluctuation
wavenumber and Ap, the Debye length, one finds S, = #'2/(2k v;;) .

In conclusion, for the SNR in the standard channel we [ind
SANR S T 2 i 01 (sin 0f2) A7 2)

0 tm ti ch

SNR = 1.45x10" P n 2

ne

where A, is the jon mass ratio and the units are kW, em 3, see, kel” and MHz. To
quantify the’'SNR margins we also introduce a feasibility parameter given by

F = (SNR),,/(SNR),,, ~ 107 (SNR),, )

where (SNVR),, is the SNR available in the standard channel in the most unfavourable
plasma conditions (17, = (2)min = fows 7o = (T = Tty Aw=1) and (SNR)n the
SNR required in the same channel ((SVR),..~10) to have just SNR ~ 1 in the last
(i = 2f.) channcl. The condition F = 1 must hold for feasibility.

Optimized :resolution bandwidth - The spectral resolution required in the measure-
ment, & = AffAf. , where Af,, is the total (finite) single-side bandwidth of the spec-
trum, can be evaluated with reference to the goodness of fit of the analytical spectral
function. For smooth (unmodulated) spectra this in turn can be related to the number
of degrees of freedom, v=N;—mn, = |, N, being the number of data points and 1,
the number of independent parameters in the filling function. A conservative choice
for the minimum number of active channels necessary to achieve the minimum re-
quired £, in a single sideband measurement is Ny = N — -+ 1~ 6. An oplimized
channel bandwidth is defined accordingly by taking

Ao = [l Ton) — AL, NG .

where Afl.{T,;) is the total spectral bandwidth associated to T, , the minimum lem-
perature in the range of interest. and Af;, the ‘forbidden’ bandwidth which has to be
excluded from the actual measurement for stray gvrotron-radiation and/or other rea-
sons. With reference to twice the Doppler shift associated 1o /2 of a2 Maxwellian
distribution we take Afi,, = [(In 2)2/z] k v, . In explicit form

ALy T) = 1ASKI0*T T A P sin 2 (5)
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(MHz, kelV,em). In FTU we have T;=1<+5kel”; hence for =n[2 and
1, =021em (f, =140 GHz) we obtain A =346 = 1092 MHz and
Afy = (488102 — Af ) NI, with Afy and Afy, in MHz .

Forbidden bandwidth - At the recciver input, stray radiation at the gyrotron fre-
quency must be lower than the local-oscillator (LO) power Lo avoid mixer damage
and/or generation of spurious signals. The total attenuation required therefore is
simply L = Lo+ | Lol , where L, and Lo are the incident and the LO power in dB.
With P, = 100 k1 and assuming Pro= 1 mWW then L, = 80 dB. If, besides external
rejection, notch [liltering is used then Ly = L.+ Ly . Partition is not fully free, how-
cver. A minimum level of external rejection will be nceded in all cases to ensure
proper attenuation of the noisc-like out-of-line radiation emitted by the gyrotron due
{o its limited spectral purity, which cannot be filtered. This minimum level can be
shown to be given by L ~ (28 + L, — L+ | Len|) dB, where L, expresses Lhe
gyrotron spectral purity and L@ is the maximum scallered power in dB, at /=0 in
the whole plasma parameter range. In the FTU case L{" ~ (L, —141) dB . With the
same P, and P;o as above and assuming L, ~ 100 dB we then obtain L,; = 60 dB
and Ly < 20 dB, which are acceptable performances.

The attenuation bandwidth of the notch filter should cover the whole bandwidth
spanned by the gyrotron due to its limited stability in frequency. Unaffected trans-
mission will be possible only outside about twice this bandwidth. Reciprocally, lor
any acceplable Af, a gyrotron stability as good as Af,./fi <+ 0.04% would be re-
quired. We then sce that using a notch filter in a medium temperature tokamak like
FTU will be quite problematic.

Achicving L.; = 80 dB only by cxternal rejection will require installation of very
efficient radiation dumps. The required spectral purity, in contrast, will be relaxed
below L;, = 100 dB . The effects of the jittering of the gyrotron frequency should be
minimized in any case by [requency tracking of the LO or by the use of a homodyne
receiver. Further, high-frequency chopping of the gyrotron pulse and synchronous
detection should be used to avoid noise-like fluctuations in the low-frequency con-
verted signal due to the variations in the amplitude of the gyrotron output.

If no notch filter is used, Afj, will be determined by the complementary require-
ments ol avoiding the narrow spectral regions where: a) the spectral purity of the
gyrotron is too low; b) microturbulent scattering from the plasma edge is too strong.
On these bases as a conservative choice we take Af, =~ 100 A1z . In the conditions
specified above, with Af, = 100 MHz and N§? =6 in FTU we get Af,; = 65 Mz
Since with B, =77 f;=1064 MHz(53.2 MHz) for a H (D) plasma, Af; is secen to
be alrcady of the order or below the ion cyclotron frequency.

Estimate of the SNR margins - In FTU we can take #, = 1x10"ean * and
T = 5 kel in the conditions specified above and with Af;, = 65 MHz, therefore,
from eqs. (2) and (3) we get F=343x10'Pz)?Tx" (KW, scc, el). Further, with
P, =100 = 400 k1 and realistically taking t; = 10 's for the effective (i.c. accounting
for the duty cycle of the high-frequency chopping of the gyrotron pulse) integration
time, F=(1.084 = 4.336)x10* T3'. Also considering the square-root dependence of
the SNR from Afy . wide margins are thercfore scen to be available for trade-off of
SNR with spectral resolution up to total noise temperatures of a few hundreds eV.
While referred to the standard channel and then implicitly to smooth spectra, the
results above for the SNR will also hold for modulated spectra (< [8%), provided
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they are referred to the amplitude of the peaks (spectral envelope). The simple
criterium adopted in order to estimate the minimum required number of active chap-
nels (N§™ ~6), and then spectral resolution, however, is readily understood to be in-
adequate in the case of rapidly varying spectral functions.

High spectral resolution CTS - If Ty = 50 el is taken as a conservative estimate for
the total noise temperature, and a reduction down to = 2 of the feasibility parameter
is considered acceptable, yet with the lowest incident power level, P, = 100 kW, the
channel bandwidth can be narrowed down to Afy, = 0.5 MHz . The usc of such a very
narrow channel bandwidths should be possible if a homodyne receiver is used. Only
m groups of.channels of a few units each and centered about | < m < my, with
my = int (Afo/Af) , would be actually needed for each of the two (H, D) plasma
compositions.

In the limiting case Af;, = 0.5 MHz, the spectral resolution achieved with respect
to w, = 2nf; would be as good as &0 = Af/fa=20.5% (=1%) for a H (D) plasma. Still
lower ¢, values would be required to infer the local (off-axis) poloidal field compo-
nent of the total ficld from the spacing between the modulation peaks. The &, esti-
mated above, however, should be good enough to allow a mcasurement of the
paramagnetic component /6/ of the toroidal field.

The detailed shape of the modulated spectra (sce Fig. Ib ) being strongly depend-
ent on the magnetic angle ¢ numerical integration in &y up to the (Ak))m. associated
to AQ, should be performed for reliable fitting of the data. In the 7; measurements
(A j)max should be better treated as an additional filting parameter, its value being not
known with the required accuracy. In the total-B measurements, in contrast, this
same dependence could provide a means for inferring the dircetion of the total ficld
and then the amplitude of the (off-axis) poloidal ficld in the toroidal planc.
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ION TEMPERATURE PROFILES DEDUCED FROM
DOPPLER BROADENING OF X-RAY LINES IN ASDEX
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Abstract: In the present work, the evaluation of the ion-impurity temperatures Tpopp
deduced from the Doppler broadening in the soft X-ray range 1-10 A will be described.
Consistency checks were made by comparing Tbopp obtained from He-like chlorine (C1 XVI)
resonance line with those from Ar XVII and Cu XXVIIL The agreement of Tpopp at the
plasma centre is within 5~10%. Comprehensive data of TDopp are compared with those
predicted by neoclassical ion-heat-transport calculations (Tj o), as well as those measured by
active and passive charge-exchange fluxes (T ol , Ti,pass)- We find good agreement between
the radial profiles of Tpopp , Ti,neo during the ohmucally heated discharges. There is also
good agreement between Tpopp, Ti,act and Tj pass at the palsma centra during the ohmically,
LH- and NI-heated discharges, but Tpopp radial profiles are stronger peaked than those of
Ti,act and Ti pass-

Doppler-Broadening Evaluations: The 152 18y - 1s 2p P40 He-like chlorine (C1 XVI)
resonance-line(w) profile with wavelength A = 4.4442 A is measured by means of a
Johann spectrometer equipped with a proportional counter of high spatial resolution. The
line of sight of the spectrometer can be inclined over a radial range from r =0 to 35 cm
(plasma radius a = 40 cm) from the plasma geometric axis, where r denotes the shortest
radius perpendicular to the line of sight. Since the ion temperature varies slowly in the
radiation range of the resonance line along the line of sight, the total Doppler broadening
integrated over the line of sight has an effectively Gaussian form. In order to take into
account the contributions from natural (Lorentzian), instrumental (quasi-Gaussian) and
Doppler (Gaussian) broadening, we apply the procedure suggested in Ref.[1], i.e. fitting a
Voigt function after performing a deconvolution of the measured profiles with the
instrumental profile. The ion temperature deduced from the Doppler broadening part of the
profile is obtained from the usual relation

2
Toopp [keV] =4.96 x 10° Ap (AJ} (1)
Ao
where A ) is half the 1/e-width and Ap, the relative atomic weight of the observed element.
Fig. | shows a typical fitted w-line (Cl XVI) profile during an ohmically heated discharge.
The line profile is fitted over the entire blue wing but only over half of the red wing, in order
to exclude asymmetry effects arising from the presence of unresolved dielectronic satellites (n
> 3). When a good signal-to-noise ratio is obtained in the observed line profile, the
uncertainty in Tpopp owing to fitting with the Voigt function is less than 3%. A further
uncertainty of 5% can be ascribed to a certain arbitrariness in the choice of the fitting range on
the red wing. In the off-axis observation region, when the emissivity € of the resonance line
decreases rapidly, the low signal-to-noise ratio results in errors up to ~ 25%.
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For evaluating ion temperatures from eq.(1), a proper dispersion relation (A /channel
of the proportional counter) is required. This relation is obtained from suitably spaced Cl1
XVI spectral'lines having well known wavelengths. The deduced dispersion relation is
confirmed by wavelength analysis of the He-like Ar XVII and Cu XXVIII spectral lines.
An x-ray source with a Pd anode (Apg = 4.3767 A) was used for the determination of the
instrumental profile. A slit (120 pm x 12 mm) was positioned on the Rowland circle (R=1.5
m) of the Johann spectrometer, thus providing an X-ray image of the slit with unit
magnification-onto the detector. Both the slit and proportional counter were carefully aligned
so as to produce the narrowest possible instrumental profile. The measured instrumental
profile consisted of a Gaussian profile with an additional slight wing superposed [1]. The
full half-widtheof the instrumental profile AL;,s was determined to 6.45 x 10-4 A, resulting in
an instrumental resolution of Ag/AA; = 6771. It is important to note that over- or under-
estimation of the line wing in the convolution procedure could lead to an error of some * 5%
in the determination of temperature.

In the experiments, the brightness is given by the measured line emission integrated
over the line of sight. Expressed as an integration over the minor raduus r' it is given as a
function of A-and r by [2]

[,
_ 1 n & L1 AMY) dr'
B“‘-- T) = ETEL £(r') =T [1_(%)2} 7 (2)
r

From the half 1/e-width of the measured spectrum of B at various radii, one obtains the ion
temperature T(r)popp averaged over the line of sight. The emissivity €(r') can be calculated
using a transport code (Zediff), measured ne and Te profiles. We assume that the radial
profile of the local ion temperature can be written as :

Toopp = [ TO)opp - T@bopp 1 [1 ()] * + Ty~ (3)

The local ion temperature T(r)Dopp has been obtained from T(F)Dopp by optimizing the three
parameters T(0)popp, T(a)nopp and o, so that there is best agreement between T(Opopp
calculated from eq. (2) and the measured profile T(Npopp- The uncertainty in the evaluation
of T(r)pppp Owing to the uncertainty in determining the radial profil of T(r)popp and the
emissivity £ is estimated to be less than ~ 10% at least for the core region (r < a/4).

Results: In Table 1 we present central ion temperatures deterimned from Doppler-
broadening of different elements for ohmically and LH-heated discharges. Note that in the
latter case the central electron temperature To(0) ~ 6 keV exceeds Tpopp(0) by a factor of about
6. The agreement between the Doppler-broadening measurements is better than 3% and thus
quite satisfying. Although one must be aware that the temperature of the impurities may
principally differ from those of the background ions, it is etimated(using formulare given in
Ref [3]) that these differences should be less than ~5% under all conditions discussed in this

paper.
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Profiles of Tpopp are compared with predictions by neoclassical ion-heat-transport
caleulations (Tjneo, assuming i = 1 x Xj neocl) as well as those measured by active and
passive charge-exchange fluxes (Tjact , Tipass) in Fig. 2 for an ohmically heated discharge.
Generally, good agreement is obtained between the radial profiles of T(r)Dopp and T(r)i neo
during ohmic heating. In Fig. 2 the profiles of T(r)j,act and T(r)j pass lie below those of
T(r)popp and T(D)ineo- According to the current calibration of the charge-excharge fluxes,
however, the values of T(r)jact and T(r)ipass should be increased by at least 5%.
Furthermore, there is an effect from halo-particles which increases the neutral flux at low
energies and tends to reduce the evaluated T(r)j act values at the plasma centre. Fig. 2 shows
that in the plasma centre, T(r); ac; values (marked with a triangle) using the fluxes at all
energies according to their statistical weight, are about 25% lower than those (marked with an
asterisk) evaluated at high energies only. Table 2 shows the comparison of the central
temperatures during ohmic heating for various values of By, Ip, ne. In general, T(0)popp
agrees qjuite well with T(0)j neo; in the case with By =2.17T, Ip =420 kA, n.= 1.0 x
1019m-3, however, T(0)i,neo is about 30% higher than T(0)poepp and T(0)iact. The reason
for this inconsistency may be due to the fact that neoclassical calculations tend to become
more uncertain in the low ion density regime.

There is also good agreement between the central ion temperatures T(0)Dopp , T(0); act
and T(0)j pass during LH and Ni-heated discharges (see Table 3); however, the Tpgpp radial
profiles show a more pronounced peaking than those of Tj act and T(r)j pass during the NI-
heated discharge. Fig. 3 shows the profiles of T(r)popp, T(t)Dapp, T(1)i,act and T(r)i pass
during a NI-heated discharge. The deviations may be attributed to non-Maxwellian tails
contributing significantly to the signals in the neutral particle-charge exchange
mesasurements.

Summary: The experimental performance was checked by comparing the ion temperature
obtained from the resonance lines of different elements under the same operation conditions of
ASDEX. The agreement is within 5%. The error sources in the evaluation of Tpepp have
been discussed. Generally, T(r)Dopp agrees well with T(r)j peo during ohmically heated
discharges. There is also good agreement between T(0)nopp, T(0)iact and T(0); pass during
ohmically, LH- and NI-heated discharges. In general the radial profiles of Tpopp are more
peaked than those of Tj et and Tj pags.  Before interpreting these differences, a more accurate
calibrition of the active and passive charge-exchange diagnostic -being currently performed-
must be taken into account.
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STUDY OF PLASMA TURBULENCE IN THE TJ-1 TOKAMAK
BY A SPECTROSCOPIC TECHNIQUE

B. Zurro and TJ-I Team. Asociaciéon EURATOM/CIEMAT para Fusién. E-28040 Madrid.
Spain

1, Introduction. To study the ion energy transport in tokamaks, reliable ion temperature
profiles must be obtained. However, using a passive technique like the energy analysis of
charge-exchange neutrals well known difficulties have been encountered in several devices,
attributed to convective ripple transport (1), (2) and (3) which deforms the ion energy
distribution tail from which the ion temperature is deduced. To avoid this problem in the TI-I
tokamak the impurity and proton temperature profiles have been measured simultaneously by
spectroscopic techniques. The results indicate that in addition to the thermal decoupling of
central impurity and proton temperatures already reported in Ref. (4), a similar effect is
observed at the plasma periphery. This effect, which is analyzed as if due to plasma
turbulence, may provide a passive and complementary method to obtain information on the
average fluctuating electric field in tokamaks.

In this paper, firstly, the experimental system and results of spatial resolved profiles of
impurities and protons temperatures are presented. Second, several plausible broadening
mechanisms which might be responsible for the observed effect are discussed, in particular the
level of turbulence to account for the difference between impurity and proton temperatures at
plasma periphery are deduced. Finally, strong and weak points of the interpretation are
discussed.

2. Experimental, This experiment has been carried out with ohmically heated discharges of
the TJ-I tokamak (R = 30 cm, a = 10 cm) operated with toroidal fields ranging from 0.8 to
1.5 T and a plasma current between 20 and 45 kA. The line averaged density was varied
between 0.5 and 3x1013 cm-3. Proton and impurity temperature profiles have been measured
using a 1 m monochromator with an optical multichannel detector attached in its focal plane.
The line of sight can be scanned by a shot to shot technique. The impurity temperatures have
been deduced from the full width at half maximum (FWHM) of emission lines belonging to
CV (2271 A), OV (5292 A) and OV (2781 A) after being corrected for the instrumental width.
The proton temperature has been obtained from Hg emission coming from high energetic
neutrals (200-1000 eV), so avoiding the contribution of Frank-Condon neutral emission.

Typical results of CV and OV ion temperature profiles obtained in TJ-T are given in Fig. 1(a)
for a low density discharge (0.75x1013 ¢m-3). The flat profiles shown in in this figure, do not
seem to be an experimental artifact since, as shown in Fig. 1 (b), the OV temperature measured
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along a fixed chord responds to variations in the electron plasma density.

This decreases with density is found for every bulk impurity ion. However, they are much
higher than the-proton temperature, whose profiles for two densities (0.5 and 2x1013 em-3) are
shown in Fig. 2. Notice that proton behaviour with density is opposite to that of impurities, as
already reported in Ref. (4). CV emission peaks at the plasma center and OV emission at
around 5 cm, with both ions radiating in the plasma periphery at an intensity 5-7 times lower

than at their maxima.
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Fig. 1. (a) Typical profiles of CV and OV apparent temperatures deduced from line integrated
line shape measurements in a poloidal scan. OV emission peaks in TJ-T at around 5 cm and
CV at the plasma center (Bt = 1T, Ip =38 kA ); (b) Plot of OV apparent temperature (r = 6.5
cm) as a function of the line averaged electron density. Notice that this temperature decreases
on increasing the plasma density.

Regarding proton temperatures, deduced from spatial-resolved measurements of the Hg line
wings, no similar effect to that reported in other tokamaks when measured by the analysis of
the energy of charge-exchange neutrals has been observed. Although, we do find slightly
different temperatures from the red and blue wings, in Fig. 3 an averaged of both values is
plotted.

It must be mentioned that at high densities, not only the gap between proton and impurity
temperatures is reduced but also the impurity temperature profile exhibits, in some cases, 4
"normal” shape but always with a higher temperarure than protons at the plasma periphery.
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Fig. 2. Plot of proton temperature deduced from Fig. 3. Plot of relative intensity fluctuations
HB line wings at two different plasma densities, measured by the OV (2781 A) line.

fie = 2x1013 cm? (upper curve) and fie = 0.5x1013 cm -3 (lower curve). Notice that, in
contrast with impurity behaviour, the higher the electron plasma density the higher the proton !
temperature (central and peripheral). ;

3. Role of plasma turbulence on line broadening. Let us consider some possible

mechanisms contributing to line broadening. It has been shown, by numerical simulation, that
the Zeeman effect is not relevant for the transitions used and for the magnetic fields of TJ-I
plasmas (Bt < 1.5 T). The slight additional broadening due to this splitting tends to be
counteracted by the chord integration effect which tends to give a lower temperature than the
hottest point of the chord. The high neutral concentration at the plasma periphery ( 109 - 1010
cm-3) makes it possible that highly ionized drifting particles from the hotter core, undergo
charge-exchange recombination with neutrals, producing line radiation in lower ionization
stages. This effect does not seem to be relevant due to the quantum numbers of the transitions
used in this work, unless cascade population is important.

Microscopic fluctuations in plasma density (fi) and electric field (I:Z) have been observed in
tokamak plasmas. These fields impose velocity fluctuations via ExB drifts, v=E/B. In
connection with Doppler broadening of impurity lines these fluctuating velocities are of
particular interest because they are independent on mass and charge. It can be proved (), that
the effect of the turbulence characterized by a temperature T, on the actual measured
temperature Tppp is given by, Typp = Ti + my /mp"T' . Hence, one would deduce from
Doppler measurements a pseudo-temperature (Tapp) Which is larger than the true temperature
(Ty), in particular for impurities due to their higher mass.

At least in one tokamak (6) high frequency electric fields of a few kV/cm have been invoked at
the plasma edge to explain the structure of hydrogenic lines observed under different
polarizations. It is not surprising that smaller fluctuating fields existat the periphery of the
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TJ-1 tokamak and even pass unperceived for Langmuir probes measurements with a reduced
bandwidth (<100 kHz). If we consider the OV data of Fig. 2 from this perspective, the
turbulence temperature and fluctuating electric field deduced from OV and proton spatial-
resolved temperature data are given in Table L

TABLE L. Deduced values of turbulence temperature and electric field (columns 4-5), for three
different plasma radii (first column) with proton and OV temperatures given in columns 2-3.

r(cm) Tp(eV) Tov(eV) Tev) E(V/em)
5 45 95 3.1 43
8 23 90 4.1 50

10 15 85 5.8 59

The critical point to confirm this conjecture is that the values deduced along a peripheral chord
from several ions of different mass should give the same result of turbulent temperature. In
contrast, it is observed in TJ-I plasmas that for the same peripheral chords the higher the
ionization potential the higher the apparent ion temperature. Consequently, there seems to exist
a correlation between the maximum temperature reached by a particular ion and that at the
plasma periphery, which cannot be accounted for by the turbulence effect alone included in the
previous formula. The turbulence at the plasma periphery has been monitored measuring the -
OV intensity fluctuations, the relative root mean square of these fluctuations is plotted as a
function of the chord radius in Fig. 4. Notice that it is higher for outer chords with a variation
similar to the electric field deduced from temperature data with the former method.

4, Conclusions. Spatial-resolved measurements of single impurity line broadening in this
tokamak are not compatible with an ion temperature profile decreasing towards the plasma
edge. Plasma turbulence at the periphery reasonably accounts for the effect, however different
electrostatic turbulence levels are deduced with distinct ions, which suggests that either
magnetic turbulence cannot be ignored in this analysis, or another unknown effect plays some
role. An anomalous ion heating, which was invoked to explain the central ion heating in this
tokamak (4), and which cannot be completely ruled out, does not seem effective at the plasma

periphery.
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SIMULTANEOUS MEASUREMENT OF 3 FLUCTUATING PLASMA
PARAMETERS

A. Carlson, L. Giannone, and the ASDEX Team

ke R G LAAT

Max Planck Institute for Plasma Physics, Garching, Germany

Langmuir triple probes can provide simultaneous measurements of 7, Te, and
v,y with good temporal and spatial resolution, and therefore are especially suited to
detailed investigations of plasma turbulence in the scrape-off-layer. Unfortunately,
the finite tip separation coupled with the fluctuating gradients prevents a simple
interpretation of the results. We have developed a method using, essentially, two or
more triple probes, which allows a good estimate of the three plasma parameters and
their spatial derivatives at each point of time (assuming tip separation is much less
than correlation length and dimensionless fluctuation levels are much less than
unity). In particular, we can unambiguously measure the temperature fluctuations
and the turbulent particle and heat flux.

1. The multiple triple-probe technique

Measurements were made in the ASDEX scrape-off-layer, 2-3 cm outside the
separatrix in the mid-plane, using a 16-tip linear array with 0.3 cm tip separation.
The portion of the array relevant here is sketched in Fig. 1. The arrangement is
essentially four triple probes side by side, with the difference that, for experimental
convenience, a single power supply is used for all four biased probe pairs. The
quantities measured are the potential Vg on the four floating tips, the ion saturation
current Igy on the four negatively biased tips, the current I, on the four positively
biased tips, and the potential V. on these tips. We do not use any of the data from
the last four tips because the power spectrum of the signal from tip 12, for unknown
reasons, has a different shape than those of the other three positive tips. We use
measurements from all the remaining 8 tips, although the same information can in
principle be obtained using as few as five tips.

4 S 6 7 8 9 10 11 12 13 14 15
VvV
v v v v ?
8 8 +
l . P =y

Fig. 1. Schematic circuit of the Langmuir probe array.
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To.account for small differences in the areas of the tips, the currents are
normalized: to each other so that the magnitudes of their time averages are all equal:

Laapxg) > = <Igat(x9) > = <Ly (x5)> = <L (xg)>, (1)
where < > represents an average over all time points and we have chosen the senses

of the currents so that they are all normally positive.

We need to estimate the values of all three triple probe parameters at a single
point. If frprepresents any of Vi, Lsats and I,, measured at positions x7 and xp, then
the value at x (with x1<x<x7) is approximated by linear interpolation to be

frplx) = (xz_xl)fTP(Il) +(x2 xljfrp(xz) (2)

For the results presented here, we reduce all measurements to positions 6 and 9
shown in'Fig. 1.

Standard triple probe theory assumes that all three tips see the same plasma,
and that the positive tip carries the negative of the ion saturation current. We can
make neither.assumption, but the formula for the temperature can be modified in a
straight-forward way to read

Vy-Vp)
Te = Tn(T+ L/l ®
with temperature measured in volts. Since this function is poorly defined if either I,
or Iy is too-small, we do not calculate the plasma parameters if either current differs
from the mean by more than 1.5 standard deviations. This criterion eliminates about
35-40% of the time points. The density and plasma potential are calculated using the
usual formulas:

n;j Isut

Ne = [932A ‘\/—

= 1 Te.
V= Vg +[O 5 n[n » J:| 5)

There is a good deal of controversy over the exact values to be used for the constants
in (4) and (5). A different choice should not affect our qualitative conclusions, but
the quantitative results, e.g. the magnitude of the turbulent particle flux, could be
significantly changed. To avoid biasing the statistics with even a small number of
unrealistically large values of the density, we also institute a lower bound of 3 eV on
the temperature (the mean is 12 eV), but this needs to be applied to very few points.

We use formulas (3) through (5) to calculate the plasma parameters Ty, 1., and
VPJ, at positions 6 and 9. The fluctuation amplitudes of these signals is found to be
slightly different for the two positions (20% for the density). Since the present
analysis is only meaningful if the fluctuations are spatially homogeneous, we adjust
the amplitudes to be equal at positions 6 and 9:

<fpixg)?> = <fplxg)2>, t:))
Wherefpl is any of (Te-<T;>), (ng-<ne>), and (V. pi- <V, i'>)-

Finally, for each plasma parameter fy), we define a mean fluctuation and a
fluctuation gradient at x=(xg+x9)/2:

€Y
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e fprlxe) ;— fg]'(xg)l ©
. [pitxo) - frilxe)
fo = Xg-X6 . (10)

We have now calculated six fluctuating plasma quantities (counting the gradients) at
a single position. Any of these quantities can be meaningfully multiplied with any
other and the time average considered, resulting in 21 quadratic mean products. We
consider in turn the products of two spatially-constant terms, the products of two
gradient terms, and finally mixed products, using data from ASDEX discharge 33473.

2. The mean products of the spatially constant terms
The first three products are just the rms fluctuation levels, which can be
normalized as appropriate to the mean density or the mean temperature:

\/ <p2> [ <n>= 027, 11)
\/ <T2> [/ <I,>= 048, 12)
4/ <v,2> / <T>= 134. (13)

The density fluctuation level is similar to that calculated using less elaborate
methods. The level of temperature fluctuations is seen to be fairly large, which
invalidates the many methods that neglect them. The normalized potential
fluctuation level is even greater than unity. This is a consequence of the large
temperature and moderate floating potential fluctuation levels. Since the scrape-off-
layer is in contact with a material surface, it is reasonable to expect that the physics
of the turbulence limits the floating potential, rather than the plasma potential.
However, it is still the plasma potential that drives turbulent transport.
There are three mean cross products:

<m 7>/ \<e><T2>- -06s, 19
<r >/ \<T><7E>= 0, (15)
<pw>/ \N<7E><nZ>- .06 (16)

We see that temperature and plasma potential are perfectly correlated, and that the
correlation of density with temperature equals that of density with potential, again
suggesting that the temperature drives the potential. The values -0.66 and -0.63
could indicate a lack of coherence or simply a phase shift.

3. The mean products of the gradient terms
The squares of the gradients can be used to define a mean wavenumber for
each plasma parameter:

ke="\ <ne?>/ <u2> = 114ceml, (17)
kr=\ <1 2>/ <T2>= 068cml, (18)
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ky = ’\/<sz’2>/ <V_p{2> = 0.68cml. (19)
We see that the density fluctuations have more power at shorter wavelengths.

The gradient cross terms indicate the mean wavenumber of the parts of the
spectrum which overlap and are coherent:

'kﬂT = V <}13’Te,> / <H; ﬁ>
krv = \/<Te’vp1'> / SR

kvn= \[ <Vpi'ne > / <Vm~> = 043cml. 22)
The fact that these wavenumbers are smaller than those for the self products
suggests agreater coherence between density and temperature/potential for long
wavelengths.

052 cm-1, (20)

I

0.67 cm-1, (21)

4. The mean products of one gradient and one constant term
Of the:quadratic mean products with exactly one gradient, three will vanish
because of the normalization (8):

<wgny > =<T, 1, > = <V,vy > =0. (23)
The remaining six products can be grouped into pairs which should be equal and

opposite if the turbulence is homogeneous. We give the results (without
normalization, in units of 1012 m-3 V/m and V2/m) here:

< T, > = -058 <n'T,>= 352 (24)
<T, vy >= 326 <1 Vp>= -271 (25)
<Vn > = 681 V' > = -001 26)

The two.members of each pair indeed have opposite signs but not nearly equal

magnitudes. This can be traced back to the fact that <aT> is not equal at xg and

x9, even though <fiZ> and <'T2> are. This may be a problem related to violation
of the assumptions of small separation (k,(xg9-x)=1.0) and small fluctuation levels
(8T, /Ty=0'5), or to our method of dealing with small currents (eliminating a third of
the measurements). On the other hand, the probe head may actually be perturbing
the turbulence in a way that is different for different regions of the array.

In conclusion, the additional information available from many tips can be self-
consistently used to determine the levels and correlations of density, temperature,
and potential fluctuations. The temperature fluctuations are found to be large
enough to.dominate the potential fluctuations. The redundancy of information
provides a means of cross checking the measured particle and energy fluxes.
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PULSED RADAR; A PROMISE FOR FUTURE DENSITY PROFILE MEASUREMENTS
ON THERMONUCLEAR PLASMAS

S.H, Heijnen, C.A.J. Hugenholtz, and P. Pavlo*

FOM-Instituut voor Plasmafysica "RIJNHUIZEN", Nieuwegein, The Netherlands
* CSAYV Institute of Plasma Physics, Prague, Czechoslovakia

Introduction

The usage of pulsed radar techniques for density measurements has become possible
due to the progress in technology that enabled the transmission of very short (< 1 ns) pulses
and accurate enough measurements of the time of flight in the ns range. There are some striking
advantages of pulsed radar [1,2] above the "classical" swept frequency reflectometry:

e the movement of the plasma position can be neglected during the flight time of the pulse in
the plasma,

e the influence of false reflections will not effect the measurement in pulsed radar because the
echoes fall in non-interesting time windows,

e the frequency accuracy and stability of the source is not important.

The difficulty of pulsed radar is the very fast time measurement needed to obtain the desired

accuracy.

A first attempt of pulsed radar, at a frequency of 34 GHz, has been performed at the
RTP tokamak. The measured time delays, using a Gaussian shaped pulse of 1.5 ns width, are
in good agreement with expected values.

A numerical analysis is performed to study which additional information can be obtained
when besides the time-of-flight, the modification of the rf pulse shape by the plasma is
recorded. Calculations are made for the RTP-tokamak with Gaussian shaped pulses and in
WKB approximation.

Pulsed radar set-up at the RTP tokamak

A block diagram of the preliminary pulsed radar set-up is given in Fig. 1. About 100
mW of microwave power, at a frequency of 34 GHz, is supplied to an amplitude modulator
which is pulsed by a pulse generator with 1 ns rise and fall times, The modulator consists of a
hybrid Tee, two attenuators for balancing, and two detectors (1N53). The generated microwave
pulses are about 1.5 ns wide, measured at half height, with a repetition time of 20 ns. The
microwave pulses are fed through a low-pass filter (Flann waffle iron) to protect the modulator
and the Gunn-oscillator for the gyratron power (200 kW at 60 GHz) used for ECRH
experiments at RTP. The power of the gyratron measured at the radar antenna is about 50 W if
no plasma is present and falls to less than a Watt with plasma. The pulse reflected from the
plasma is coupled out with a directional coupler, passed through a second low-pass filter, and
fed to a biased detector (1N26). The amplified detector signal is recorded with a 20 GHz
sampling oscilloscope (Tektronix CSA 803).
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Fig. 1. Pulsed radar set-up at the RTP tokamak.

Measurements at the RTP tokamak

A gate generator (Fig. 1), with a tuneable pulse width, selectable pulse repetition time
and number of pulses, controls the measurement. This generator gates a second pulse generator
which makes the modulation pulses. The synchronous output triggers the sampling oscilloscope
which samples with a frequency of 200 kHz in sequential equivalent time. This means that for
each trigger one data point is recorded and that each data point is delayed a few ps more in
regard to the trigger time than the foregoing data point. During each gate pulse of 500 ps, 100
data points are recorded. This gives a wide enough time window for one pulse delay
measurement. Figure 2 shows nine successive measurements, which are performed at a
repetition time of 10 ms. The density of the RTP plasma increases from zero to flat top
(ne ~ 6.1019 m-3) in about 50 ms. The first echo in each time window originates from the
vacuum window. In the first time window (0 ms) a echo from the far wall of the torus can be
seen. This echo disappears in the second and third window due to refraction. Echoes from the
plasma appear in the following time windows. The recorded data is filtered with a time response
of 1.10°% ns because of the rather high noise (~ 2 mV) of the 20 GHz sampling oscilloscope.

An’improved waveguide system will give a better S/N ratio. A major improvement
would be a heterodyne detection system. As the amplitude modulation is not 100% there is still
some background power which gives some interference as can be seen in Fig. 2. This can be
improved when an up-convertor is used. The up-convertor makes it also possible to produce
shorter pulses (e.g. 500 ps). An other solution for the interference is the use of two antennae.
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The reflected radar pulse is recorder in ~50 s with the present sampling oscilloscope. For more
accurate measurements the sampling oscilloscope should be replaced by a real-time data
recording system.

time of measurement {ms)

10 20 30 40 50 60 70 : 80

30 I i v 2

as T T

(mV)

25

amplitude

e
(8]
T

— time (20 ns/div)

Fig. 2. Pulsed radar measurement at RTP. Arrows indicate the pulse reflected by the plasma.
Numerical analysis

For waves emitted perpendicular to the toroidal magnetic field lines and with the electric
field vector parallel to the magnetic field (O-mode), the phase shift at the point of reflection is
given by [3] :

e

¢(ﬁ=% —\f1-(1]2)/f2) -7 .

Here, fp is the plasma frequency (fp = 8.979 /ng(r) ), ¢ is the speed of light, and r; is the point
of reflection where fp equals f. Already in 1961, Budden [3] showed that the time-of-flight for
a pulse reflecting at a plasma density layer is given by :

Ly
tO—ZTC¢(F) ’

where ¢'(F) is the first derivative of the phase change taken at the operating frequency. For the
pulsed radar experiment we use Gaussian shaped pulses. When third and higher order
derivatives of the phase change are neglected, it can be proven that the pulse remains Gaussian
shaped after reflection, but now with a width given by:

2 In2 9" (F))2
Wy =W 14+ [——=|",
au Blese
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where W, is the pulse width of the transmitted pulse, Wr is the pulse width of the reflected
pulse and ¢"(F) is the second derivative of the phase change taken at the operating frequency.
Taking the density profile as:

ne (5) = ﬂe(o)[l : @“JB ,

the time-of-flight and the pulse width can be calculated. In Fig. 3 this is shown for the RTP
tokamak for a variety of profile parameters (o,B), a pulse width Wy of 0.3 ns, at a frequency of
34 GHz. When the same calculations are done for pulses of 1 ns, broadening is in the order of
only 0.5%. It'is clear from Fig. 3 that the time-of-flight as well as the broadening should be
measured to’find the position of the reflecting layer.

0.50 =T T T T T 0.5T T
0.6

E L |
c 0.45F 0.7 0.4 .
5
3 L ]
o
o
g- H
5 0.40 + 0.8 =)
3
8 - 0.3 _
=
2 :

0.35+ -

xc=0 .9
/ e
o.90 ! | ! | = =1 0.1,
0.0 0.5 1.0 1.5 2.0
— time of flight (ns)
Fig. 3. Time-of-flight and pulse width calculations for the RTP tokamak (xc =1c/a ).
Parameters: pulse width 0.3 ns, central density 3.101% m-3, radar frequency 34 GHz.
Conclusion

It is proven that pulsed radar can work even at a small (minor radius 0.17 m) tokamak.
The system must be improved for more accurate measurements. This is possible by increasing
the S/N ratio, shorten the pulse length, and improving the data recording system. It has been
shown that even on a small tokamak like RTP, pulse width broadening can be observed when a
pulse width of < 500 ps is used.

References

[1] C.A:J. Hugenholtz and S.H. Heijnen, Rev. Sci. Instrum. 62 April (1991)

2] 0.S. Pavlichenko, A.I Skibenko, and L.V. Yasin, ITER Diagnostic Workshop,
Garching, Germany, ITER-IL-Ph-07-0-15, Feb. 12-23 (1990)

[3] K.G. Budden, Radio waves in the ionosphere, University Press, Cambridge (1961)




V-
625 IV-313

CORRELATION REFLECTOMETRY TECHNIQUES FOR TJ-1 AND ATF
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Two point radial correlation reflectometry has been used on TJ-I1 Tokamak and ATF
Stellarator, to extend deeper in the plasma bulk the successful studies on electrostatic edge
turbulence already performed by Langmuir probes (1, 2).

The use of broadband homodyne systems allows access to a larger range of radial posi-
tions but imposes some constraints on the ability of reflectometry to determine correlation
lengths and the k-spectrum of the density fluctuations: cos¢ and not directly the phase delay
¢ is measured.

Different techniques are used to overcome the ambiguities introduced by the homodyne
measurement: slow frequency sweeping for TJ-I and dual sine/cosine detection with fringe
counting algorithms for ATF.

Coherence measurements on TJ-I

A broadband reflectometer (33-50 GHz X and O mode) is in operation in TJ-I (R=.3m,
a=.1m, B0<1.5 T). For radial coherence studies the system uses two oscillators feeding a

common launching-receiving antenna. Homodyne detection is used in both channels.

The method of slow frequency sweeping for coherence studies has been already intro-
duced (3) : one oscillator remains at fixed frequency f1 and the second one makes a slow fre-
quency sweeping around f1. The coherence is then evaluated in a dynamic process.
Simulations showed how the coherence measured by this method had maximum and mini-
mum values as the differential phase delay between both reflectometers increased, the maxi-
ma being the best approach to the real coherence values for the density perturbation.

In this paper first plasma experiments using the method in TJ-I are reported: Fig 1
shows the coherence between the direct signals from both detectors obtained with X-mode
operation of the reflectometer.The coherence shows well defined maxima and minima as the
frequency difference Af between both oscillators increases. The apparent coherence for Af=0
is not close to 1 in this experiment , this is because the coherence for Af=() depends on the
difference between the phase delays of both reflectometers.

The coherence length can be extracted by extrapolating the trend shown by the maxima

in fig 1. For this experiment, assuming parabolic profile for the density (110=1.5:|(1013 em™3),

the coherence length is about 2 mm for the radial position r/a=0.8.

One of the main concerns in this experiment was the short density plateau in TJ-I (typi-
cally <10ms) which leads to a relatively fast sweeping rate. This makes the statistics to be-
come poorer. As the experimental results show, a suitable choice of the delay paths and the
extension of the frequency sweeping (which determine the number of fringes in the phase )
can bring a good enough statistics to determine the correlation lengths.
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That analysis can be performed for different frequency windows , leading to a determi-
nation of the o, ;(w) function, as the inverse of the radial correlation length for the given fre-
quency interval, studies in this direction are in progress.

The determination of the S(k,,®) function, on the other hand, seems to be difficult due
to the short statistics, this should not be a problem in larger machines with a longer density
plateau (>50 ms).

An interesting additional result is the information on the differential phase delay: d¢/df
during the frequency sweeping: the number of “coherence fringes” per frequency interval in
fig 1 must be'twice that of the “profile fringes” which determine d¢/df. Thus the density pro-
file information, which is in many cases disturbed by the density fluctuations, can be ob-
tained trough coherence measurements. Also the effect of parasitic references in single anten-
na reflectometers is removed since the correlation between both channels is not affected by
fixed additional references as far as they are well below the main one.

All those possibilities make the method strongly attractive for self-consistent coherence
studies, taking in a single shot the complete coherence information and that of the local den-
sity gradient, which is necessary for the estimation of the distance between the reflecting
points. Studies are on the way to confirm those applications under different plasma condi-
tions.

Following the same pattern, fixed frequency experiments can be performed by taking
for the analysis the points for which the coherence is maximum. Then with a better statistics
the spectral density S(k,w) (see fig. 2) and the spectral width o, (w) functions for radial k

can be obtained (4).
Coherence measurements on ATF

The ATF/( 1=2, 12-field-period torsatron, R=2.1m, a= 0.27 m B0< 2 T) reflectometer

operates two frequencies simultaneously with the same antenna system. Two tunable micro-
wave sources allow continuous operation between 30 and 40 GHz. Different antennas are
used to launch and receive the beam (5).

The receiving system uses a dual sine-cosine homodyne detection for each channel. A
fringe counting algorithm has been developed for extracting the phase delays from the sine-
cosine signals. This fringe counting procedure has some noise at low frequencies (<15 kHz)
due to phase jumps.

The radial correlation analysis is performed with the temporal phase evolution from
both channels, by using the two point correlation technique (6). The spectral density function
S(k,.09) obtained with this method is presented in fig.3. As we can see the mean k is close to
zero, having the spectral density also a maximum for the low k values.

From the spectral density function the radial k-width: o, () can be determined. Fig. 4
shows o, and the power spectra for a typical ECH discharge on ATF, the reflecting point
position being'r/a = 0.8. The data below 15 kHz are removed due to the difficulties in the
fringe counting. An increase in o _ (decrease of the correlation length) is observed when @

increases, in agreement with the typical trend for edge turbulence obtained from Langmuir
probes measurements, In addition, a peak in the spectrum with a larger correlation length ap-
pears around 40 kHz (5).

The value of the mean radial-k is usually close to zero, fig.5 shows its evolution when

the distance between reflecting points Ar increases. As expected, the values of k_ are indepen-
dent on the distance and only in the vicinity of Ar=0 an increase in k appears due probably to
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the indetermination introduced by the short At, also for those values the separation between
reflecting points gets smaller than the theoretical width of the reflecting layer and the k inter-
pretation becomes difficult. ) )

When regarding the coherent mode at 40 kHz the low radial k value the existence of a
pressure-gradient-driven interchange mode in the density gradient region of the plasma. This
mode should have a long toroidal extension, as deduced from the high coherence between the
reflectometer and the Fast Reciprocating Langmuir Probe. Also the spectra of density fluctu-
ations obtained with the Heavy Ion Beam Probe shows the mode.

The mode has no contribution to the ExB transport, following Langmuir Probes results
(6), but the heat transport could be large through the interchange of hotter and cooler parti-

es.
2 An additional analysis was performed to search for a possible dependence of this mode
with the magnetic configuration ( rational surfaces). The method used on the shearless W7AS
stellarator (7) was applied: the RMS of the reflectometer signal is in good correlation with
the temporal ripple in the poloidal field (360 Hz on ATF) when the reflecting point approach-
es the location of the mode peak activity, The effect was clearly shown, indicating a depen-
dence of the mode peak location with the magnetic configuration.

Conclusions

Two different methods have been proposed for coherence studies by reflectometry.

The slow sweeping applied to TJ-1 allows the determination of the correlation length
in a single shot, with the possibility of giving additional information on the local density gra-
dient.

The sine-cosine detection on ATF is able to decouple phase and amplitude effects in
the reflected signal. Coherence lengths have been determined and very low k are observed
for radial propagation of the fluctuations. The ATF reflectometer has also showed the
existence of coherent structures in the gradient region which are attached to the magnetic
configuration.
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1. Introduction

The determination of the spatial distribution of the electron
density in the boundary layer of a plasma is of importance for
the investigation of plasma-wall interactions in plasma devices.
Atom beam techniques are suitable diagnostics to determine elec-
tron density profiles in the edge plasma of a tokamak. Spatial
observation of the visible light emitted by excited atoms due to
electron collision allows the determination of the electron
density profile as an absolute quantity if the light emission is
recorded up to the total absorption (ionization) of the beam/1/.

At TEXTOR the emitted spatial density profile is usually re-
corded by photosensitive linear arrays, having an integration
time of T > 0.5 ms. Fast changes of the edge density profile
whose observation is of importance, e.g. for fluctuations, dis-
ruptions or investigations of H-mode transitions, cannot be
measured with such an integration time. Moreover, in the case of
atom beams which are generated by the laser blow off technique
only one density profile per laser shot can be obtained. In
order to improve the time resolution and to increase the number
of measured profiles with the laser blow off equipment of TEXTOR
a CCD-camera with high frame rate (36.8 kHz, 74, = 27.2 pis) has
been designed. First measurements with this diagnostic on TEXTOR
will be reported.

2. Principles of the method

A description of the principles of the method and of the
procedure for the evaluation of the measurements is already
outlined in Refs. 1 and 2.

The local electron density n.(r) can be obtained from the recor-
ded light intensity profile I,(r) byr

ng(r) = VI, (r) [/ <oyv> _[IA {E1yax?!

where <o;v.> is the ionization fuégtion (rate coefficient),
averaged over a Maxwellian distribution of electron velocities
Vg, and ¥V, is the mean velocity of the injected atoms.

The equation is based on the condition that the ratio of the
rate coefficients for ionization and excitation is only a weak
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function of the radial distance r, i.e. of T (r). In our case of
a Li-atom beam this prerequisite is fulfilled. Density-dependent
rate coefficients for ionization have been taken into account.

3. Experimental setup

Fig. 1 displays the general scheme of the diagnostic system.
It is identical with the system fully described in Ref. /1/,
except the camera system used here. The focussed light of a ruby
laser (1 J output energy) ablates small portions (¢= 1-4 mm)
from the rear side of a glass substrate with a LiF layer of
500 A thickness. The ablated Li atoms travel 110 cm to the plas-
ma boundary with a velocity of Vv, = 1.1 x 10° cm/s, and the
emitted 1ight is recorded temporally by a photomultiplier and
spatially by a CCD camera, both_in combination with an inter-
ference filter at A = 6708 & (2p?pP® - 2s225).

By taking into account the selected imaging optics (F/0,95)
and the CCD-pixel geometry, each pixel observes a volume in
TEXTOR of 1.6 x 16 X 130 mm (radial, toroidal, line of sight).
Especially the depth of focus corresponds to the width of the
atom beam. This is the prerequisite for a high contrast of the
image of beam.

The essential parts of the camera system are shown in fig. 1
and tab. 1. Because of the high sampling rate of the CCD camera
an auxiliary transient recorder was necessary as an intermediate
storage. The input channels A and B of the recorder have diffe-
rent amplification (ratio 1 : 5). In this way weak signals can
also be converted with high resolution, although the transient
recorder 'has a resolution of 8 bit only.

4. Results

Oordinary line cameras with a low frame rate necessitate the
density profile to be calculated on the basis of the above men-
tioned average velocity because the integration time of the
camera is longer than the lifetime of the atom beam. By con-
trast, our camera with high frame rate yields 3-5 frames per
laser shot in dependence on the intensity of the emission and
the lifetime of the atom beam. Therefore we are able to derive
the density profile from each frame on the basis of the correct
velocity v, of the corresponding group of atoms (0.8 X 108 cm/s
€ Vva<£1.6Xx 10® cm/s). This becomes apparent from fig. 2, where
the time-dependent spatial emission profiles of the atom beam
are shown. At increasing time the lower velocity of the atoms
leads to a shift of the spatial emission profile towards the
plasma boundary (lower penetration depth). Simultaneously, the
height of the emission profiles changes according to the tempo-
ral variation of the lithium atom density in the beam. This is
demonstrated by the signal of the photomultiplier, which records
the temporal distribution of the number of injected atoms with-
out spatial resolution.

In figs. 3 and 4 emission profiles and the corresponding
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electron density profiles obtained under different discharge
conditions are shown. Fig. 3 refers to a purely ohmic discharge,
while fig. 4 shows results with additional neutral beam heating.
In the latter case significant temporal variations of the den-
sity profile can be seen. This demonstrates that a camera with
sufficiently high frame rate is suitable to observe the time
dependence of the density profiles within short time intervals.

References
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Table 1: CCD DATA AQUISATION SYSTEM

ccDh line scan camera L115£10 (ZIE)
line scan sensor L115 (WF ); 256 pixels;

pixel size: 13x350 um; responsivity: -5,7 Vem/pd
satur. exposure: <70 nJ/cmz; video sampling rate: up to 10 MHz
exposure time: 27,6 us ... 450 us

* WF - Werk fiilr Fernsehelektronik Berlin

Transient recorder TM1009 (René Maurer)
video sampling rate: 5 MHz; 128 pixels/line
memory: 2 X 2 kByte, i.e. 2 x 16 line scans
2 x 8 bit ADC; 2 x 8 bit DAC

pos- .RUBY LASER l

L
. ~-GLASS PLATE COMPUTER
IF-FILTER

CCD CAMERA

- TRIGGER
UNIT

CAMAC

TR

OPTICAL —

LIGHT GUIDE
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IF-FILTER RECORDER
FIG. 1: EXPERIMENTAL SETUP
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REFLECTOMETRIC DIAGNOSTICS OF PLASMA DENSITY FLUCTUATIONS
IN TUMAN-3 TOKAMAK.
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State Technical University, Leningrad, USSR
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Ioffe Physical-Technical Institute, Leningrad, USSR

The reflectometer diagnostics has been recently used on
the DIII-D tokamak for studying the evolution of density
fluctuations in the plasma under the L-H transition /1/. For
the same purpose the simple homodyne reflectometer with a
single antenna /2/ was applied in the Tuman-3 fokamak with the
ohmically H-mode regime Initiated by means of gas puffing or
radial electric fleld switching on /3/ and with the 2-fold fast
current rampdown regime /4/. The dlagnostic scheme 1s shown In
Fig.1. The oversized clrcular waveguide of 60 mm in diameter
placed at the low magnetic fileld side was used to probe the
plasma along the torus major radius by the 0- or X-mode
microwaves at frequencies 16,5-26 GHz and to recelve the
reflected wave. For the O-mode the cut off appears to be at

densities ne=(0.3~0.8) 1013 cm_3 , and for the ZX-mode

~(0.1-0.5) 10" em™3. The detected signal 1includes the
information on amplitude and phase fluctuations of the
reflected wave. The signal was amplified at Ifrequency band
£=(0.1-500) kHz and memorized 1n the digital form with the
sampling step of 1 ws. After processing one can obtain data on
the evolution of following values: the RM3 amplitude averaged
inside the different Irequency bands cyiste , Irequency
spectrum S(f), spectral density 1solines of the reflectometer
output oscillations. ,
Flg.2 shows the typlcal osclllograms of <ng> and < vise
corresponding to the O-mode (1) and X-mode (2) probing at F=26
GHz , which were taken without the H-mode transition. One can
see that the <v?>"z value starts to increase at 10 ms and
changes insignificantly after 15 ms for the O-mode case. This
time interval shifts to the beginning of the discharge with the
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frequency F belng decreased. For the X-mode case < v starts
to increase at once with the plasma appearance. Thls proves
apparently that the probing wave cut off layer moves towards
the antenna with the density rise. At the same time the low
frequency component to be appeared with such displacement has
not been detected. The spectirum 3(f) for the quasi staticnary
discharge stage 1s shown in Fig.2{c). The sampling time oI
analysis 1s 512 ws. The spectrum 1s presented by the wide
frequency band component which falls down by the factor of 2-3
with the frequency increasing up to 500 kHz. The peak amplitude
and frequency are changing during the discharge.

As 1t follows from Fig.3 the chmically H-mode transition
1s accompanied by the fast decrease beth of D, (a) and
reflectometer output oscillations for the X-mode probing at
F=16,5 GHz (b). In this case the reflectometer signal decreases
over all freguency bands. Fig.4a shows that high frequency
£>200 kHz oscillations are suppressed In a greater extent than
the low frequency ones. The H-mode spectrum transformation 1s
changing with the probing frequency belng increased when the
cut off layer shifts into the plasma. At =20 GHz (Fig.4b) the
amplitude of lew frequency <100 KkHz oscillations grows,
whereas the amplitude of high frequency ones falls down. AT
F=23 GHz the falling of <'1fz7kcan disappear (Fig.3c). Al F=26
GHz all spectrum components are growing up (Fig.3d). This
phenomencn may be connected with the shifting of the cut off
layer towzards the antenna because the density gradient after
the H-mode transition becomes larger than before /1,5/. It 18
necessary to note that H-mode transition does not produce any
remarkable spectrum S(I) changes under the O-mode problng. Some
increase of < 1/‘>JQ 1s observed Jjust like a8 under the X-mode
probing at F»24 GHzZ. In both cases 1t means that the cut off
layer 1s localized in the region where plasma oscillations are
not suppressed during the transition.

Fig.5 shows that periodical (T<1 ms) oscillatlons of the
soft X-ray intensity can arise during the H-mode (b). The ISKR
peaks colncide In time with the drops of high frequency 1.-200
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kHz oscillations under the X-mode probing.

The experimental results on the H-mode transition
stimulated by the radial electric field are exhibited in Fig.6.
One can see the same osclllation behaviour as under the gas
puffing stimilation: the fast D, decrease (c) 1s accompanied by
the falling of the high rrequency £>200 kHz oscillation <V >
for the X-mode probing (d).

In the experiments with the fast I_ rampdown, /4/, no
significant spectrum 3(f) changes were observed (Fig.6). The
current rampdown produces the fast D decrease (a) whereas the
high frequency f>200 kHz oscillation <VU* > e changes have not
been observed. This fact 1s 1n accordance with probe
measurement data which proves that ne(r) at the perilphery 1s
kept constant /4/.

Thus the results obtained show that under the ohmically
H-mode transition initlated with the both methods mentioned
above the oscillatlon amplitude of the reflectometer signal
falls down quickly when the cut off region 1s localized in the
plasma periphery. This falling down 1s connected with the most
preferential supprassion of high frequency oscillations. In the
current rampdown experiments such effect has not been observed.
Qur 7results are 1in accordance with the reflectometer
measurement data obtalned 1In divertor discharges under
additional powerful plasma heating /1,5/. They support the ldea
of the suppressing of plasma osclllations by the radlal
electric field shear /6/.
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PLASMA TURBULENCE STUDYING ON THE T-10
BY MICROWAVE REFLECTOMETRY

V.A.Zhuravlev., V.V.Dreval
1.V.Kurchatov Institute of Atomic Energy., Moscow, USSR.

Twe types of "0O"-mode operating reflectometers were
developed on the T-10 tokamak for plasma studying. The first
one measures the time delay of reflected signal and is
intended for studying of density profiles and low-fregquency
turbulence up to 40 kHz. The second is +the heterodyne
reflectometer, which 1is intended for studying plasma
oscillations from some kHz to some MHz.

The time-delay reflectometer (1] worked with fixed
microwave signal freguencies from 22.6 to 48 GHz  (with
densities in the reflecting layer from 0.6 to 3x10 "cm )
Sweeping of the microwave frequency is possible too. The time
delay is measured independently on the mode of the microwave
oscillator operation in this reflectometer. In fig.la the
behavior of the the time delay of 41.8 GHz signal during
whole tokamak pulse is shown. Zero time delay corresponds
roughly to the tokamak chamber wall. The reflecting layer
arises on 100-th ms near the center of the chamber and then
moves to the periphery. In fig.lb saw-teeth oscillations on
the =ame stretched out in time signal are shown. Fast
oscillations with some kHz frequencies are presented in the
signal. In fig.2 the spectrum of fast oscillations in the
time-delay signal is shown. The time-delay reflectometer
through whole testing period showed good possibilities for
studying of low-fregquency turbulence simultaneously with
measuring of radial position of the reflecting layer.

The second reflectometer is the heterodyne one [1].
Microwave frequency of the reflectometer is fixed during the
tokamak pulse. The spectrum of plasma turbulence was received
by measuring of fluctuations of the reflected Bignal
frequency. Amplitude modulation of the reflected signal was
obliterated by intermediate-freguency amplifier. The input of
amplitude modulation to spectra of plasma turbulence didn’t
exceed 20% for worst conditions. Fluctuations of the
raflected signal frequency were analyzed by multichannel
analyvzer in 5-300 kHz range of frequencies of fluctuations
(not the range of reflected signal frequency shifts). The
spectrum of ne/Vne was computed from the spectrum of

frequency oscillations. Three types of turbulence were
observed in plasma: MHD oscillations; oscillations with
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frequency up to 30 kHz and with fast. in comparison to MHD,
amplitude and frequency variations during 3-6 periods;
chaotic fluctuations with 50-300 kHz frequencies. Amplitude
modulation spectra of the reflected signal shows that
low-frequency oscillations (with frequencies below 50 kHz)
have long (215 cm) poloidal wavelengths. Parameters of
high-frequency fluctuations corresponds to the parameters of
fluctuations that were studied by scattering in different
tokamaks [2]. In [3] the strong dependence of De on Vne/n

(=)
was supposed. That s why the time behavior of high-frequency
turbulence during perturbations of the density profile was
studied.

The turbulence behavior during HECEH was not guite clear
because of different conditions of heating. Databace
available didn’t allow to obtain clear dependence.
Nevertheless it ies possible to maintain that the turbulence
rise after the ECRH start was dependent not on the power of
ECRH only, but on radial distribution of power input too.

Results on the dependence of turbulence amplitude on
plasma density profiles were more clear. In fig.3 and 4
radial distributions of amplitudes of the turbulence A are
shown. A is given in arbitrary wunits. In fig.3 different
density profiles wereifrqgted by rise and decrease of plasma
density in 1.5-3.5x10 cm range during the same tokamak
pulse with g(a)x®4.5. In fig.4 turbulence distributions were
obtained for stationary stages of tokamak pulses with aq(a)x6
and qf(a)x4. In the plasma periphery (rz22-24 cm) turbulence
had the same amplitudes for different density profiles. But
for smaller radii amplitudes of turbulence for wide profiles
(rising n_ for fig.3 and regime with q(a)x4 for fig.4) were

lower than for narrow profiles (decreasing o and regime with

a(a)xB8). Relative differences of turbulence amplitudes were
2-4 times greater then relative differences of local plasma
parameters (ne, Vne) for different profiles. Eguality of

turbulence amplitudes in periphery of plasma for different
regimes may be caused by either temperature dependence of
turbulence or turbulence properties only (saturation for
instance).

The turbulence amplitude was measured in regimes 1¥it§

periodic deuterium puffing. In pulses with nESZ.BX1D cm
and rnﬂ$20—22 cm correlation between the pulse valve work

and the turbulence amplitude was observed. In pulses with
n ®3.5%10 em ~ and r“M323—24 cm the correlation was not

found. In this pulses plasma density had =6% modulation
caused by periodical puffing. The turbulence amplitude had
more than 40% modulation for rmdﬂﬁo—EEcm. In fig.b the
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behavior of the turbulence amplitude A is shown after the
pulse valve switching on. The time behavior of the density
gradient Vne in the reflecting laver, which was obtained by

the model [3]1 with the neoeclassical pinching velocity Vp and
different Dé, is shown in fig.5 too. When I¥ in the model was
independent on Vng (De”const). the density profile evolution

in the model was slow, in comparison to experiment, and
correlation between the time evolution of Vng and the

turbulence amplitude A wasn't quite correct. When the
dependence ADE/DEN4—6A(Vn9]/Vn9 was used in the wmodel, the

time evolution of the density profile was close to
experimental one, and the evolution of Vne was really

correlated with the experimental evolution of turbulence
amplitude. The relative change of Vne was 4-6 times less than

the relative change of turbulence amplitude. i.e. the
evolution of D in the model was the same as the evolution of

turbulence amplitude in experiment. The strong dependence of
the turbulence amplitude on the density gradient exists only i
for region with r=220-22 cm. It is possible that the I
dependence exists for some tokamak regimes, but not for all
regimes. There is no anv data on the temperature dependence
of the turbulence. Behavior of low-frequency oscillations
during puffing was not clear., may be because two different
species of the oscillations were not distinguished.

Conclusion: The strong dependence of high-frequency
turbulence amplitude A on the shape of density profiles was
found for some regimes of T-10 for r=20-22 cm. That may be
strong non-linear dependence of A on ¥Vn_¢/n_. Using of the !

same dependence for De in the model [3] of density profile ‘
behavior gives the possibility to describe putfing I
experiments in the model with the neoclassical VP and small
D . I

=3

1. Sov. Journal of technical physiecs, v.57.1987, =.%, p.B85R
Sov. Plasma physics, v.15, 1288, n.4, ».5H03

3. Sov. Plasma physiecs, v.15, 1989, n.4, p.387
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A FIVE-CAMERA X-RAY TOMOGRAPHY SYSTEM FOR THE RTP TOKAMAK

D.Fda Cruz Jr. and AJH, Donné

FOM-Instituut voor Plasmafysica "Rijnhuizen", P.O. Box 1207
3430 BE Nieuwegein, The Netherlands

Introduction

In most soft x-ray tomography systems in operation nowadays, the poloidal number of the
oscillations that can be reconstructed is limited to m=2. This is due to the small number of
cameras used, and their relative positioning around the tokamak. Because of the limited access
to the tokamak optimum positioning of the cameras is almost impossible, especially in those
cases where cameras have to be mounted outside the vessel. A five-pinhole camera system is in
use on Tokamak de Varennes [1], where fluctuations up to m=3 could be resolved [21, At the
RTP-tokamak a similar system is being installed inside the vacuum vessel in order to study
plasma oscillations with high poloidal number. With this system one can expect to reconstruct
oscillations with poloidal number up to m=4 (and perhaps one component of m=5) without
assuming any rotation of the plasma. The instrumental details of the system have been
published elsewhere [31. Below only a short description is given. The research programme of
RTP will be described on this conference [%1.

c Descrioti

The five 'slit-hole' cameras for RTP will be placed inside the tokamak vessel. They are
positioned as close as possible to the plasma at 20 cm from the plasma centre (minor radius:
x 16 cm). This allows us to reach certain angles which cannot be viewed from outside the
vacuum vessel. The cameras are positioned at angles of 10°-55°-90°-240° and 290° with respect
to the tokamak equatorial plane, to attain the best poloidal resolution for the system.

Each camera has two 16-channel arrays of Si photodiodes. The diodes are sensitive to
photons with energies between 1 and 10 keV. One array is exposed to the plasma radiation.
The other, which is screened from plasma radiation, works as a reference for the first array.
This has been done to subtract by differential amplification any electromagnetic pick-up that
could occur inside the tokamak vessel .

. The detectors view the plasma through an aperture with dimensions of 1.0 mm in the
poloidal direction and 4.0 mm in the toroidal direction. The aperture is vacuum sealed with a
25 pm thick Be-foil to avoid detection of visible light, and to select the spectral region of
interest. The first array is positioned 10 mm behind the aperture. The solid angle of the system
determines a viewing chord with a radial extension of 10-20 mm, depending on the particular
viewing chord. In the toroidal direction this extension is about 16.0 cm (major radius: 72 cm).
The detectors observe the plasma along chords with impact parameter p ranging from 1 to 12
cm. The mapping of the chords into the (p,$)-plane is shown in Fig, 1, in which each point
represents one viewing chord.

In order to protect the arrays from high temperatures during baking of the vessel, a water
cooling system is employed.
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Electronic m

The Si photodiodes are of the PNN* type normally used for visible light detection [41.
However they are also suitable for detection of x-ray radiation [%). The total thickness of the
diodes is 400 pm, with a 10 pm thick sensitive layer and a 1 pm thick p-layer. The area of
each element is 4.0 x 0.94 mm? and the spacing between neighbouring elements is 1.0 mm.
The detectors are operated in the current mode with a reverse bias of +12 V.

The first stage of amplification, along with the differential amplifiers, are positioned outside
the vacuum system but as close as possible to the cameras, in order to minimize the stray
capacitance of the cables. The 32 pre-amplifiers as well as the 16 differential amplifiers for
each camera are mounted on 8 separate printed circuit boards. Since the circuits are very close
to the magnetic field coils, the prints are positioned inside a box with double walls of Cu and
p-metal to avoid any electromagnetic disturbances.

The electronic system has been designed to have a total bandwidth of 200 kHz. It is AC-
coupled with a time constant much longer than the plasma duration. The output signals of the
differential amplifiers are led to the control room via 40 m-long lines (50 £ coaxial cables).
Here the main amplifiers take care that the signals are in the proper voltage range for the
transient recorders (0-1 V)

The 80 signals are sampled by separate transient recorders with a maximum sampling
frequency of 1 MHz. Each module (composed of 8 transient recorders) has a memory of 4
Mbyte. This memory is large enough to store the signals for the complete RTP plasma shot,
that lasts about 200 ms. The signals for all RTP diagnostics are stored in one single file. Since
the space in the file is limited, it is impossible to store 40 Mbyte of information for x-ray
tomography alone during each shot. Hence, data reduction will be necessary after each plasma
shot. Therefore, a data reduction code will run in the local CPU available on each module in
the near future. In this code, reduction of the sampling frequency will be performed for time
slices where no or small activity is observed in x-ray signals. Eventually the tomography
reconstruction procedure could also be performed in these CPU's.

Tomography Reconstruction

. Each of the 80 channels measures the brightness f(p,9), that is the integral of the local
emissivity g(r,0) of the plasma along its line of sight L(p,¢):

(0= [e@.8) )

L(p.0)

In order to reconstruct the local emissivity(pproﬁle from the measured signal, a tomography
reconstruction code will be employed. For our data we intend to use mainly the analytical
method developed by Cormack in 1963 [6-7], and nowadays being extensively used in various
tokamaks [8], The method performs an expansion of both the emissivity and the brightness in a
Fourier series. The simplicity and efficiency of this inversion method lies in the further
expansion of the Fourier components of the emissivity in a series of orthogonal functions
known as Zernicke polynomials. This last expansion leads to a simple solution, which can be
efficiently implemented in a computer code. The main disadvantage of this method is the
occurrence of artifacts in the reconstructed image near the boundary of the reconstruction
region. This effect is due to the property that the Zernicke polynomials remain finite at the
boundary. Since the expansion in a series of these polynomials has to be truncated at some
maximum value, the resulting sum does not present a good behaviour near the edge.

In our case we expect to be able to resolve modes up to m=4 (sin m8 and cos m6), and
perhaps one components of m=5 mode. In the expansion of the Fourier components in terms
of Zernicke polynomials, the maximum order of the polynomials will be limited to 1=7-8.
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Preliminary Results

Recently the first camera, located at 10°, has come into operation. First measurements with
this camera have been performed on ECR heated plasmas with ne = (2-3)x1019 m3,
L =120kA, By=2.14 T, and qz=3.4. During this kind of discharges a very efficient
heating of the electrons is observed [9). Preliminary results for this kind of discharges show
that with central ECR deposition sawtooth oscillations (Fig. 2) develop. In the first
milliseconds after the onset of the ECR pulse (power = 200 kW) the g=1 surface seems to
expand. This can be explained by the fact that the Te-profile during ECRH is much more
peaked than during the preceeding ohmic phase. The resulting j-redistribution leads to a go<1
whilst in the ohmic phase gp>1.
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STUDY OF q-PROFILE IN LHCD REGIMES WITH MICROWAVE REFLECTOMETRY

A. Silva™, M.E. Manso™, F.X. Soldner, H. Zohm, and F. Serrat
Max-Planck-Institut fir Plasmaphysik, EURATOM Association , D-8046 Garching, FRG
+Instituto Superior Técnico, EURATOM Association , 1096 Lisboa Codex, Portugal

| - Introduction

The MHD activity of a tokamak discharge depends on the current profile. The
confinement behaviour can be improved with optimized current density profiles; it is therefore
very important to determine j{r). MHD modes can be destabilized at the rational surfaces,
inducing density perturbations. We have studied those perturbations with broadband
reflectometry, in LHCD discharges where significant modifications of the current distribution
can occur /1/. The plasma profile is continuously probed, and it is possible to obtain the radial
distribution of the MHD perturbations; so the g-profile and its temporal evolution could be
estimated from single shot measurements. Results confirm that LH can strongly modify the
plasma current density distribution.

Il - Localization of MHD modes

Density perturbations affect the refractive index of the probing waves and the location
of the plasma reflecting layers. Phase and amplitude modulations are produced as a result of
large scale fluctuations, as it is the case for MHD modes. The effects are due mainly to
perturbations located in the plasma reflecting region, and not in the propagation region, /2/,
thereby allowing well resolved spatial measurements.

Fig.1 shows the results obtained in an LH discharge where a m=2 mode locked and led
to a disruption. A density layer with constant density (fixed frequency reflectometry) was
probed. The distribution of the frequency power spectrum before and at the disruption (t -

1.94 s) is shown in Fig.1(a). The slowing down of the mode is clearly resolved. The
comparison between m=2 mode frequency obtained by reflectometry and the corresponding
magnetic data given by Mirnov coils (Fig.1(b)), reveals that reflectometry can indeed detect
density perturbations due to magnetic MHD modes.

In fixed frequency measurements only a limited number of plasma layers can be probed,
and their locations must be obtained from independent data. With broadband measurements
the plasma is continuously probed. By obtaining the average phase shift corresponding to the
plasma profile and the component due to the fluctuations the radial distribution of the
fluctuations can be determined from the same broadband raw data /3/. Typical spatial
resolution of the measurements is 1 - 2.5 ¢cm and the sensitivity is 1 - 2 mm.

In order to test this diagnostic technique two plasmas with different safety factors {q,

~3.3 and 4.8} were studied, as shown in Fig.2. In both cases locked (m=2,n=1) modes

precede the disruption. From the evaluated phase shift characteristics, %/AF(r), phase jumps
can be observed due to:the flattening of the plasma profile (caused by the locked modes at qs# .. ~
~2). Several perturbations are also seen at the expected location of other rational surfaces; the

continuous increase of the phase shift due to the average profile is also observed. Numerical
studies where a parabolic plasma profile was periodically disturbed, give further support to the
interpretation of the experimental results. The electron density profiles obtained from the
averaged phase shift data of Fig.2(a) are depicted in Fig.3; the flattening of the profile close to
the expected locations of q=2 surfaces can be clearly seen. The locations of density
perturbations for the two plasmas are presented in Fig.2(b); the q profiles for ohmic plasmas as
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derived from the Tglr) profile, assuming neoclassical conductivity, are also shown for

comparison.

Reflectometric measurements agree rather well with the expected g profiles for the two
different plasmas. Differences from the expected ohmic values can be due not only to the LH
waves, but also to the fact that the reflectometric data correspond to the outer radial positions
where the density perturbations are first detected, leading to somewhat higher values for the
position of the rational surfaces.

Ill - Changes in the g-profile during LHCD

LHCD discharges with different compound launched spectra were studied, where
significant changes of the current density profile j(r) are expected to occur /1/. Fig. 4 refers to
#29273, with d¢=90°/ 90° +180° and P}y =0.75MW/ 0.75 + 0.3MW. Fig. 4(a) shows a slow

decrease in (ﬂequ-ﬁinUZ, for the second LH plateau, attributed to a decrease of the internal
inductance I; and therefore a broadening of j(r). The overshoot in the decrease of the U 5qp is

an independent confirmation of this because it is caused by a decrease of the poloidal magnetic
field energy due to the drop in ;.

The local modification of j{r) can be inferred from the temporal evolution of the radial
location of MHD modes as described above. The results obtained from several reflectometric
samples during the plasma discharge, (for 20 < r < 40cm) are presented in Fig. 4 (b). From
the OH phase to the steady state phase of the first LH plateau (with b¢ = 90°) an outward

radial shift of the radial position of the observed modes is found. For t > 1.4 s (second LH
plateau, 4¢ =90° + 180}, a clear outward shift of the innermost detected surface (at q-3/2) is

seen; surfaces with higher q remain roughly at their position during this stage. The observed
shifts are in agreement with Li beam measurements wich give the local jir) profile /4/. For the
case discussed here they predict a flattening of the current profile in the central region, and a
steepening of the gradient of j in the region further out. The range of variation of the radial
position of each mode from reflectometry measurements is depicted in Fig.5, where also the
radial q-profile for the ohmic phase, as derived from Tglr) is plotted for comparison.

For another set of discharges with the same plasma parameters but different LH spectra
(89 =90° + 1507, P }y=0.35 +0.25MW), the madification of j(r) was studied with reflectometry.

Rational surfaces q=3, 5/2 and 2 were identified both in OH and LH phases; an inward radial
shift was measured in the q=2 surface, corresponding to a flattening of the j(r) profile near
g=2. The results also agree qualitatively with local current density profiles obtained from Li-
beam measurements.

IV - Concluding remarks

The study of the g-profiles in LHCD discharges with different wave spectra has been
performed with broadband microwave reflectometry. Several MHD modes could be localized,
namely modes located in the interior plasma, that cannot be easily detected from the external
Mirnov coils. The radial shift of their locations indicates significant changes of j(r) during LHCD
according to previous Li-beam measurements. From the experimental data, suppression and
excitation of MHD modes due to LH could also be observed. The study shows the potential of
this new reflectometric technigue:(i) the temporal evolution of the g-profile can be estimated
from single shot measurements, (i) the correlation between local changes of the g and the ng

profiles, and the suppression or excitation of MHD modes can be investigated.

One of the limitations of this technique concerns the difficulties in identifying the
resonant surfaces corresponding to the observed density perturbations, as the mode numbers
cannnot be directly determined from reflectometry. The profile q(r) has to be estimated from
another diagnostic at a reference time,and also a large number of reflectometric samples must
be taken in order to follow the detailed temporal evolution of qir).
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Figure Captions

Fig. 1: (a) Contour plot of the frequency power spectrum of density fluctuations for a probed
density layer with ne=0.7'1013cm‘3 during the time interval 1.75 to 2.0 s (#31070); (b)
reflectometric raw signal for the time window (1.84 - 1.85) s prior to locking, showing the
decrease in the rotation frequency of m=2 island, from -1 kHz to -0.5 kHz (1), and the signal
from Mirnov coils (2).

Fig. 2: (a) Radial variation of the microwave phase shift AbjAR corresponding to 2 ms sweeps at
t=1.756 s [#32206, g3-3.3]1 and at t=1.88s [#32207, q3~4.8]. In both discharges
ng~1.3*10" and LH [1.2;2.2] s; (b) g-profiles derived from Tgl(r} for the ohmic phases of shots
in (a). The localization of the MHD modes obtained from the perturbations in the phase shift (a)
is indicated.
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DENSITY FLUCTUATION PROFILES ON TORE SUPRA
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and
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1.INTRODUCTION

The ALTAIR experiment on TORE SUPRA for the analysis of plasma
turbulence by CO2 laser scattering includes some original features [1-2] : 2n
rotation of analysed K wave vectors, heterodyne detection, and accessibility of
2 simultaneous and independent wave numbers.

Because of the very small scattering angle (~1mrad), such scattering
experiments are usually considered as having no resolution along the beam. If
we take into account the pitch angle Bp(r)/B¢ of the magnetic field lines (+ 7°
around the magnetic axis along a vertical chord for ga = 3.3) together with the
fact that the fluctuation wave vectors are mainly perpendicular to these field
lines, one can improve the spatial resolution along the chord of measurement.

We hereby present results, for measurements with k ranging from 3 to
15 cm-1, showing this resolution. Using a suitable deconvolution method,
density fluctuation profiles have been determined.

2.MEASUREMENTS

The CO; laser beam passes through the tokamak plasma along a
vertical chord close to the plasma center. The analysed K vector is then
horizontal and makes an angle o with the poloidal plane. Fluctuation
measurements have been recorded with a rotation of the analysed k vector
during stationary plasmas in ohmic regime (B=3T, Ip=1.2MA, R=2.39m,
a=0.75m, gcy1=3.3). The speed of rotation was 2°/s, covering a range of 12 to
15° during stationary conditions. Successive angles of K corresponded then to
different positions of the analysed volume.

After proper filtering and amplification, the signal issued from the
detector was then analysed by a spectrum analyser. A complete spectrum was
recorded every 200ms, corresponding to a k rotation step of 0.4°. An example

of two spectra for k= 12cm-! is represented on fig.1 for o = -6° and +5°,
corresponding respectively to the bottom and the top part of the plasma. The
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frequency shift (respectevely negative —— S —
and positive by ~300kHz) indicates a *— "
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3.DECONVOLUTION METHOD | J‘ V

lii

If the turbulence wave vector is  'm =w ¢ = e o o 0 m e
assumed to be essentially perpendicular Fig.l - Turbulence spectra S(f)
to the equilibrium magnetic field, the
measured signal amplitude is proportional to the density fluctuation integrated
along a vertical chord, i.e.,

+oo
Iy (0) = de S1,0 () exp {%ﬁf)}z

where k,w are the turbulence wave number and frequency, o is the angle
between a poloidal plane and the analysed wave vector k, &(y)=Bp(y)/By is the
pitch angle, y indicates the vertical direction abscissa (y=%1 corresponds to the
last closed magnetic surface) and 8oy, is the apparatus resolution (o =V2Ak/k,
Ak=2/w where w is the beam waist). The observed fluctuation &ny , is related
to the actual density fluctuation spectrum through a relation involving Ak.

The analysis has been achieved by studying Iy ,(a), the frequency
integral of dny , for several values of k (the index w will be dropped
henceforth). The radial profile of &ny is determined by investigating the best
coefficients b, ¢ and p so that n(y) = (b + clylP) n(y), n(y) being the density
profile. For such a &ny profile, the signal Ix(a) is of the form blp(e) + cli{a),
where Iy and I; correspond respectively to constant and lylP profiles. The
coefficients b and ¢ are solution of a system of two linear equations. The
inversion of this system gives the coefficients b and ¢ for each value of p. The

couple (b,c) which is finally kept is the one for which the fit blg + cIj is the
closest to the experimental profile Ij.

4.RESULTS

The measured fluctuation amplitude I(o), for k=12cm-1, as a function
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of a by superposition of results from 4 shots under identical plasma
parameters, is compared on fig.2 with the calculated fluctuations after
deconvolution. The corresponding absolute and relative fluctuations (8n and
sn/n) are shown on fig.3. The &n/n profile is very sharp: the result of the
calculation for 8n/n =b + clyl? gives b/c = 0.05 and p =6. For these
parameters, the calculated and measured curves (fig.2) are in a good
agreement.

I0) A1 80
[A‘U.]m! = 3 l\ i
" 3( \ /
.,t ‘ } \
7 i+ k—/ \
d L \
{ =15 1 0.5 L] 0.5 1 - ra L5
5r =
(AU 8n/n

o [°] E’l.s -1 .5 [ 05 i tla 15
Fig.2 - Measured (—) and calculated (- -) Fig.3 - 8n and &n/n profiles corresponding to the
fluctuation amplitude for k = 15em-1 case of fig.2

The shape of the pitch angle curve with normalised minor radius for a
typical shot is given on fig.4. Since this curve exhibit a maximum & ,, the

wings of the signal Iy (o) should behave as

o-Emax
Imax €Xp- Soyc g

This property is verified from fig.2

Y

and provides a check of the k and Ak r
value through an evaluation of Soy. | "

Then, all the information on the dny | /

profile is contained in the central 'r ’,v"

hollow of the Iy(a) curve, which L /

determines the accuracy of the method. it /

The convergence is reached for o - ";”“ |
sufficiently small values of oy, i.e.,  Fig4 - Pitch angle profile &(y), determined from
for large values of k, typically TmApERLic: rches
k>9cm’l,

On fig.5, the results of the measurements with rotation of kK are

presented for k = 6,9 12 and 15 cm-1. When k increases, the central hollow is
more pronounced, corresponding to a better spatial resolution. For all the
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Fig.5 -
curves, the deconvolution gives a 8n/n profile, with p = 5 to 7. The ratio b/c
decreases when k decreases, with b/c = 0 for k < 9em-1. So, the dn/n profile is
very sharp, meaning that the edge turbulence dominates the whole
measurement. The quality of the fit between the observed and the calculated
I(a) proves also that the turbulence is mainly perpendicular to the magnetic
field lines.

Even at 6cm-!, some resolution exists, as shown by the central hollow
in the I{o.) curve. Simulations were made with all the parameters of these
ohmic shots and for a turbulence profile taken as dn/n = by®: as an example,
fig.6 represents a distribution of the density fluctuations dn measured by the
detector as a function of y, for k = 6cm-1 and « = 6°. We can see that all the
measured turbulence originated from the upper part of the plasma, with
y > 0.5.

5. CONCLUSION
It has been experimentally shown that the ALTAIR experiment gives a

resolution along the measurement chord. This resolution is better for higher k
and lower gy. From it, we can then get fluctuation profiles showing a
turbulence existing mostly near the periphery. This corresponds to a very
weak turbulence inside the g=1 surface. It is therefore compatible with density
profiles flatter in Tore Supra than on smaller machines where the b/c ratio is
larger [3]. Tt also confirms the fact that the turbulence is locally perpendicular
to the magnetic field lines.
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ELECTRON TEMPERATURE FLUCTUATIONS IN RTP
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Introduction

A 20-channel double-conversion superheterodyne mm-wave receiver has been installed at
the RTP-tokamak experiment. Apart from the routine measurement of electron temperature
profiles, this diagnostic wil be used for the study of fast electron temperature phenomena in
ECRH heated plasmas. In this paper we describe the experimental set up and give first results
obtained in ohmic and ECR heated tokamak discharges in RTP.

Experimental Set up

Second harmonic X-mode emission is measured by means of two antennas operating in the
frequency bands 86-110 GHz and 110-146 GHz, respectively. The antennas are mounted
inside the vacuum vessel to minimize the distance to the plasma. The viewing spot (i.e. the
cross-section of the main antenna lobe and the resonance layer) is about 5 cm? in the plasma
cenire. A slight improvement of this spot size might be obtained with optical imaging
techniques (lenses), but this is not envisaged for the experiment described below.

The waveguides from the tokamak to the ECE receiver system are mainly oversized straight
sections, except for some parts that incorporate the DC/vacuum breaks, directional couplers,
switches and bends. In this way a measurement of pure TEOl-mode is maintained,
corresponding with X-mode emission in the absence of non-toroidal magnetic field
components.

The actual receiver consists of two frequency conversion stages and a demodulation part
[2]. The first stage consists of 5 down-converters (broadband mixers + local Gunn
oscillators), selecting 12 GHz wide parts from the incoming signal, which are then converted
to a uniform IF band of 6-18 GHz. The second conversion stage consists of 4 mixers for each
down-converter, with LO values: 7.5, 10.5, 13.5 and 16.5 GHz, selecting four 3 GHz wide
parts from the 6 - 18 GHz band and converting them down to 1 - 1500 MHz by means of a
double sideband mixing process. Note the effective reduction of the bandwidth by a factor 2




caused by the DSB-nature of the second mixing stage. A stepwise tunable low-pass filter is
incorporated in the second IF stage. With this filter the full bandwidth of each channel can be
varied from 400 - 2000 MHz, which corresponds with a variable spatial integration length
along the line of sight of 1 - 18 mm, depending on the channel bandwidth and the radial
position of the resonance layer. Eventually, the second IF band is demodulated for each of the
20 channels by square law detectors. The resulting signal is amplified, filtered and digitized
with a maximum video bandwidth of 1 MHz.

Te-resolution

The effective noise temperature of the system is low (few tenths of an eV). So the limit for
Te resolution is given by the effect of photon noise. In a square law detection system in
absence of thermal noise, the signal to noise ratio is mainly determined by the product of
bandwidth and sampling integration time [3]. Based on this assumption and on the fact that
bandwidth is related to spatial resolution in ECE systems, one can deduce a minimal resolution
product :

(£ &)@ >
In this equation, AT, AR and At are the resolutions in the electron temperature, in the line of
sight (integration length) and in the time, respectively. 'f' is the measuring frequency. Using a
video bandwidth of 300 kHz and a radial resolution of 1 cm which are minimal values for
measuring broadband fluctuations, we obtain a AT/T, of about 10 %. To resolve broadband
fluctuations, this value must be smaller than 1%. Regarding the additional deterioration of the
spatial resolution caused by optical thickness effects and finite antenna pattern divergence, one
can conclude that it is impossible to measure broadband fluctuations with standard ECE
techniques.
For all Te-fluctuations in the lower frequency range, such as sawteeth, MHD-modes,
disruptions, additionally applied heat pulses by ECRH, this instrument is very well suited.

Experimental results
Although the double-superheterodyne ECE receiver is serving as a bulk temperature profile

diagnostic since Februari 1991, we are still working on various calibration schemes. At
present only a calibration against the single point Thomson scattering diagnostic is performed.
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In ohmically heated plasmas, highly resolved measurements of sawtooth instabilities are used
for local transport models, along with sawtooth measurements with a multi-channel
interferometer and a set of chord averaged SXR emission measurements.

The main interest in the near future will go to measurements in ECRH heated plasmas. The
results until now show on a number of occasions large temperature variations around the
ECRH resonance layer during additional heating, whereas the off-centre temperature profile
remains smooth. These phenomena are accompanied by a large shot-to-shot variation of the
on-axis temperature measurement by Thomson scattering, while these measurements outside
the the centre show good reproducibility. In Fig. 1 the time evolution of the electron
temperatures at the resonance layer and 2 cm outward is shown. During ECRH shots without
plasma, there is no coupling of the gyratron power (lst harmonic; 60 GHz) to the
measurement system. The second harmonic content of the gyratron radiation causes a faint
response only on the channel which measures at 120 GHz. This means that the measurements
shown in fig. 1 are not disturbed by direct ECRH power detection.
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Fig 1. Time evolution of the plasma current (a). Strong variations are measured on the electron
temperature during ECRH on the magnetic axis near the resonance layer (b). At 2 cm
outward (c) the fluctuation level is much lower .
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1. INTRODUCTION

A multichannel X-ray spectrometer has been installed on TORE-SUPRA in order to study
photon emission between 30 and 700 keV, during lower hybrid experiments. This diagnostic is
designed to observe the build-up of the momentum distribution of the fast electrons due to Landau
damping on the RF waves [1], with both space and time resolution. In this paper, we describe the
experimental set-up and present first results. For high density plasmas, well-defined spectra are
observed up to 300-350 keV. The line-integrated emission profiles are peaked at low energy, and
become hollow above 150 keV. This result is consistent with the accessibility of the RF waves
inside the discharge. Low density plasmas exhibit a strongly peaked X-ray emission profile at all
energies and, for the central chords, spectra extend up to 500 keV. In this case, it is shown that
Xrays scattered by the tokamak chamber become dominant below 200 keV, for the lines of sight
at the edge of the plasma.

2. EXPERIMENTAL SET-UP

The high energy X-ray spectrometer probes the plasma along five chords in the same
poloidal section as shown in Fig. 1. The lines of sight are labelled A, B, C, D, E, and their positions
are respectively r,/a, = +0.2, 0.0, -0.33, -0.52 and -0.71 in a standard plasma centered inside the
tokamak chamber ( dp = 75 cm ). The two more peripheral lines of sight, D and E, cross the in-
ner wall of the tokamak covered by 1 cm thick graphite tiles, whereas the three others face the
upper port.

The versatile lead collimating system permits different apertures to be selected, to adjust the
spatial resolution (2 - 15 cm). To prevent contamination of the signals by non-collimated X rays,
all detectors are placed inside alead box which has 10 cm thick sides. A special neutron shielding
with light elements has been designed for the diagnostic, and will be installed in the near future.

Detection of the plasma bremsstrahlung emission at high energy in a flux of 2.5 MeV neu-
trons is a difficult task, even if detectors are protected by an efficient shielding. In order to reduce
the noise induced by neutrons coming through the collimating apertures to an acceptable level du-
ring deuterium discharges, bismuth germanate (Bi,Ge,0,, or BGO) scintillators have been
chosen. Their high stopping efficiency compared to classical NaI(T1) scintillators allows us to use
less material (a factor 1/3) for similar performance. Thus, interactions with neutrons and
secondary high energy yrays produced in the vicinity of the detectors are expected to be reduced

significantly, without a large degradation of the photofraction between 30 keV and 700 keV (see
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Fig.2). With 23 mm thick BGO crystals,
only 10-15% of the plasma emission is lost
between 30keV and 400keV (Fig.2). Atte-
nuation along the lines of sight is kept to a
small level above 30 keV, by the use of a
1 mm thick aluminium vacuum window.

Luminescence properties of BGO
under X-ray excitation are characterized by
its extremely small afterglow (0.005 %
after 3 ms), which enables a high counting
rate (> 100 kHz) for time resolution. BGO
has a disadvantage in that its scintillation
conversion efficiency is only 10-15% of
NalI(TI). The fact that the BGO energy re-
solution is 50% lower than Nal(Tl), does
not represent a serious handicap, as
bremsstrahlung spectra are always very
broad, (Fig.2).

3. RESULTS AND DISCUSSION

Ttis well known that LH current drive
efficiency.is a function of both the charac-
teristics of the discharge (electron tempera-
ture and density) and the spectrum of the
RF waves launched into the plasma. Opti-
mization of the efficiency has been investi-
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gated at various densities : n (0) = 1.5-5.0 10" m?, for the TORE-SUPRA LH system by changing
the phases between the waveguides of the launcher [2].

For 'the high density experiments, the duration of data acquisition is 1.0 s and helium

plasma-parameters are : B, = 39 T,
I =L6MA, T =~13keVandZ_=32.The

ensity profile is very flat (peaking factor
0.5). With-P,, = 2.4 MW, X-tay spectra
extend upto 300-350 keV, and the slope of
the power emitted per unit of energy
dW/dk = k.dN/dk.dt decreases slightly
from: the.center to the edge of the dis-
charge (Fig. 3). The line integrated emis-
sion ‘profile is hollow above
150 keV(Fig.4). It tends to fill in at lower
photon energies, becoming peaked at
50 keV. No strong dependence of the pro-
files on the phase between the waveguides
is noted. However, the emitted power ex-
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hibits a broad maximum centered for Fig.3
each line of sight at Ag =0°, as obser- T T T T T 24
ved for ECE emission and the current #5144 5
drive efficiency (Fig.5). ; Ad = 0l 22
These results suggest that fast S N s g Jda20

electrons (E>150keV) are mainly lo- \ =0 ]

i : —-E - Z
calized away from the center of the ! —Nm0-18 =

discharge. Resonantelectrons of ener-
gy larger than 150 keV interact with
RF waves having a refractive index
n, lower than 1.6 (Fig.3), which are
not accessible to the center of the dis- o T s
charge in these plasma conditions 50 100 150 200 250 300
(Fig.4). Below 150 keV, waves of hi- k GeV)

gher n are concerned and, as they are
accessible to the center of the discharge, the high energy X-ray emission becomes peaked.

The shape of the X-ray emission profile above 150 keV remains hollow over a long time
(1.05) compared to the characteristic diffusion time of fast electrons, which s expected to be much
shorter [3]. Therefore, this suggests that fast electrons are slowing down rapidly by multiple col-
lisions as they are scattered towards the center of the discharge. This effect can also contribute to
the peaking of the low energy part of the X-ray spectrum [4].

Variations of the X-ray emission with the phase between the wave-guides concern only the
emitted power. The broad maximum at Ag=0° for k=50 keV, which has the same shape as the
"n,-weigthed antenna directivity” 8, = <ln}r>/ (llnzﬂpm) [5], suggests that the high n, part of
the RF spectrum in the plasma (n, = 2.4) does not depend on the injected 0, o (Fig.5). Only the
level of the RF power launched at N, . is important in this case. On the other hand, the fact that
dW/dk becomes clearly more sensitive to A than d_, above 150 keV indicates that the amount of
power at the lowest accessible n , in the plasma, corresponding to n, < 1.6, is then slightly
dependant on 1, . This is consistent with the small dissymetry observed between the positive

and the negative side of A¢. Fig.4
L2 T T T T 7T 20

X \ —1.8
— 1.6
#5144

At low densities, X-ray emis-
sion extends up to 500 keV for central L0
chords. In this case, the emission pro-
file is strongly peaked at all photon
energies. With n (0)= 1.5 10" m3and

0.3

0.6

20w

dW/dk (1076%W keVv™)

B, =3.9T, only the part of the wave : A =07 \
spectrum corresponding ton, > 1.4 is _— T L
accessible to the center of the dis- ‘ { — stkev

charge. Thus, observation of radiation 5 NG i A
above 250 keV with lines of sight A,B - .. 200 keV

and C suggests that the tail of the elec- (071 SRR EFEEECIN A A AN R b
tron momentum distribution is modi- -1.0 -0.5 0.0 03 Lo

fied by the remaining electric field
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during LHCD.

1.0 LN LB

The X-ray emission integrated
above k=200keV decreases continuou- 0.8

sly fromthe center to the edge of the dis- o L

charge. If integration starts at lower % 06 L Line of sight B

energy (k = 100 keV), the shape of the E F — S0keV
line-integrated profile becomes flat for £ S A R 100 keV i
lines of sight D and E. This behaviouris & 04 17 -~ 150keV tn
ascribed to the scattering of theradiation L S e AU LRV

by the internal chamber of the tokamak. 02k e Normalized directivity ]

§ =0.58
In this energy range, Compton scatte- r fmax )
ring is dominant for materials like car- L i i
& + 0.0" 1111 111l 1111 I ] 1111 L1
bon or iron.and, some photons going 150 -100 -50 O 50 100 150
into the wall can emerge at lower energy
back to the detector after a random walk. Ad (deg.)

The radiation transport equation in steel covered by a 1 cm thick carbon layer has been
solved by a Monte-Carlo method [6]. It is shown that the wall albedo increases from 0.15 for ra-
diations with a normal incidence, to 0.40 when the incidence is nearly tangential. This result is

quite independant of the photon energy 5 Fig.6
from 50 to 500 keV, because of the high 20x10 LR B RN B L R
diffusion power of the carbon layer for = : ]
photons energy below 150 keV. E 15 -
"E' - Line of sight E (exp.) o
A simulation is presented, taking -g- oF Monte-Carlo calculations
account of the toroidal geometry. We 5 1
consider that the plasma X-tay spec- 5 . 1
trum is given by the central chords % - ".& . 1
(which are free of scattered contribu- " T i ,"'“'"H,.% AP
tion as they are facing the upper port), 50 100 150 200 250 300
and that the plasma contribution is near-
ly negligible for lines of sight Dand E . k (keV)

It is then possible to reproduce fairly well the level of the line-integrated emission D and E near
100 keV, and the shape of the photon spectrum for the line of sight E (Fig.6). Moreover, we show
that above 200 keV, the scattered contribution becomes negligible and, the direct plasma contri-
bution s then observable.
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ACCELERATIION OF ELECTRONS DURING CURRENT INCREASE
IN THE " TUMAN-Z " DEVICE.
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Acceleration of electrons in the "Tuman-3" Ohmically heated
nelium plasma under B, =5.2 kGs,J =45 kA,F=1.5-10"cm 3T, (o)=350
ev z_ =3 has been studied.The density and temperature of elecr-
tons were determined from microwave multlchord Interferometery
and Thomsom scattering measurements.Jp,Up,AR and MHD-activity
were measured by electromagnetic methods.
== Data on accelerated electrons

! KA
UP,V M ! IP, were obtalned from spectral measu-
TYV C-SO rements of the synchrotron emissi-
Ot ] on,3E,1n the frequency range incl-

on,‘oﬁcmﬂ uding 4+5 electron cyclotron harm-
374 onics and hard X-ray emisslon,HXR,
DN ;g 'g:bsﬁn with the quantum energy-(0.2+4.0)
5 s MeV.Maximum,WZ:,and mean,W},,quantLun
ITHXR energy values were obtained from
arb. un. |HXR spectra.The full energy of el-
ectrons goilng out to the limiter
t,mS and chamber walls was estimated
according to the expression
We:nb:32+W§.The basic experimental
data are presented in Fig.1+3.

0 #
-

Fig. 1 Oscillograms of the Fig.1 shows that under the Jpand
plasm cur = ’

Sl S U ramp up at the 2 ms,when N4 -
vo age ., (2) ,mean eleclron 1Zp o

densily, (3, SE,c2,and 10%cm ~,T~10 eV,the SE flash ari-
HXR, (Srintensytres. N

ges.With a some delay,at1=3 ms,HXR
appeares tco.At the same time U goes down quickly from 5 V 1o 3
V.The HXR intensity becomes maximum relatively the SE flash wi-
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th the delay, At =« 6 ms.Then insplte of the N decrease and U
growth Dbecause of the MHD-activity amplification under the J
inurease,l essentialy diminishes with the time constant - 812
ms.Peaks, 1*u on 1ts slope are due to the MHD-mode,m=12:6, ex1t—
ation under appropriate resonanse sufaces going out in the pre-
limiter region.At the 15 ms,when T_(a)=~300 eV and F<t-10"cm™
one can see the second SE flash of lesser amplitude than the
rirst one.Under the N increase SE disappeares.But the I 1nc-
rease with the peak,induced by the MHD-mode, m=5;4,exitation
due to the second Jp ramp up begins after at = 14 ms only,the
drop with time constant - = 6 ms-after 21 ms.Under the second
Tast,for 4 ms, J ramp up frnm 48 kA 1o 78 k4 at the 30 ms,when
T_(0)=300 eV,R= 1 6-10%cm,5E 1s not arise,but during the sec-
ond,HXR flash drop the third one appeares.It's delay relatively
the Jpramp up beginning i1s of at_=2 ms.The both Tlashes are su-
mmed with the background HXR which Intensity, I ,lncreases mono-
tonicallv to the discharge end.The frequency SpELtTd of SE ari-
; | sing at the 2 ms,(1),and the 15
;%'Ti SE,ﬂtb.Uﬂ. ms, (2),are exibited In Flg 2.0ne
[ SN v | can see that thelr shape 1is the
H . 2 same : the SE radiatlon temperatu-
|| £ Gz re is small,but T'~2T%,and insign-
- 1,60 55 70 5 75 1ficantly goes down,wit? the freqg-
e = uency growth.The such character of
S gspectra 1s usual for SE of elecir-
ons having large energy in order of hundreds keV and witnesses
about free acceleretion ofrunaways appearing during the discha-
rge by the vortex electric field.In this case;W,»W ,P__1s small
,BC harmonics can be overlapped.Fig.3.1+4 presents quantum ene-
rgy spectra for three rlashes and background HXR.Values of Wr’
Wm and W_are given here.It 1s seen that the energy of electrons
Dﬁrn during various discharge stage may exceed W_x1 MeV.This 1
in accordance with energy esitmatlons for rimaways appearing in
the quasistationary stage near the plasma center ,r «~0O,and gol-
hg out to the limiter duang the free acceleraton,[1]:
(ry=1)"7=5 5 0 sWy=m_c”+ (ry~1);Wy=6 Mev.The life time of such

T17 8




G34

electrons:at =1 0

(S8
(R

n

-5 dp R.
U 8

Al

,Atm=27 ms;exceeds

40

304

o,

o

4) 46 ms - 63 ma W = 0.76 MeV
W, = 18 MeY
W 2.3 MeV

\/
,,WM\MAA A

]

00
enargy, kel

Fig. 3.

600

-~

100

Iv-351

the experimentally
observed one,at2=14 ms.Therefore
In our conditlons runaways arise

ﬁT at the 15 ms in the plasma layer

po-ieme ey having £°>1 %"’ r_»12 cm where
W, = 16 MeV Up
the vortex electric fleld, B=—c
E=6"- ?O'aV/cm to critical value, E =
\h"\lﬂfvw\/\\ 44107 T seems to be 2-fold lager
,““Af \/l\l','\N\-"‘\’L than 1In the central region,
E/E, | pyp,~0.034,the Tunaway birth
2) 29 ma -37 ms W = 0.26 MeV il
W, 0.76 MeV rate and relative density are app-
Wes 19 Mo ropriately = I'e6:107%,Ne/Ne2-107,
As follows from the momentum cons-
\ ervation  law: (r3-1)"""=5 E-at,
j such electrons can be accelereted
| A for (3+4) ms up to some hundreds
keV.The expression:WesTe (1+227) - %“
Qdgme-dame  WF L2 ,allows us estimate W,sWen10 keV.
e 2.1 MeV
Wor-2a ey This provides EC harmonic overlap-

ping,small P__,Fig .2.P__drops qu-
ickly,Fig.1.4.,because of the beam
density decreased by the runaway
birth rate diminishing with the
plasma density growth,Fig.1.3,and
losses oI electrons going out to
the limlter.The lesser amplitude
of the second SE flash than of the
first one and the SE absence duril-
ng the second Jpramp up,Fig.1.4,
are due to the N growth also.Eval-
uatins show that the maximum ene-
rgy of electrons going out to the

limiter reaches Wy"2.2 MeV.At the same time as follows from the
HXR spegtrum.Fig.3.2,W_~1.3 MeV.Using the corrective coefficle-
K =1.7,one can estimate the energy of electrons appea-

I L
nt.Kegwe-, 5

ring in the plasma periphery under the first and second Jpra.mp
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up: Wm =2.7T MNeV, Wm 4.4 MevV,and initiating the background HXR,
W =3.9 MeV.From known W ,-4t, it 1s possible to determine the
efrective eleciric field acceierating runaways 1In the plasma
periphery E ~3.4:10° *V/cm and B ~2- 107 V/em. I peripheric pla-
sma pdrameters are:T_, =20eV, Tez—SDeV N, =~4* 10*%cm “one can ob-
tain:E /E =0.04,EF, /E =0.06.In such conditions accelerated elec-
trons can carry & remarkable part of the discharge current,
[2,31.This is supported by the observed,Fig.1,2,correlaticn be-
tween the Updrop at the 5 ms and beam appearence in the plasma
periphery.The beam prevents penetration of the current Inward
the plasma.The current appeares in the central reglon under gr-
owth of the MHD-activity pressing the beam Inspite of the N de-
crease when the plasma conductivity becoms essentlally less th-
an neoclassical value.Electrons arising under the second Jpramp
up are accelerating up to lager energles than under the first
one,though E ~ E ,Fig.3.1,3,as they are confined with a larger
current,in>Jp2,Fig.1.1.In this reason electrons initiating the
background HXR,Fig.3.2,4 are accelerated with the same electric
field like ones arising at the 15 ms but up to lager energles.
Thus,in our conditlons with relatively high N and Z\C__r runa—
ways appear during the whole discarge.They are freely accelera-
ted before going out to the limiter.Together with runaways ari-
sing continuousely In the hot and dense plasma Initilating the
background HXR the group of runaways appeares during the first
J_ramp up,N growth,second J_ramp up. When N is not too high 1t
produces SE and HXR flashes.In thls case on the relative delay
of these flashes and maximum quantum energy for the appropriate
HXR flash one can determine the effective electrical field pro-
ducing and accelerating runaways In the plasma periphery.

1. V. V. Parail,&. P. Pogulze. Voprosi leorii plasmi Vip. 14 Pod
red. M. A. Leontovich and B.B. Kadnrntzav:Eherg.:nzdat.1952,p.g—55.
2. ¥.I.Afanas’ev,F. V. Chernyshev,V.E.dolant et al,1? EPS
conf. on Contr. Fus. and Plasma Heatingh. Amsterdam,25-29,June
1990 ,V14B,ParlI A-23,.p B2-85. th
3. 8. E.Bender, J.N.Deshko,A. B, Izvozchikov el al. 45 Eur.

Conf. on Contr., Fus. and Plasma Healing. Dubrovnic,i6-20 ,May, 1088,
V12ZB,PartI,P3a120,p75-78.
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ECE MEASUREMENTS USING DOPPLER-SHIFTED OBSERVATIONS
L. Rodriguez, N. Augé, G. Giruzzi, C. Javon, L. Laurent, M, Talvard

Association EURATOM-CEA sur la Fusion
DRFC - C.EN. de Cadarache
13108 Saint Paul-lez-Durance (FRANCE)

1 Introduction.

Electron Cyclotron Emission (ECE) diagnostics are today routinely employed on
various tokamaks to measure the electron temperature of thermal discharges
becausec the plasma is optically thick at the second harmonic extraordinary mode.
The frequency  broadening  arising from the magnetic field variation determines
a direct relationship between plasma position and frequency.

ECE diagnostics are also used to study fast electrons. There is a strong interest
focused on non thermal electron physics, correlated mainly with investigations of
non inductive current driven by RF waves. When suprathermal electrons arc
present in the plasma the direct relation between frequency and position is lost.
For standard ECE diagnostics with lines of sight in the mid-plane normal to the
magnetic field, this is due to the relativistic shift. It is difficult to deduce directly
the maximum energy of the electrons or their location (the power deposition
profile) from the observed spectra. Therefore the interpretation of ECE spectra
has to be done by appropriate simulation codes, in our case a 3-D Fokker-Planck
code /1/ coupled to a radiation code /2/. However the result remains ambiguous.

More information can be obtained from several lines of sight, using both
the relativistic shift and the Doppler effect. In the present paper, plasmas with
both inductive and Lower Hybrid Current Drive are analysed with this technique.

2 Experimental set-up.

On Tore Supra, the plasma is observed simultancously from the low field side
along three horizontal chords located in the equatorial plane :

- The first one (M0) makes an angle 8 = 90° with the magnetic field.

- The second one (BS) crosses the first one on the magnetic axis. Tt is slightly
oblique: @ =79° at the magnetic axis but because of the finite aspect ratio @ varics
between Omin on the low field side and 8pax on the the high field side in the
plasma. Omin =74°  Omax = 82° .

- The third one (RS) is symmetric. 8 = 101°, Opin = 98° , Omax = 106° .

The antenna angular acceptance is 2°. Radiation is analyzed by three Martin-
Puplett type Michelson interferometers with InSb cryogenic detectors. Absolule
in situ calibration has been performed independently for the three
spectrometers. For each one, a spectrum is recorded every 22 ms. The frequency
shift is given by:

\h_gl

V@®) = voR)p (1)
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where vg is the rest cyclotron frequency, R the major radius, and B = v/c. The
factor in the numerator always shifts the frequency downwards while the effect
of the denominator depends of the sign of By cos8.

For & = 79°, it can be shown that v > vg
only if the electrons are located in ™
velocity space in the ellipse shown in
figure 1. This ellipse contains
clectrons flowing in the drift

0zf 1
direction. For that reason we call the ﬂ\

downshifted region 4

associated Michelson Blue Shift (BS). .. / \ |
For 6=101° (Red Shift) the same L s G i
diagram is obtained with vy changed = f/ X E
to -vj/. For @ = 90° v is always smaller | / upshifted region \ 1
than vq,. In the following the spectra aastl \\ |
for 8 = 101°, 90° 79° are represented Hl i

respectively by dotted, heavy and ol i
dashed lines. 0 005 01 015 02 035 03 0335 04 045

Figure 1

3 Ohmic discharges

Figure 2b shows the superposition of the three spectra recorded 3.0 s after
plasma formation.  The parameters are B = 3.85 T, I, = 1.2 MA, <ng> =3 ]019 m-3,
Vicop = 1V. Figure 2a shows the cyclotron harmonics and cut-off frequencies as
a function of minor radius. The most striking observation is that the BS spectrum
is above the RS and MO spectra in the 200 - 350 GHz range. This effect is
systematic and cannot be attributed to calibration effects since it has been
observed at different toroidal fields (2.6, 3., 3.5 and 4T). This is unexpected for
thermal plasmas since only a small broadening (2.5-3. GHz) is expected because of
Doppler effect. In other frequency domains like the second harmonic, low
frequency (160-200 GHz) and third harmonic, high frequency (350-390 GHz) the
amplitudes are identical for the three lines of sight.

The differences must be related to asymmetries in the distribution function
in vy. Similar non thermal features in EC and X-Rays during typical thermal
shots have been observed in several machines /3-5/. However, the effect of the
DC electric field cannot account for such asymmetries as checked by Fokker-
Planck simulations. Two interpretations can be proposed

Downshifted/upshif econ harmonic: The non thermal feature has been
attributed to anomalous transport due to magnetic fluctuations, which cause a
distortion of the distribution function /6/. Following this model the observation
could be explained by the presence of a small number of moderate cnergy
clectrons  slightly accelerated by the DC field (i.e. located in the ellipse of figure
1). Their second harmonic emission can be seen by BS line because, due to the
upshift , they are resonant between the antenna and the optically thick thermal
cyclotron layer). Conversely, they cannot be seen by RS or MO because the
downshift makes them resonant behind the thermal layer.

b) Downshifted third harmonic: Another possible interpretation is Lo

introduce a small number of high energy electrons in the range 200 - 300 keV, in
the inner plasma region. Their downshifted 3rd harmonic emission is seen by BS
at 200 GHz and above. This determines the maximum energy of electrons. Nothing
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is seen on RS and MO because red shift due to the Doppler and/or relativistic
effects makes these eclectrons radiate  just below the optically thick 2nd
harmonic.

4 RF assisted discharges

During lower hybrid current drive experiments or slide away discharges, two
large peaks appear at the same frequencies in the three spectra ( 50-100 and 110-
175 GHz as shown in Fig.2c). If the position and shape of the peaks were
determined by equation (1) a significant difference between the three spectra
would be observed: the peaks would move downwards in RS spectrum and upwards
in BS spectrum. A better agreement is obtained assuming that electrons with a
broad energy spectrum cause radiation between 50 and 175 GHz. The shape of the
spectrum is rather determined by the cut-off and absorbing layers as can be seen
by comparison of Fig 2a and Z2c.

The existence of ECE at low frequency implies a substantial number of
electrons with  energies over 500 keV. Because of the accessibility condition, the
lower-hybrid tail cannot extend so far. A possible explanation relies upon the
combined effects of the lower hybrid power and of the residual Ohmic electric
field, stretching the lower hybrid tail to higher energies. This was checked by
means of the Fokker-Planck code; good agreement is found between the
experimental and simulated spectra only when the dc field is included, i.e., very
similar spectra for the three lines of sight. This interpretation needs
confirmation in fully non-inductive long duration discharges.

A RF power scan between 0.1 to 3 MW has been made. The plasma current is kept
constant, i.e., the loop voltage decreases for increasing RF power. The two peaks
exihibit different behaviour. The amplitude of the highest frequency peak varics
linearly with the power, because the number of the moderate energy electrons is
mainly determined by their interaction with the lower hybrid wave. The
amplitude of the low frequency peak shows a slower increase with RF power
because the dynamics of high energy electrons is also governed by the electric
field which decreases with RF power.

5 Conclusion

We have reported experimental evidence for asymmetries in ECE spectra
measured along oblique lines of sight during Ohmic discharges. These could be
attributed to small deviations from the Maxwellian distribution, due either to
anomalous transport or to an energetic electron population. A clear
interpretation of such asymmetries requires further experimental investigation.

During LHCD experiments, intense peaks appear in the optically thin low-
frequency region of the ECE spectrum in windows between cut-off layers, The
effects of the inductive electric field and RF power on ECE spectra have been
investigated using a Fokker-Planck code. The interpretation is  consistent with
observations at different power levels.

/1/ R.L.Meyer, G. Giruzzi, V. Krivenski, Comp. Phys. Comm. 40 (1986) 153.
{2/ G. Giruzzi, Nucl, Fusion 28 (1988) 1413,

{3/ A.V. Gurevich et al.,, JETP Lett. 26 (1977) 569.

/4] JE. Rice et al., Phys. Rev. A25 (1982) 1645.

/5/ @G. Taylor ct al., Plasma Phys. 31 (1989) 1957.

/6/ H.E. Mynik and I.D. Strachan Phys.Fluids 24(4) 1981
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FIRST RESULTS WITH THE UPGRADED ECE
HETERODYNE RADIOMETER ON JET
LPorie®, D V Bartlett, D J Campbell, A E Costley
JET Joint Undertaking, Abingdon, Oxon OX14 3EA, U K
University of Strathclyde, Glasgow G4
1 Introduction

The capability of the JET ECE diagnostic has recently been extended by a major
upgrading of the heterodyne radiometer [1]. In particular, the number of observation
channels has been increased from 8 to 44, while the system’s inherently high sensitivity,
temporal tesolution and spectral resolution have been maintained. The upgraded
radiometer is capable of measurements in the first and second harmonics of the electron
cyclotron frequency in both ordinary and extraordinary modes. While the advantages of
the heterodyne system are particularly appropriate to edge measurements, the extended
spectral range provides an improved spatial coverage of the electron temperature
profile and permits a wide range of phenomena, including sawteeth and their associated
heat pulses, elms and edge mhd activity, to be investigated.

2 The Multi—Channel Heterodyne Radiometer

ECE from JET is transmitted to the radiometer via the JET multichannel ECE
waveguide system [2]. Each viewing channel consists of an internal antenna, wedged
crystal quartz vacuum window and approximately 50m of oversized rectangular
waveguide. At the entrance to the radiometer (figure 1), radiation is divided four ways
by means of newly developed non—polarizing beamsplitters. Each of these consists of
two orthogonal wire grids wound from 10um tungsten wire and oriented at 45° to the
major axes of the rectangular waveguide. The ratio of transmitted to reflected signal in
both modes of polarization is close to unity. A further polarizer is placed at the
enirance to each of the heterodyne mixers to enable either the ordinary or the
extraordinary polarization to be selected.

The radiometer itself contains four subsystems with frequency ranges: 73.1-78.9GHz,
79-91GHz, 91-103GHz and 115-127GHz. Each subsystem consists of a local oscillator
(a Gunn diode generating -20mW power), beam—lead GaAs Schottky—diode mixer, IF
amplifier, power divider, band-pass filter, Schottky—diode detector and
video—amplifier (figure 1). The first subsystem is divided into 8 channels, each with a
bandwidth of 250MHz (corresponding to a spatial resolution of -2cm), while the three
other subsystems are divided into 12 channels each with a bandwidth of 500MHz (with
a corresponding spatial resolution of -4cm). This yields a total of 44 observation
channels which span a significant fraction of the plasma, the precise range depending
on the toroidal field. Note that the final spatial resolution of the system is influenced
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by the finite antenna pattern of the ECE system, which broadens the effective radial
resolution.

Absolute calibration of the diagnostic is obtained by cross—calibration against an
absolutely calibrated Michelson interferometer, while the relative calibration is
enhanced by means of a technique which uses the plasma itself as a calibration source
[3]. This method involves comparison of the relative responsivities of adjacent channels
in the radiometer by sweeping the toroidal magnetic field while maintaining an
approximately constant electron temperature profile. Previous analysis [3] suggests that
in this way the relative calibration of the radiometer channels can be obtained to better
than +3%. The signal—to—noise ratio of the diagnostic may be determined either by
intrinsic system noise or by fluctuations in the radiation field, depending on the regime
in which the system is operated. For plasma observations it is more appropriate to
characterize the noise performance of the system in terms of the minimum detectable
temperature fluctuation, AT,, which, for the heterodyne radiometer is of order 10eV
for an electrical bandwidth of 3kHz.

3 ECE Measurements in the Plasma Edge

3.1 Limitations: The high sensitivity and good spatial resolution of the heterodyne
radiometer permit accurate ECE measurements in the plasma edge [1] where low signal
levels are usual and diagnosis by ECE is difficult. However, interpretation of the
measurements in terms of electron temperature is complicated by several effects:

(i) Harmonic overlap between first harmonic emission from the small major radius side
of the plasma and second harmonic emission from the outside edge in JET can cause
systematic errors in the determination of the electron temperature when the optical
depth of the second harmonic is € 3.

(ii) Relativistically downshified radiation can cause an overestimate of the electron
temperature. This effect arises when temperature gradients in the edge are very steep,
as may occur during the H—mode, but the optical depth of the plasma at a given
frequency is < 3. In such cases, emission at frequencies identified with the plasma edge
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includes a contribution from relativistically downshifted emission from higher
temperature regions deeper inside the plasma.

(iii) Doppler shifted emission can also degrade the quality of edge temperature
measurements. Two effects have been identified. If the system antenna pattern is too
wide, the Doppler shift due to the finite thermal velocity of electrons can introduce a
contribution from higher temperature regions in a manner which is analogous to the
relativistic downshifting effect and which occurs in similar conditions. An additional
effect can occur [1] in which Doppler shifted first harmonic ordinary mode emission
from the plasma core can appear in the the second harmonic at the edge due to
polarization scrambling on reflection from the vessel walls.

(iv) Non—thermal ECE can be generated by large amplitude mhd phenomena in the
plasma core. The mechanisms are not fully understood, but, since the core optical
depth is very high, measurements in the core are generally unaffected by such
non—thermal emission. However, the broadband nature of the emission can corrupt
measurements in the plasma edge where the optical depth is lower.

All of these mechanisms can contribute to emission at frequencies corresponding to the
plasma edge, so that care must be exercised in the interpretation of edge ECE
measurements in terms of local electron temperatures. Analysis of ECE from the
plasma edge must, therefore, be performed in conjunction with simulations of the ECE
processes [4] which provide estimates of the relative magnitudes of such effects.

3.2 Edge Measurements in X—point Plasmas: The radiometer has been used to
investigate the edge temperatures in the L and H-—mode phases of JET plasmas.
Figure 2a shows the time evolution of the H,, emission line, T close to the last closed
flux surface (LCFS) and T, close to the plasma centre during the L—to—H transition in
a JET neutral beam heated discharge. During the phase marked ‘L to H’, which
appears to be triggered by a sawtooth heat—pulse, rapid elms occur (which are not
visible on the trace shown). Following a second sawtooth heat—pulse, a quiescent
H—mode phase begins, with less—frequent elms, and the edge temperature continues to
rise.

Figure 2b shows temperature profiles in the plasma edge at the four times indicated in
figure 2a. Inside the LCFS, plasma parameters are such that the plasma is optically
thick and simulations indicate that the measurements can be reliably interpreted in
terms of local temperature. However, due to the steep temperature gradient close to the
LCFS, the optical depth falls rapidly and the apparent rise in temperature outside the
separatrix is the result of the effects outlined in section 3.1.

During elmy H-modes, rapid fluctuations can be observed in the edge electron
temperature which are correlated with the H , spikes. Figure 3a shows timetraces of H,,
emission, edge Tg and near—central Ty during such an elmy phase. Note that part of
the variation in amplitude of the H, spikes is due to limitations in the sampling
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frequency. Each elm leads to a sawtooth-like modulation of the temperature trace
inside the separatrix. In addition, in some cases, a very short, large amplitude, spike is
observed in the temperature trace coincident with the H, spike. The origin of such
‘temperature’ spikes is not yet understood and is the subject of further investigations.

Temperature profiles in the plasma edge 0.5ms before and 0.5ms after an elm are shown
in figure'3b. The collapse time of the elm is much shorter than the observation period
(perhaps--100pus), indicating that the elm is a very rapidly growing instability. Note
also that, in this case, the ‘inversion radius’ of the elm appears to be just outside the
separatrix. However, the uncertainties in the relative position of the separatrix and Tg
profile and the variation observed in the behaviour of the elms do not yet allow us to
draw firm conclusions on the spatial localization of elms.

We would like to thank Dr G Kramer for many useful discussions and for the
development of software for the analysis of the ECE data.
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Introduction:

Profiles of the electron temperature (T,(r)) and density (n(r)) in the plasma edge of a
tokamak are important parameters for the description of the plasma wall interaction. Whereas the
quasicontinuous determination of n(r) by an atom beam in combination with a radial recording
of its optical emission is now a well established and successful method in plasma boundary
diagnostics /1/, an equivalent method for T(r) is still missing. Elements are needed, which show
ionization and excitation rates with a strong T,-dependence up to about 100 eV. Especially helium
is an excellent candidate as an atomic probe as it has a high ionization energy and can therefore
penetrate relatively far into the boundary layer of a fusion plasma, and it can easily be applied
(particularly as a thermal beam). Although numerous attempts have been made in the past, to use
the intensities of neutral helium lines for measuring electron temperatures e.g./2//3//4//5/, the
method is still not satisfactorily as several secondary processes (predominantly excitation transfer
and cascading), which are also density and temperature dependent, introduce considerable
interpretation difficulties, Recently however, there has been a collisional radiative modlels
developed /6/, which have encouraged us to use spatially resolved optical spectroscopy of a
thermal helium beam for the measurement of T, -profiles in the boundary layer of TEXTOR.

Method:

For the measurement of T, the ratio of singlet-to-triplet lines is used, which - for suitably
chosen lines - is a function of the electron temperature. The choice of using line ratios is slightly
different from the method described in /1/, where a single helium line emission profile was
combined with the n,-profile, determined by neutral lithium beam spectroscopy. Because helium
has a much higher ionization energy (E;=24.5eV), it penetrates deeper into the plasma than lithium
(E;=5.4eV), and the overlapping of both emission profiles, where T, can be evaluated, is rather
small.Using the line ratio method, beam attenuation and geometrical effects can be neglected
except for the influence on the spatial resolution (see below). Thus line ratios during the whole
time of a TEXTOR discharge can be well determined until several centimeters beyond the limiter
up to electron densities of ~10' cm™, In order to convert the line ratios into electron
temperatures, the experimental values were compared with model calculations. In this model the
level population (n<4) of a thermal helium beam is calculated for known electron temperatures
and -densities, taking only electron collisions and radiation into account /6/. With the laser
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ablation diagnostic n,- and T,-profiles which are covering the penetration depth of the He-beam
are measured independently at one single point of time /7/. Using this n-profile and the
corresponding line ratio profile in the model, T,(r) can be obtained, which can be compared with
that one from the laser ablation. In principle for a complete modelling of T,(r) for the whole
discharge the simultaneous knowledge of n(r) is necessary, but the aim of the experiments
described was also to find line ratios, which are nearly independent of n_. This simplifies the
evaluation procedure considerably and allow a fast quasicontinuous T,(r)-determination of a
TEXTOR discharge in the plasma boundary.

Experiment:

The injection of helium gas into the boundary layer of TEXTOR (Ip=340kA, B,=2.25T,
rp=46cm) was performed through a collimator with 4 mm inner diameter, composed of thin
channels (6 mm length, 50 pm diameter). This structure collimates the He-beam to about 11 cm
FWHM at'15 cm distance. At TEXTOR a reservoir of 2 litre was filled with He up to a pressure
of 20 mbar. Through a valve which is opened shortly before the start of the discharge the gas is
flowing into the tube. The flux density at the collimator can be regulated by a needle valve. For
the measurements in TEXTOR normally a relatively high total helium atom flux 5x10%%/s was
determined from the pressure decay in the reservoir. As shown in fig.1 the He-beam is combined
with:the thermal Li-beam, measuring the n.-profiles up to 5%x10%2cm™3, To avoid sputtering
effects on the Li-oven the supporting system was retracted 10 cm behind the liner and so also the
nozzle for the He-beam. The resulting broad distribution of the He-beam at the observation
volume:leads to a reduction of the radial resolution to about 3 mm. The He-density at a
plasmaradius of r=45 cm decreases to ~2x10 'em™3, The injected He flux was reduced by a factor
of 10'in order detect possible changes in the plasma parameters during the gas injection. No
significant changes in the emission profiles were observed, Therefore the system could be still
improved concerning detection limit and spatial resolution by moving the nozzle further to the
liner.

For the spatial recording of the emitted intensity profile I,(r) two 128 Si-diode array cameras /8/
were used in combination with interference filters for the selection of the appropriate
wavelengths. Both cameras were aligned on the same observation volume. The image of the array
in the plasma is 1.2 mm in radial and 12 mm in toroidal direction due to the rectangular size of
each Si-element. The emission profiles could be recorded in a data acquisition system with a

maximum repetition rate of 2 kHz.

Results and Discussion:

T,- and n_-profiles in the boundary layer of TEXTOR are shown in fig. 2a at t=1.5 5 in the
discharge measured with the laser ablation system. For the same time, integrated over 10 ms, the
intensity profiles of the He singlet line at 728 nm (transition 35'S — 2p'P°) and the He triplet line
at 706 nm (3s*S — 2p®P°) were recorded and plotted in fig. 2b. The signals are corrected for the

transmission factors of the interference filters and for the sensitivities of the Si-diodes at the
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selected wavelengths. No light from the background plasma was detected by using narrow
bandwidth filters with 1nm FWHM. One should note that the emission from the thermal He-
beam can be recorded as least as far as the temperature measurement by the laser ablation system
is made.

For the discharges reported the electron density in the boundary layer of TEXTOR varies from
10%2cm™3 to 101%m™2 as can be seen in fig. 2a. For this density range the ratios of singlet to triplet
line intensities I(A=728nm/A=706nm) and I(A=502nm[transition: 3p*P° — 25'S]/A=706nm) were
modelled and the results are presented in fig. 3 and fig. 4. Comparing both figures, the ratio of
the intensities at 728 nm and 706 nm must be favored since the density dependence is weaker (and
between 5x10*2cm™> and 10'%cm™2 practically non-existing), whereas for the ratios at 502 nm and
706 nm the slope is steeper corresponding to a higher sensitivity to changes in the electron
temperature.

In order to demonstrate these dependencies, T -profiles have been calculated using the
measured n,-profiles (for #45377 see fig.2b), and in addition those, which have been varied by
+ 50%. For comparison the T,-profiles obtained by the laser ablation diagnostic (fig.2a) are added
in fig.5 and fig.6. Taking into account the uncertainty of these measurements the agreement of
the T,-profiles over the selected range is quite good in both cases. For I(A=502nm/A=706nm) the
both T,-profiles practically coincide for the exact n(r) from fig.2a. In case that the electron
density profile is well known, I[(A=502nm/A=706nm) should therefore be selected.

From the model calculations and our measurements we found that for the two reported
singlet to triplet intensity ratios the method gives satisfactory results for the density range
1x10%%cm™3 >ng> 3x10%%cm™® (45cm< r <49 cm in fig. 5 an fig, 6). Outside these ranges strong
deviations from the independently measured T,-values are found. For electron densities above
1x10%%em™ the triplet levels are obviously more populated than predicted. The reason for this
might be the limitation to transitions n<4 in the model.
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MODEL CALCULATIONS FOR A 20 KEV NEUTRAL LITHIUM DIAGNOSTIC BEAM

E.Unterreiter, F. Aumayr, R.P. Schorn” and H. Winter

Institut fiir Allgemeine Physik, TU Wien, Wiedner Hauptstrabie 8-10, A- 1040 Wien, Austria
*Institut fiir Plasmaphysik der KFA Jiilich GmbH, Association EURATOM/KFA, Postfach
1913, W-5170 Jiilich, Germany

Introduction

Electron density and impurity ion concentrations in the edge plasma of tokamak discharges can
be determined with excellent spatial and temporal resolution by virtue of a neutral lithium
diagnostic beam [1,2]. Spectroscopic observation of the Lil resonance line, mainly produced by
electron collisions, and of characteristic impurity ion lines as induced by electron capture from
injected fast Li atoms into excited ion states (Li-induced charge exchange spectroscopy -
"Li- CXS"), delivers raw data from which the above information can be evaluated [3].

Model calculations

First of all, attenuation of the injected Li beam must be taken into account. Therefore we use an
attenuation code which includes excitation, deexcitation, ionization and charge exchange with
injected Li atoms via collisions with electrons and protons in the edge plasma environment. A
system of coupled linear differential equations describes the time evolution of the Li atom beam
composition, i.e. the densities n; of its various atomic states i as seen by an observer moving
with the injected Li atoms across the plasma edge [3].

Since the involved rate coefficients are only known for a few Li states, mainly the Li(2s)
ground state, most of the needed values have to be estimated from different approximations. In
order to decide which of the rate coefficients play an important role and should thus be known
more precisely, test calculations have been carried out by excluding particular processes.

Fig. 1 shows a comparison of such calculated Li(2p) profiles with the result of a "complete"
calculation. For this comparison we have regarded an ohmically heated TEXTOR plasma [3].
As can clearly be seen, the most important mechanisms for determining the Li(2p) population
are charge exchange and electron impact excitation, since omission of the respective processes
results in the relatively most pronounced deviations from the reference curve. Excluding other
processes than charge exchange with protons and electron impact excitation yields profiles
which are similar in both height and shape to the reference profile.

A critical proof for the accuracy of our model, in particular the reliability of the involved cross
sections, is the agreement between radial profiles calculated for a given Li state and their
corresponding measured line emission profiles. Experimental investigations are carried out for a
number of excited Li (n=3) states giving rise to visible emission lines.
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Consideration of £-mixing

When applying Li-CXS for measuring impurity ion densities, the following problem is
encountered. After population via electron capture from Li, various resulting excited impurity
ion states may become mixed due to collisions with plasma particles before their radiative
decay, in which case a correction of emission cross sections as originally derived from single
collision experiments is needed to take into account the influence of these mixing processes. To
study this in more detail, we have performed model calculations for occupation numbers in C>*
ions after electron capture into CH, as for this case especially careful £-dependent capture
measurements have been performed [4] in a binary collision experiment.

LAY,

electron capture from Li(n{)

. mix

g 6g %’; Sl —

& A

5 bg—sf Agnss, Observed emission line
3 B ath=4659nm

* sf 5g

! cIv

Fig.2 shows a scheme of the investigated states. A system of coupled differential equations
taking into account mixing collisions and spontaneous radiative decay only leads to population
numbers of the relevant states in dependence of the electron density and -temperature. As
mixing cross section a quantum defect-dependent cross section for electron and proton impact
excitation and deexcitation between neighbouring £-levels from [5] has been used.
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Fig. 3 shows the changing population of two C3* 6/ substates with increasing

electron density.

The initial occupation numbers (0.77 and 0.23 for 6g and 6h, respectively) change drastically
towards higher electron density. Atn, =2 x 1013 cm3 the 6h occupation number has increased
up to 0.42, which means an enhancement by nearly a factor of two for the observed emission
line, which constitutes a clearly non-negligible effect.

Acknowledgement
This work has been supported by Kommission zur Koordination der Kernfusionsforschung at
the Austrian Academy of Sciences.

References

1 F. Aumayr and H. Winter, Ann. Phys. 42 (1985) 228

2 K. McCormick and the ASDEX Team, Rev. Sci. Instrum. 56, (1985) 1063

3 R.P. Schorn, E. Hintz, D. Rusbiildt, F. Aumayr, E. Unterreiter and H. Winter,

Appl. Phys. B 52 (1991) 71

4 D. Dijkkamp, A. Brazuk, A.G. Drentje, F.J. de Heer and H. Winter,
J.Phys.B: AtMol.Phys. 17 (1984) 4371

5 IL. Beigman and M.L Syrkin, Proc. Lebedev Physical Institute (Moscow), Vol. 195
(1989) 121




bes IV-369

ALT-Il TOROIDAL BELT LIMITER BIASING EXPERIMENTS
ON TEXTOR
R. Doerner, J. A, Boedo, D. S. Gray, R. W. Conn, R. A. Moyer, UCLA,
W. Y. Baek, K. H. Dippel, K. H. Finken, A. Pospieszczyk,
B. Schweer, the TEXTOR Team, the NBI Team, KEA Jiilich,
D. Hillis, J. Hogan, QRNL, M. Ciotti, ENEA Frascati.

Edge electric fields have been related to H-mode-like
behaviour (1,2). The experiments reported here are an attempt to
control the SOL profiles by electrostatic biasing of the full
toroidal-belt limiter ALT-Il. The specific goals are: influencing
the edge particle flows, particle removal, power deposition and
the global confinement.

The ALT-Il pump limiter (3,4) is a full toroidal belt located.
at 45° below the outer midplane and consisting of eight graphite
covered blades which can be independently biased. Particle scoops
located behind the limiter neutralize and direct the incoming
plasma into the pumping ducts.

Voltages up to 900V and currents up to 600A have been
obtained using a 1 MW power supply. Experiments reported here
have been performed with levels of biasing power of up to 180 KW
and in discharges characterized by Bt=2.25 T, Ip=340KA and
<neg>=2.5-3.0x1013 cm-3. The typical time sequence conhsists of
an initial ohmic phase followed by a biasing phase from 1.0 to 2.0
sec. and an overlapping neutral beam injection (NBI) phase from
1.5 to 2.5 sec. The gas feed is switched off at 0.8 sec. For the
data shown here, a helium puff lasting 15 msec was injected at
0.8 sec.

The biasing voltage is referenced to the .liner. Two biasing
configurations are examined; 1) biasing ALT-Il with the plasma
positioned on ALT-Il  and 2) biasing ALT-1l with the plasma
positioned to contact both the inner-bumper limiter (at liner
potential) and ALT-Il (creating enhanced poloidal electric fields).
Comparisons are made for both bias polarities with co-NBI,
counter-NBl and ohmic discharges. Radial profiles of floating
potential (Vf), poloidal field (Epol), ne and Te are obtained using a
fast-reciprocating probe.

Configuration | Operation

During this mode of operation, the central density increases
(10-15%), and the profiles steepen in the bulk for either polarity
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of bias. No impurity release into the discharge is observed. The
D-alpha monitors indicate a modest increase in intensity pointing
to augmented recycling. During negative biasing, flux probes
located inside the limiter scoops show a drop of as much as 90%
in the collected flux (Fig. 1) on the electron drift side and 20% on
the ion .drift side; the positive biasing case shows little effect.

The ne profiles at the scrape-off layer (SOL) measured by the
scanning probe and spectroscopic techniques (Li laser ablation)
show a moderate steepening during the OH phase, in contrast with
significant changes in the shape and an increase in the decay
length .of such profiles during the NBI phase. The Te profiles
develop "bumps" between the radius of the limiter scoops and the
liner. These features disappear during the NBI phase.

The Vi profiles (Fig. 2) are flat across the radial extent of
the :limiter (3.5 cm) and show a rapid decrease afterwards, more
so 1in the negative bias case. The NBI causes a sharp negative
offset .on Vfof about -100V in either polarity.

Modelling of these discharges using the TRANSP code (5) finds
that the particle confinement time changes are small. The input
for ‘modelling consists of the electron density and temperature
profiles, D-alpha radiation measured at different locations on the
various 'limiters and walls and the fueling rate. The results are
consistent with the moderate increase seen in D-alpha.

Configuration Il Operation.

On -this configuration, large currents are drawn from the
biasing power supply and all the effects observed in the
configuration | are enhanced. The central line-averaged density
(Fig. 3) shows a larger increase (30%) and the flux probes indicate
a reduced particle collection even during positive biasing. The D-
alpha monitors show a similar behaviour as in configuration I.

The fast reciprocating probe and laser ablation measurements
indicate larger changes in the SOL profiles of ne and Te even
during the ohmic phase. The ne decay length decreases by 30%
during negative biasing in the OH phase and even further during
the NBI phase.

The flat section of the Vi profile (Fig. 2) now extends over 5
cm in the positive bias case and 1 cm during negative bias. Large
gradients in the radial electric field are created. An offset of
-100V is produced by NBI here as well.
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By contrast with the configuration I, the poloidal field shows
changes of up to 4V/cm (30%) depending on the biasing polarity.
Helium was injected in these discharges to get information on
tau-He for the different biasing polarities. The changes observed
(from B80ms to 80ms) are within the error limits of the
diagnostics. This is being investigated further.

Summary

Existing results show a small increase in the particle and
energy confinement times. The stored energy increases during the
biasing also, but the question of how much of the biasing power is
deposited in the plasma is still open.

Large reductions in the particle flux into the limiter scoops
are observed. These changes can not be explained by the observed
modifications in the decay lenghts of the profiles, but could be
consistent with flows in the SOL induced by the electric fields.
Shifts of the plasma colum is discarded as being the source of
these effects.

Significant modifications have been induced in the electric
fields, density and temperature profiles in the SOL. The power
deposition in the blades has also béen monitored and the resulis
are not conclusive. Experiments are continuing in order to answer
the guestions raised. .
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13B, part I, (1989) 245.

2-R. J. Taylor, et al, Physical review Letters 63 (1989) 2369 .

3-D. Goebel, et al, J. Nuc. Mater., 115 (1989) 162-164.
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FUSION ALPHA PARTICLE TRANSPORT STUDIES
USING ENERGY DEPENDENT DIFFUSION COEFFICIENTS
G. Kamelander
Austrian Research Center Seibersdorf
A-2444 seibersdorf

ABSTRACT

Predictive codes simulating the plasma dynamics of next gene-
ration TOKAMAKs must be equipped with alpha particle routines
to calculate the deposition rates and to investigate the pos-
sibilities of instabilities triggered by thermonuclear alphas.
The «a-particle transport has been investigated recently by a
special kinetic equation including the transport losses repre-
sented by energy integrated heat- and particle fluxes into the
source term. In the present paper this method is extended to
energy dependent transport coefficients and included into a
transport code. As an example the slowing down tail enhanced
neoclassical a—transport is given.

INTRODUCTION

A special kinetic equation published by Ref. [1] and improved
by Ref. [2] is appropriate to calculate the a-particle distri-
bution function if the particle fluxes and heat fluxes, i.e.
the transport coefficients, are known. This FOKKER-PLANCK-typ
kinetic equation for the o-distribution function F_ is given
by

oF 9 92

+ —(LF_ ) - —(DF,) = Q.. (0,E) + Q;, (p,E) (1)
at 9E 9E?

L and D are the FP coefficients, Q,, is the thermonuclear
source and Q;, represents the transport source depending on
energy independent transport coefficients. Q;, is constructed
such that conservation of particle number and energy is satis-
fied. This theory has beeen successfully applied to a special
anomalous transport model [2] and to ripple transport [3].

THE MODIFIED KINETIC EQUATION
If more realistic transport problems are studied energy depen-
dent transport coefficients must be considered. For this rea-
son we construct a new transport source
(v, (p)-E) (g, (p)-E)

Q;,(p,E)= -£_ (p,E)VI-y(p,E)————.T.VE-g(p,E)—¥q_ (2}

Y-, 9%, -9,
conserving particle number and energy. £ (r,E,T), v(r,E,t) and
g(r,E,t) mean distribution function, particle flux and heat
flux normalized to one. I, and g, represent the energy inte-
grated fluxes and the i-th moments of y and g are referred to
as vy; and g;. E(p) is the first energy moment of £_. Eqg.(1)
can be solved by iterations.
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EXAMPLES FOR ENERGY DEPENDENT TRANSPORT COEFFICIENTS

As a first step the computer code has beeen tested by a syn-
thetic diffusion coefficient

D(E) = D, + w.(E-E ; )P.(n,(p)/n,(0))? (3)
The coefficients D,, w, p, g are arbitrary constants to be
prescribed. As a more realistic case the tail alpha neoclassi-
cal transport coefficients retaining both electron and ion
drag and pitch angle scattering by the background ions [4] has
been investigated. We use the particle fluxes

an [macl]z oF

T (p,v) = = — <B*=>(1—Y}.v[(v’c+v3)+v’b](aasp)-1——— (4)
3t, \ z_ e dp

and a corresponding expression for the heat flux. Y is appro-

ximated by

¥(e) = <(R/R,)2>(1 - 1.46¢€'/2 - 0.1le + 0.56e3/2). (5)

The symbols in (4) and (5) are standard.

RESULTS AND CONCLUSIONS

We consider a NET-type plasma. R, = 630 cm, a = 205 cm,

K = 2.2, B, = 6T, I = 25A. The electron and ion densities de-
crease from 1.33.10!'% in the center to 10!3/cm® at the edge.
The temperature varies from 10 kev to 1 kev. Isolating the al-
pha particle effects the plasma temperature kept constant.

Fig. 1 shows the energy integrated diffusion coefficient

D(p)=Jf,(E)A(E)AE as a function of the effective radius, where
D(E) is derived from eq.(4). This figure confirms the results
of CATTO [4] that the neoclassical tail diffusion is consider-
ably higher than ash diffusion. Fig. 2 gives the energy depen-
dence of the diffusion coefficient at p = 50 cm. The diffusion
coefficient is increasing with the energy as it is clear from
eq.- (4). Both Fig. 1 and Fig. 2 have been evaluated for an
equilibrium where d/dt = 0 in eq. (1). Fig. 3 gives the time
evolution of the distribution function near the center at
three times after switching on the alpha source. t = 0,6 sec
is equal to the equilibrium results. We conclude that this
transport is not sufficient for the inversion of the distribu-
tion function. Fig. 4 contains the particle flux as a function
of the effective radius. Fig. 5 shows a comparison of the
egquilibrium distribution function without (a) and with (b) -
transport according eq. (4) at p = 50 cm. In Fig. 7 the equi-
librium a-particle density has been drawn as a function of the
effective radius (a) neglecting and (b) considering o-trans-
port. Finally we give a comparison of the equilibrium power
deposition rates. We conclude that even the lower limit of
a-transport given by eg. (4) leads to a noticable reduction of
the deposition rate. The effects on the energy balance should
be investigated.
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