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The 13th European Conference on Controlled Fusion and Plasma Heating was held
at Schliersee, Fed. Rep. of Germany from 14 to 18 April 1986. It was organized
by Max-Planck-Institut fiir Plasmaphysik, Garching, Fed. Rep. of Germany on
behalf of the Plasma Physics Division of the European Physical Society (EPS).

According to the new EPS arrangement the conference was held in spring and,
because this is an even-numbered year, it concentrated on controlled fusion
and plasma heating. The main topics therefore were

Plasma Confinement
Plasma Heating

with the following subtopics:

Tokamaks

Stellarators

Alternative Confinement Schemes

Plasma Edge Physics

Alfvgn and Ion Cyclotron Heating
Electron Cyclotron Heating

Neutral Injection Heating

Lower Hybrid Heating and Current Drive
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The Conference Programme included 18 invited lectures, 27 orally contributed
papers and more than 200 papers presented in poster sessions.

The contributed papers of this 2-volume publication are photographically
reduced in size from the originals provided by the authors.

Programme Committee/Paper Selection Committee

G. Briffod (Chairman), CEN, Grenoble, France

M. Kaufmann (Vice-Chairman), IPP, Garching, Fed. Rep. of Germany
T. Consoli, CEC, Brussels, Belgium

A. Gibson, JET, Abingdon, United Kingdom

C. Gormezano, CEN, Grenoble, France

G. Grieger, IPP, Garching, Fed. Rep.of Germany

H. DeKluiver, FOM, Nieuwegein, The Netherlands

F. Santini, ENEA, Frascati, Italy

V. Shafranov, Kurchatov Institute, Moscow, USSR

E. Sindoni, University of Milan, Milan, Italy

The invited papers and two post deadline orally contributed papers will be
published by Pergamon Press in the journal "Plasma Physics and Controlled
Fusion" Vol. 28 No. 9a and sent free of charge to each registered participant.
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ABSTRACT Sawtooth oscillations have been studied with a wide variety of
diagnostics in JET in additionally heated discharges. Multichordal
measurements, conmbined with tomographical reconstructions, have allowed a
detailed experimental study of the sawtooth collapse with high time
resolution. It is shown that the initial part of the collapse has m=1
topology.

1. INTRODUCTION Sawtooth activity has been studied in JET during both
ohmically and additionally heated discharges using a large number of
diagnosties, ineluding two X-ray diode array cameras, a 17 channel FCE
grating polychromator, four channel Fabry-Perot and Michelson ECE systems,
a microwave transmission interferometer, a microwave reflectometer,
bolometry and a multi-chord far infrared interferometer. Sawteeth have
also been observed by the neutron diagnostics and on the particle fluxes
and ion temperatures determined by a set of four neutral particle
analysers.

2. SAWTEETH DURING ADDITIONAL HEATING During both neutral injection and
radio-frequency heating the sawbtooth oscillation increases in amplitude and
its period becomes longer (Figure 1). The observation of partial sawteeth
is common and the sawteeth are accompanied by a wide range of mhd activity
in the plasma central region, generally with m=1.

In particular, we often observe: (i) strong successor oscillations
following the sawtooth collapse; (ii) strong mhd activity accompanying the
partial sawteeth; (iii) a large saturated m=1 mode which is sometimes seen
before the sawtooth collapse during RF heating and (iv) a large amplitude
m=1 mode seen during beam heating. The main sawtooth collapse generally
oceurs without mhd precursors. During ohmic heatling typical mhd
frequencies of ~ 1 kHz are seen and with ICRH this decreases, sometimes to
250 Hz. With 4.5 MW of tangential beam heating the frequency increases to
- 5 kHz, corresponding to plasma rotation with v =10° ms™'. The radial
location and poloidal mode number of the mhd activity in the central region
has been studied with both the soft X-ray cameras and the ECE systems. For
a particular discharge, the maximum amplitude of the mode occurs at
approximately the same minor radius slightly inside the sawtooth inversion
radius, regardless of its phase within the sawtooth
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cycle. These modes are thought to occur on rational q surfaces and their
relation to the g=1 surface is under investigation.

3. THE SAWTOOTH COLLAPSE A detailed study has been made on JET of the
rapid (~ 100 usec) part of the sawtooth collapse with the X-ray and the ECE
systems. The two X-ray cameras view the plasma from vertical and
horizontal ports at the same toroidal location with 38 and 62 detectors
respectively. The detectors are shielded with 140 w-m of Be to enhance
their sensitivity to radiation from the central region of the plasma from
which the emission is due mainly to He-like Nickel for RF heated discharges
and recombination for beam heated discharges.

Further information on the sawtooth collapse comes from the ECE
diagnostics. In particular the electron temperature at a fixed radius is
measured with very high time (10 psec) and temperature resolution (30 eV)
using a Fabry-Perot instrument and the sawtooth development in both time
and radius along a fixed chord is measured with a 12 channel polychromator
system with similar resolution.

A typical sawtooth collapse, with successor oscillations, taken during an
RF heated discharge, is shown in Figure 2. The letters A-F indicate the
times used for Figure 4. A contour plot showing the X-ray signal
intensities from the vertical camera as a function of detector number and
time, taken at 200 kHz sampling frequency (Figure 3a), shows that the
collapse occurs in = 100 ps and in this case with a rapid outward movement
of the hot central plasma core. A similar plot for a different sawtooth
collapse taken with the ECE polychromator with a digitization frequency of
20 kHz (Figure 3b) shows that the plasma temperature behaves in a similar
way to that of the X-ray emission but in this case with an inward movement.
These measurements indicate that the initial part of the sawtooth collapse
is due to bulk motion of the hot centre of the plasma off axis tor/a =
0.3.

The detailed nature oi)the collapse and its successors have been studied by
tomographic analysis of the data from both X~ray cameras. By fitting
the experimental data with radial Zernicke polynamials %=8 and angular
harmonics m=2 (but excluding sin 20), the line integrated data observed by
each X-ray detector is reduced to a two dimensional function of X-ray
emissivity as a function of plasma major radius and height. The
tomographic reconstructions were carried out at 5 ps intervals throughout
the sawtooth collapse. Some of these reconstructions are shown in Figure 4
in the form of contour plots and illustrate the main features of the
collapse. On each plot the relative times are shown and the maximum
radiated power, Pm. Initially the hot central core moves rapidly away from
the centre with & maximum velocity of 2x10* ms™' until it reaches r/a - 0.3
where the outward motion stops. The hot region then collapses on a time
scale of 100 us while at the same time the emissivity in the remainder of
the central regicn increases. This implies a mixing of hot and cold plasma
regions or rapid conduction of heat during this phase of the collapse. The
final emigsivity profile is not completely poloidally symmetric and it is
the subsequent rotation of this distribution which is responsible for the
observations of successor oscillations as can be
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seen from Figure 4. In other sawtooth collapses, without successor
oscillations, the final state is completely poloidally symmetric.

The tomographic analysis clearly determines the m=1 character of the
initial phase of the mlli?se and the strong n=1 mode seen by the magnetic
coils at the plasma edge to accompany the sawtooth collapse then
determine the sawtooth collapse as an m=n=1 mode. The initial fast plasma
motion occurs at different poloidal angles as expected for m = 1.

Our observations do not generally seem in good agreement with existing
theoretical models and in particular are in disagreement with models which
require growing or static magnetic islands before the sawtooth collapse

However, a very recent theoretical mt}de13) y in which the plasma motion
occurs on a rapid time-scale due to an ideal m=1 mode would account for
many of the features of our observations, particularly the observed initial
plasma motion.

REFERENCES 1. R S Granetz and J F Camacho, Nuclear Fusion 25, 727 (1985).
A Dupperex, R Keller, M Malacarne and A Pochelon, 12th European
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COMPARISON OF EXPERIMENTALLY-INFERRED ION THERMAL DIFFUSIVITIES WITH
NEOCLASSICAL THEORY FOR NEUTRAL BEAM-HEATED DISCHARGES
IN THE DOUBLET IlIl TOKAMAK*

R.J. Groebner for the Doublet III Group
GA Technologies Inc., P.0. Box 85608, San Diego, CA 92138, USA

The study of ion transport in neutral beam-heated discharges in tokamaks is neces-
sary to determine if neoclassical theory can reliably be used to predict the performance
of future machines. Previous studies of ion transport have generally been difficult due to
the lack of information regarding the ion temperature profile. The standard procedure
used to study ion transport has been to model the T; profile with the assumption that
the ion thermal diffusivity profile x;(r) was equal to a multiplier times x}*°(r), the ion
thermal diffusivity calculated from neoclassical theory. The multiplier was varied until
the calculated T; profile agreed with the available ion temperature data, usually T;(0) or
the measured neutron rate. Values of the multiplier in the range of 1 to 10 have generally
been obtained with few estimates of the uncertainties in these values. Furthermore, there
have been few, if any, attempts to calculate x; by modeling the ion temperature profiles
in other ways. As a result, the issue as to whether or not the ion transport in tokamaks
is in agreement with neoclassical theory has not been definitively answered.

Recently developed techniques for obtaining ion temperatures, based on measuring
the Doppler-broadening of emission lines excited during charge transfer processes between
high energy atoms in a hydrogen neutral beam and low-Z impurities in the plasma,
can be exploited to provide improved T}(r) information.'? For example, a multichordal
spectrometer system has been used on the Doublet III tokamak to obtain high quality,
temporally-resolved ion temperature profiles on a single shot basis.* Experimental values
of the ion thermal diffusivity have been obtained for discharges for which measured T;
profiles were available in addition to measured T,, n., and Z.g profiles. For the beam
heated discharges which have been examined, x; is larger than x}*°, as calculated from
the formulation of Chang and Hinton,* x; does not have the same spatial dependence as
x7¢°, and x; is greater than or approximately equal to x. over most of the plasma profile.

The transport results presented were calculated with the 11D code ONETWO.5
The plasma has been modeled as a medium in which heating input power from neutral
beams and ohmic dissipation was balanced by losses primarily due to thermal conduction
and convection with account also taken of losses due to line radiation, charge exchange
and ionization of neutrals. The ohmic heating input power was approximately an order
of magnitude smaller than the auxiliary heating power. Sawtooth transport has not been
modeled due to the fact that the period of the sawteeth was sufficiently long that the
plasma came to a near steady state condition before each sawtooth crash. Furthermore,
the results pertain primarily to the region outside the ¢=1 surface.

*This is a report of work sponsored by the Department of Energy under Contract No.
DE-AC03-84ER51044.
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One of the data sets analyzed was a series of neutral beam-heated discharges oper-
ated in the expanded boundary divertor configuration which covered the following range
of parameters: By = 2.53 T, I, = 0.35 to 0.89 MA, vertical clongation = 1.4 to 1.9,
R, =143m,e¢ =0.40m, i, = 3.7Tt0 7.9x10"* cm~?, Pp = 3.5t06.6 MW, and v;, = 0.03
to 0.22 for rfa = 0.2 to 0.7.° The plasmas were not near beta limits: fraBp/I, < 2.2 (%,
m, T, MA). Detailed error analysis was performed on four representative discharges from
this set. For the error analysis, measured parameters which were inputs to the transport
analysis were varied individually to the extremes of their error bars and the transport
code was rerun for each variation. The net error in a transport quantity was obtained
from the quadrature sum of the errors from the individual variations.
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Fi1G. 1. Comparison of experimental and
neoclassical ion thermal diffusivities at
r/a = 0.5 for a range of plasma current

L (Ma)

F1G. 2. Experimental electron thermal
diffusivities at r/a = 0.5 for the set of
discharges illustrated in Fig, 1.

and beam heating power. Error bars,
due to uncertainties in measured quan-
tities, are shown for representative dis-
charges. i3 is line-averaged electron
density in units of 10'* cm™3.

The basic results are summarized in Fig. 1 which shows a comparison of the ex-
perimentally inferred values of x; at r=ae/2 and the corresponding values of x?*°. For
all cases, x; is greater than x;°°, and the error bars on the theoretical and experimen-
tal values for x; do not overlap. Figure 2 shows the experimentally-inferred values of
Xe for the data set of Fig. 1. For all discharges studied, y. was less than or equal to
Xi- For these discharges, the neutral beam heating power delivered to the ion channel
was comparable to that de'livcred to the electron channel. Because the electron and ion




27

temperature profiles were very similar, the power transferred between the ions and elec-
trons was small. The radial power balance shows that conduction was the dominant loss
channel for both the ions and electrons over the inner two thirds of the plasma, and the
heat loss from the plasma due to ion thermal conduction was greater than or equal to
the loss from electron thermal conduction. For all discharges, x; was at the neoclassical
level near the plasma center but was larger than expected from neoclassical theory for
r/a > 0.2. Furthermore, over the entire plasma, x. was less than or equal to x;. Figure 3
shows the ratio of x; to x7°° and the associated error band due to uncertainties in the
measurements versus minor radius for a typical discharge. For r/a > 0.2, the ratio is not
consistent with neoclassical theory. In addition, there is no fixed value for x;/x7*® which
describes the data well, indicating that x; was not equal to a fixed multiple of x7*°.
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*x: has been assumed to have the form:
Xi =n{ Bl T¢ eby; where
ecn = €[l + 2.85 %5 — 2.33 ¢]%.

F1G. 3. The experimentally-inferred and
theoretical values of x;/x?® are shown
vs. r/a for a typical discharge. The er-
ror band for the experimental data is il-
lustrated as is the location of the g=1
surface.

Transport analysis has also been done for another set of discharges for which mea-
sured ion temperature profiles were available.” These discharges had rather different
characteristics than those discussed above: they were limited on the inner wall rather
than formed in the divertor configuration, they were of circular rather than elongated
cross section, deuterium rather than hydrogen was used in the heating beams, and the
toroidal field was 1.5 T rather than 2.5 T. The data are from a power scan up to the
disruptive beta limit with fyaBr/I, = 3.8. Although detailed error analysis was not
performed for these discharges, it is reasonable to assume that the uncertainties in the
values of y; are £50% in light of the error analysis performed for the other set of dis-
charges. The results are in agreement with those obtained for the divertor discharges: x;
is substantially in excess of x7*°, the ratio x; /X7 increases with minor radius, and x.
is less than or equal to x; over the plasma cross section.
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Regression fits for 80 experimental values of x; have been made to functions of
the form nf BE Tf [¢ (1 +2.85€"° - 2.33¢)*]%. Neoclasrical theory predicts that in the
banana regime, a=1, b=—2, e=—0.5, and d=0.5. Due to correlation between the plasma
parameters, only one exponent at a time was varied in the fitting procedure, and the
other exponents were fixed to their neoclassical values. The results, displayed in Table I,
show that y; does not have the parametric dependence expected from neoclassical theory
and that the dependence of x; on poloidal field or aspect ratio may be less favorable than
expected from neoclassical theory. These results should only be used as guides for further
work; if x; is not neoclassicnl, there is no guarantee that it has the functional form used
here.

Ion gradient-driven modes have been proposed as candidates for causing enhanced
ion thermal diffusivity.® Most theories indicate that values of n;(; = d In T;/d In n;)
of greater than one are needed to turn on the ion gradient modes. For the discharges
examined, the uncertainty in the density gradient is sufficiently large that no useful
bounds can be put on the experimental values of 7; in the inner half of the plasma.
However, for typical discharges, 7; ~ 0.5 — 1.3 at r/a = 0.6 and 7; ~ 0.3 — 1.0 for
r/a = 0.65 - 0.80.

For the discharges examined, if T}(r) is modeled with the assumption that y;(r)
= multiplier x x7*°(r) and if the multiplier is adjusted so that the calculated T}(0) is
equal to the measured central ion temperature, the predicted T; profile is considerably
broader than the measured profile. As a result, the exchange term due to T, — T} is
underestimated and y, is forced to rise to compensate. The resulting x, profile generally
rises with r/a and is larger than x; throughout much of the plasma. x; is forced to
decrease with r/a because x7° invariably does so. The use of measured T; profiles
produces a rather different. picture of confinement. x; is flat or rising with r/a and x.
is less than or equal to x; throughout the plasma. For these discharges, ion confinement
evidently is as important as, if not more important than, electron confinement.
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JET has now been operated with ohmic, ion cyelotron resonance and neutral
beam injection heating. A wide range of plasma conditions have been
studied with ohmic and ion cyclotren resonance heating while neutral beam
injection heating has just recently been applied.

1. OHMIC HEATING

During 1984 and 1985 an extensive series of experiments with ohmiz heating
have been carried out in both Hydrogen and Deuterium discharges [1].
The ranges of variation in the main plasma parameters covered are:
Toroidal magnetic field 1.7 < BT < 3.4 T; plasma current 1 < I_ < 4 MA;
line average density 0.5 x 10'? < n < 3.6 x 10'° m™*; elongation | < K (=

b/a) < 1.7; minor radius 0.8 < a < 1.23 m; major radius 2.5 < R < 3.4 m;
cylindrical safety factor 1.7 < q < 12; effective charge 2 < Zeff < 8; peak
electron temperature 1.5 < 'I'e < 5 keV; peak ion temperature 1 < 'I'.l < 3 keV.

The plasma geometry has been varied from fully elliptical to small circular
plasmas limited on the inside wall or on the limiter. The discharges had
long flat tops in current, density and temperature, 4 - 12 secs, which was
sufficient in all but the 3.5 and 4 MA discharges for the magnetic field
diffusion to have been completed before the end of the flat top. Values up
to 0.8 s have been achieved for the energy confinement time defined by

1g = W (Pyoe- W), where W = 3/2 J (ngT, + nyTy) dv.

The scaling of 1 with density for a few characteristic conditions is
shown in Fig. 1. The general pattern is that at low densities the
confinement time increases roughly linearly with density and then saturates
at higher densities (n 2 3 x 10'? m™®). The precise reason for the
saturation is not clear, both the impurity radiation and transport losses
increase as the limiting 1y 1is reached. Due to the large errors in
separating the ion and electron losses at high densities, it is not
possible to determine which is the dominant loss channel.

The scaling of 1y with the plasma parameters has been investigated, Fig.
1 shows that the neo-Alcator scaling, g @ ngR?a, is a reasonable fit. A
marginally better fit can be obtained by a regression analysis in the form
oo B%q ete. The result from such an analysis is (A is the atomic mass
and € = a/R the inverse aspect ratio)
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w = 0.013 038 q0-33 BTo.s'.' k0:21 g3.2 1.7 ,0.56 (1)
The range of variation of R and & in the JET data set is very small so the
uncertainty on their indices are rather large. The JET data set has been
combined with the DIII data set to get a better estimate of the scaling
with dimensions, The scaling law obtained from a regression analysis on
this combined data set can in terms of q (cylindrical) be written as:
g & no.6 q0.5 Bg.1 k0.3 RB.H 0.9 (2)

From analysis of the local transport properties with interpretative and
predictive codes three distinet regions have been clearly identified; an
inner region dominated by sawtooth activity, an intermediate region
dominated by electron and ion thermal transport and an edge region
dominated by impurity radiation and other atomic processes. The main loss
channel at low and moderate densities in the second region is found to be
via the electrons. The ion thermal conductivity is between 1 and 8 times
neoclassical with the higher values of this anomaly factor occcuring at
lower densities. The electron thermal conductivity can be approximated by
Xe -2.5.10'%/n at low densities, while for the highest JET densities it
does not decrease with n. No clear dependence of y, on toroidal magnetic
field or plasma current has been observed so far,

2. ION CYCLOTRON RESONANCE HEATING

Ion cyclotron resconance heating has been used in JET since the beginning of
1985. The heating system and characteristics of the different antennas are
described elsewhere 2]. Various minority heating experiments have been

performed in deuterium discharges with either H or *He as the minority gas.

It has been possible to couple up to 6 MW of RF power, FRF' to the plasma.
The increase of the total plasma energy during ICRH is partly due to a
density increase. However, both the ion and electron temperatures have
also been increased significantly.

In the first experiments the power scaling of W and 1y was unclear [3].
Recent results seem tc support a linear scaling of W with power in the form

Wo=W(o) * 150, Peog (3)

Fig. 2 shows W versus Ptot for different plasma currents obtained in D
(®He) limiter discharges with Bp = 3.4 T, K = 1,45 and a = 1.2 m using a
frequency of 33 MHz for central power deposition. The results of fitting
eq. (3) to the RF-points only are shown by dotted lines. The incremental
confinement time Ty ., obtained this way, ranges from 128 ms - 192 ms with
no obvious current dependence.

At present no strong dependencies of ;.. with respect to Pgpp, By, I and
ng have been observed, however, comparing with results from other tokamaks
there must clearly be a strong dependence on the plasma size [N]. The
degradation of the total g during ICRH is clearly seen in Fig. 3.

From Eq. (3) we may express the confinement of both ohmic and additional
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heated plasmas in the form

P P,(0)
OH '@ Q
Tp = T + T & ) (4)
E B Fiot ing Pot :
where TgH and Pn(O) are the ohmic heating confinement time and power,
respectively, in the absence of auxiliary heating. The present T; is

inc
typically one third of tp ', which means we need to couple more than 10

times the ohmic power in order to confirm the saturation of 1g.

By performing an exponential fit of the form W(t) = W, + AW (1-exp(-t/1))
to the time evolution of W from the time of a change in RF-power level, we
can estimate the fraction £ = (AW - Tﬁpn)/TAPRF of RF-power which
contributes tc the increase in stored energy. This fraction f was
typically ~ 70% in the experiments shown in Figs. 2, 3.

3. NEUTRAL BEAM INJECTION HEATING

Neutral beam injection heating (45 - 65 keV H into D plasma) has now been

successfully applied to JET discharges [5]. Identical target plasmas have
been used for NBI and ICRH making it possible to compare the two methods.

Fig. U shows W versus Ptot for NBI heating, i.e. the equivalent of Fig.

2. Again a linear dependence of W with P (eq. (3)) fits the data. In

addition t;,, shows an apparent current dependence which is present in all
the estimates of the total plasma energy as is shown in Fig. 5.

In conclusion all NBI and ICRH experiments so far have produced values of
Tipe in the range 100 - 300 ms. Future heating experiments with more
input power are needed to determine the dependence of Tine with power.
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Introduction:
In the divertor tokamak ASDEX we get in the H-regime a clear B~-limit /1/ at

I
Ber = 2.8 — 7 [MA,m,T]
or g [MA,m (1)

if we use for the volume averaged B the B-value measured by the diamagnetic
loop. Below the B-limit the highest B-value during a shot, Bp,y, is propor-
tional to the normalized power
B
PN = 5.3 58 (2)

where P[MW] is the total heating power, 2b the vertical diameter and B the
magnetic field on axis. The confinement time at Bp,;4 is proportional to the
plasma current I. The proportionality factor depends mainly on the isotope
composition and slightly on current, impurity and other parameters not yet
unraveled. The confinement time at Byay is I,/4 > Tg > IPIT, where the
limits are for deuterium and hydrogen respectively. After B,y B always
decays to values about or even below 0.7 - 0.8 B.pr. At this level nearly
time independent B-values could be observed. The B-decay is usually the
faster, the closer B,y is to Bgp. There is no qualitative difference in any
signal between discharges with Bpayx = Boy or Bpgx < Bere

After excluding all trivial reasons, like wall contact, radiation due to
impurity accumulation etc, the only thinkable parameter which could change
with time and would cause the observed B decay is the current distribution.
But only the longest observed decay times are in agreement with resistive
current diffusion (calculated with classical resistivity throughout this
paper). We hesitated for a long time to assume faster current
redistributions then those.

In the numerical calculations, which result in a similar B-limit as observed
experimentally the limit seems to be caused by a combination of ballooning
modes and surface kinks /2/. In a divertor tokamak the behaviour of surface
kinks are unclear due to the unknown influence of the strong shear near the
separatrix. In ASDEX the influence of the separatrix is very concentrated
and therefore the influence should be restricted to higher n-modes. As we

lpcademy of Sciences, Leningrad, USSR; 2present address: JET Joint Under-—
taking, England; 3Univ. of Washington, Seattle, USA; 4CEN Grenoble, France




observe no pronounced changes with varying q-values we assume tentatively
that the ballooning mode is responsible mainly for the observed limit.

The influence of the current distribution

We therefore have calculated the influence of the current distribution on
the ballooning mode stability limit using the inner inductivity 1j as a
measure. We used the ballooning mode criterium

.. B_ . - &y d9
dr 2 R q2 a(s) 8 (q) dr

and the approximation g (s) = s/l.67 /3/, but we neglected the usual condi-
tion q5 = l. We assume that the ballooning mode criterium is marginal all
over the cross—section.

Figure 1 shows the resulting dependence of B/g q2 on 1; for several families
of current distributions as shown by the inserts (¢ = a/R). We see the ex-
pected strong dependence of B on 1j, but the surprising result is that 8
depends nearly completely on the global 1§ value and only marginally on the
actual shape of the current distribution. We comclude that 1; is a very sen-
gitive parameter for the description of the volume averaged B resp. the glo-
bal confinement time.

The dependence found in fig. 1 can be described by the approximation:

8.1 2
3 ;5 (19 1,9+ 44,5 1, - 27). (3)

Comparing ‘this formula with experimental lj-values, evaluated as described
later, we find that the general behaviour of the B-decay can be described,
but that the calculated B-values are larger by 20 - 100 % depending on the
q-value. Inserting the empirical law (1), found experimentally and numeri-
cally, for the B limit, transformed to B.p/e = 14/q one finds that unrea-
sonably small lj-values belong to this B-limit especially at higher q-
values. This is not surprising, because all the theoretical calculations
have been done in the cylindrical large aspect ratio approximation. We
therefore assume as a correction that the q in eq. (3) is not the cylindri-
cal q but qp . Figure 2 shows now the B/e dependence on 1y with different qy
as parameter. The 8-limit B/e = 14/q and qcyl-curves are also shown. They
have been calculated assuming a purely thermal B, in the calculation of Qs
neglecting contributions by the beam or rotation.

By the measured E(Egia) and the measured qy a point in fig. 2 is defined and
with it the corresponding 1j. qy is evaluated from 8§59 by

5a.b.B

R-I

taking into account the empirically found dependence of a on B§9Y:

a = 0.375 (1 + 0.07 g9 Eut limited to a < 0.44 m, due to ouf vessel
dimensions, which was®found roughly in agreement with equilibrium calcula-
tions, (quoted q, values are always with a = 0.4 m).

q =g [1+€2(1 +0.5 (B%qu)zl with q. =

In fig. 2 data points are shown measured in the described way of a power
scan at 379 kA and q. = 2.79, H® injection (1.8-3.5 MW), where the crosses
are values at Bp,y and the points intermediate B values during the 8 decay
or the B values on the end of the heating pulses. Supplemented is this scan
by shots at 311 kA, at gq-values of 2.805, 2.71, and 2.85. The slightly
stronger bent of the experimental curves compared with the calculated q, =
const. curves is due to the nonthermal contributions of the beam and the
rotation to ngu and by it to qy and by the increasing diameter. As we shall
see later the resulting 1y values agree quite well with 1y values evaluated
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in quite another way beside the lowest point shown, an L-shot, where we,
however, do not expect that the ballooning criterium is fulfilled all over
the radius.

In fig. 3 we show q-scans at otherwise constant parameters (311 kA, 3.5 MW
Hy-injection). The achieved 1j values (and consequently the B values) are
limited to values <1.5. With Dy injection (4.05 MW) otherwise the same
parameters very high 1j values result and the B-limit can be reached also at
larger q; values.

To compare the found 1j values we evaluate 1l out of the difference signal

1
ngu ol E‘gia = -—12' + -g— phontherm.

neglecting B,nonth. 8,nonth. 15 estimated from the injected beam, the
slowing down time and an expression for the rotation, which is proportional
to the energy confinement time. The absolute value of ﬂ"nonth. is adjusted
so that for long lasting shots where the difference signals approach a
conatant value, the so evaluated 1j value approaches the 1; value calculated
out of the electron temperature profile. Time dependence of 14, evaluated in
this manner are shown in fig. 4. The crosses are the lj values according to
our modified ballooning criterum. The agreement is nearly in all cases
satisfying in spite of the many inaccuracies involved and the difficulty of
the absolute calibration. With deuterium injection the agreement can't be
reached with constant proportionality factors in every case as the nonther-
mal contributions (probably the rotation) seems to depend nonlinearily on
the beam parameters and the confinement. But the very large 1j-values and
their decay are found.

Summary and discussion

We conclude that in the H-regime the ballooning mode is limiting the energy
content of the discharge at Bp;y and afterwards always and already at very
low B-values. The B-limit B/ = 14/q can only be reached by favorable com-
binations of 1j and qy. At large g values 1y must be larger than in the
ohmic cases, which can only be reached transiently by inductive currents,
for which we have some experimental hints. These currents are due to the
injected beam, the plasma rotation and the Bjp-changes. The B-decay after
Bhax 1s due to the disappearance of these inguctive currents and the
approach to the statlonary current profile defined by the conductivity
profile. As a chanpge of B, and the rotation induce changes of the confine-
ment by altering the ballooning limitation, an increase as well as a
decrease has a self-inforcing effect. Therefore high 8 values decay faster
and to values well below limits achieved with smaller power.

The B-limit itself, but also the ballooning limited profiles below of it,
are influenced by rational qw-values (fig.5)+ This coupling of the balloon-
ing mode with surface kinks seems to favour the current redistribution. But
much finer scans are necessary to prove this convincingly as higher rational
values are involved, too, and the self-inforcing effect mask the rationals.
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ENERGY CONFINEMENT IN TOKAMAKS

P R Thomas
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1. INTRODUCTION

The presentation of the results of Ohmic and additional heating
experiments on tokamaks has relied to a substantial degree on the
parametric scaling of the total energy confinement time. Since the
correct theory for transport in high temperature plasmas has not yet been
identified, the range of validity of the resulting scaling laws is
completely unknown. Also, it is not clear that the total energy
confinement time is the appropriate quantity to represent the data and its
use in scaling laws might even obscure the underlying physies. Tokamaks
exhibit several confinement regimes with different scaling behaviour. It
is proposed in this paper that tokamak plasmas can be viewed as have
several phases separated by sharp transitions.

The use of the phraseology of phase transitions in thermodynamic systems
is meant to suggest a framework for the representation of tokamak data.
The applicability of the modern theory of phase transitions to driven
systems which might not even sses a thermodynamic limit is the subject
of an extensive literature [1 . In addition to discontinuous behaviour of
observable quantities or their derivatives in an independent parameter, an
important qualification for the theory to be useful is that the system
possess a large scale order parameter. In some models of plasma
turbulence [2 , long wavelength pump modes appear to act as order
parameters and the resulting transport exhibit the characteristics of
second order phase transitions. However, the question as to whether or
not tokamak plasmas underge phase transitions will be left open here.

2. THE CONFINEMENT PHASES

There are two distinct, observable phases in tokamks. The growth of the
energy density in the central region between sawtooth crashes indicates
that a third (neoclassical?) phase exists within the g=1 surface. Ais
given by Goldston [3], the low density Ohmic heating phase can be
described by the neo-Alcator scaling

TE,OH = 0,01 ne“ol.m—!) Rz.nu(m) al.na(m) qn.ﬁ (1)

whilst the high density ohmic and auxiliary heating phases are represented
by

T, aux " Const. Ip(A) Ptot'°'5(H) R'«7%(m) b°**(m) a~°*®*"(m) (2)

The constant is in the range 3.7-7.4x107° depending on the regime being
represented. The variation in the constant is indicative of the neglect

of a significant parameter from the description of a common transport
mechanism.

In the neo-Alcator scaling, equation 1, is consistent with the Connor,
Taylor constraints [H] for collisional h or low beta and collisionles
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high beta models. This freedom of choice is perhaps the reason why so
many explanations for neo-Alcator scaling have appeared!

The auxiliary heating scaling, equation 2, is consistent with collisional
high betd and resistive MHD, The scaling of the resistive MHD model can
be cast into the form

BI =f (PtDtIFOH' S, q, a/R) (3)

where S is the magnetic Reynolds number and the other symbols hav? their
usual meanings. It is assumed here that the plasma current is driven
entirely by the transformer and that electron trapping is unimportant so
that the Ohmic heating power is a consistent measure of the plasma
resistivity. A simplified form of equation 3

By = 0.11((Pyoe/Poy) (R7a) (b/a))°+*® (w)

is a quite good representation of the data [5] from several NBI dominated
limiter experiments as shown in Figure 1. It is similar when transformed
to a confinement time scaling to equation 2 and to the form expected of
resistive ballooning mode turbulence [6].

3. THE NEO-ALCATOR TO AUXILIARY HEATING TRANSITION

The existence of a sharp transition between the neo-Alcator and auxiliary
heating phases is indicated by several pieces of experimental data. The
energy content of some UMA, 3.4T ICRF heated JET plasmas is plotted
against total power in Figure 2. The linearity and non-zero intercept
imply the presence of an underlying confinement phase which supports most
of the energy content, The propogation time of the sawtooth heat pulse
was independent of input power for these discharges [7]. Furthermore, the
thermal conductivity inferred from the beta pulse propogation is
consistent with the characteristic time given by the slope in Figure 2.
Therefore the thermal insulation has been broken down by the Ohmic heating
and the application of auxiliary heating causes little or no further
change. The transition becomes apparent when the energy content for Ohmic
heating discharges with the same current and field are plotted against
line average electron density. As can be seen in Figure 3, the transition
is rather sharp ard the energy content, becomes independent of density at
high densities. ‘The same behaviour has been observed in most machines.

Following the above comments, it 1s of interest to determine whether the
transition to the high density Ohmic phase has any of the characteristies
that might be expected of resistive MHD. The JET Ohmic heating data
cluster around the transition and this results

in the reported weak density dependence of the energy confinement time
[8}. Consequently, the JET data are well represented by the form of
equation 3 as shown in Figure 4. The aspect ratio dependence is striking
and must reflect the importance of toroidal coupling of modes or the edge
plasma. It ls tempting to ascribe the behaviour shown in Figure 4 to a
threshold beta for MHD instability.

L, THE NATURE OF THE TRANSITION

Simple addition of the neo-Alcator and auxillary heating loss rates is not
consistent with the data. In order to match the sharpness of the
transition, Goldston combined the lossz rates by




tg = € /ey o + Urg, )™M/ (5)

with a=2. This suggests that each loss channel gains complete control of
its own phase. The best match of the JET data to equations 1 and 2 can be
obtained by taking a + =, or the maximum loss rate! Therefore it is
unlikely that the confinement transition is due to the passage through a
local eritical point. Instead the data point to a global mechanism for
switching from one loss process to the other [9].

Additional heating data from several machines [10] indicate that the
current density profile or the shape of the electron temperature profile
are held rigid by some, as yet, unexplained process. If this picture is
correct, the temperature scale would be determined by the region with the
worst loss rate in relation to the local power flow. A sharp confinement
transition could then result form the switch of control between a region
dominated by drift wave turbulence, for example, and another dominated by
resistive MHD. Any model leading to the neo-Alcator scaling, in which the
losses increase with electron temperature, would yield a confinement
transition at a critical density which increases with heating power.
Unfortunately the published data is rather sparse in this region. However
there is some weak evidence in the JET data to suggest that the critical
density increases slightly with power.

5. CONCLUSIONS

Complex, non-linear systems generally exhibit phenomena which can be
described, at least phenomenologically, as phase transition. Tokamak
plasmas are no exception and the transition from the neo-Alcator to
auxiliary heating phases is a good example of such behaviour. The loss
rate in the auxiliary heating phase and the eritical beta in the Ohmic
heating data are consistent with resistive MHD processes. However, the
transition so sharp that local transport must be regulated by some global
mechanism. This mechaniecs must reflect the dominance in tokamak plasmas
of an unobserved phase transition associated with the shape of the
electron temperature or current density profiles. A concerted
experimental attack on the transition between the confinement phases would
surely yield some insights into transport processes.
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HERTING PROFILE EHPERIMENT DN TFTR

R.J. Goldston, E. Fredrickson, K.McGuire, M. 2arnstorff, M. Bell, M. Bitter,
C. Bush¥, P. Efthimion, B. Grek, K. Hill, D. Johnson, H. Park, J. Schivell,

S. Sesnic, G. Taylor
Princeton University Plasma Physics Laboratory, Princeton N.J. USA
*Oak Ridge National Laboratory, Oak Ridge Tenn. USA

Introduction

In early neutral beam injection experiments on PLT! it was observed that
the electron temperature profile shape was not changed during injection, even
at high densities where the heating profile was hollow. This was later
quantified? using the temperature profile shape parameter Too/<Tg>.
Theoretically an ambiguity arises® because the sawtooth mechanism, in
current profile equilibrium, dictates a maximum value for Tgg3/2/<T53/2>,
and if Xg is sufficiently low in the core of the plasma relative to the edge,
the plasma will seek this maximum. Thus it is difficult to tell if any other
profile control mechanism is also active. In neutral beam heated discharges
it is usually not possible to vary the beam deposition profile without
changing the electron density*5 and thereby possibly X, wWhich makes the
implication of profile consistency less clear. One alternative is to change
the injected isotope®, but because DO beams are observed to be more efficient
at plasma heating than HY, and thermal confinement also depends on plasma
species, the penetration question is then mixed up with isotope effects.

Heating Profile Enperiment - Initial results

We have begun experiments on TFTR to resolve the above ambiguities. By
operating a plasma with Rp=2.36m, a=0.71m, we are able to inject 2 neutral
beams with a total power of up to 2.5 MW aimed at tangency radii of 2.65
and 2.85m, to heat the edge of the plasma, or 1.76 and 2.05m, to
preferentially heat the center. Thus the same target plasma and the same
beam species and voltage can be used, giving very different heating profiles.
With a plasma current of 1.2 MA and By = 5.1T, we obtain chl = 4.5, and the
sawtooth oscillations are relatively mild (ATo/Ty = 10% for "central”
heating, 7% for "edge”, Tqt ® 35 ms for both). The sawtooth inversicn radius
is at r =0.16m and the prompt sawtooth effects are confined withinr =
0.27m for both cases. Figures | & 2 show the calculated integrated beam
heating profiles for “edge” and "central” heating, as well as the location of
the q=1 surface (from ECE) and of the calculated q=2 surface.
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With 0.5 sec of neutral beam injection, the electron density in these
experiments rose from ng = 2.4-10'9 m™3 to 3.8-10'® m™3 in both cases. With
“edge” heating, the central electron temperature rose more than with
“central” heating during the first 0.2 seconds of injection, but then fell to
the same final value as obtained in the "central” case. This might suggest
that central fueling via a pinch mechanism is more favorable than via cold
injected electrons. The time-dependent aspects of these discharges including
particle balance, however, are still under investigation. Te(H) from Thomson
scattering in each case at 0.45 seconds into injection is shown in figure 3.
These profiles were both chosen to be at the midpoint of a sawtooth ramp.
They are essentially identical - indeed if anything the "edge" heating cases
are systematically very slightly narrower than the “central” cases. The
density profiles from Thomson scattering overlay precisely. Table |
summarizes the heating powers and final stored energies. The net beam
heating, Phgat b, and beam diamagnetism, Wgja b, are calculated assuming the
neutral density associated with =, = 0.2 sec, comparable to 7. Wg is the
electron stored energy from Thomson scattering, and W5 is the stored
energy from diamagnetism. Because of low metal content, X-ray Doppler
broadening measurements of T had inadequate statistics. The central ion
temperature was higher in the case of "central” heating but the value of Tj,
and consequently of a neoclassical multiplier, is not well constrained by the
error bars. The fon stored energy, Wi, Is calculated assuming neoclassical
ion thermal diffusivity with a large enhancement within the q=1 radius,
although a multiplier of 5 on X;"€0 does not violate the uncertainties in the
stored energy measurements. Zgry in these discharges was high, 3.6, as
measured by X-ray PHA. These were among the first data shots taken after a
machine opening. Zgrp due to metals was = 0.01; thus central radiated power
is anticipated to be low. Poloidal asymmetries in radiated power prevented
us from measuring the local value inside of r = 0.3m, S0 prgg Was taken to be
flat within this region.

Figure 4 shows the deduced Xg profiles in "edge” and "central” heating
cases as deduced from time-independent transport analysis. Xg is reduced
inside the region where the "edge” heating beams are deposited, but outside
the region where sawteeth have a direct effect. This difference becomes
more pronounced as the ion transport is increased in the analysis model. If
we take Xj to be neoclassical in the "edge” heating case, but 5 x neoclassical
in the "central” case, the effect on the core Xg is almost eliminated.
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Radially dependent enhancements of Xj during "central” heating could have a
similar effect. Of course this means that the ions would then mediate
profile consistency. However the measured nggdTey/dt during sawteeth is
1.6 % greater in the "central” heating case than in the "edge” case, while the
temperature gradients outside of the g=1 region are very similar. The
calculated ratio of central electron heating powers for fixed X;j/X;"° is
1.75. This purely experimental result supports the idea that the mid-radius
electron thermal diffusivity is lower in the "edge” heating case, despite the
fact that Tg(r) and ng(r) are identical.

Conclusions

Initial experiments indicate that Tq(r) is remarkably fixed in shape and
amplitude despite quite different heating profile shapes at a given total
power. Coupled with Fredrickson's? resuit that dinTg/dr in the mid-radius of
full-size TFTR discharges is constant over a very wide range of parameters,
these results point to the conclusion that Tg(r) is constrained by more than
just the direct action of the sawtooth. For the current series of
experiments, however, better T; and Prz4 measurements are needed to
improve the reliability of the calculated clectron power balance. T profile
measurements will help determine "profile consistency” of the ion
temperature under these circumstances.
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le 1
Case Pabs Pheatb EoH We Wi Wdiap  Wdia
“center” 2.1 2.01 0.66 0.234 0.18 0.036 0.45

“edge” 232 215 066 0.219 0.15 0.017 0.39
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STABILITY OF HIGH PRESSURE PLASMA IN TOROIDAL TRAPS
WITH A RIPPLED MAGNETIC FIELD

V.V. Demchenko, Yu.A.Zhdanov, A.Ya.Omel'chenko

Ingtitute of Physics & Pechnology, the Ukrainian Aca-
demy of Sciences, Kharkov 310108, USSR

Closed magnetic traps with a agatial axis constitute an
alternative concept to tokamaks, and they, too, can be used to
form a basis for fusion-oriented reactor technology projects|i-
=21 . Recent advances in fusion experiment using such traps (3~
-41 have greatly stimilated the fusion community's interest in
current-free magnetic systems featuring a complicated shape of
magnetic axis [5-8] . The magnetic structure of the said devi-
ces is made up of spatial arrangements of the toroidal magnetic
field coils (coil alignment). The number m of coils to gemerate
such a field and thereby determine its magnetic structure which
is inhomogeneous along the major azimuth of the torus (the rip=-
ple) can be several dozens, the ripple amplitude §., averaging
several per cent from the value of the confining magnetic field.

The purpose of this study is to get an insight into the
effects of the rippled magnetic field structure on the stabili-
ty of Mercier modes and dissipative flutes (g-modes) in finite
pressure plasmas produced in multi-form magnetic axis facilitiw
es. The gtability analysis for such cases is based on the tech-
nique developed in [9,10] which itakes into account both complex
magnetic field geometry and longitudinal magnetic field ripple.

Let us agsume that the magnetic axis of a toroidal fu=-
gion device is a spatial curve characterized by the curvature
£ (%) and torsion = (y ) where § is the angular variable
along the major radius of the torus. The stability of pertur-
bations like Mercier and g-modes would be considered within the
gystem of coordinates where the magnetic field lines of force
are straight. Using such gystem of goordinates_the stability
criteria of the said modes can be shown as (111

}\/L{ -\—A,W—N;}A‘—-A.Az_ +A1;7Q, (1)
for the Mercier modes, and as
W - Ay »Q (2)

for the g-mode, all designations being standard.

In their gemeral form the stability criteria (1) and
(2) are too cumbersome to employ for a random plasma pressure
distribution and a strong inhomogeneity of the magnetic field.
With this in mind, we congine ourselves to the cases of an
un-pronounced ripple of the longitudinal magnetic field:

B = B/(A+ T, B ™), 18m) «d, %.:0 (3)

and parabolic plasme pressure distribution along the radius
P=P 1=a*/af). In which case the MHD criteria for the Mercier
(1)"and g-modes (2) in finite pressure plasmas in currentless
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régime is es follows:
g, &% = (o2/ R&.)f‘é ‘}*5 Q} <0, (4)
§; *Sw 4,(01/‘11)&303*&54 2Q, (5)
vhere ¢ =&Y, Sy =-LE[h B R AN, LB TR pec]s
xR Y it R T S A T [ T

win
PN A o A
z%" _t:'n_m FO I B A QTTE % =_.3_. zl.x_"‘.—i.. _1.—
> 'o.“ o Sm ] e » V2T Ho [ " (P“"“? 4 g& % t‘\«mﬁt}*wo
5 A4 4 PN 4, -na, A (nonayt ]-r.

3 (o) Lyros) ¥ (e pana " Q.a'rﬁ')(‘ﬂ.y*“*“d)e' W (puana) (e Gyen

g Bl s 3 1Kol 7 0
‘éﬁmrn AR, vesd, Sas So- 2 [T ] Yorboh,
and =

eing the Fourier components of curvature and torsis .

on normalized to the torus major radius.

The resulis of mumeric calculations of the mode_stability
criteria for the cases of Mercier (4] and g-modes [5] are gi-
ven in Tables 1-4, while Tables 5-8 represent the cases of the
devices the magnetic axes of which are simple spatial closed
curves containing the minimum mmmber of Fourier components
needed to produce coupling which is two (127 . The type of the
trap is assigned vie the parameters N, M and ® which determine
the Fourier components of curvature and the spatial location
of magnetic axis. The guantities W ant M determine the number
of turns of magnetic axis around the circumferential and direct
line axes of the torus.

The principal stebilizing mechanism providing for Mercier
mode stability for finite pressure plesmas in currentless de=
vices is the action of the finite pressure plasma effects [13].
The de-stabllizing instances for those modes are the "anti-
pit" and the ripple of the magnetic field. In the considered
cage of a small-pcale ripple mz10, the longitudinel inhomoge-
neity of magnetic field appears meinly as a de-stabilizing
factor of the order T, w™|&m\* .

Numeric calculations performed for various types of the
devices with == < 1 and a prescribed value of 3¢ indicate that
the effects of the ripple can be neglected, if the ratio

A+ 82> 3T S "1s fulfilled, and their influence

upon the magnitude of the terms describing the effects of self

ssebilization is not great. In whic.‘tt_ cagepthe stability cri-

terion (4) gives rise to the ratio Pgc/y§ = (A+ 3T WS/ (k1)
m ™

which is just another way of saying that for the cases consi-
dered, the ripple is always a de-stabilizing factor. Here 33"
and %or are the threshold values of pe which get the plasma sta-
bilization going as far as excitation of the Mercier modes
goes for the facilities with spatially homogeneous magnetic
field rippled along the major azimth.

An analysis of the stability calculations for g-mode in
current-free devices (see Tables 5-8) with a rippled tiec
field gives an indication thet the said-mode can be mos -
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gerous, because the condition for instability build-up in this
cage is satisfied when plasma peessure is random. The de-sta-
bilizers here are "anti-pits", ripples of the confining mag-
netic fields proportional to & ., w* |Eml¥ and finite pressure
plasma effects serving to deepen the "anti-pit". The given
mmeric date tend to show that plasma finite presmures are the
major de-atabilizing factors for the cases of currentless
traps with ®> 1 which holds true even at = < 1, if the
condition Qg> (4,6+ 4,3) (R/a)® is satisfied.

In conclusion, we bring your attention to the fact that
the results of the calculations of Mercier and g-mode stabili-
ty for the devices with spatial magnetic axes and a longitudi-
nally inhomogeneous field as given in Tables 2, 7 are appli-
cable to facilities which are being designed tT] or élready
operate [8] .
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Table 4: N=5, M=4, 8,.= 0.02 , m=45

2 | Re | Bc | R3] 5% Go)™
0.5 |1.05 [2.13 | 1.48 1.4
L Iir lesr | 167 1.88
I5 |1.17 [3.45 - _
2 I.24 [3.83 s -
3 1.37 [s.26 | 0.64 0.63
Ta;_L-e_'iF._'- = 4 MR;\ , 0,20.02, m=z%6
0.4 |1.052 |1.68 |I.5% 1,27
0.8 |I.II |2.29 |I.74 1.53
g 5z lpg - .
1.6 1,23 (2,99 | - 2
2.4 | 1.35 [3.28 | — .
T:;:Ln-. H€3 Mi:, Sens O.0L, W14
0.3 |1.05 |1.22 |1.27 2
0.6 |T1.I1 |1,66 |1,37 124
0.9 LIP |TE% | == -
Lz |iee B | -
2.1 |1.28 [2.25 [0.1I6 0,109

—Toblt h: N-T, Wcd, Be=0.02 , meAS
% B[ B

0.1 |1.005]0.53 |1.00 0.91
0.2 | 1.05 [0.73  |1.04 0.95
0.4 | I1.I 098 |1.07 0.99
0.6 |I1,05 |1.11 |I.% 1.32
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Abstract

Axisymmetric, resistive plasma stability and control in the proposed
TCV tokamak have been studied with the Tokamak Simulation Code, which
models the resistive time-scale evolution of a toroidal plasma, including
its interaction with the poloidal field coils and the vacuum vessel.
Realistic design parameters for the proposed TCV were used to study
questions concerning active feedback response times and passive
stabilization. It is shown that the plasma can be actively stabilized by
power supplies with natural commutation thyristors operating at 100 Hz with
12 pulses.

Introduction

The Tokamak Simulation Code TSC is described in [1]. With this code,
it has been demonstrated [2] that a tokamak plasma can be evolved
continuously from a near-circular, cross-section shape to a 4/1 vertically
elongated racetrack. All intermediate stages and the final state are stable
to axisymmetric MHD modes. The stabilization is provided by the wvacuum
vessel walls on the ideal time scale and by an orthogonal active feedback
system on the resistive time scale.

In subsequent studies with this code, it was found that the use of
either a continuous vacuum vessel or a vessel with a toroidal gap resulted
in very similar plasma evolutions. Also, the effects of diagnostics ports
were studied by removing short poloidal sections from the toroidal
symmetric vessel at port locations. Ideal stability was preserved, and the
resistive growth rates did not significantly change. Based on these
results, the vessel model used in the studies reported here is continuous
poloidally and toroidally, with a resistivity equivalent to 1.0 om thick
INCONEL vessel walls plus strengthening ribs. In previous studies, the
shaping coil supplies were ideal current sources. In what follows, the
power supplies are natural commutation thyristor rectifiers, and the
shaping coils are given the design values of resistance.




Feedback model for voltage source power supplies

For each shaping coil i at any instant of time t, the desired current
I (i, t) is givenby I (i, t) = JF(i, t, L) + C (i, t), where C (i, ) is
the preprogrammed current to give the desired equilibrium and
F (i, t, L) =G (i, L) E (t, L). For values of I=1-4, the coils produce
radial, quadrupole, octupole, and vertical fields due to the current
distribution G(i,L), which includes a gain factor. The error measurement
E(t,L) is obtained by multiplying a state vectror for each of the four
control systems by the flux loop measurements. The state vectors for the
error measurements and resultant fields are othogonal, so that each
feedback system is relatively independent of the others.

At any given instant of time, the difference D(i,t) between the
desired current I(i,t) and the actual coil current I*(i,t) is
D(i,t)=I(i,t)-I*(i,t). The plasma and coil current solver in TSC advances
the currents during a small time interval dt. We need to specify the coil
voltage during this interval, V(i,t+dt) = V(i,t) + dv(i) where V(i,t) is
the applied voltage during the previous interval and the change in voltage
dv(i) us given by the feedback equation :

av(i) = A (i) %}- [D(i,t)‘i‘AP(i;

2 .
A d°D(i,t) ]
dat I

D dt?

dp(i,t)
dt

where Ay, Ap, Ap are the integral, position, and differential gains
for each coil, and WHX(i) and T(i) characterize the voltage source power
supplies. WX(i) is the maximum positive or negative voltage, and T(i) is
the half-periocd, corresponding to the time to swing from maximum positive
to maximum negative voltage. The command voltage from the feedback equation
is therefore limited by

[v(ise) |« PR(i) and F%ft—’k —Z‘f(—m-j(i’—

T(1

The resulting command voltage is applied to a model describing an
ideal natural-commutation thyristor rectifier power supply for each coil.
The thyristor supplies are taken to be 12 pulse and 100 Hz, which allows a
commutation every 0.83 msec on average.

Results

The resistivity of each vacuum vessel element is 0.02*R ohms and the
global value is 10" ohms, corresponding to 1.0 cm thick INCONEL plus
strengthening ribs. The maximum supply voltages WX(i) are 25 V/turn for
outside coils, and 12.5 V/turn for the inner coils, correponding to the
difference in self-inductances. (We note that because the coil grid size is
2.5 an x 2.5 om, the coils” self-inductances are larger than in the actual
experiment.) For the inner coils (small major radius), the feedback
coefficients are A;r = .00064/Amp, Ap = .004 sec, Ap = 0; for the
outer coils Ay = .00024/Amp, Ap = .008 sec, Ap = 0. The plasma
parameters for the simulation are central density and temperature
3 x 10*°m3 and 900 ev, safety factor ratio dgegge/dp = 2, and toroidal
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field 1.5 Tesla. The Alfvén time is artificially enhanced by a factor of
600, so that the Alfvén time is still much less than the vessel time
constant.

Examples of the results of a simulation with the above parameters are
shown in Fig. 1. The plasma evolves from an elongation of 1.6 up to nearly
2.0 during 60 msec. A sample equilibrium is shown, with the positions of
coils #7 and #8 indicated. The applied voltages and resulting coil currents
are shown in Fig. 1 as a function of time. The initial conditions have the
correct currents for the initial equilibrium, but the voltages are the
resitive voltages only, and the plasma current density is not in resistive
equilibrium. Thus the feedback model causes a large overshoot in the
applied voltages as the plasma begins to evolve, but these are damped out
later in time. An oscillation remains, superposed on the thyristor
waveforms, because optimal feedback coefficients have not yet been
determined.

Conclusions

The plasma is maintained in equilibrium for many 10's of milliseconds,
whereas without feedback, it goes unstable on the millisecond time scale,
indicating that the system response time is sufficient for the conditions
considered.
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It is generally recognized that the linear properties of tearing modes
are sensitive to various corrections to the basic resistive MHD model
because of their comparatively slow growth and the concentration of the
dynamics to a thin resistive layer. One example of such corrections which
is clearly relevant to tokamaks is due to the presence of equilibrium
flows. The effects of equilibrium flows have been studied previously,
notably in [1] and [2] for flows perpendicular to the magnetic surfaces and
in [3) and [4] for sheared flows parallel to the magnetic surfaces. In [5]
we reexamine and extend the results of [1 - 4], and the main results are
summarized here.

The equations relevant to tearing modes in a large aspect ratio torus
with small B can be separated into the usual force balance equation valid
in the ideal region and one equation for the streamfunction in the
resistive layer near the singular surface

np [veld)—co” ~(yHir'y)o™" ] + E%y%p = Fry(y+ir'y)-F""n (1)

where we have considered slab geometry with the rational surface at y = 0,
perturbations are of the form ¢(y) exp (ikyx) and where the constant—¢
approximation was applied, ¢(0) = 1. In Eq. (1), y is the growthrate, n the
resistivity, p the mass density, v the perpendicular viscosity, c the
perpendicular flow speed, r” = d(kgVey)/dy the shear parallel flow and
F = kyBox(y). Matching of the external and internal solutions leads to
the A" condition

na” = [ (y+ir y-Fy¢)dy (2)

§~—.a

Bquation (1) is then Fourier transformed with respect to y whereby the
inhomogeneous terms on the right-hand side give rise to jump conditions for
the Fourier transform &(k) and its derivatives at k = 0. These jump
conditions can be combined with the Fourier transform of Eq. (2) to restate
the eigenvalue problem in the following compact way

- e Hyo7) - eltpyioh) (3a)

where aelX = A'—inF”*/F’, Y(k) = da/3dk and where & satisfies
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as _ » <
= o [(vk +ick -Pyk )o r (k m] (3b)

for k # 0 and ®(k)»0 for -H-ce. In the following we use rglal 7ed
variables B = X (n°atp’ 2/p)-1/! N = v nAp 1/5

R = £’ (na%F**/p?)-1/5 and C = o/na, in which Bg. (3) can be wrltten in
dimensionless form. For the detailed computations we have subdivided the
problem such that the plasma response is either inertial (v = 0) or viscous

(y = 0 in Eg. (3b)) and the flow is either perpendicular or parallel.

In the case of inertial plasma response and perpendicular flows
numerical computation gives the diagram in Fig. 1. The solid lines give

constant Re(P) and the dashed lines show constant Im(P) as funcnons of x
and C. Fors‘; large the stability boundaries are y = arg (A -inF”'/F")
=+ n/2 +

C)%/10, in agreement with [2]. However for snallT,LCLe
Cy < 0 there are regions in which the growth rate is complex. reg1ons
can_be demonstrated analytically by expanding Y(0%) as a power series in
cp-5/4 or pc~4/5. The small C expansion leads to

P 5/4 %%{%4— [cos x :t(cosz

It is valid in the vicinity of the endpoints y=#n/2, C = 0 of the curved
parts of the marginal stability curve and reproduces both the complex
growthrates and the form of the stability curve in this region. Similarly,
around the other pair of endpoints

x+Z& ¢ sin y) /) “

x = $28/5, C= 1~3—‘ cos %> (5)

A

and also for C » 1, the large C expansion is valid

0.07071 coslx + 75 )X>40.1612 cos(y + Fg)X>+(xC + Jsiny)x=

(6)
= 1) 1§75 3c0s (x - Ip)

where the expansion has been taken to third order in X = 45, 1t is
interesting to note that Bg. (23) of [2] gives the first order expansion
of Eg. (6). However at the point (5) both the zeroth and first order terms
of (6) vanish! The third order expansion allows us to determine the
direction of the marginal stability curve through (5), the result agrees
with the numerical stability diagram. Figure 2 shows the numerically
determined stability limits and boundary between real and complex growth
rates (solid) and the lowest order expansions to these curves obtained from
Bgs (4) and (6) (dashed lines).

In the case of viscous plasma response and perpendicular flow, the
growthrate is always real and the stabll:.ty limit in y is f smooth function
of C, see Fig. 3. Analytic expansions in the limits av5/6 € 1 or » give
asymptotic results in agreement with the numerics.




The countour plots for perpendicular flows and inertial plasma
response are shown in Fig. 4. Analytical expansions for |R'| « 1or 1
E_lgain agree with the numerics. In the flow daminated regi the expansion
1s 2

P= (% e“‘)'/2 + % 372/3g~1/3p (%) cos x (7

This is smaller by a factor v2 than the corresponding result of Paris and
Sy (see discussion in [5]). Finally, the case of viscous plasma response
and perpendicular flows 1is analytically solvable and the growthrate is
given by

r{1/3) ,-2/3 .2, -1/6
Zﬁp=m)3 (4N + R™7)

x[eiX DUTHEN/3) | Bx D1 - £)/3) 4

e a3 e T(Z-8/3) (8)

where £ = R'(4N + R"2)~1/2, The stability limit is unchanged by the flow,
x = *n/2, but the flows increase the growthrates.
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Figure 2. Boundaries of region with complex growthrate
in Fig. 1. Dashed lines show analytical expansions
based on Egs. (4) and (6).
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FREE-BOUNDARY FLOW EQUILIBRIA FOR ASDEX AND ASDEX-UG

H.P. Zehrfeld
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Neutral beam injection into magnetically confined plasmas is
connected with plasma flow and a corresponding alteration of the
equilibrium characteristics of the discharge. In particular den-
sity wvariations on magnetic surfaces were observed in neutral
beam heated plasmas. This has led to attempts to explain them by
toroidal rotation of the plasma. It has turned out that in view
of the measured Mach-numbers for this flow the mere effect of
centrifugal forces caused by only toroidal rotation is too weak.
However, taking into account the more involved effect of the
combined action of both +toroidal and poloidal plasma motion
changes the situation qualitatively as well as quantitatively:
Due to the finite rotational transform of the flow field accele-
rating forces in toroidal direction appear. In an eguilibrium
state, they must be balanced by corresponding components of jxB.
This requires plasma currents across magnetic surfaces which to-
gether with the toroidal magnetic field maintain pressure gradi-
ents in magnetic surfaces. In order to demonstrate this effect
quantitatively we have calculated corresponding MHD flow equili-
bria for the separatrix-bounded plasma configurations of ASDEX
and ASDEX-UG. For this purpose the partial differential eguation

R {O¥) - (RYIVY,F) | D=DRVIWIF) (v

must be solved for the poloidal flux ¥. D and ¥ are given
functions. F represents five profiles

F = (Hy,Cy,dy.- Y, Pu) = F(W) (=)

The first three guantities can be determined prescribing profi-
les for the density n, the temperature T and the poloidal cur-
rent J on a straight line s leading from the magnetic axis
(V¥ =V,) to the plasma boundary (W =Y3). Wm is the poloidal mass
flux, ¢ the electric potential. We have chosen the distributi-
ons

N~ (-0.x)" , T~ ()P S = J3 W) + (s - I3 (W) Gx) -
WHI m,ns.l—sfize—x ' d);' “’Ts‘h& " 1= d/d"l’ (4)
where X = (W-¥)/(Va-¥) and G(x) (0 ¢ G(x) ¢ 1) some function

describing the diamagnetism of the plasma. Tt V and 3},p_ are
profile constants.
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Fig.3 shows surfaces of oconstant J (the flux surfaces of the
current density field) for an ASDEX case (f,~ 1). The poloidal
components of the current density perpendicular to the magnetic
surfaces are responsible for pressure variations along magnetic
field 1lines. The corresponding mass density anomaly (i.e. a R-
dependence of p if p is conceived as function of ¥ and R) at
the magnetic axis is given by

_R_ _ae L Bzwﬁ‘[z/pz + 4HZE2®M'2 (5)

e (- (B /pcg)?) 52
The anomaly of the radial pressure profile is illustrated by
Figs. 5 and 6. For the Mach-numbers for poloidal and toroidal
flow indicated in Figs.2 and 4 we obtain pressure variations of
about 20% on a magnetic surface. For ASDEX-UG, where considera-
ble smaller values for the poloidal velocity have been used, the
corresponding pressure distributions for the static and the flow
case are barely discernable - purely toroidal flow at moderate
Mach-numbers has only small effect on the density variation
along magnetic field lines. The expression for the plasma flow
field

Vv = '”’Fg« B, +{%«BT+MR¢,}}RV50 665

shows that for an appropriate choice of ¥, and ¢4 both velocity
components can be small,whereas - approaching the boundary of
the first elliptic regime of equation (1)

0 < 1"{4?5%%244_‘% ) ﬁ=f“TP/BZ (7)

- the radial increase of the density (of. equation (5)) may
reach considerable values.
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THE EFFECTS OF A RESISTIVE WALL ON RESISTIVE MHD INSTABILITIES
T C Hender, C G Gimblett and D C Robinson

Culham Laboratory, Abingdon, Oxon, 0X14 3DB
(UKAEA/Euratom Fusion Association)

Introduction In this paper we study the effects of a finite conductivity
wall on resistive MHD instabilities, The studies in the tokamak will focus
on the destabilising influence of the wall resistivity when q, < 2.6. The
regime q, < 2.3 which is difficult to access experimentally, is of particular
interest from the viewpoint of increased ohmic heating and high-g limits. In
present RFP's the need for a conducting wall is rather more intrinsic than in
the tokamak, apparently being essential for gross stability. The OHTE RFP
[1] and CLEO RFP [2] however have operated successfully with a thin wall,
whose long time constant ('crl.s MS in OHTE) which is much shorter than the
pul se 1ength (~ 10ms). We shall study for OHTE parameters the 1inear spectrum
of modes which are destabilised by the wall resistivity.

Numerics and Boundary Conditions Computationally we solve the reduced pinch
equations [3]. These equations which are applicable to MHD stahility in the
RFP and tokamak have been shown to be a good approximation to solving the
full compressible MHD equations [4] (at B = 0%). Numerically we solve the
linearised reduced pinch equations using an implicit scheme. The non-1inear
terms (which may optionally be suppressed) are included explicitly. A Fourier
series representation is used in the poloidal and azimuthal (6,z) directions
and finite differences are employed in the radial direction (r). At the wall
the boundary condition on the magnetic field is determined using a thin wall
approximation (wall resistive skin depth >> wall thickness). This yields [5]
larb":('“2+k2]'(';b.-m(__hnka} . (1)
Here © is the ge:ﬂstive wall time cogstant normalised to the Alfven time ("A
= a/p/B ) and K is the modified Bessel Function. In this boundary condition
(Eq 1) we have included the effect of a uniform toroidal rotation of the
wall, with velocity V This is equivalent to (but simpler than) adding a
bulk toroidal rotation to the plasma. In the results given in the following
section we shall convert to the frame of reference of the wall (i.e. the
plasma rotates). The boundary condition on the velocity is taken as Vi = 0.
This leads to the problem that we form a resistive boundary layer near the
wall since as V. > 0 Ohm's 1aw becomes db./dt = n(VZE)r (and ab./ot # 0 for a
resistive waﬂ) The V. = 0 wall boundary layer however, has no effect on
the marginal stability points.

Tokamak results We may derive an approximate dispersion relation for the
resistive wall tearing mode by using the vacuum solution for b outside the
resonant surface(rg). In the tokamak 1imit the result is
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! opad 2. 2m
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(2)

where w is the growth rate (normalised to "A) and the subscript on the A'
indicates the 7, value. Examining Eq (2) for the non rotating case (V,=0) we
find if A'_>0 then by making » small enough but still positive we can keep
A'>0 for a]? finite 7,. In other words if the mode is unstable for 7,0 then
it is unstable for all values of 1, and hence to determine stability it is
sufficient to examine the case of =7,=0 (when V,=0).

Figure 1 shows for the profile g=1.1(1+[(q,/1.1)"-1]r})* (which
corresponds to a broad current profile) how A' varies with q,. The Tower
plot shows the corresponding growth rates computed with the initial value
code for S=-:R/tA=105, m=2, kz=n.2, Vz=0' For the superconducting wall case
A' is negative when q,<2.6 and the tearing mode is stable, whereas the
resistive wall allows instability to persist. Calculations for finite =t in
this case confirm the analytic result that a sufficient condition ?ur
instability is that the mode is unstable for 7 =0. The resistive wall
tearing modes are however stabilised by sufficiently fast bulk toroidal
rotation (if A.<0). From Eq (2) in the Timit w<<k,V, we find that the
frequency of the mode is given by k,V, and the growth rate is that of the
T,~= mode. For most experiments with significant frequencies (kzvzrw 2> 10)
rotation will stabilise the m=2 resistive wall tearing modes.

In the nonlinear regime the growth of the resistive wall tearing mode
island {when V,=0) is given by the normal relation [6]

i - 1.66 (4’ (wr,,)-a) (3)

but here A' is a function of mw[r-{?twfw)(dwdt)] and is given by Eq (2).
From Eq (2) we see that as the mode saturates and dW/dt+0, then n'(wtw)+A6
(for V,=0); hence for all values of 7, (# =) the eventual saturation width is
that of the 7,=0 case when V,=0. Computationally we find for the case shown
in Fig 1 with g,=3, that for the range 7,0 to 10" the saturation width of
the (2,1) island varies from 35% to 33% of the minor radius. Figure 2 shows
the single helicity evolution of the (2,1) island for the same case as Fig 1
with V,=0 and q,=2.5, 2.75 and 3. For q,<2.8 and 7,=0, the island actually
touches the wall before it saturates and thus connects the outer~1/3 of the
plasma to the wall. As discussed above this saturation width is
approximately independent of t, but of course the nonlinear growth of the

mode slows as T, increases.

W

RFP Results In the RFP the effects of the wall resistivity are greater than
in the Tokamak. With a superconducting wall it 1is possible to achieve
complete stability to ideal and resistive tearing modes with a vacuum region
of up to 4% of the minor radius[7]. With a resistive wall however, complete
stability to the tearing mode is not possible (when v, =0). In addition
ideal modes which are resonant at the magnetic axis or are just nonresonant
are destabilised by the resistive wall. Their dispersion relation is

> +
(TkyV tw) 1, =8~/ 2/S/|K.B] aqy (a)

where A', is evaluated at the wall. The w3/2 term is due to the boundary




layer induced by the V.=0 boundary condition; it is only important when
1w<<J(mS). a regime of 1ittle importance for present experiments.

Figure 3 shows how the growth rate of the m=1 modes within the field
reversal surface vary with k, for various = with 5=5x103 and n=(1+5r2)2,
The pitch profile in this case is p=0.571(1-1.53r2-0.375r%) with a 2% vacuum
region [7]. This profile is stable to all tearing and ideal modes in the
limit 7, ==. The nonresonant modes (k,<1.75) are ideal (twisting parity) and
their growth rates are almost totally independent of S. The fastest growing
modes for =, >20 have k ~2 1 and are tearing parity; their growth rate scales
as §-0,2 at S=5x103, Fur OHTE, typical parameters are S$=5x103, <,=5x10%t,
and TA—3X10-7 sec. For these parameters the fastest growing mode for the
case shown in Fig 3 has a growth time of 600 pus. This tearing mode may be
stabilised by the toroidal rotation effects if v, is large enough, Figure 4
shows how the growth rate decreases as V increases for the same case as Fig
3 with z, =5x103 and Kz=2.2. For exper1menta11y observed frequencies (~10KHz)
v,=10" -2 and the mode is stable. The ideal modes however are unaffected by
bulk toroidal rotation up to near Alfvenic speeds; from Eq (4) we find that
the mode locks to the wall and remains stationary as the plasma rotates.
Computationally for the case shown in Fig 3 with K, =1.7 and = =5x103 the
growth rate is unaffected by rotations up to V,=10- 2 Hence for this case
when rotation effects are taken into account the 1dea1 modes are the most
unstable; with this profile for OHTE parameters they have a growth time of
~3mS. The fact that these ideal resistive wall modes rotate very slowly (or
not at all) needs to be taken into account when searching for these modes
experimentally.

Conclusions In the Tokamak with q,<2.6, the wall resistivity allows
continued growth of tearing modes which would be stabilised by an ideal wall.
For significant frequencies these modes can be stabilised by toroidal
rotation. Nonlinear calculations indicate that the (2,1) island may touch
the wall when q,<2.7 (for the specific profile chosen). This behaviour could
be related to the difficulty in operating Tokamaks at Tow q (< 2). For the
RFP it appears to be difficult to achieve complete stability to tearing and
ideal modes with a resistive wall but, the growth rates of the resistive wall
modes are easily reduced to relatively low values (~ 1/1w}. For OHTE
‘parameters the fastest growing internal mode when rotation effects are taken
into account is an ideal, on-axis mode. Its growth time should make it
apparent in the experiment if no other effects intervene (e.g. nonlinear,
background turbulence, kinetic effects etc).
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Introduction As the value of B in JET increases with the auxiliary heating
it becomes important to understand the effects on the tearing mode. An
analytic treatment of the tearing mode in toroidal geometry was given by
Glasser et al [1]. They found a strong stabilising effect at finite-g,
resulting from the influence of the average curvature on the tearing mode
within the resistive layer. These average curvature effects are strongest in
small aspect ratio, high magnetic Reynolds number (S) tokamaks, such as JET.
Nonlinearly these curvature terms have also been shown to stabilise the
tearing mode [2]. Thus the results presented here can remain valid in
regimes where the linear resistive MHD equations appear to be inapplicable
(eg Larmor radius > linear resistive layer width).

In this paper we present numerical studies of the effects of finite-g on
tearing modes in JET. The next section gives details of the equations solved
and numerics, and then in the following section the results are presented.

Numerics and Equations The compressible 1inear resistive MHD equations are
solved in toroidal geometry with a version of the ORNL code FAR [3] modified
to include the compressible terms. To achieve an efficient representation of
the Tinear eigenfunctions an equilibrium flux coordinate system (p, 6, £)[4]
is used. Where p is a flux surface label, ® is the straight field 1line
poloidal angle and L is the geometric toroidal angle. These coordinates are
generated from numerical toroidal equilibria and are an exact representation
of the geometry with no ordering assumptions.
In the FAR code a stream function representation is used for the
perturbed magnetic field (B) and velocity (V)
B=ve x Uy +VC x Vg; V = V0 x VA + VC x Vo + T (1)
This form of the velocity separates the incompressible and compressible
(vi) parts of the perturbation. Equations for the evolution of x and ¢ are
obtained from Ohm's law and equations for ¢ and A arise from the vorticity
equation. An equation for 1 is found by taking the divergence of the
equation of motion and finally the perturbed pressure (P) is evolved
compressibly. By setting 1=0 in these equations we obtain the incompressible
MHD equations; the ability to solve either the fully compressible or
incompressible equations is retained numerically. The equations for ¢, x, A,
¢, \ and p, which are equivalent to the primitive compressible MHD equations,
are solved with a modified version of the FAR code. A finite difference
representation is used in the radial direction (p) and a Fourier series
decomposition is employed in the angular variables 6 and &. The equations
are solved with an implicit scheme which gives very rapid convergence to the




eigenfunction [3]. The boundary conditions are a non-porous superconducting
wall at the last equilibrium flux surface.

Stability Results Figure 1 shows how the n=1 tearing mode growth rate (w)
varies as the central beta (B,) is increased for a circular boundary JET
equilibria with q = 1.34(1 + (p/0.558)8)1/% and Pag = ¥2. For this case the
ratio of the resistive time 7, (= azlno) to the poloidal Alfven transit time
th(= Rav'pmfﬂo) is S =105, This q profile is particularly unstable and has
been used previously for disruption studies [5]. Despite this, a strong
stabilising effect is evident in Fig 1 as B, increases. Figure 2 shows the
velocity flow pattern at By 2% in the £=0 p?ane for the same case as Fig 1.
The vortices at the g=2 surface are clearly evident and on the inboard side
small vortices at g=3 and 4 are also evident. The compressible (ratio of
specific heats y = 5/3) results and incompressible (y = =) results shown in
Fig 1 are generally in good agreement. This is because the sound speed wg =
/(yﬁOPEQIZqZ) (normal ised to T ) is greater than the growth rate for Bo 2
1%. As B, + 0 however, w, + 0 Tfor‘ y # =) and the damping effect of the
sound waves on the tearing mode disappears for the compressible case.
Analytically at large aspect ratio we expect the compressible and y = =
growth rates at By= 0% to differ by (1 + 2q2)1/5 = 1.55 (for gq=2);
numerically this ratio is 1.72. For JET we >> w is generally true and so
this behaviour near Bo = 0 is of little practical importance.

The value of S = 105 used for Fig 1 is much lower than that in JET (S ~
108). As we raise S for this case at B_ = 2%, the growth rate initially
decays as S$=3/5 and then for S > 5 x %05 it decays more rapidly, and
eventually becomes overstable (Fig 3). The departure of the growth rate from
the normal $-3/5 tearing scaling and the overstable behaviour are caused by
the average curvature stabilisation which becomes increasingly important as S
increases. At sufficiently high S the curvature terms stabilise the tearing
mode, but we are unable to study this regime because our initial value method
requires a growing solution. We can however estimate from the tearing mode
dispersion relation given in [1] that for the case shown in Fig 3 (ﬁu = 2%)
the tearing mode is stable for S > 107, Since for § = 109, Bo = 2% the
growth rate w = $3/5 (Fig 3) we can conclude that the average curvature
stabilisation effects are weak (at S = 105). Thus the stabilisation effect
for By % 2% in Fig 1 (S = 105) is due to the changes in magnetic geometry and
poloidal mode coupling associated with increasing B, (and is not due to the
average curvature).

For a less unstable circular boundary JET equilibrium with g = 1.1 (1 +
(p/0.506)8)1/% we find that for S = 105 the n=1 tearing mode is almost
completely stabilised by Hy = 1.5% (Fig 4). In Fig 4 incompressible results
are shown for q(p) held constant as B, is increased and also for FdF/dy held
constant (where F=equilibrium toroidal field). By raising B at constant q we
are implicitly changing the current profile which itself effects the growth
rate; the difference between the FdF/d¢ and q constant curves (Fig 4)
indicates that effects of finite-g equilibrium profile modifications are
relatively small.

The results shown in Fig 4 are at the relatively low S of 105, At
finite-p we again find as S increases that the favourable average curvature
terms become more important and stabilise the mode. Figure 5 shows the growth
rate trajectories as S is increased, in the complex w-plane for the same case
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as Fig 4 (g-constant) at fp= 0.5%. Compressible and incompressible results
are shown and can be seen to be in reasonable agreement. For this g (=1.1(1
+ (p/0.506)8)1/%) at JET aspect ratio the ideal ballooning g-1imit is B =
6%. Thus at S = 10° there is a wide range, B, = 1.5-6%, of complete stability
to the n=1 tearing mode and the ideal bé%] ooning mode. At higher S the
critical p for tearing mode stability will be even lower {ﬁo=0.24% at $=107),

Finally we study the effects of shaping on the finite-g tearing mede. We
study a sequence of increasing D-shaping with the outer boundary defined by R
=R, +a Cos (8 + 6 Sin8); Z = a x Sin8, We define the D-shaping sequence by
k = 1 + 25, Figure 6 shows how the growth rate varies as the D-shaping is
increased for B. = 0% and 0.5% at S = 105, Results are shown for q held
constant as (x,g} are varied and for FdF/dy held constant (with g, = 1.1).
The shaping results are strongly dependent on what is held constant,
indicating that the effects of equilibrium profile modifications are
important. The curves for By = 0% and 0.5% are however, approximately
parallel for both the q and FdF/d{ constant cases. This shows that for these
relatively modest levels of shaping there is no marked change in the
stabilisation of the tearing mode as P is increased. Although for the q
constant case the reduction in growth rate as the shaping increases means
that the curvature terms will stabilise the mode at lower g (or S).
Increasing the D-shaping also raises the ideal ballooning g-1imit.
Conclusions and discussion The finite-p properties of the tearing mode in
JET have been studied computationally. The computations confirm the anal ytic
results of Glasser et al [1]; there is a strong stabilising effect as B is
raised which results from the favourable average curvature terms within the
resistive layer. There is also a stabilising effect arising from profile
modifications and poloidal mode coupling as B is raised. The importance of
the stabilising average curvature terms increase as S (ie conductivity
temperature) is raised. At large S the tearing mode growth becomes overtable
and as S is raised still further the mode is completely stabilised. For
moderately unstable g-profiles (A' ~ 5) we find that the n=1 tearing modes
can be completely stabilised by g, = 1.5% at § = 10° (and By= 0.24% at S =
107). Since for these cases the critical Bo for ideal ballooning is 6%,
there is a considerable region of complete stability to the n=1 tearing mode
and ideal ballooning mode (BD = 1.5 - 6% at S = 105)., For modest shaping (x
= 1.4, & = 0.2) there is no clear effect on the finite-p stability of the
tearing mode. The critical B for ideal bhallooning does however increase as
the D-shaping is raised. Finally we note that critical-g for ideal balloon-
ing scales as the inverse aspect ratio, whilst the critical g_ which must be
exceeded for the average curvature terms to stabilise the tearing mode scales
as (RO/a2)1’3 for n=T. Thus the region of stability to the tearin tearing
mode and ideal ballooning mode shrinks as the aspect ratio is increased.
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TRANSPORT PROPERTIES AND SAWTOOTH RELAXATIONS IN THE FT TOKAMAK
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1. EVOLUTION OF THE SAFETY FACTOR PROFILE DURING SAWTOOTH ACTIVITY

The possibility that a magnetic trigger [1] is responsible for the saw-
tooth crash makes the attemp to calculate the evolution of the current
density profile on the base of the available measured data rather attrac=-
tive.

With such purpese we have solved, in cylindrical geometry, the coupled
nonlinear equations for the evolution of the perturbed electron temperature
and current density profile [2]. The solutions have been explored in a broad
range of FT experimentally documented scenarios.

An interesting behaviour turns out to be characteristic of all dis-
charges analyzed. We start after the sawtooth crash from a safety factor
profile almost flat in the central region, as deduced from the Kadomtsev re-
connection model [3]. The time evolution of the safety factor in the centre
exhibits a rapid increase, which rises the g larger than one, followed by a
slower decreasing phase. In the region between the centre and the mixing
radius the safety factor profile turns out to have two g=1 resonances. The
outer ome r = r is calculated to be almost a fixed point at all times,
whereas the inner one r = r is moving toward the centre r = ( starting
from the outer resonant surfacé r = r__ (see Fig. 1). In all the cases sofar
analyzed the experimentally observed sawtooth repetition time T, turns out
to be very near the time at which the inner resonance reaches r§1e magnetic
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Fig. 1 gq(r,t) profile for different times during the sawtooth period
To it = 0 (after recomnection); t; = T /4; ty = T /2; tz = 3/4T_; tg =T
(gefort? reconnection). - R o R
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axis and disappears. So we would be tempted to identify the magnetic trigger
of the sawtooth crash with the simple condition q(0) = 1 on axis.

Although a detailed stability analysis has not yet been undertaken,
such kind of result could be interpreted with the ideas expressed in Ref.
[1]. The region in which a radial displacement { is predicted by the ideal
MHD stability theory is the one in between the two resonances r_. and g
By enlarging such region the magnetic energy reservoir increases and 1s
probably more susceptible to be depleted by the crash: however it is not
clear to us why the crash should exactly coincide with the disappearance of
the inner =1 surface; on the other hand a more complete investigation is
needed to have a full experimental evidence that this is the magnetic
trigger.

2. ANALYTICAL MODEL

In order to make more explicit the dependence of sawtooth behaviour on
the two characteristic times, the thermal diffusion time and the magnetic
diffusion time, we have to introduce some simplifications.

Noticing that the relevant profile evolution happens inside a certain
surface r = r_, we can fix the boundary conditions for the perturbed q and T
at r, ; the correct choice of r, appears to be the point at which q is un-
changed after a crash. For paraghlic profiles this radius is related to the
q=1 radius r_through the relation [3] r, = 2/43 r_. In the limit r2/a? <<1,
where a is the minor radius of the plasma, we gan neglect the contribu-
tion of the perturbation of the ohmic input in the perturbed temperature
equation, since the associated characteristic time is just a2?/r2? longer than
the temperature evolution time inside the r_ surface. This fact decouples
the temperature equation from the q equation.

We have been led to the following set:

2'\-
ai‘é:,t) 22, 2 L1 0y, ) -0 Ieh)
Bfi(r,t) 1 8, 1 13 . =
By =58 ~ioe | olite.a) & Br (e8] = @
- S W PN
T rar [ o(T(r,t)) r dr (qn(r))]

where ?(r,t) is the perturbed electron temperature, X is the electron ther-
mal conductivity (assumed radially constant inside r ), {i(r,t)=1/q(r,t)-
- 1/q (r), q (r) being the g profile after the crash, p_ is the magnetic
permability, o(T(r,t)) is the electrical conductivity (assumed hereafter
purely classical) and T(r,t) = To(r) + T(x,t), To(r) being the steady state
electron temperature profile.

From the above discussion we can supplement Egs (1,2) with the boundary
conditions: T(rk,t) =0, fi (rk,t) =0, T(r,0) =T (c,) - T (r), {(c,0) =0,

Within the spirit of the approximation r§/32°<2‘1 we’can assume para-
bolic profiles:
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F(r,0 0 1 3 %
T :rk) & wey (l-rzfl‘i); m ~ 1 - bztzlrﬁ, with b2 < et 3
o o

to allow sawtoothing (but an appropriate value should be b2 = 3/16 (rilaz)
from Kadomtsev's model).

We also linearize the electric conductivity around the flat intial
temperature profile. We get the following equation for [i(r,t):

Bfi(r,e) _ 1 8 1 13 -
Hy ot r 8r [ OETo(fk)] r 3r (e2fi(x, 0] =
cz%)
L 1 1.8, _37%,u-T0,18 .
bl o[To(rk)] r ar ta 2 To(rk) ) r 9r (qo(r))}

Equations (1) and (2') have been solved by standard methods in terms
of radial Bessel functions. The results is conveniently written in the
form:

2r, @ Jy(p! r/r,) -t/1y
frx) = ﬁ(r)as pt - _:5 zn R { I‘n € 7 3
T R T Ol b
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with fi(r)asympt. = (-b% + 3/4 (r2/a?) (l-rzlrﬁ), /1" = 2/3 x (p“/rk)z;
1/t = 1/(p_ o[T (rk)]) (pl/rk)2 being the inverse characferistic diTfusion
timgs (p° afid pi®aré the kPth'zeros of the Bessel functions J and J;).

The coefficients I-n, C ., Im are defined as follows: @

m
2 1 2
L = —,—ab Jolh) c =-8 i‘; . ;
# H £ LB BN T
n My m a® po Jl(lJm)
1,0
2ty

" m e 3 (1) J5(ud)
n m :

Figure 2 shows the dependence of the sawtooth repetition time T, on

tl, as obtained by Eq. (3) by imposing ﬁ(O,‘tR) = 0 (that is q(0,t;) = 1).
Aﬁreement with the more complete numerical code [2] is found. e curve
shows an almost linear dependence of 1T, on T , while the dependence on
T is weak. This is consistent with %he de%sity scaling observed in
ic experimedlts. We have also run few cases with more peaked profiles

T a (1-r2/a2?)’, v > 1 (Fig. 3), and we have found that the dependence

of T, en T increases, according to what previously stated [2].
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Fig. 2 Sawtnoth repetition time T, vs T! as desumed by Eq. (3) by imposing
fito,t,) =0 . 1:[1, =10 ms, r, /a = 0.4, b2*= 0.2(r, /a)%. Also shown are the

complete numeru:al solution of the diffusive equations for t1 ~ 10 ms (full
dots) and for 1:(1, ~ 1 ms (open dot).

Arﬂ
"R 05}
01
| L

1 /3 3 4

v

Fig. 3 Relative increase of sawtooth repetition time At /1, =(t,(03)-T (01))/
/t,(04), with 0 = 20,, vs v, as desumed by the complete numerical shlution
of'the diffusive equations. kla = 0.4, T; ~ 1 ms, ‘l:; ~ 5 ms.
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BAbstract

The scaling of the optimum B with current, in various elongated
cross-section Tokamaks (elongation 2.,5), is compared with a number of
well-known scaling laws given in the literature. In particular, the
effects of triangular and rectangular deformations (D and racetrack
shapes) and of indentation of the poloidal cross-section are consider-—
ed. Significant deviations from the known scaling laws are found and
these are discussed with a view to constructing a configuration with the
most favourable scaling.

Introduction

Plasma B optimization studies! against ideal MHD instabilities,
which predict a remarkable linear scaling of Bap+ with current I, have
generally been limited to Tokamak cross section shapes of small to mod-
erate (~1.6) elongation. For those cases considered, the linear scaling
breaks down more or less abruptly when the safety factor at the surface
gg is in the vicinity of 2, so that the highest g that can be obtained
occurs when gg is a little above 2. By elongating the cross-sectiocn,
the current for which gg = 2 can be increased greatly and, if the
linear scaling of Bgpt remained valid, a proportionate increase in
Bopt would result. IL?_ is therefore important to determine if the
linear scaling can be extrapolated to cross-sections with large elonga-
tion. Recent optimization studies?, restricted to stability against bal-
looning modes, suggest that the linear scaling does break down for elon-
gations between 1.6 and 2.0. Nevertheless, these studies ignored low n
kink stability and were, as are all optimization studies, restricted to
particular class of plasma profiles.

An optimization procedure reported elsewhere® has been developed
and applied to circular cross-section plasmas, with which a g limit that
was 50% above that predicted by the linear scaling law was obtained. We
apply that procedure to the problem of optimization of a 2.5 elongation
racetrack cross-section Tokamak plasma. For this case, at low B, the
operational regime in the (gs, Qg) space 1is restricted to certain
narrow windows just above the integer gy values' (gg is the value of
g at the magnetic axis). We firstly show how the operational regime
changes with finite B. The optimization study completes the picture. The
optimized B limits against kink and ballooning modes, deviate strongly
from the linear scaling law and, at moderate to high currents corre-
sponding to gg in the range 2 to 5, generally decrease with I.

I1f one assumes that kink modes could be stabilized by a nearby con-
ducting shell, then the g is limited only by ballooning modes. We there-
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fore also determine the ballooning limits. These are significantly
higher than those for the full optimization, but are still well below
the linear scaling predictions and follow the same overall trend as in
reference 2. More optimistic results are obtained however, with regard
to both ballooning limits, and to the complete stability limits by a
strong triangularization (D shape) of the cross section.

Kink and Ballooning p Optimization

The optimization procedure used has been described elsewhere?® but
the key features can be summarized as follows:

i) The zero g stability is analysed thoroughly to determine the
stability criteria for purely current driven modes and
therefore determine a zero B "operating regime".

ii) The pressure gradient p'(¥) and average current density J(¥)
over a flux surface are specified independently.

iii) The profiles p'(¥) and J(¥) are specified in piecewise
differentiably continuous sections.

The operational diagram is shown in Fig. 1. The optimization proceeds at
any given current, by increasing Bp from within the zero p stable win-
dows. At finite B (constant Bp), the stable regime begins to close
over and for Bp = 0.4, the new marginal stability line is indicated.
Here, the Bp was increased by specifying a finite pressure gradient as
described in ref. 3. Note that the window for 1 < gy < 1.16 closes up
very quickly for gg < 3, suggesting that the highest B may be obtained
at lower currents, although for constant Bp, the p is proportional to
I.

Optimization curves for a family of current profiles with increas-
ing current channel width are shown in Fig. 2 for a constant normalized
current of Iy = pyI/RyBy = 0.555. The curves labelled A,B are always
unstable; these are the most broad and have g always in the unstable
window for 1.16 < gy < 2. The curve C is close to marginal stability at
zero B ard rapidly becomes unstable at any appreciable p. The curve
labelled D is the optimum, having g well within the stable window, and
also gg just above 3. As the current channel is narrowed further, qp
drops below unity, the toroidal kink becomes unstable at zero g, and the
curves never reache a stable point (E,F). The optimum stable g, obtained
from this family of current profiles, at a 0? criterion of 10~°, is
1.85%, corresponding to the point marked x.

The results for Bgpt vs I obtained from this study are shown in
Fig. 3. The dips in Bgpt correspond to the points where gg drops
below integer values. Overall, Bopt decreases with I. For the cases
used in this study, kink stability almost always provides a more strin-
gent restriction on B ballooning stability.

The results in Fig. 3 are sensitive to the parameters that were
held constant, in the sense that the positions of the minima shift if
different values for these parameters are taken. However, the overall
behaviour appears to be unchanged. The parameters were chosen in this
study so that the q profile is always quite flat in a large region, with
large shear at the edge where the pressure gradient is finite. A limited
optimization was also performed for the window at q;>2, at one current
with gg~3, the B limit was quite low (~0.25%) and it remains to be
determined whether this improves at lower currents.
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Ballooning optimization

For the calculations described above, no attempt to optimize the
pressure profile against ballooning modes was necessary since the n = 1
kink mode was always unstable at a lower B than the ballooning modes. An
optimization against ballconing modes was also carried out, with kink
stability taken into account only to the extent that the equilibria were
stable to current driven kink modes (1.0 < gp < 1.16). This optimization
was done by locally adjusting the piecewise pressure profile until the
ballooning and Mergier criterra were satisfied everywhere. The results
are shown in Fig. 3. As found in [2], at high current, the ballooning
linit is markedly inferior to the linear scaling predictions and begins
to decrease with I. The highest B obtained in our case is 4.6% at a
normalized current of Iy = 0.55.

If the restriction that p° = 0 at the edge is imposed thus
preventing Pfirsch-Schliiter currents at the edge (the average current is
alsways zero) this g is significantly lowered. For the full optimization
this condition was imposed to reduce the number of free parameters and
one could expect that, if it were relaxed, the g obtained could also be
significantly higher.

Discussion and conclusions

The linear scaling law of [1] can not be extrapolated to large
elongations above 2.04 The stability at high B is restricted by the
encroaching unstable domain at q; > 1 as B is increase. The g limit that
is obtained using a finite family of equilibria is generally dercreasing
with current with pronounced minima when gg is near integer values. If
a larger dass of equilibria were used, the g limit would correspond to
an envelope over a series of these curves so that the minima would be
less pronounced but the overall trend would be expected to remain.

Ballooning stability alone yields substantially higher B values,
especially if p” is non zero at the edge. Removing this restriction for
the kink optimization (would) also improve (s) the p limits obtzined.

More exotic current and q profiles may improve the B limits. The g
limits are also dependent on the shape of the boundary. For exanple, for
an elongated D shape the zero f operating diagram has no unstable window
above gg = 3, though is probably always unstable for gg<3. With a
limited kink optimization, the kink limit at one current of In=0.565
is already 3.7%. Ballooning limits are also improved at low currents,
though, in contrast to the results of [2], we find that the improvement
is not great at larger currents (Fig. 3). It is not yet clear whether
the improvement for the D is due to the shape directly, or to the change
in the current profile that is required to give the same q profile as we
used for the racetrack. More exotic shapes, particularly indentation may
improve this further still; certainly the ballooning linits should
improve.
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Abstract

The n = 0 axisymmetric mode and the n = 1 free boundary kink mode
impose important constraints on the current configuration of Tokamak
plasmas, even at low f. These contraints become more severe as the plasma
cross-section is elongated in the vertical direction.

The n = 1 kink manifests itself in the form of various instabilities.
These can be classified on a (qp,qg) operational diagram. We show how the
stable operating regime of racetrack-shaped Tokamak plasmas varies with
elongation at low B. The n = 0 mode can be stabilized by an active feedback
system with a nearby conducting wall, but the proximity of the wall is
limited by techrolegical considerations, so this further restricts the
stable operating regime.

Introduction

Optimization studies, which are used to determine the maximum g that
can be acheived within the constraints imposed by ideal MHD stability in a
particular Tokamak comfiguration, require a knowledge of the stability
properties of the configuration at low B so that current-driven ideal MHD
instabilities can be avoided from the outset. However, little is known
about the kink stability of elongated plasmas so this must be determined as
a first step to a B optimization study. The results of our study can be
conveniently summarized on an operational diagram showing the marginal
stability boundaries in a (gy,ds) Space, where q; and gg are the safety
factor values at the magnetic axis and the plasma surface respectively.

Axisymmetric modes are also important for elongated cross-sections,
and, although these can be stabilized by a combination of conducting shell
and active feedback, the proximity of the wall is limited, thus imposing
further restrictions on the plasma profiles. In general, axisymmetric
stability requires a sufficiently broad current profile; a sufficiently low
ratio gg/q,, whereas, for kink stability, this ratio must be sufficiently
high. It is therefore important to determine if there is a region of the
parameter space that is stable to both types of mode.

We consider the stability of a class of racetrack-shaped cross-section
plasmas and show how the operational diagram changes with elongation and
that, at large elongations, it becomes increasingly difficult to satisfy
the stability constraints. A number of deformations, notably triangulation
and indentation are also considered and compared.
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n = 1 Kink Stability

The case of a circular cross-section Tokamak has been treated
previously [1] and the stability can be summarized by the requirements that
dp > 1 to avoid toroidal kink modes [1], g5 > 2 to aveid n = 1 m = 1 kink
modes and gg/qp > a(gp)dg, where 1 < a < 2 depends on the current
profile, to avoid higher m (and n) surface kinks. As the elongation is
increased up to 2:1, this picture remains essentially unchanged, however,
for elongations greater than 2.0, a new instability emerges which
progressivley restricts the stable operating domain. The new instability is
the g = 2 counterpart to the toroidal kink; it is unstable for qp < 2 and
has the structure of a kink mode inside g = 2 with a large kinetic energy
contribution in the vicinity of the q = 2 surface and little motion near
the plasma edge. In fact, in this case, the mode appears to be truly
internal. As q, approaches 2, the mode becomes less and less localised
about the q = 2 surface. We call this mode a "g = 2 toroidal kink". Similar
instabilities occur for g < 3 and higher.
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Fig. 1. N=1 kink and axisymmetriec stability
operating diagram.
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The unstable region is shown on the operational diagram in Fig. 1 for
the case of a 2.5 : 1 elongation racetrack plasma with aspect ratio 4.4.
For the study described by this figure, we have used a family of current
profiles, characterized by quite flat g profiles near the center and high
shear only near the edge. The unstable region is somewhat profile
dependent, varying with variations in the local shear of the g profile, and
for some classes of current profile; those with more shear in the central
region (but the same (gy,95)), the stable region can vanish for gg<3.
For elongations greater than 3, we have not yet been able to find any
stable region, however, this does not preclude the possibility if the right
profiles are found.

Axisymmetric Stability

Previous studies [2] have shown that elongated racetrack plasmas can
be stabilized by a reasonably close side wall and the top and bottom walls
removed to a relatively large distance. This is the scenario envisaged for
the Lausanne TCV Tokamak for which current designs allow elongations
ranging from 1.0 to 4.0 in the same vessel. In Fig. 2, we show the maximum
side wall distance dpax that is allowable for axisymmetric stability, at
various values of (gp,dg), as a function of elongation E. Note that
dpax becomes relatively insensitive to E for elongations E > 3 and even
increases slightly. This is because the top and bottom walls begin to
contribute to the stability at elongations E > 3.

The unstable regions for various wall configurations (3 cm, 4 cm and
5 an and all four walls at 4 cm) are indicated on the operational diagram
of Fig, 1 for E = 2.5. In particular, with a side wall at 4 cm or more, the
stable region for gy~1 2 < gg <3 is inaccessible. Nevertheless, if the
side wall is less than 4 cm away, the high current region opens up and, if
the top and bottom walls are also moved to within 4 cm, a substantial
region is accessible. The TCV design in fact envisages that the stabilizing
influence of the bottom wall is available in a non-symmetric
configuration. WNote that axisymmetric stability does not impose any
constraints on the stable operating windows for gy > 2.

Conclusion

The n = 0 axisymmetric and n = 1 kink modes can impose quite severe
constraints on the parameters at which an elongated Tokamak (E > 2) can
operate in a stable configuration. Nevertheless, for elongations up to
E ~ 2.5, stable windows are accessible and, in particular, high current
operation is possible with gg ~ 1 and gg ~ 2. (For a Tokamak of 80 cm
major radius, aspect ratio 4.4 and toroidal field 1.5 T, this correspords
to 730 kA.) The stable windows can probably be widened further by a more
judicious choice of the detailed g (or current) profiles. Furthermore for
other elongated cross-sectional shapes the operational diagram can have a
completely different character, for example, with a D-shaped modification,
the unstable region for gy < 2 vanishes completely for gg > 3 but it
closes up completely when gg < 3. This may prove more desirable if high
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current operation is not necessary. Axisymmetric stability is also
improved. With indentations in the poloidal cross-section, it appears that
the stable windows for k < gy <k + & (k integer) are replaced by stable
windows for k + §; < gg < k + 8,. Combinations may therefore also prove
effective.
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INTRODUCTION

Dimensionality analysis of experimental series of data has revealed a new
powerfull tool for a deeper understanding of turbulent physical systems. The
analysis of theso—called strange attractors provides a tool to identify the
fractal dimension ) of a time series. This fractal dimension is associated
with the number of indipendent processes which characterize the system, and
if it exists, it provides a distinction between deterministic chaos and
noise /1/. Here it is used the well known definition of V¥ as the lim R 0
of the ratio (d log C(R))/(d log R); C(R) = 2/(N-1)N)-£ H(R - | % - Xj[ )
where H is the heaviside function and Ry = |Xi - Xj| is''the Euclidean norm

between all pairs of Xi whose cnmpunentd are the values of the single time

series signal at D different delayed times: i = | Xi, Xi+M, xi+2Mr-xi+(D—1)ﬂ

D is the so-called embedding dimension and M is the delay time factor. In
the context of fusion research this method has been applied previously to
the study of fluctuations on DITE, RFP, TOSCA and JET /2/, /3/, /&/. The
present analysis exploits the poloidal divertor configurations of ASDEX and
its strong additional heating power which give it access to the new favour-
able H~confinement regime and allow it to approach MHD Beta limits /5/. As
a consequence a wider variety of fluctuation phenomena are observad by
Mirnov coils and soft X-Rays diagnostics /6/.

CHOICE OF DIAGNOSTICS AND DISCHARGE PHASES

Different phases of a typical high power NI-heated discharge are analyzed.
The important time traces of this discharge are shown in fig. 1. (Actually
four shots are used of the same series because of the high time-resolution
diagnostics (250 kHz) recovered over different shots, #18041, #18040,
#18026, #18039.) The analysis is concentrated on the characteristic phases
indicated in the same fig. 1. For comparison also an L-discharge is analyzed
(#18024) . Diagnostics used for characterization of the MHD fluctuations were
soft X-Rays and Mirnov coils. For present analysis 5 signals are considered:
SXF and SXJ which are central X-Rays signal (gq< 1); SXL and SXA which are
peripheral X-Rays signals (q» 1) and AB8SSW which is a Mirnov signal from a
coil located externally in the equatorial plane of the ASDEX torus.

In general 10 windows of 8 ms each corresponding to 2000 data are taken and
analyzed for each shot in order to give account of different physical phases
and to have enough data (at least if the dimensionality is low). For some
specific situations, the windows could be taken different, for a better de-
finition or much longer in order to have a better establishment of dimensio-
nality or to distinguish between noise and chaos.




If the dimensionality is low it is found indipendent of the number of data
from 1000 to 10000. Also for the delay time it is found a range of indepen-
dence of results with 54 ML 10, for N = 2000 (e.g.), but in general

M = 5 is taken.

ASDEX RESULTS

According to the preceding definitions results are presented phase by phase.
During an H-shot one can distinguish approximately four phases: They are
shown in fig. 1 on the bottom border.

Phase 1: Deep L-phase, after additional NI heating and before L - H transi-
tion. Combined results from #18041 and #18040.

SXF: ¥~ 1 at the beginning and then increases to ¥ ~ 2 through splitting of
dimensionality: ¥ - t 1052}

SXJ: ¥~ 1 at the beginning and then increases to ¥V v~ 2.25 through splitting
of dimensionality: ¥ -l%%g}

SXL and SXA: V- 1

ABSSW: value of dimensionality 2.25¢ ¥ < 3.5

¥E- 2 SIGNAL  seraT[n]

-

150
A S DE X - SCHESSE e 2 SEC

Zeit Datum Schuss Diagn. Signal Massstab Faktor Unt. Glttg. Offs
13.54.33 14-HOV-85 18039 a FDKO 1.667 0.300E481 ~55.8 e @

Fig. 1 shows some important parameters during a typical H-shot: NI is the
neutral injection interval, FDKO is the signal connected with
activity which points the L - H transition (indicated with an arrow)
and BETAT behaviour. In the bottom side the four phases of the ana-
lysis are reported.
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Phase 2: After L-» H transition, toward maximum BETAT. #18040., H-phase be-
gins with sawtooth in edge region and fishbone like signal in
central region.

SXF: ¥~ 3.3

SXJ: ¥~ 0.75

SXL and SXA: VvV~ 1

ABSSW: Vv~ 3.5

Phase 3: From BETAT maximum toward stationary phase with constant BETAT.
#18026,

SXF: ¥ begins with value ~ 1 and then increases up to v~ 3.6

SXJ: v~ 3

SXL, SXA: V¥~ 1 in presence of well pronounced sawteeth

ABWNW: 2.6 <Y < 3.5

Phase 4: Stationary H-phase at reduced but constant BETAT.#18039.

SXF: Y~ 1 and after 2.5 < ¥ < 73255 Presence of a splitting of dimensio-

nality at the beginning y-f 0.75

SXJ: noise

SXL: ¥~ 0.85, SXA: ¥~ 1.2 with well pronounced sawteeth (fig. 2 and 3)

ABSSW: ¥~ 3.75

In comparison an L-shot was considered (BETAT max -~ const.) #18024. In ge-

neral the signals are very noisy and no definite values of dimensionality
can be given.

WE- 2 SIGNAL PLO 12.83.84
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Zeit  Datum Schuss Disgn. Signal  Massstsh  Faktor Unt. Glttg. Offs

13.56.36 14-M0V-B5 18039 281 AR SA 1.667 0.200€+01 40.@ L -]

13,56.36 14-HOV-65 18033 201 AR SF 1.867 8.306:01 880 B o

Fig. 2: Signals traces of two X-Rays chords during a time-window of 16 ms.
SXA, the edge chord, shows definite sawteeth, while SXF, the core
chord, exibits a fishbone-like structure. There seem to be no corre-—
lation between the two signals. #18039




Fig. 3:
Dimensionality analysis for chord SXA sig-

period of 40 ms corresponding to 10000 data
points. The result is identical for 1000
data point due to the very low dimensiona-
lity. M=5 is the delay time factor chosen.
The embedding curves are simply connecting
50 calculated points (10 per decade). Loga-
rithms in base 2 are used. The straight
lines which show the D-depending slope are
constructed with the least mean square
method, starting from the same calculated
points. In the square window the slopes,
that is the gradients of the embedding cur-
ves as functions of embedding dimensions D
are reported. The asymptotic saturation

e T i value uf':he ?h}pe is the dimension.
TITANT-  1330.TSTOR=  1.I50.WOATI- bse ¥~ 1.2 in this case.
CONCLUSTONS

The MHD activity present in ASDEX NI heated divertor plasma configurations,
has in general a lecw dimensionality: ¥ £ 3.75. Signals with a non-strictly
convergent saturation slope are ascribed to noise.

The edge soft X-Rays signals show a very low dimensionality: V'~ 1 during all
phases.

The central soft X-Rays signals, in general, develope a higher dimensionality
passing from L to H-phase and 1 < v £ 3.5.

The Mirnov coil signal seems to have an higher dimensionality in respect to
other signals during all phases with 3 < ¥ < 3.75.

In comparison the L-shot shows no information from edge signals and central
signals because of their noisy-like structure.

Thus in general the MHD activity is characterized by fractal dimensionality
associated with strange attractors.

The system seems to be characterized by two subsystems: a core regicn where
at the end of the evolution a minimum of four indipendent processes is neces—
sary, and an edge region where for the most of time a unique variable could
be enough to characterize the system evolution reminding the theoretical ex-
ample of the non-linear logistic map.

In some cases the central soft X-Rays signal splits into two different value
ofy . An X-Ray signal is an integrated information that is it takes into
account both central and edge X-Ray emission. Two different values of di-
mensionality should indicate that the two subsystems are physically indipen-
dent /7/.

1t is to be noted that ay = 1 dimensionality value is obtained also in JET
/3/, when soft X-Rays diagnostics exibits sawtooth activity.
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ELECTRON HEAT TRANSPORT IN A STRONGLY MAGNETIZED PLASMA
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Electron heat transport due to binary Coulomb collisions in a
magnetically confined plasma has been widely studied. For toroidal
plasmas this has led to the derivation of the "neoclassical electron heat
conductivity", which, as is well known, in tokamaks is disproved by the
experimental results, with respect to both its order of magnitude and its
parametric dependence. It is pointed out here that the parameters of the
tokamak plasmas studied experimentally are beyond the range of validity
of the neoclassical electron transport theory. In fact, the usual
assumption on which the neoclassical theory is based is that a binary
Coulomb collision is a local (in space and time) change in the velocity
of the two colliding particles. Actually, this assumption is a good
approximation only if the Larmor radii r_ of the particles are much
larger than the Debye length Ap. In actual experiments in tokamaks this
condition is fullfiled by the ion peopulation, but not by the electron
population. In fact, one has

1/2

ro /Ay =k (N(10'3 em 3) |

LA / B(5 tesla), (1)

where k = 0.20 for electrons and 8.7 for protons. Hence, in order to
apply the theory to the experiments, one has to take into account what
effect the presence of the magnetic field has on the dynamics of
electron-electron collisions.

The properties of "binary drift collisions" ameong electrons, i.e.
electron-electron scattering due to mutual electrostatic repulsion in the
presence of a "strong" magnetic field (i.e. in the zero Larmor radius
limit) are discussed here. It is shown that in plane geometry drift
collisions among electrons lead, in the case Agy > r ., to electron heat
conductivities completely different from those of the usual theory based
on binary Coulomb collisions /1/. In particular, for parameters which are
typical of the plasma in front of the wall in tokamak experiments
(N = 10" particles/em®, B = 5 tesla, T = 100 eV) the value of the
perpendicular conductivity turns out to be much larger (by two orders of
magnitude) and the value of the parallel conductivity of the
perpendicular energy much smaller (by two orders of magnitude) than the
corresponding classical values. These results should be taken into
account in determining the transport properties of magnetically confined
plasmas. Their consequences for tokamaks, a more detailed treatment and a
comparison with preceding work /2/ are presented elsewhere /3/.

Firstly, we describe an electron—electron scattering event in the
presence of a uniform, constant magnetic field (which we assume to point
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in the z-direction) in the zero Larmor radius limit. The origin of our
reference system is put in the center of mass of the two electrons. Let
the distance p of the two lines of force on which the electrons lie
before the collision (at t+-=) be called the "scattering parameter", and
their initial (at t+-«) parallel speed (the parallel velocities being
clearly opposite to each other) be denoted by ve. As far as the parallel
(to B) direction is concerned, the two electrons move towards the z=0
plane, slowing down under the action of the parallel component of their
mutual electrostatic repulsion. If mvy < e*/p (where e and m denote the
electron charge and mass, respectively), they are reflected before
reaching the z=0 plane and return toward the region they came from,
accelerating again. If mvgg, > e"/p, they pass the 2=0 plane and continue
accelerating always in the same direction. As far as their motion in the
plane perpendicular to B is concerned, they drift around the z~axis, in
the positive direction, keeping their distance constant, under the action
of the perpendicular component of their mutual electrostatic repulsion,
i.e. with velocity v, = cE; /B, where c denotes the speed of light and E
the electric field. At the end of this binary "drift collision" (at
t++w) each electron has rotated around the z-axis by the angle

+ 00 + 0o
2 2 2 21-3/2
“““?E'Ij*tt) at=%[;'f{!az (t) + o232, ()

where z(t) denotes the (common) distance of the electrons from the z=0
plane at the instant t.

Hence, an electron-electron drift collision, in the laboratory system,
causes an orthogonal (to B) displacement of the two particles (with
conservation of the perpendlicular coordinate of the center of mass), and,
possibly (if the parallel component of their relative velocity before the
collision is smaller than Av, = 2e/Ymp), an exchange of their parallel
velocities (while the perpendicular energy is conserved). A collision
operator describing this would be non-local, hence essentially different
from the collision operator of the classical (and neoclassical) transport
theory.

The perpendicular (to E) electron heat conductivity due to electron-
electron drift collisions is now evaluated for a plasma in thermal
equilibrium, embedded in a uniform magnetic field and characterized by
Ap > r_e . The evaluation is based on the simple stochastic argument
which, for the perpendicular electron heat flux q,, leads to the formula
q = in ¥V, T (where N and T denote, respectively, the number density and
temperature of the electron population), where

2 =1 fan [av, [av, £ 223 2me vy, e iar 22 (@)

denotes the perpendicular electron heat conductivity. In eq. (3) the
label 1 is used for the target particle, v, = ¥T/m denctes the thermal
speed of electrons, f denotes the (Maxwellian) electron distribution
function and Ar, denotes the (orthogonal to B) displacement of the
particle 2 due to its drift collision with particle 1.
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Equation (2) determines Ary, . An approximate expression for it, for p £

Ap» can be obtained by multiplying the "interaction time" 2p/|v“ = Vau |
by the typical drift velocity ce/Bpl to yield
Ar, = 2ce / Bp|v2|-v”| p (€))]

The evaluation given by eq. (4) is valid if |vy, = vy | 2 2e/Ymp and
Ary < p. The first condition is taken into account in the integration in
v,y excluding the interval in which eq. (4) does not hold. The second
condition is, in practical cases, much weaker than the condition p > ng,
which has to be taken into account to justify the use of the drift
approximation for the electrons in the bulk. From eqgs. (3-4) it is seen
that the main contribution to x? comes from drift collisions between
electrons whose parallel velocities are such that during the collision
they hardly pass each other in the parallel direction. Integrating over
the velocities then leads to an integrand which depends on p as 1/,
showing that the main contribution comes from electrons having the
largest scattering parameter. This raises the problem of the convergence
of the integral, due to the long range of the Coulomb interaction. Note
that the divergence is here stronger than the logarithmic divergence of
the classical case of Coulomb collisions in the absence of a magnetic
field, hence the dependence of the result on the upper limit of
integration is here stronger then in the classical case. Cutting the
integral on p at p = JlD. we eventually get

Pten?/s) = 30 {N(10"3 en3) 1374 [1(100 em) }'7* {B(5 tes1a)|™? ,(5)

which should be compared with the classical value x5 = 0.4 N17'/2g"2
(where the same units have been used).

The parallel (to B) conductivity of electron perpendicular energy due
to electron-electron drift collisions is now evaluated as

+ 00

D il
it [ et 032 (v i, - (6)
—-00
where A, | Vau |/v,';. v]) denoting the collision fregquency relative to

the paralfel motion of electrons undergoing drift collisions, namely the
inverse of the time a particle with parallel veloecity v,y needs to be
stopped (in the l|-direction) by diffusion in the [-velocity space.

Recalling that the characteristic step in the parallel velocity space
is Just |vyy = vey | 1f [vyy = vqy | < Ave and zero otherwise, using the
label 1 for the target particle we have

“'zl*ﬁ‘-'o
2,2
[voy [dp 2mp J avyy avy £y (v vy 15/, . (1)
Vj_u"AVo

Integrating over the velocities again leads to an integrand which

depends on p as 1//p, showing that the main contribution comes from

electrons having the largest scattering parameter. Again cutting the
integral at p = “D' we eventually get




D 3 - 3/2
vilvgy) = 27 Ne® VR exp(=v5 /2viy) / vam™ “|vy, | . (8)

The exponential dependence of vﬁ on v,, is a consequence of the fact
that an electron collides only with the electrons which are almost at
rest with respect to it. Then, the integrand in Eq. (6) diverges for
Vay * ©. Cutting the integral where the usual Coulomb collisions start
to compete with the drift collisions (typically at v,y /vy, = #4), the
parallel conductivity turns out to be

Xy (en’ss) = 10" [1(100 e 7Y (v e dH I, (9
which sh i C 12 g5/2

ould be compared with the classical value X o= 1.4 10 T°°/N
(where the same units have been used).

It should be noted that these results, egs. (5) and (9), are only
qualitative. In fact, their reliability suffers from the many
approximations made to obtain them. First of all, the fact that the main
contribution comes from particles having large values of the scattering
parameter necessitated the somewhat arbitrary assumption that A, is the
maximum allowed scattering parameter, in order to obtain a finite result.
The second important approximation directly affecting the numerical value
in eq. (9) comes from the evaluation of the parallel velocities above
which the diffusion in the parallel=velocity space due to the usual
Coulomb collisiors is stronger than that due to drift collisions.
Finally, as far as the relevance of these results to actual situations is
concerned, we have to note that in most of the present tokamaks the basic
condition of applicability of the description presented here, Ap 2> ri,,
is only fullfiled near the wall, while in the center it is often only
marginally fullfiled, if at all.

Finally, we briefly discuss the influence of the magnetic field on
electron-ion collisions. As has been seen, the main contribution of drift
collision comes from the interaction of particles having very small
relative parallel velocity. In typical cases, this velocity is much
smaller not only than the electron thermal speed, but also than the ion
thermal speed. Hence, electron-ion collisions are of the drift type (for
the electrons) only for the very few electrons having parallel speed of
the order of, or less than, the ion thermal speed, colliding with the few
ions having perpendicular velocities much smaller than the ion thermal
speed. Hence, we expect that, in typical cases, their ineclusion should
not modify the classical theory based on Coulomb collisions.

A useful discussion with F. Engelmann is gratefully acknowledged.
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CENTRAL MASS AND CURRENT DENSITY MEASUREMENTS IN TOKOMAKS USING
THE DISCRETE ALFVEN WAVE SPECTRUM

G.A. Collins, J.B. Lister and Ph. Marmillod

Centre de Recherches en Physique des Plasmas
Association Euratom - Confédération Suisse
Ecole Polytechnique Fédérale de Lausanne
21, Av. des Bains, CH-1007 Lausanne / Switzerland

We report on the use of global modes of the Alfvén wave to obtain
information on the central mass and current density in two tokamaks - TCA
and PETULA.

Introduction

For many years the global eigenmodes of both the Alfvén wave and the
fast compressional wave have been used as a diagnostic of low temperature
plasmas. However their exploitation for the diagnosis of tokamak plasmas
has been minimal. Global modes of the fast wave have frequencies that
reflect global parameters, such as the average mass density, and, as their
popular name "cavity mode" implies, their frequencies are sensitive to the
boundary conditions. Even less attention has been given to global modes of

the Alfvén wave since it was firmly believed that they only could be excit- .

ed close to the ion cyclotron frequency wei, hence the name Ion Cyclotron
Wave. This belief was overturned by the early AWH experiments on TCA which
revealed well defined peaks in the antenna loading spectrum at frequencies
just below the thresholds of shear Alfvén wave continua, even at values of
w/wei<0.1[1]. A more careful examination of mhd theory indicated that
such global modes, labelled as the Discrete Alfvén Wave (DAW), existed at
this low frequency due to the presence of the plasma current. This fact and
its close association with the continuum threshold, which is usually de-
fined by parameters at the centre of the tokomak discharge, makes the DAW
interesting as a tokamak diagnostic [2,3], particularly to have access to
information from the core of the discharge, such as the central current
density, which is often difficult to obtain. In this paper we give a very
brief theoretical background to the information available from the DAW
spectrum and describe the experimental installation on two tokamaks - TCA
(a=0.18m, R=0.61m, By=1.5T) and PETULA (a=0.17m, R=0.71m, By=2.8T). We
present measurements of the effective mass Aggp(0) made during impurity
puffing experiments on TCA and estimates of g(0) over a variety of dis-
charges, From PETULA we present preliminary measurements intended to eluci-
date behaviour of the central current density during LHCD.

Theoretical Background

The shear Alfvén wave continium can be defined for a tokomak plasma in
the large aspect ratio approximation as

wale) = [1/0a2(r) ky2(r) + Vuwei?]t/? (mn
where va(r)=By/[pcp(r) 1'%, kytr)=[mm/g(r)]/R and n, m are the
toroidal and poloidal wavenumbers. The continuum threshold wpin 1S
defined by the minimum value of eq.(1) which is usually associated with a
radius close to the magnetic axis. We are interested in the first radial
eigenmode of the DAW spectrum which occurs at a frequency w)<wpin-

Naively we can assume that ®1~wgin~wa(0) and see from eq.(1) the
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dependence of w; on both p(0) and q(0). In reality the separation
Aw=w)-wpip also depends on q(0) as well as the ratio w/wgij and the
actual profiles of p(0) and g(0) near the axis. While some analytic
approximations exist to predict Aw for restrictive conditions we prefer to
calculate w; directly. We remain in cylindrical geometry and restrict
ourselves to mhd theory with inclusion of ion cyclotron effects. This
theory has proved adequate in predicting DAW frequencies even for those
modes that are excited indirectly by toroidal coupling [4].

Experimental Description

Previous studies of the DAW spectrum on TCA have used the AWH antenna
structure and the high power generator with its restricted frequency
range [5]. For diagnostic purposes we use an antenna consisting of two par-
allel bars, separated by ~10cm, which encircle a poloidal quadrant either
at the bottom of the plasma (TCA) or on the outside (PETULA). A 200 W am~
plifier provides 1-5A of antenna current via a wideband matching circuit,
while detection is made 18(°P toroidally from the antenna with a magnetic
field probe close to the vessel wall and protected by a ceramic tube. A
heterodyne detection system allows adequate signal-to-noise with less than
10W coupled to the plasma. A typical scan of 2-10MHz in PETULA is shown in
Fig.1. The peaks of the DAW spectrum can be identified by both the
amplitude and phase relative to the antenna current. The toroidal field
component by is used since it is least sensitive to the localised waves
that the antenna can excite in the scrape-off. Varying the electron density
between discharges and scanning the freguency during 30-70ms allows us to
plot the DAW frequencies as a function of line-averaged density, shown in
Fig.2 for deuterium discharges in TCA (Io=125kA) and PETULA
(Ip=147kA). Also shown are the theoretical frequencies for constant model
density and current profiles. In most cases we have found the dominant
peaks to have wavenumbers m=-1 and n<0 since we restrict ourselves to
w/wei<0.5.

Of more interest is the variation in the DAW frequencies. In Fig.3 we
illustrate the sensitivity of the technique to variation in central plasma
parameters during sawteeth activity in TCA. In this case the frequency was
swept slowly over an extremely narrow frequency range to emphasize the
change of DAW frequency as revealed by the detected phase. To follow a peak
we can either sweep the frequency rapidly (in typically 5ms) over a narrow
band around the nominal value, or use the phase information from the detec-
tor to track the peak, with a bandwidth up to 10kHz. In Fig.4 we show pre-
liminary results for several peaks measured during IHCD at 3.7GHz in
PETULA.

Effective mass during impurity puffing

Injecting a low Z iImpurity into a hydrogen plasma changes the effec-
tive mass Agff=jniAj from a value close to 1.0 up to a maximum near
2.0 for fully stripped impurities. This lowers the DAW frequency w; by
decreasing the Alfvén velocity vp and introducing lower ion cyclotron
frequencies wgj. Calculating the dependence of w; on impurity concentra-
tion produces the empirical scaling law illustrated in Fig.5. For the mag-
nitude of frequency variations in this case, small variations in the pro-
files p(r)/p(0) and g(r) have minimal effect. The use of several peaks
increases the accuracy of the measurement. In Fig.6 we show the derived
value of BAggf(0) for discharges in TCA where the electron density was
increased by a factor >3 by the injection of nitrogen. For comparison we

also show the value of Aeff(0) as a function of density in "pure" hydro-

T
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gen discharges and a predicted curve for Aqgg(0) if all the increase in
electron density is due to nitrogen. Clearly the injection of nitrogen also
causes an increase in hydrogen density. Such behaviour is confirmed by
measurements of the radiated power profiles. We note for the future that
since tritium has an anomalous A/Z=3 this technique offers an accurate way
of measuring the D-T mixture as a fusion discharge evolves.

Central current density in Ohmic discharges

We present in Fig.7 the variation in DAW freguency as a function of
plasma current in deuterium discharges in TCA (Asff=2.0). As both q(0)
and the profile g(r) can be modified by a change in Ip we have calculated
the expected dependence for a crude variety of model profiles. FIR
interferometer measurements indicate a peaking of ng(r) as Ip is
reduced so this has been included in the calculations. An estimate oqu(o)
can be made with an uncertainty expressed as being related to q(0.5). Once
again the use of several peaks increases the accuracy. In particular low-n
DAW's are generally more sensitive to changes in the current profile than
those of higher toroidal wavenumber. In Fig.8 we see the variation in DAW
freguency at a constant value of Ip but with different values of Ip.
Peaking of the current profile at negative values of ip is reflected 1in
an increase in frequency.
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We report the attempt to use the l6-point ND-YAG Thomson scattering device
on ASDEX (Fig. 1) for measurements of plasma radiation profiles as well. The
system offers the possibility to measure three spectral ranges simulta-
neously: 780 - 880 nm, 900 - 970 nm and 985 - 1020 nm.

The plasma light can be analysed in two different ways:

As the Thomson scattering system is only transparent to high-frequency
signals because of the AC coupling of the avalanche diodes, direct measure-
ment of the plasma light calls for a fast chopping technique. This is
achieved by a special chopper wheel (Fig. 2) in frent of the large observ-—
ation lens which interrupts the plasma radiation fast enough (chopper
frequency 3 kHz).

On the other hand, without the installation of the wheel, it is possible to
determine the plasma radiation by analysing the radiation shot noise signal
(Fig. 3) which 1s necessarily detected during each Thomson measurement.

Both of the two possibilities have been applied. The first has the advantage
of delivering the time evaluation of radiation profiles. The installation of
the chopper wheel in the present form, however, doesn't allow simultaneous
measurements of the Thomson scattering, and the lack of ng, Tg prefiles
prevents direct comparison of the measured radiation with bremsstrahlung in
the same discharge.

The second method yields averaged results during selectable time intervals
of the order of a few 100 msec or more. The calibration of the noise signals
is done by illuminating the avalanche diodes by LED's with different inten-
sities. Owing to the simultaneously measured Thomson scattering profiles
this method allows comparison with actual bremsstrahlungs profiles.

lAcademy of Sciences, Leningrad, USSR; Zpresent address: JET Joint Under-—
taking, England; niv. of Washington, Seattle, USA; 4CEN Grenoble, France :
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The two methods show rough agreement of the brightness profiles, which are
nearly the same in the 3 spectral channels. In both cases the signals show
relatively large statistical errors. The reason is the relatively weak
plasma radiation in the infrared and the poor transmission of the elec-
tronics even at a chopper frequency of 3 kHz, on the one hand, and the small
amplitude of the noise signals, on the other hand.

The absolute calibration of the measured plasma radiation can be done by
comparing the signals with Thomson scattered signals in combination with the
corresponding electron density and temperature. As the same observation
system is used for Thomson scattering and plasma light measurements, only
laser power in the observation volume and the length of the scattering
volume must be known additionally.

Another method of Zggf calibration is comparison with values gained by using
the measured electron temperature profiles in conjunction with classical
resistivity for well-defined ohmic plasmas.

As an example, we show the brightness and Z.,¢f profiles before and after
pellet injection in ASDEX. Figure 4 shows the time behaviour of the central
electron density measured simultaneously by Thomson scattering. About 12
pellets are injected into the discharge between 1.4 and 1.8 sec. After
pellet injection the density keeps the high value for about 0.3 sec without
any gas puffing. Figure 5a shows the Abel-inverted radiation profile aver-
aged over the 3 spectral channels in the ohmic phase (averaged from 0.5 -
1.3 sec), and Fig. 5b the profile in the high-density phase from 1.7 - 2.0
sec. The radiation increases hy a factor of more than 20 and scales as n2/v/T
(bremsstrahlung). The scaling already indicates that there is no essential
change of Z.ff due to pellet injection. The corresponding Zgff profiles are
shown in Fig. 6a,b.

The results show that combined measurement of Thomson scattering and plasma
radiation profiles is possible and reasonable. In a new system, e.g. for
ASDEX Upgrade, we include this method by adding a second exit with de-
coupling for measuring plasma radiation directly without the complications
of high-frequency coupling.
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The Nd-YAG Periodic Scattering System (PSS) was developped in teamwork with
IPF of Stuttgart-University. At first a PSS with only one spatial channel
was successfully tested in the ASDEX-Tokamak in 1982 /1/. Subsequently an up-
graded system with 16 spatial channels was constructed. This new system is
capable of measuring Te, Ne-profiles at 17 ms intervals during the entire
ASDEX-Tokamak-discharge.

The PSS has been working successfully for the last one and a half years as

a standard diagnostic method in the ASDEX-Tokamak. This means, that the mea-
surement is being automatically performed during all plasma-discharges. The
Te- and Ne-values are stored in the ASDEX-computer and every user has the
possibility to get the Te(r,t), Ne(r,t)-data for his own needs.

The main purpose of the PSS at present time in the ASDEX is the determination
of density- and temperature—profiles especailly in additional heating (Fig.3,
4,5) or pellet injection-experiments (Fig.6). With respect to the Single-
Pulse-Ruby-Laser-Systems, the PSS has several advantages, the most important
ones for Tokamak-physics are given below:

l. No series *of reproducable discharges are necessary to evaluate the behav-
ior of Te(r,t) and Ne(r,t).

2. The combination of Nd-YAG-Laser with detectors of high quantum-efficiency
together with anoptics of high luminosity, leads to a scattering device,
where the photon-noise of the signals is sufficiently small at normal
Tokamak-densities. The additional plasma-light-noise is also smaller than
in Ruby-scattering devices, because plasma light is decreasing from the
visible to the IR-region.

3. The large number of scattering and background signals can be used to make
a calculation of the error-bars of the measurements. The PSS can reach an
accuracy of about 5 Z in Te- and 3 7 in Ne-measurements in the normal
Tokamak-regime.

4. The detectors (Si-Avalanche-Diodes) give an extremely linear response.
Thus the PSS can work in a wide range without saturation effects, e.g. at
high densities or high levels of plasma light. Magnetic fields do not in-
fluence the sensitivity of the diodes.

In some special discharges, the QSS is the only diagnostic method available
for the reliable evaluation of Te, Ne-profiles, e.g. in the slide-away-region
(Fig. 5) or during rapid density variations.

[Academy of Sciences, Leningrad, USSR; ZPresent address: JET Joint Under-

taking, England; 3Univ. of Washington, Seattle, USA; “CEN Grenoble, France




MAIN FEATURES OF THE PERIODIC THOMSON SCATTERING SYSTEM (PSS) ON ASDEX

Fig. 1: Schematic of the optical set-—
up of the QSS.

Glastibee Glostibre
po— i i The PSS simultaneously measures Te,Ne
data.

at 16 spatial points distributed over
3/4 of the diameter of the plasma-
column (from z = -40 cm at the lower
plasma-edge to z = 20 cm). The scat-—
tered light of every spatial point is
spectrally divided into three parts by
a separate polychromator (see Fig. 2).
- A small fraction of the transmitted
pogchiematars | 1@Ser—light is divided into 48 refer-
ence signals in order to calibrate the
sensitivity of the detectors during
the discharges. The main technical fea-

tures of the PSS are:
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Laser:

Nd=YAG at A = 1.06 uym; 400 pulses with 0.8 Joule energy and 40 ns duration
each. Repetition frequency 60 Hz.

Detectors:

Si-Avalanche-diodes; quantum efficiency up to 0.9; size 1.7 mmz; NEP
1.6 x 10713 w/VEz.

Range of Te- and Ne-measurements of the ASDEX-PSS:

The PSS is capable of measuring kTe in the range of 150 eV (at the plasma-
edge) up to 5 keV (in the plasma-centre) using two matched types of filter
polychromators. The lower density-limit is a few x 1012 cm™3, This limit can
be further improved by averaging signals with respect to time.

Fig. 2: Spectral sensitivity of the
filter-polychromator for the central
plasma region. The ratio of the signals
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EVALUATION OF TE(r,t) AND NE(r,t) BY PSS DURING ADDITIONAL HEATING IN ASDEX
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Fig. 3: Three-dimensional plots of Te and Ne of an ASDEX-discharge with Neu-
tral Injection (Pyp = 3 MW). The behavior of Ne during Neutral-Injection in-
dicates, that the discharge has changed from L- to H-regime.
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Fig. 4: Comparison of Te-profiles in an
ASDEX-discharge during ohmic heating
and during ICRH-minority heating (deu-
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EVALUATION OF PLASMA-PARAMETERS DURING PELLET-INJECTION
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Fig. 6: Density increase of up to 1.5 x 10M nm_3 by an injection of a series
of pellets using a centrifuge. Time-evolution of Ne at different radii
(Fig. 6a) as well as the corresponding Ne-profiles show, that the density

raise occurs mainly in the plasma-centre, even when the pellet-injection
has been discontinued.

The PSS-results are the basis for further calculations of plasma-parameters,
e.g. heat—conductivity of electrons, diffusion-coefficients and so on. Pro-
file measurements, which we have shown in a few examples, are necessary for
any plasma-simulation by computer-codes or determination of the energy-bal-
ance of a Tokamak plasma. The PSS can deliver at present technical state the
wanted parameters in a wide range of discharge-conditions.
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Introduction

In ASDEX, ICRH /1/ and LHH or LHCD /2/ have been applied separately to NI
preheated plasmas in the L regime (HO D', energy Eg). The coupling of these
waves to beam ioms (H') have been studied with charge exchange diagnostics.
Possible synergetic effects are discussed in /3/. Shots were made with

Eg = 29 keV and Eg = 42 keV and in the latter case Pyy or Pgp were scanned.

1. Experimental set-up

Measurements were carried out with two neutral particle analysers. One
"tangential" analyser (E = 0.1 - 55 keV) viewing opposite to the NI beam
direction with the same tangency radius Ry at which the beam is injected

(Rp = 145 em Ry = 165 cm) and with one "perpendicular" analyser (E = 0.5 -
200 keV) which can be scanned vertically. Perpendicular measurements detect
only particles with V,,/V = 0. Near the edge, however, banana ions are seen
at the orbit tips. The emergy upshift can be better studied in the case Eg =
29 keV because of the upper energy limit of the tangential analyser. For the
29 keV shots a diagnostic beam of hydrogen atoms was injected vertically in
the poloidal plane of the perpendiular analyser and crossed the line of
sight of the tangential one in the plasma centre.

2. Results

a) ICRH

The following features are observed with the tangential analyser when ICRH
is applied: flux increase for E>Ep, flux decrease for E<Eg (Fig.l). Fast
atoms are detected in the highest energy channel (47 keV for Eg = 29 keV, 55
keV for Eg = 42 keV, Fig. 2). This signal has a rise time and a decay time
of 30 ms. The diagnostic beam has no effect on this signal. In the perpen-
dicular direction the active fluxes show a tail of fast ions up to 60 keV
(Fig.3) and passive flux decay time is 30 ms at 40 keV. Passive fluxes at
the plasma edge (r=a=40 cm) with Ep = 42 keV increase with Ppp/Pyy (Fig.4).

b) LH

In the tangential direction, fluxes increase for E > Ep, fluxes remain
constant or increase (10 - 20 %) for E < Eg (Fig. 1). Fast ions in the 47
keV channel, (55 keV for Eg = 42 keV) are detected (Fig. 2). This flux is
twice as large for <N,» = 4 than for <N,> = 2. The decay seems to consist of
a fast part (few ms) and a longer one (100 ms). For the Eg = 42 keV case,
only the fast decay is clearly visible. As for ICRH the active flux is not

1cen Grenoble, France; 2Academy of Sciences, Leningrad, USSR; 3present
address: JET Joint Undertaking, England; 4Univ. of Washington, Seattle, USA




102

visible for E > Eg. In the perpendicular direction fluxes increase and ions
are found till 60 keV. The 40 keV fluxes are twice as large for <N,> = 4
than for <N,> = 2 in the centre and equal at r/a = 0.6.

3. Discussion
Tnder our geometrical conditions (Rp(NI) = Ry (Analyser) = Ry) and with NI

alone, the tangential analyser receives only passing co-particles originat-
ing from the maximum of the ion distribution for each magnetic surface

(Fig. 5). This is due to the relation, valid both for injection and detec-
tion: Rp/R = v, /v (R is the radius where the C.X. collision happens, V, the
parallel velocity and v the total velocity). Then, for each position R, the
ion distribution is peaked at the injection angle defined by v,/v = Rp/R
which is the condition which must be fulfilled to receive neutrals from the
position R. If the waves add perpendicular energy to some of the ions, a
part of the distribution function is shifted to higher perpendicular veloc-
ities and the parallel analyser does not receive any more fluxes from the
maximum for each magnetic surface. If no compensations occur from other
regions, the signal for E < Eg should drop. On the other hand, ions with

E > Eg must be found. They can be detected after acceleration and collisions
which place them onto the detection line of the analyser, both geometrically
and in velocity space. Estimation of the main collision times is given for
the ICRH and LH cases for 30 keV ions (ng = 5 * 1013 em™3, T, = 1.5 keV and
ng = 1.5 1013 cm‘z, Te = 1.5 keV correspondingly):

slowing down on e~ 900 scattering charge exchange no-107—l03cm"3)
ICRH 25 ms 50 ms ls to 100 ms
LH 60 ms 115 ms 1s to 100 ms

These characteristic times as well as the confinement define the decay time
of the signal after the RF turn off.

For the perpendicular analyser a general flux increase is expected. The
experimental results show that both ICRH and LH waves add perpendicular
energy to ions which are clearly accelerated to high energies and neverthe-
less remain confined as discussed in the following.

a) ICRH

Ions which fulfil the relation QICRF(R) - 20cg = k,.v, can be accelerated in
the perpendicular direction. It happens in the resonance layer (R = Ryt 4cm)
if they have v,, ® 0. Some of them can be banana lons having their orbit tips
in the resonance layer /4,5/. Ions can be accelerated outside of the
resonance layer if they have enough v, to fulfil the relation given above.
These are passing or banana particles with large v,/v . Taking into account
the k,, spectrum of the wave, we calculate that acceleration is possible till
r = 12 cm for E, = 29 keV and till r = 18 cm for E, = 42 keV. Therefore beam
ions (passing particles) can be directly accelerated only outside of the
resonance layer. Beam ions first scatter to larger vy/v, before they can be
accelerated in the resonance layer. Experimentally it is shown by the
absence of active flux (v,, = 0.85 v) in the tangential analyser: ICRH does
not affect passing ions in the centre but off-axis acceleration is found.

On the other hand, observations made with the perpendicular analyser show
that accelerated ions with large v,/v, are present in the plasma centre.

b) LH

The LH interaction is not well located but particles must have enough
perpendicular energy E, to fulfil the relatiom: Ny = 700 (A/E_,_)J-/2
([Ex] = keV, A = atomic number)
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The perpendicular index N; of the wave is calculated by ray tracing /6/ and
the next tables compare the lowest N, values necessary for the interaction
and the highest N; values given by the ray tracing method for different N,

valuess <N,> 2 4 resonance E, 29 keV 42 keV

code N, 30-75 75-125 condition N, 130 108

It appears that the N; values given by the code are too small to allow for
interaction with beam ions particularly for the <N,> = 2 spectrum. This
general problem for the LH experiments will not be discussed here. As for
ICRH the absence of active fluxes in the tangential direction shows that the
interacting and accelerated ions in the centre have too large E,/E to be
detected. This is confirmed by the perpendicular measurements which show an
active flux increase in the centre due to LH.

Off axis acceleration happens and is enfavoured by the geometrical effect
which provides the outer surfaces with beam ions having more E; than in the
centre. The contribution of the non-central part to the fluxes could be
large due to the high value of the neutral density and explain the flux in-
crease for E < Eg. The life time of the ions generated off-axis is shorter
due to higher losses (charge exchange, confinement) and could account for
the fast part of the decay time. The non central effects are more favourable
in the Ep =42keV case which provides the plasma edge with faster ions. More-
over interaction is expected further outside at higher density values. Shots
made at 3 x 10 em~3 show flux increase of a factor 2 in the parallel di-
rection for E <Eg and very fast rise time and decay time. The perpendicular
observations show large off-axis fluxes, similar to observed without NI /7/.

Conclusion

It appears from this analysis that for both the ICRH and the LH waves give

perpendicular energy to beam ions: ’

- in the centre, to beam ions which have made 900 pitch-angle scattering

- off-axis, to ioms which come almost directly from the beam. This contri=-
bution to the fluxes seems to be larger for the LH case.

For ICRH in particular, these two populations are separated both geometri-

cally and in velocity space and cannot mix strongly according to the colli-

sion times. The second population might improve somewhat the ICRH heating

efficiency for NI preheated plasmas compared to that obtained in ohmic

plasmas, nevertheless both for ICRH and LH the contribution of the

accelerated ions to B is small /1,3/.

The clear patterns shown in Fig. 4 as a function of Pgp/Pyp (RF power per

injected particle) indicate probably that the interaction occurs mainly with

beam ions. They show the global increase of the perpendicular energy of the

ion distribution. For ICRH the contribution of the fast ions to the impurity

production is very probable as discussed in /8/.

This work has been made in the frame of a collaboration between IPP-Garching

and CEA-DRFC-SIG (Grenoble), and project boards in both laboratories are

gratefully acknowledged as well as the assistance of the technical staff.
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FUSION PRODUCT MEASUREMENTS ON JET
G Sadler, P Van Belle, M Hone, 0 N Jarvis, J K;llne.
G Martin* and V Merlo

JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK
+Association EURATOM-CEA-DRFC/TS. CEN Cadarache. France 13108

Neutrons from the D-D reaction and protons from the *He-D reaction have
been used for diagnostic purposes during the past year of operation.

CODE CALCULATIONS OF FUSION PRODUCT SPECTRA (FSPEC)

It is well known that a measurement of the Doppler broadening of the 2.45
MeV neutrons from D-D reactions in a deuterium plasma affords a
determination of the plasma ion temperature Ti. Several authors (refs
1-3) have shown that the Maxwellian ion energy distribution of a plasma in
thermodynamic equilibrium leads to a neutron energy spectrum which is
approximately Gaussian with a FWHM proportional to JTi. These analyses
include a number of approximations, e.g. the D-D reaction cross-section is
usually assumec to be isotropic in the centre of mass (CM) system. The
successful measurements of neutron spectra reported earlier (refs U,5)
have emphasised the need for a precise and reliable evaluation cf the
relationship between the neutron spectrum shape and ion temperature.

A numerical simulation has been performed as follows.The birth energy
spectrum of fusion products Ms from the reaction My + Ma» Ms + My + Q
taking place ir a plasma is given by:

_dv _do 3 3 a
dRsdEs ‘_/f‘(v" £2(%2) Gorassameag, | - Va| avi ava av

where do = do §(Es - E¥)
dRadE ;dQ.dE, dRsdE,

M 2 ma me
with E¥ = % maV2 + (Q+K) + cos @ V —  (@K)
ms + My m3 + My

Q = Energy release in reaction, V = CM velocity, K = Kinetic energy of
reactants in CM, @ = angle between relative velocity and velocity of
fusion product in CM.

The above integral can be solved by Monte Carlo sampling on a ccmputer. A
code accepting numeric distribution functions of the form £(¥) = F(V,y)
has been develcped, where § is the pitch angle of the reacting particle
with respect tc the total magnetic field. CPU usage is 7.5us per sample
on a Cray 1 (200pus on an IBM 3087). Neutron spectra from the anisotropic
D-D reaction in a thermal plasma were calculated resulting in an almost
perfect Gaussian shaped spectrum with a temperature dependent shift A

and broadening W = FHHM/JTi. A convenient representation for these




quantities, based on a series of calculations (each using 3+107 samples)

is found to be:
W [kev%] = 82.74 + 0,103 T; - 8.2 107" T} + 0.04 and
a [kev] = 2.94 + 3.41 T, -70.034 T} = 0. for 1 ¢ T; [kev] ¢ 20.

APPLICATION TO NEUTRON MEASUREMENTS

Neutron spectra are obtained "routinely" during high yield discharges

(Yn 210'*n/discharge) with a ’He ionization chamber viewing the plasma
vertically from the roof laboratory. The width of the spectrum is
extracted by fitting the experimental data points (Fig. 1) with a gaussian
convoluted with the detector response function using the maximum
likelihood technique for Poisson distributions /4/. Computer simulations
show that the correction which needs to be applied to the line of sight
data to yield the central ion temperature is small (-9%) and depends only
weakly (4+1%) on profile shapes provided that the density profile is
broader than the temperature profile.
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ol 7293 otk 25| Time: 48751 @)
10 Time: 45-52 (1) L~ Tjp +394£045 KeV
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3
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22 23 2.4 25 26 21 22 23 24 25 26
MeV MeV

Fig. 1: Examples of measured pulse-height spectra and deduced central ion
temperatures. The broken lines show the deduced neutron energy spectra.

The volume integrated neutron yield is measured with 3 pairs of absolutely
calibrated fission chambers yielding a measurement of Hné <gv> which can
be used to deduce the deuteron density if <gv> is calculated using the
temperature measured with the spectrometer. AThis combination of
measurements has shown that the ratio of ﬁd/n for high yleld discharges
is noticeably low (between 0.8 and 0.3, reduc?ng with Te). These results
are obtained assuming the ion temperature profile is the same as the
electron temperature profile.

One source of concern with the above analysis is that internal 'sawtooth'
disruptions might lead to a preferential loss of fast ions from the
central region of the plasma, A sensitivity analysis using FSPEC shows
that the possible loss of all particles with E>2TkeV yields an over-
estimate of 10% in n, for a Ty = 3keV case; a more gradual treatment, eg.
exp-(1n2xE/12), or preferential loss of particles with high V; would lead
to a systematic error of less than 5%.
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14.7 MeV PROTON MEASUREMENTS

Protons from the D + *He + “He (3.6MeV) + p (14.7MeV) reaction have been
observed with the experimental arrangement shown below. The *He ions
originated either as reaction products (D + D » n (2.45MeV) + *He
(0.82MeV) reaction) or from the bulk plasma (by *He gas puffing).
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100
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_ . Si~Ls DIODE
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55 WIHDOW
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PORT AND TUBE
a ee C

Ip 15 WA

Fig 2: Detector arrangement with orbit examples at low and high current.

By collimation only protons with V = V; are accepted by the detector. The
detector line-of-sight is determined with the help of an orbit code and
depends strongly on the plasma current, the hot central core being visible
only for currents below around 2.8MA (Fig. 2). The performance of the
system was checked at plasma currents around 1.5MA (mainly during the
current decay phase of discharges) yielding a Doppler broadening of the
14.7 MeV proton peak which was in agreement with other Ti measurements.

During H minority ICRF heating at low fields (BT ¢ 2.6T) and plasma
currents (I_ < 2.8MA), protons originating from the central region of the
plasma were observed. Enhanced sawtoothing could be clearly seen on the
ECE signal (Te) and the neutron yield. The proton yield, as derived from
a single channel analyser showed the same trend but with less pronounced
sawteeth. The 2.5MeV spread (FWHM) of the energy spectra around its
nominal values was consistent with a 0.8MeV *He population slowing down in
the plasma.
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A systematic study of all discharges where data are available shows that
the apparent *He burn-up fraction (= observed proton yield/ neutron yield)
scales with T, 7 while the expected burn-up fraction is proportional to
(nd/n )T’“. suggesting that the *He slowing down is influenced by the

During *He ICRF minority heating the central part of the plasma is not
visible but bursts of protons coinciding in time with the sawtooth
collapse can be observed (Fig. 3). Spectra (Fig. U4) exhibit a downwards
shift of ~1.5MeV which can be converted into a 75ms slowing down time for
15MeV protons (about half the sawtooth period) indicating that these
protons were contained before being thrown out by the internal disruption.
On the other hand the finite width (10-20 ms) of the proton bursts, being
comparable to the decay time of the neutron sawteeth, rather suggests the
burning up of expelled super thermal *He ions.

PULSER

- i lp =27 MA
147 MeV proton sigrol (au) s ; 8,3 T
a0 Pap = | MW
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33
245 MV neurron signa fa) % e
LS -. 40 Kev e
.ﬁ"\‘j'ﬂjl"'“m‘ LY ¥ -| 25
Bre34T L -
ot 3 h™
PR 'He minorlly heoting N ikt
T ASF from (n,a)
10
s
o A!II naog | .
470 471 472 473 474 475 476 477 478 479 480 48 0 15 20
TIME (sec)
ENERGY (MeV)
Fig. 3: Time dependence of 14.7MeV Fig. U4: 14.7MeV proton pulse-
protons, neutrons and electron height spectrum during low power
temperature during (*He) ICRF. (®He) ICRF heating.

SUMMARY AND CONCLUSIONS

* A highly efficient and exact code was used to calculate D-D neutron
spectra from thernal plasmas.

¥ For high yields, ﬁd/ﬁe ratios between 0.8 and 0.3 are measured.

¥ Intense bursts of TU.7MeV protons are observed at the collapse time of
giant sawtooth disruptions during *He minority ICRF heating.

* The *He burn up frac;ion observed during ICRF(H) heating shows a very
steep dependence on T, indicating a possible interaction of the RF with
the slowing down ions.
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/5/ 0 N Jarvis et al, 12th EPS Conference, Budapest, Sept 1985
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T; PROFILE STUDIES DURING ICRF HEATING IN JET

S Corti, E Barbato*, G Bracco*, M Brusati, M Bures, A*Gondhalekar,
F Hendriks, F Sand, A Taroni, F Tibone, V Zanza

JET Joint Undertaking, Abingdon, OX14 3EA, UK
ENEA Euratom Association, Frascati, Italy

ABSTRACT

After a brief description of the analysis code used, some measurements
performed with an array of four passive Neutral Particle Analysers are
presented. The main result of this study is the evaluation of Ty profiles
both during ohmic phase and ICRH phase of a JET plasma. A comparison of
the experimental T; profiles with those obtained from Transport analysis
codes and a power Ealance computation performed using the JICS code are
discussed.

This paper describes features related to the analysis of neutral particles
and the ion temperature in JET as measured with an array of four passive
Neutral Particle Analysers. Ten energies for two species (Hydrogen and
Deuterium) are detected simultaneously in each analyser, so that the two
energy spectra can be obtained at any time of a discharge and at different
spatial locations. The neutral particles emitted by the plasma are ionised
in a gas stripping cell and energy and mass analysed in a B//F gecmetry.
The analysers have been absolutely calibrated both for H and D.

An analysis code /1/ taking into account all the relevant processes is
available. This code, using the measured neutral particle fluxes, the
measured Ty and ng, profiles, taking the edge neutral density as a free
parameter allows to compute the neutral density and the T; profiles. A
value for n;/n, (ranging between 0.5 and 1) is assumed, constant in radius,
throughout the calculation.

To start with,a T; profile 1s assumed as a parabola best fitting the four
points obtained performing a linear fit on the spectra given by the
different operational analysers. An iterative process is then adopted
taking the x?of the fitting to the experimental spectra as the key
parameter.

In order to check the consistency of the calculated profiles with the
experimental datz, the value of the derivative of the spectra (i.e. the
value of the temperature) corresponding to the radial location of sach
energy measured experimentally is superimposed to the final profile. In
doing that, the assumption is made that T; be constant on a given magnetic
surface, sc that all energies, measured a}ong different lines of sight, can
be plotted on the same radial scale.

In Fig. 1 the profile obtained during the OHMIC phase of a discharge is
shown. The horizontal error bars correspond to the halfwidth of the
relevant source functions.

I
i
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During Ion Cyclotron Resonance Heating the ion temperature profile is
modified according to the location of the resonant layer and of the power
deposition. By varying the value of the toroidal field it is possible to
have the position of the resonant layer changed during the same discharge.
Figs. 2 and 3 show respectively the profiles obtained in case of central
and off~axis heating.

The experimental T; profiles obtained in this way have been compared for
the ohmic phase of a discharge with those resulting from transport code
simulations. The standard transport model for JET has been used: i.e.
neoclassical resistivity, ¥, = 2Xecmg @nd Xi = SXjcHr Xicy Deing the
neoclassical ion thermal conductiv? y given in /2}. The results are shown
in Fig. 4. Good agreement is found between computed and measured
profiles. The ion contribution to the energy replacement time in this case
is half the electron contribution. This is mainly due to the deuterium
depletion caused by impurities.

The same ion transport model is used to simulate the ICRH phase of the
discharge. In this case a more detailed analysis is needed, especially at
high RF power, where sometimes the consistency between the various T
measurements failed. Results of the computation show that the NPA profiles
can be consistent with the global power balance. However, when Pppz 2 + 3
Pg, they would imply that a substantial portion (-80%) of the augfliary
power is absorbed by the main ions. The radial dependence of the ion
neoclassical conductivity allows to obtain, in these cases, T; profiles
rather broad in the intermediate plasma region (|VT1|<IVTeD while the
height of the central peaking is inversely proportional to the width of the
RF power deposition profile. If this picture was confirmed, it would have
rather drastic implications on the global plasma parameters (e.g. Tg Would
be much higher, during RF, than estimated so far.)

The analysis of the power balance has been performed, both for the Ohmic
and the RF cases, using the JET analysis code JICS /3/. Experimental
profiles for electrons and ions have been used to infer power terms and
local conductivities.

The power balance follows the general Tokamak pattern, with most of the
input power being lost by conduction mainly through the electron channel.
This picture is maintained (fig. 5) during additional heating: ie
conduction losses scale with the total input power for both ions and
electrons.
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FIGURE 1 - T, profile obtained during ohmic phase (shot 6850)
(dashed 11ne}. The T_ profile from ECE measurements and the T;
values from x-ray spectroscopy on Ni (e ) and from Neutron
Yield (%) are also shown. The B represent linear fitting

points.
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DETERMINATION OF POLOIDAL BETA IN JET

G Tonetti*, J P Christiansen, J G Cordey
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Abstract

Magnetic, diamagnetic, density and temperature measurements are used to
calculate poloidal beta (8) by three independent methods. Comparison studies
are made for a variety of plasma discharges in JET and error estimates are
given. The results from the three methods are in good agreement for pulses
with currents above 2MA.

1. Definitions and Relations

The poloidal beta (B), the internal inductance (%;) and the diamagnetic

parameter (u) are defined by the following Integrals [1] over the plasma
volume

{8, 24 u} = I‘:R f{p, B2/2y0, (Bbo - B;)/Eun} av . (1)
¥o- Fo

p, B, B, denote pressure, poloidal field and toroidal field; R0 is arbitary
but in practice chosen to be the torus centre. If the plasma pressure is
anisotropic and plasma flow is included values B,, B,, Bpor @re found from
(1) by replacing the pressure p respectively with the perpendicular and
parallel components of the pressure tensor and with the flow energy [2].
Neglecting the flow energy, two relations are derived [1,2] from (1).

= %BJ_ + }&B.I + '?52.1 = V£1 # (] = VQG)SQ a (2)
BJ_ "U=S1*552- (3)

The Shafrancv integrals S1, 52 are evaluated on the plasma boundary via
b3 35 =ﬁfa=/zuo {rF-H, nuﬁ-ﬁ}ndl, (1)
Ugt Ry

the — denoting urit vectors in the poloidal r, toroidal R and Z directions
and n is normal to the boundary; & in (2-3) is defined in [1]. In this paper
we describe 3 calculations of B giving values referred to as follcws:

Buap = B * M i Bgry = B.i Bpra = By (5)
These values are determined from (2), (1) and (35 respectively.
2. The MHD Beta

Byyp 18 obtained from (2). A is given by the integrals (4) obtained from the
plasma boundary calculations [3]. For an elongated plasma %, can be evaluated
separately. An empirical formula for 24 in terms of the elongation E, minor

!
b
i
}
.
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radius a, major radius Ro and the current moment 12 has been given in [4].

hy=

Y a? 2
2 + __Bah 5+E
e % e B v ©

The constants C1- CH are adjustable parameters. From a study of more than
1000 JET pulses the following values were determined

C1 = 2,15 CE = 5,8 C3 =1 Cu = - 0,36 . (1)
The values (7) have been obtained for JET pulses with E>1.25 and 0.9<%;<2.
3. The Kinetic Beta
The integral [pdv of (1) is written as

fpdv = ef; (ng(x) Tg(x) + ny(x) Ty(x)) al(x)dx , (8)

were Q(x) is the volume between adjacent plasma surfaces described by the
parameter 0 €« X 4 1. The approximate geometry of the plasma surfaces is
derived from the boundary geometry using the Lao-Hirshman parametric
description {6}. The plasma profile quantities required to evaluate (8) are
obtained or approximated as follows: Te (x) directly from electron cyclotron
emission; ne(x) from a parametric fit to data from 7 FIR interferometer
channels; the ion temperature is assumed to be either

Ti(x) = Tigeutrons Te (%) or Ty (x) = T?EA (1-x2) (9)
T, (0)
where the central values T, are calculated from the neutron emission and from
the neutral partlcle analyser (NPA) data respectively; the ion density is
ny (x) = fup (x) with the fraction of hydrogenic species being fixed
(usually rHD ~8 5)s

4. The Diamagne:ic Beta

This is calculated directly from (3) using S, S. and § as previously
described. The diamagnetic parameter y is

o 8”590 Ad . (10)

In (10) the flux change A¢ is derived from the measurement Ady of a
diamagnetic loop. The derivation includes compensation techniques implemented
by hardware and software. The latter is

Ab = Ady — Adoy = Adpp - Adp . (1)

In (11) the subseripts refer to flux change due to: toroidal field coil
expansion (thermal and mechanical), coupling from the poloidal coil currents
and from the plasma current. The hardware of the diamagnetic loop compensates
ror[tﬁroidal field and eddy currents in the vessel. Further details are given
in |5].
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5. Comparison of B values

In an isotropic plasma the 3 B estimates should be in close agreement. For a
non-isotropic plasma (eg. with strong beam heating) the relations (5) would
apply. On JET the values BgIn corresponds to B since the ECE and the NPA
diagnostics measure T, . For the JET pulses obtained so far non-isotropic
effects are small and should not affect the comparison. Figure 1 shows the
time evolution of B for 2 JET pulses with ICRH and neutral beam heating. All
three methods are in good agreement on the increase of . A large selection
of B values for pulses with different current, field and plasma shape are
shown in Figures 2 and 3; each symbol represents a value from one JET pulse
chosen at the end of current flat top. Figure 2 shows a good agreement
between Byup and Bpry for the whole range of pulses. Figure 3 also shows a
good agreement between BDIA and BKIN for currents above 2MA. For pulses with
lower currents further studies of the coupling term A¢; in (11) is needed.

The errors on fyyp arise from the separation formulae (6-7) and are typically
+ 0.05.

The errors on Byry are due to 1) approximate surface geometry (Q(x) of(9)) in
the axial region, 2) the density profile fit, 3) assumed profiles for nj, Ti'
4) errors on raw data. The horizontal error bar in Figure 2, 3 assumes
relative errors on Te of 10% and on the density of 5%.

The error on fpra is proportional to B,/I* times the error on A¢. From
measured residual fluxes the error ABpp, = +0.02 is found for I = 4MA, B, =
3.4T. A systematic error related to A¢I is apparent at low plasma curreﬁt
(Fig 3).

6. Conclusion

For a variety of JET pulses with I>2MA the results from the 3 independent
methods of determining g are found to be in good agreement. For I<2MA the
compensation of the diamagnetic flux needs to be improved.
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CURRENT DENSITY DISTRIBUTION IN THE TJ-I FROM SINGULAR SURFACES
POSITION DEDUCED FROM VISIBLE CONTINUUM PROFILES

C. Pardo, B. Zurro and TJ-I group

Division de Fusion, JEN, 28040 Madrid, Spain

Determination of current density distribution in tokamak plasmas is
essential for confinement and stability studies., Among the different
procedures used for 1ts measurement, the one based on the location of
q-rational surfaces appears as one of the most powerful methods. It has
been applied until now using x-ray arrays data and tomographic techniques
(1). They are quite sophisticated to be routinarely implemented and for
this reason we are exploring in the TJ-I tokamak a similar method but using
continuum profiles in the visible range and other spectroscopic features to
locate the g-ratiomal surfaces.

The existence of magnetic islands is closely related to the radial
structure of bremsstrahlung continuum radiation: transport enhancement
occurring through them makes small humps appear in the emission profiles
close to the singular surface, due to impurity accumulation near the outer
boundary of the island (2). This relationship has been confirmed through a
perturbative experiment in the T-7 tokamak, for the q=2 case (3).

We have applied this procedure to ohmically heated discharges of TJ-I
tokamak, a small device with R=30 cm, a=10 cm, operated for this experiment
with a toroidal field of 1T, line average density @, - 2x10"* cm™ } and peak
current of 40 KA, Visible profiles were obtained with a 1 m monochromator
provided with a fast rotating polygonal mirror that performs repetitive
scans of the plasma in .4 msec. every 1.5 msec., with a spatial resolution
better than 1 em. A search in wavelength was done to look for spectral
regions of minimum emission and free of lin% contamination. Data herein
presented were obtained with a bandwidth of 4A centered around 5233 A.

Visible continuum and Thomson scattering profiles were measured at
discrete times of this TJ-I discharge in order to compare the current
density radial distribution obtained by two independent methods. Typical
continuum measured profile is shown in fig. 1; the position of rational
surfaces with g=1.5, 2 and 3 is indicated by arrows in this particular
profile. The g-rational positions were fixed at the radii where emission
inflexions take place. There are some facts supporting that these profiles
in TJ-1 contain information about q(r): humps appear at the same position
for the same time through a serie of reproducible discharges, consecutive
scans suggest island rotation and the structure in profiles is net always
observed.

Current density distribution and q profiles deduced from continuum
scans have been compared with those obtained from Thomson scattering
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measurements assuming Spitzer model (j(r}xIe(r)ska. For the three studied
cases, fairly good agreement between both gq profile has been found,
although, in general, q(o)'s extrapolated from continuum method tend to be
higher than those predicted by Spitzer model. The 1less favourable
comparison is shown in fig. 2.

Currcent density radial distribution obtained by these two methods are
compared, normalized to their central value, in fig. 3. Peak Spitzer
current is higher than that obtained by the other method, and thus central
energy confinement times are smaller than those deduced from g-rational
location, More significant differences between both analysis are found for
Zeff spatial dependence, as is shown in fig.4.

In conclusion, sistematic radial structure in the visible continuum
emission in the TJ-I tokamak has been interpreted as related to g-rational
surfaces position. Current density profiles deduced from it are being
compared with that from Thomson scattering data and Spitzer model. Until
now, good agreement between them has been found for the studied cases.
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INTRODUCTION During the first phase of neutral beam heating on JET advan-
tage has been taken of using the heating beams to develop an active beam
diagnostic system based on charge - exchange - recombination - spectroscopy
(CXRS). The diagnostic is based on the charge exchange interactior of fast
injected neutrals as H® and D° with thermal fully stripped atoms such as
H*, D*, He?*, C®* and 0°*. The first two represent the bulk of a a JET
plasma and the other the dominant light impurities. The charge exchange
reaction is:
Y B w B 20, g)
H® or D° are the 1ngected high enfrg}r neutrals, Z%the thermal (fully) ioni-
zed impurity of charge z and Z% (n,%) the impurity atom excited in
quantum state (n,1).
The resulting recombination radiation can be analysed by suitable instru-
mentation. The most intense recombination lines are emitted from An=1
transitions and lie in the VUV or soft X-ray regions of the spectrum. At
high beam energies ( > 25keV/a.m.u.) there is appreciable recombina-
tion into high quantum s%mtes which emit in the visible region. The vi-
sible CXR lines have a particular appeal as diagnostic indicators in an
active thermonuclear experiment such as JET since the collected light can
be transferred via radiation hardened fibre guides into a remote ciagnos-
tic hall. CXRS enables diagnostic access to nuclei which are distributed
widely throughout the bulk of the plasma, but which otherwise are not
directly detectable in JET. In contrast to conventional line emission
spectroscopy the geometric intersection of a line of sight and the neutral
beam path determines a well defined active volume and hence gives a local
measurement. The observed excited CXR flux is given by:
L/2
do(A,L 1 n,%
% = £ L ds-{nz(S) I ng(s,E) (V) gy (ED}

Where : ny(s, E:) is the neutral part;cle density at r‘ragbional energy E and
location s, ngz(s) the local (impurity) density, ov (E) the effective
charge exchange exmtation rate at beam energy E and quantum numbers n and
%, taking into account cascading and % - mixing processess ( cf. FONCK.
[1]). Finally L the length of emitting intersection volume along line of

sight s and f(A) is the spectral profile

=((A=Ao)/Ap)?

1 D
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The Doppler width and Doppler shift allow a determination of the temperature
and the bulk plasna velocity. The local fractional neutral beam particle
density nyo(R,E, t, can be derived by the recently developed PENCIL CODE (cf.
WATKINS eir'.l al [2 ). In addition to that code it is feasible to obtain the
same information by measuring the electron impact excited and Doppler
shifted Balmer-alpha spectra emitted by the fast injected neutrals (cf.
PEACOCK et al [3]) The atomic physics data of the
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involved excitation rates rely mostly on theoretical (ef. SUMMERS et al
[4]) and partly on experimental data like those recently obtained from a
CRX-experiment on ASDEX in pure helium discharges (PEACOCK et al [3]).

EXPERIMENTAL

The layout of the viewing chords and that of the heating neutral beams is
described by Fig.l. At present two viewing chords are employed. A vertical
line of sight in Octant 8 intersecting the neutral beams in the plasma centre
(R=3.1m) and a second viewing line, which passes from a horizontal port in
the adjacent Octant 1 to an intersection volume with the neutral beams at
approximately half the minor radius (R=2.3 m). This viewing line enables
measurement of toroidal plasma rotation. A multichord optical head, (8
fibres) which will allow a complete radial scan, will be installed during the
next shut down of JET. The instrumental equip- ment is an optical head
(F/1.6) followed by a 150m, PCS 1000, fibre link with an attenuation of 20
db/km at 500nm. The spectrometer is a 1m Czerny-Turner with a 2160g/mm gra-
ting. The 1024 element intensified detector array has a quantum efficiency
of 8 photons/count at 500nm. The total sensitivity of the system was absolu-
tely calibrated yielding a photon flux/count rate of 107 em™2 sr™* at the
same wavelength.

RESULTS

The CXRS results obtained during the first NBI campaign have clearly demon-
strated the potential for measurement of local ion temperature, toroidal
plasma rotation and impurity concentration. The ion temperature derived from
the Doppler broadened CX-line profiles of oxygen, carbon and helium agree
reasonably with values determined by independent ion temperature diagnostics
on JET. There seems to be a slight increase of derived ion temperature with
increasing Z. This needs however, further systematic investigation. As an
illustration of the CX characteristic features the time dependence of the
oxygen 10 + 9 (6068A) spectrum before and during NBI is shown in Fig.2. -
Analysis of fitted line profiles and background level gives the ion tempera-
ture, line intensity and continuum intensity (Fig.3). A preliminary analysis
of the calibrated photon fluxes making use of electron source rate data de-
termined by the PENCIL code [2], excitation rates taking into account com-
plete #-mixing for the 10 + 9 transition [1], results in relative oxygen
concentrations in the order of 2 % of the electron density. The concentra-
tion of oxygen relative to n, appears to decrease during a NB pulse whereas
the absolute level tends to Increase slightly. This very preliminary analy-
sis is based on the assumption that only the full energy component contribu-
tes to the CXR signal and that halo effects and excitation by meta stables
from thermal atcms can be ignored.

Comparison of JET pulses with comparable NB and plasma parameters, the spec-
trometer being tuned to the spectra of 0°" and C°* respectively, indicates a
value nclngof 3 to 5 decreasing with increasing electron density during
injection to =2. These values are in rough agreement with results obtained
by the usual transport analysis (ecf. BEHRINGER [5]). Further analyses are
in progress which involve detailed modelling of the atomic physics and local
neutral particle densities [2,4]. The tangential viewing line was used to
measure temperature and toroidal plasma rotation at approximately half the
minor radius (R = 2.3m). Typical values are in the order of a few times 10°%
cm/sec and the ratio of ion temperature Ti(R = 2.3m)/Ti (R = 3.0m)=0.6 .
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Fig 2. Time history of the 07* (10 + 9) spectrum during NBI.
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For normal deuterium operation in ASDEX (A = 4.1, I, = 250 - 400 kA) the charged
fusion products from the D-D reactions (3 MeV proton, 1 MeV triton and 0.8 MeV
9He) escape from the plasma on helical orbits to the upper part of the vessel. Since
slowing-down can be neglected in ASDEX, the protons and tritons escape on identical
orbits, because the trajectory depends only on the product m - #. The measurements of
the charged fusion products give information on the ion temperature, fusion yield, and
plasma behaviour [1,2].

delector with collimator
behind an Al-window

preamplifier box

T Cvacuum feedthrongh

M Am-source

Fig.1: Part of the ASDEX cross—
section with the manipulator on
the right and a projection of a 3
MeV proton trajectory.

For the measurement the detec-
tor is brought near to the plasma
on the dotted line.

The charged fusion products were measured for ASDEX deuterium plasmas by using a
surface barrier detector or nuclear emulsion foils, installed on a manipulator. Figure 1
shows the ASDEX cross-section with the movable detector and a projection of a 3 MeV

1 Academy of Sciences, Leningrad, USSR, ?assigned to JET Joint Undertaking, SENEA Frascati, Italy,
4University of Washington, Seattle, USA, 5CEN Grenoble, France
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proton trajectory. For measurements with the surface barrier detector it is necessary
to have sufficient electrical shielding and to keep the distance between the detector and
the preamplifier short.

With the surface barrier detector , it is possible to measure the flux and the energy
spectrum of the 3 MeV protons, and that of the 1 MeV tritons, either. The electric and
magnetic distortions of the spectrum (about 50 keV) are monitored by a pulser signal,
that is additionally fed into the preamplifier. By fitting the spectra with a Gaussian
profile, we get a spectral width, that can be corrected with respect to the straggling
in the Al foil and the noise broadening, which is measured by the width of the pulser
peak. This corrected width, for the protons as well as for the tritons, is related to the
jon temperature by the equation

AE (FWHM) = 916-\/T;,, AE,T: in keV.

Figure 2 gives examples of a proton and a triton spectrum. The specira demonstrate
that both widihs (not yet corrected for the straggling) are about the same, and hence
they yield the same ion temperature. The time dependence of the temperature, evalu-
ated from the proton spectra for a neutral-beam (H”)-heated discharge in deuterium,
is given in Fig. 3 in comparison with the temperature deduced from the neutron flux.
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ASDEN #18667 1416+ Fig.2: Spectra of protons and tri-
400 kA, 2.2 T, 5 x 107 em=? PROTONS tons
st &) (0.8 MW) 1Y — D* i
404 L
AEp = 122 % 3 keV
4 Ay | Fig.3: T, from proton spectra and
neutron flux
n
2400 2600 2600 ¥00 1300 el
Tj (k)
o g counts s 2 i X
. ASDEN #17687 y
o ] ssoka 2aT a5 s 03 eqd 4
TRITONS "1 starawy et oLpt _—
60+ + /|-ru O peEEE
AEp = 130 % 2.5 keV p
0] Ti=142.0keV
4 metron s
204 L
. - - - R [ Sewrsat njecrion (87— 07)
0 1000 1200 i s . N
- . Energy /keV o i)

In principle, measurements of the tritons are of great interest, since their lower energy
makes the spectrum more sensitive to the reaction conditions than the proton spectrum.
However, the observation of the tritons is only possible in discharges with a low level
of X-rays because these cause a background at the low energies that may cover the
triton spectrum. Moreover, the surface barrier detector application is limited by the
saturation of the preamplifier in discharges with high background levels.
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Because of the influence of the strong magnetic fields in a tokamak the measurements
of charged fusion products have to be supported by detailed particle trajectory calcula-
tions. They describe the phase space transformation of the charged fusion particles from
the plasma to the detector. For measurements of the particle fluxes it is necessary 1o
calculate the efficiency of the collimated detector |3], and for the spectra it is important
to know which particles (characterized by birth radius and pitch angle) can reach the
detector. To get this information about the phase space of the observed charged fusion
particles, we calculate their trajectories in the opposite direction, i.e. from the detector
into the plasma. For each point of the orbit the distance from the plasma centre and
the pitch angle are calculated and then the point is stored in a matrix of these phase
space coordinates. This is done for different directions through the collimator, weighted
with the collimator transparency. Doing this, one gets a phase space probability for the
measurement of charged fusion products that depends on the charge and energy of the
particle, on the magnetic fields in the plasma, and on the orientation of the collimator.
An example of such a probability calculation is given in fig. 4a, and it is obvious, that in
this case the detector measures particles from the whole plasma volume. mainly starting
perpendicularly to the plasma axis. In this case (pitch angle of about 90°) the influence
of the poloidal field is very small, and so the details of the current distribution are of
no importance. Measurements of the ion temperature are done with this collimator
orientation.

Probability (a.u:)
Probability (a.u.)

2 = B
90 . S $.“_L
pitd“angip 0% 0

Fig.4a.b: Phase space probabilities for different collimator orientations
Calculation for ASDEX, 1p = 400 kA, By = 2.7 T, f,= 0.5

Turning the collimator by 20° results in the probability distribution given in Fig. 4b.
which measures only particles born at radii >20 cm, while the pitch angles are nearly the
same as in Fig. 4a. This dependence of the phase space distribution on the collimator
orientation can be used to deduce the fusion emission profile from the flux measurements
at different orientations.

This procedure can be applied to look for the fast deuterium ions created by LH waves
in ASDEX at densities above about 2.8 x 10’* cm~# [4]. Figure 5a gives an example of a
typical spectrum from such a discharge at a collimator orientation as in Figure 4a. The
spectrum of the prolons and that of the tritons show a superposition of a wide spectrum

3
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on the expected thermal peak. These central peaks (AE about 100 keV) correspond to
the Maxwellian plasma bulk with an ion temperature of about 700 eV. The wider parts
of the spectra (about 600 keV wide) are produced by the fast ions generated by the LH
waves. The velocity of these deuterium ions is mainly directed in the poloidal plane and
their energy is in the range of 25 keV. Since the fusion reactivity at these energies is
about 5 orders of magnitude higher than at 700 eV the number of these fast ions must

be correspondingly smaller.
counts
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ASDEX #19644
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40 i
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H 0’30 aa a8 aa s s boaaa s ta st s sa s s ad s aa i i LA i "
T ASDEX #19703-5
1501 (b) particles born at radii > 20 cm L

100

" 1000 2000 3000 Energy /keV
Fig.5a,b: Spectra for two ASDEX-discharges with different collimator orientations.

Ip = 400 kA, By = 2.7 T, n, = 3.9 x 10'® cm™?, LH (1.3 GHz) Pgp = 900 kW

With a collimator orientation as in Figure 4b (where only particles from the outer
regions are detected) we obtain the spectrum given in Figure 5b. As expected, the
specira generated by the bulk ions are not detected any more. Since the contribution of
the fast ions appears nearly unchanged, however, one must conclude that the fast ions

are created by the LH waves in the outer plasma regions, confirming the results from
CX measurements [5].
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It is well known that tokamaks can be safely operated only within
certain limits with respect ot the plasma current and density. If either of
these limits is exceeded the discharge disrupts. The current is limited by
the requirement that the safely factor at the plasma edge g be somewhat
larger than 2 and the density limit is proportional to the average current
density, n[m3] ¢ 10%° B[T]/(R[m]gs). The density limit is generally
thought to be connected with impurity radiation losses which cool the
outer regions of the plasma so that the current density becomes small
outside g = 2. Thus, the current profiles leading to density and current
limit disruption are similar and are characterized by having very little
current outside the q 2 surface.

Waddell et al.! showed that many aspects of tokamak disruptions could
be explained as the result of non-linear interactions of tearing modes of
different helicities. Specifically they showed that the interaction of
m/n = 2/1 and 3/2 modes could be violent and lead to field line
stochasticity and loss of confinement over some region of the plasma.
However, violent interactions occurred only for equilibria sufficiently
unstable to the 2/1 and 3/2 modes and the results of [1] leave open the
question of how, or even if, such current profiles might arise.

The present simulations address the two interrelated questions of why
and how disruptions occur and include selfconsistent evolution of the
temperature and current profiles over transport timescales. The simulations
intrinsically couple transport effects, which slowly change the equilibrium
profiles, and resistive MHD instabilities occurring on shorter timescales.
The stability of the MHD modes is determined by the equilibrium profiles
and when an instability occurs it can quickly and drastically modify the
profiles. The simulations show that sharply defined disruptive events,
triggered by the 2/1 tearing mode occur when g at the boundary of the
current channel is lowered towards 2. The disruptions are perhaps best
described as shocks propagating inward from the q = 2 surface breaking up
the magnetic surfaces and leaving turbulent plasma with poor confinement
behind.

The model used is the lowest order reduced MHD system including a
self-consistently determined temperature _with a highly anisotropic thermal
conductivity, Spitzer resistivity n = T /2 and ohmic heating « 11]2. The
boundary at r = a is assumed nonconducting and the magnetic field is
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matched to a vacuum solution. In the run described here, the resistivity at
the centre wasg nasxw-‘ and the heat conductivities were assumed constant
k = 1.2 x 10~ and «; = 100 (for details of normalization, see [2]). The
system was integrated numerically with 120 radial grid points and 20 to 35
Fourier modes in the @ and z directions. A semi-implicit algorithm allows
integration over transport timescales, using large timesteps when the level
of perturbation is small.

In order to force the simulation into the disruptive regime, the
toroidal electric field was adjusted so that the total plasma current was
slowly increasing, dga(t) = Qa(0) exp(-t/tq), tq = 2x10°tp, and
g went from 2.74 to 2.49 in about 19000 Alfvén times.

Figure 1 shows the time history of the central temperature. During the
first part of the run, when g > 2.65, sawtoothing occurs _almost
regularly and roughly in accordance with the Kadomtsev model?. The
variations in the central safely factor g, are very SmalquD—1 <0.02 over
the whole sawtooth period and the g-profile in the central region is very
flat.

If the parallel thermal conductivity is made too small or the
resistivity too large, the sawtoothing is replaced by a stationary
m=n = 1 vortex in the central region. The vortex flattens the temperature
profile and prevents g from going below unity anywhere. With a central
resisitivity of 6 x 10-¢ sawtoothing occurs for k; > 20. The threshold in
k) decreases with decreasing n so that large tokamaks are well into the
region where the reduced MHD equations predict sawthoothing.

Figure 2 is a logarithmic plot of the total energies in the m/n = 2/1,
3/2 and 5/4 Fourier components. In the beginning of the run, when
g > 2.65, the 2/1 and 3/2 modes exhibit mild oscillations with a period
considerably longer than the sawteeth period. The amplitude of the
oscillations 1is strongly dependent on «,, the oscillations almost
disappear when g > 2.8 and, as seen in Fig. 2, become very violent when

a < 2.6 eventually leading to the three disruptive events at
t/ta =12600, 15800 and 18100. The oscillations are connected with
periodic changes in the equilibrium profiles. When the current density at
q=21is low, the m = 2, n = 1 tearing mode is unstable if the current
density increases rapidly inside the q = 2 surface. The 2/1 mode then grows
and creates an island at g = 2. If the island is sufficiently large it
destabilizes the 3/2 mode primarily by displacing the current gradient and
the g = 3/2 so that the current gradient becomes steep inside the q = 3/2
surface". This causes the 3/2 mode to grow and produce at least partially
stochastic field lines. Consequently the radial thermal transport increases
and the temperature profile is flattened between q = 3/2 and q = 2. Figure
3 shows the temperature profile at t = 7300 when the 2/1 mode is growing
(dashed line) and at t = 9125 after the phase of increased transport (solid
line). At the later time the gradient just inside g = 2 have decreased, the
2/1 mode is stable and the g = 2 magnetic island shrinks. The cycle repeats
when the equilibrium broadens resistively so that the current gradients
increase near g = 2.

At later times these oscillations become more and more violent because
with a lower gy, giving a lower current density at g = 2, the 2/1 mode
becomes increasingly unstable. When g < 2.6 disruptive events occur in
the form of shocks propagating from the g = 2 surface toward the center of
the plasma. During its inward motion the shock is carried by modes with a
decreasing ratio m/n = g to remain in resonance with the magnetic field. In
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particular, modes with m = n+1, n increasing, are strongly destabilized.
Inside the shock, confinement is still good, whereas behind the shock, the
flux surfaces have broken up and the plasma is turbulent. Figure 4 is a
contour plot of the current density at the end of the first shock,
t/tp = 12550. In the subsequent disruptions, the shock reaches further
into the plasma and involves even higher m and n components.

In these simulations the shock invariably stops when it reaches the
g = 1 surface and leaves the central region relatively untouched. When the
shock reaches g = 1, the current profile is close to a step function with
the constant value j = 2B /pyR inside the g = 1 region and j = 0
outside. This profile is marginally stable to all modes with m = n and
m = n+1 but stable to all other modes of the lowest order RMHD system.

It is the author's opinion that the stopping of the front is a
property special to the lowest order reduced MHD equations. The temperature
and pressure profiles in the final stage are similar to the current profile
and fall off very sharply at the g = 1 surface. In the presence of toroidal
and pressure effects, such an equilibrium would be strongly ballooning
unstable and it appears justified to assume that full MHD effects would
lead to penetration of the g = 1 barrier and the final broadening of the
current profile observed experimentally in major disruptions.
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SAWTEETH: A CRITICAL COMPARISON OF TWO MODELS

E. Westerhof and W.J. Goedheer

Association Euratom-FOM, FOM-Instituut voor Plasmafysica "Rijnhuizen"
Nieuwegein, The Netherlands

INTRODUCTION

Sawteeth are a phenomenon widely studied in tokamaks, but the underlying
physical processes are still unclear. This is reflected by the number of
different models proposed to explain the sawtooth oscillations, see e.g.
[1-6]. The present paper is intended as an attempt to answer some of the
questions on the underlying physics. The emphasis here will be on the period
and amplitude of the sawteeth., For this purpose two discharges of the T10
tokamak [7] were selected and simulated with the transport code ICARUS [8],
in which models for the sawtooth oscillation were incorporated. Both dis-
charges are heated by electron cyclotron waves, but have a different toroidal
magnetic field and thus a different power deposition profile.

Two different models were used to describe the sawtooth dynamics, each
being representative of a certain class of models. The first [2] belongs to
the class of models which ascribe the internal disruption to the mixing which
accompanies the fast reconnection of helical flux in or around the centre of
the plasma. This model will be called the reconnection model. The second [6]
belongs to the class of models which ascribe the internal disruption to an
enhancement of radial transport, as caused by e.g. micro-turbulence generated
by a degeneration of the X-peint of an m=1, n=1 island into a line [5]. This
model will be called the turbulent model.

THE TRANSPORT MODEL
The transport code solves the following set of equations by a Cranck Nicolson
scheme [8]

‘5%‘59“'"3!}??“%’"%' (1)
_agt:,-ne'+%%—r|:[)n_aarne_nevan]+sn’ )
a_ath pe"*%_a%' r s xe“éar'_ Te+POH-Pei_Frad+PECH' (1)
_E)gt_piﬂ*%_aar_rnixiﬁ i’ Pei’ (1d)

where n is the neoclassical resistivity for Zgee = 2.2, Dy and v,y are the
anomalous particle transport coefficient and inward drift, respectively,
defined by

D =¢ . —_ r

n D Xei Vau e, 2Dn =, (2a,b)
8, is the particle source, Xe is the anomalous electron heat conductivity,
taken to be [7]
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| x r<.5m

- [¢]

g r - .15 _ (3)
% * =Zm=—75 (Xn = X F 188

Poys» Peis Pprad and Pgcy are the heating sources and losses (Ohmic, elec-

tron-ion energy equilibration, radiation, and electron cyclotron heating,

respectively) and y; is the ion heat conductivity taken to be a multiple of

the neoclassical value. During additional heating X, Was multiplied by 1.5.

THE SAWTOOTH MODELS
In the reconnection model [2] an m = 1, n = 1 island starts growing when
q < 1. The island growth is exponential and the growth rate, Y, is given by
the linear growth rate of them = 1, n = 1 tearing mode in the undisturbed
plasma, which is [9] a solution of

L in[«:‘e + m!i) - Yw*ew*i = ‘I/TR'[[’{ y ()
where wrg(j) 18 the electron (ion) drift frequency and tg(y) is the resistive
(Alfvén) time. In the transport code this growth rate is multiplied by a phe-
nomenclogical constant, cy, in order to be able to reproduce the observed
sawtooth period. If the island fills the region with q < 1, i.e., if § = Tas
a disruption occurs on a timescale equal to Y ', during which particles,
energy and flux are redistributed according to Kadomtsev [1].

In the turbulent model [6] anm = 1, n = 1 island grows, when q < 1, on a
resistive timescale as appropriate for the nonlinear regime of the m = 1,

X

n = 1 mode [5], F. an
= §2 = 3n. (5)
When the island reaches its critical size &y, [6], given by
§ =28 ; 8z|r% (6)
c . = dr ,.s'

where A is chosen so as to reproduce the observed sawtooth period, an
internal disruption occurs during which the radial transport of praticles and
energy is enhanced in the region inside and around the q = 1 surface by a
factor (10 to 10%) and the m = 1, n = 1 island disappears (or is reduced
substantially). The duration of the internal disruption is a free parameter,
taken from the experiment.

RESULTS AND DISCUSSION

Both discharges were simulated with roughly the same transport model and
basic plasma properties. These data are given in Table I. In the turbulent
model we took A = .085 for both discharges. In the reconnection model we used
ey = .06 (.05) for discharge ne 23517 (-594). The resulting evolution of the
central temperature is displayed in Figs. 1 and 2. In the case of central
heating the turbulent model predicted a decrease of the sawtooth period, as
seen in the experiment, while the reconnection model predicted an increase.
Also, the amplitude is clearly too large in the reconnection model during
heating.

For off-axis heating the sawtooth disappeared altogether in the turbulent
model, because 8§ was strongly reduced. In contrast, in the reconnection model
the period hardly changed, but the amplitude vanished while the q = 1 surface
shifted inwards. Thus both models reproduced the observations equally well:
the former because the period became effectively infinite and the latter be-
cause the amplitude vanished.

In the case of central heating the turbulent model clearly simulates the
observations better. The reconnection model, however, could be improved by
using a different trigger criterion for the internal disruption. A simulation
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adopting a fixed value of q on axis (e.g., 95 = .9) as a criterion for an in-
ternal disruption did not lead to a significantly smaller sawtooth period
during central heating. Instead, an increase of the period was again predict-
ed.

One is led to the conclusion that the trigger for sawtooth collapse has to
be a very sensitive function of the shear (in the turbulent model the period
is proportional to 87"). The energy redistribution is better described in
terms of enhanced transport than by reconnection, the latter giving rise to
too large an amplitude in the case of central heating. This is related to the
fact that reconnection leads to hollow (or completely flat) temperature pro-
files immediately after the internal disruption, whereas the profiles
preserve a maximum on axis in the experiment [7].

Table I: Basic plasma and transport variables.

T10-23517 T10-23594

Exp. reconn. turb. Exp. reconn. turb.

B¢(T) 3.0 3.0 3.0 3.3 3.3 3.3

I(kA) 335 335 335 335 335 335

Zeff 2.2 2.2 2.2 2.2 2.2 2.2
<ng> (m~?)| 5 10'® | 4.9 10'® (4.9 10*°| 5 10'® [5.0 10*° |5.0 10'*®

Xo o 0.3 0.3 i 275 .3

Xm e 2.0 2.0 - 2.2 2.0

¢p - 0.35 0.35 = 0.35 0.35

Cy o 0.9 1.0 ] 0.8 0.8

Xifxn.cl B 3 3 = 3 3
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FIGURE CAPTIONS

Fig.1:Evolution of Tg(o) in case of central heating.
a) experiment; b),c) simulation with the reconnection and turbulent
model, respectively.

Fig.2:Evolution of Tg(o) in case of off-axis heating.
a),b),c) as in figure 1.
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1. Introduction

Due to the favourable confinement properties of the H regime, 8 values close
to the Troyon limit can be achieved in the ADSEX device at a neutral injec-
tion power level ~3 MW. In many cases, the B limit is a soft one, i.e. B
attains a maximum and then decays smoothly up to the end of the injection
pulse. Disruptions, however, may occur both during the rise and fall of B.

2. Temporal evolution of MHD activity in the case of soft 8 limit

The investigations presented below are mainly based on the analysis of
Mirnov probe signals. Due to the divertor geometry, only a fraction of the
poloidal circumference could be covered, namely 102° at the outside and 44°
at the inside of the torus symmetric to the midplane. The toroidal mode
number n is obtained from 5 probes placed in the midplane at the outer side
distributed over a toroidal angle of 156°. Apart from a few n=2 cases not
discussed in this paper, always n=1 is observed.

In ohmically heated ASDEX divertor discharges, MHD activity is very weak
apart from disruptive ones; in this case the common m = 2, n = 1 precursor
is seen. Application of neutral beam heating at sufficient power level
(maximum 3.5 MW in the case of Hy injection ) leads to a continuous mode
which develops during the L phase and attains a steady state lasting up to
the end of the injection pulse if the discharge remains in the L regime. In
the case of transition into the H-type confinement regime, however, the
amplitude of the continuous mode decreases at some time after the H trans—
ition to a low level; in the further course of the discharge bursts occur as
shown in Fig. 1. It is seen from Figs. 2 and 3 that these bursts have a
fishbone-like character, i.e., increase and decrease of amplitude with a

half-width of a few oscillations; they are referred to as fishbones in what
follows.

It is well known that H-type discharges exhibit another quite different kind
of MHD activity, too, namely the so-called ELMs. The most prominent mani-
festation of an ELM is the sudden change of the equilibrium position of the
plasma column by typically a few mm (indicating a sudden decrease of the

lga Technologies, San Diego, Calif., USA; 2Academy of Sclences, Leningrad,
USSR; 3present address: JET Joint Undertaking, England; Ayniv. of Washing-
ton, Seattle, USA; JCEN Grenoble, France
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and B (tEacea b,d) versus time for No. 1,4,5,6,8) and fishbones
shots No. 18030 (a,b) and 18034 (c,d). (events No. 2,3,7) recorded by
Injection starts at 1.13 s and stops at Mirnov probes (traces a,c) and
1.43 s. The temporal evolution of B Hy monitor (traces b,d).
is practically the same for both dis-

charges.

equilibrium parameter Bp +
7 11/2) and a peak in the Hg

emission. ELMs do not manifest,
however, in the records of the
Mirnov probes apart from the
inward motion.
6 8 It is seen from Fig. 2 that
ELMs and fishbonmes may occur

independently from each other;

2 ms on the other hand, fishbones
IFPY- K8 290- 06 appear to be triggered by ELMs
in some cases and, more
Fig. 3: Expansion of the sequence frequently, ELMs appear to be
6-7-8 from Fig. 2. triggered by fishbones.

There are several features which are common to the continuous and the

fishbone=1ike mode, namely

- The amplitudes measured at the outer side of the torus are much larger
than those at the inner side. Amplitude ratios of 15 = 25 are typical; in
many cases, the ratio must be even larger since no signals from the inner
probes are obtained. Obviously, the determination of the poloidal mode
number is particularly difficult in this situation.

- The frequency recorded by the soft X-ray diode cameras coincides with that
of the Mirnov probe signals. During the continuous mode, anm = 1, n =1
structure with frequency doubling is clearly seen. In the case of the
fishbone-like events, the amplitudes are much smaller. In some cases,
doubling of frequency was observed in near-center channels which indicates
that the q = 1 surface may still be present.

- The mode propagates according to the toroidal rotation of the plasma
applied by the unidirectional co-injection. Doppler shift measurement can
only be obtained from a small zone at R ~ R, + 3a/4. The velocity calcu-
lated from the mode frequency is systematically by a factor of 1.4 larger
than the spectroscopic one. This discrepancy increases if an additional
motion of the mode due to the diamagnetic drift is assumed. Thus, the mode
frequency appears to be governed by the central rotation velocity.
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It is seen from Fig. 1 that the repetition rate of the ELMs does not vary
appreciably during the rise and the fall of B. Fishbones appear more fre-
quently in the B decay phase. The duration of a fishbone-like burst,
however, is less than 1 ms and the island size estimated from the amplitude
of B 1is typically of the order of a few cms. Hence, for this type of shots,
the observed MHD activity does not explain the decay of 8.

3. Discharges dominated by an m=2, n=1 mode

Another type is characterized by a dramatic change of the mode structure. A
typical example is shown in Fig. 4. It is seen that at 1.29 s a continuous
mode develops the amplitude of which increases suddenly at the inner side of
the torus. A temporal expansion of this event is shown in Fig. 5. The change

ﬂ: o Ad:mtmm\.uk__ﬁ-a a £ 3 &Ur\-—-r—__q
B _W\ﬁmw
——— N et 4 L VYOV

0 " ; J
1.20 1.25 1.30 135 1.292 1.293 1.294

o

t(s) PR3- KLA 265-66

Fig. 4: B, versus time for shot

No. 18033. Injection starts at

1.13 s. The first disruption occurs
at 1.32 s. Trace a: H, emission.
Trace b: Bg from a Mirnov probe
located in the midplane at the out-
side of the torus. Trace c: Same
for the inside.

t(s)

Fig. 5: Onset of the m=2 oscil-~
lation in shot No. 18033. Trace
a: H, signal (diode saturates).
Trace b: Mirnov signal, nidplane
outside. Trace c: Mirnov signal,
midplane inside. The amplitude
is enhanced by a factor of 4 as
compared to trace b.

of the mode structure is initiated by an ELM which is preceded by a fish-
bone. It is seen from Fig. 4 that the amplitude of the Hy spike of this
particular ELM exceeds by far that of the preceding and the following ones.
After the transition, the mode continues to propagate in the direction given
by the toroidal rotation; the frequency of it decreases, however, by a fac-
tor between 2 and 4. Most remarkably, the ratio of the frequencies before
and after the transition is close to an integral number. Furthermore, it is
seen that the frequency recorded before the tansition remains with a small
amplitude which lasts for typically 10 ms. Later om, only the "slow" mode is
recorded. It is clearly an m = 2, n = 1 mode, as shown in Section 4.

In the case presented in Fig. 4, the m = 2 mode leads to a disruption after
30 ms. In the last ms before the onset of the disruption, the signal fre-
quency decreases drastically. In other discharges, the m = 2, n = | mode may
attain a saturated level and persist up to the end of the NI pulse. In both
cases, the island size is large and may amount up to 20 Z of the minor
radius of the plasma column. It is seen from Fig. 4 that the onset of the
m= 2, n =1 mode leads to a violent decrease of Bp.

Most frequently, the onset of the "large" m = 2 mode occurs nearly at the
time at which B attains its maximum. In some cases, however, this mode
develops already in the phase of B rise, in particular, if q4 is low.
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4. Discussion of the poloidal mode structure

In the discharges considered here, the boundary q value is 3.5 < q5 < 4.5.
Hence the mode numbers m = 2,3 and 4 (if q; > 4) are the candidates for the
explanation of the mode structure. In a previous paper /1/, one of the
authors investigated the effect of the toroidal curvature on the poloidal
mode structure. In this model, the modes are created by surface currents
flowing on rational magnetic surfaces parallel to the magnetic field. Typi-
cal examples for the modes m = 2,3 and 4, n = 1 are plotted in Fig. 6 where
the phase is chosen such, that a maximum is located in the midplane at the
outer side of the torus. It is seen that the amplitudes at the outer side of
the torus exceed those at the inner side considerably. The amplitude ratio
depends, of course, on Bp + 1;/2, on the aspect ratio of the resonant
surfaces and on the position of the plasma column and may amount up to 5. It
is further seen that the mode structure is distorted towards the inner side
of the torus where the distortion is rather moderate in the case m=2 but
increases drastically with increasing mode number.

B e sng pewna 15 -

Fip. 6: Polar diagrams of the modes m = 2,3,4. The torus axis is on the
left=hand side.

While the m=2 mode discussed in the preceding section fits quite well into
this picture, the continuous and the fishbone-like mode cannot be explained
by this model. The observed out-in amplitude ratios of 15 - 25 might be
ascribed to the occurrence of two modes, an even and an odd one, coupled
such that two maxima coincide in the midplane at the ouside. It is seen from
Fig. 6, however, that all three modes pretend an m=2 structure as far as the
outer side of the torus is concerned. This contradicts to the observed phase
relations according to which phase reversal is obtained at poloidal angular
distances between 459 and 60° (which would indicate a superposition of m=3
and m=4 if the geometry were cylindrical).

Obviously, rational magnetic surfaces with m > 4 are also present due to the
separatrix. They are located, however, in a region with very large shear and
hence very small island sizes. It is unlikely, therefore, that modes with
appreciable amplitudes develop in this regiom.

5. Summary

— Three types of MHD oscillations were observed, a continuous, a fishbone-
like and an m=2, n=l mode.

— The decay of B can be attributed to observable MHD activity only in the
cases in which a strong m=2, n=l mode develops. =

~ The continuous and the fishbone-like mode cannot be ascribed to currents
flowing parallel to the magnetic field on rational surfaces.

Reference:
/1/ G.Fussmann, B.J.Green, H.P.Zehrfeld, Plasma Phys.and Contr.Nucl.Fus.Res.
1980 (Proc.l10th Int.Conf.Brussels, 1980), Vol.I,IAEA, Vienna (1980) 353.
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Introduction

With high power auxiliary heating at increased plasma pressure many new MHD
phenomena occur which can be studied most suitably by observation of the
soft X-ray ("SX") radiation. In the plasma centre NI excites large m=1, n=1
oscillations, the detailed behaviour of which depends on external parame-—
ters. In divertor discharges with NI power £2 MW their occurrence is re-—
petitive and terminated by sawteeth. When NI is combined with ICRH the m=1
mode often disappears after a first strong sawtooth which is followed by
"precursor—-free" large sawteeth.

The hot spot model

Detailed studies of the m=1 mode and of sawtooth activity have been made in
ASDEX mainly based on the analysis of the signals of two SX diode cameras.
In the case of a toroidal rotating plasma and disregarding a possible
poloidal rotation these signals represent the projection of an asymmetric
and helical radiation profile into the viewed poloidal cross section. From
comparison with ECE measurements we conclude that the oscillating SX signals
are mostly caused by varying electron temperatures.

Figure 1 shows an example of an m=1 mode during NI rotating opposite to the
electron drift direction. The behaviour of the signals (doubled frequency,
phase relations) can be well described by a rotating hot spot with an
extension 2D, which is much larger than the distance A of its centre to the
magnetic axis (Fig. 2). The hot spot centre describes a circle with radius &
around the magnetic axis, the off-axis rotation of the hot spot affects a
plasma roughly within the q = 1 zone.

Assuming growing values of A (at fixed D) we can distinguish three possi-
bilities concerned to a chord with distance Z to the magnetic axis. These
three cases and their characteristic different features are exhibited
schematically in Fig. 3a,b,c (the dashed curves belong to parallel but
opposite to the axis positioned chords with the same distance Z).

lAcademy of Sciences, Leningrad, USSR; 2Present address: JET Joint Under-
taking, England; 3Univ. of Washington, Seattle, USA; 4eEN Grenoble, France
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The sawtooth collapse

Near-axis SX chords show even during the
conventionally defined period of the saw-
tooth collapse an oscillatory structure
which seems to evolve from the m=1 mode
with typical deviations from it. Such
traces were interpreted as relaxation
into an m=0 mode or a sudden change of
direction of rotatiom.

With the assumption of a growing A,
however, the observed behaviour as seen
in the near-centre chords can well be
described by the hot spot model.

Figure 3d exhibits the characteristic
behaviour of two opposite chords during
such a growth phase. The picture is
"constructed" with the assumption of a
transition from case I to case II and
finally to case III each in a half
period. Measured signals from two oppo-—
site SX channels with a radial distance
R = 2.5 em (= Z) agree very well with
this model - Fig. 4b demonstrates an
example.

Another example is presented in Fig. 5
(an expended section of Fig. 6). While
the central chord points toward a pre-
cursor—free sawtooth the near-axis
chords show clearly the development of
a weak m=1 mode which is followed after
two periods by the sawtooth transition
with the typical evolution described
above (Fig. 5a). Opposite chords with a
larger distance R from the axis exhibit
this transition one half peried later.

Heat wave propagation

The developed picture based on the hot
spot model explains the spikes in the S5X
traces and their irregular nature as
often seen when SX signals are plotted
on a large time scale (Fig. 6). The
traces of this example document that the
liot spot does not reach the plasma edge
and the mode is damped. The hot spot
decays and a heat pulse propagates to
the plasma edge on a time scale roughly
two orders of magnitude larger than the
collapse time and with a velocity of
about 104 cm/sec.
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MHD activity

Together with the signals of a second camera the movement of the hot spot
from the example described in Fig. 4 was reconstructed. Fig. 7 shows the
path of the centre of the hot spot, which starts from an m=1 mode (marked
time point 1) and roughly describes a spiral. After the time point 4 the
determination of A becomes uncertain. From time point 3 on a second hot
spot is clearly seen which rotates at a larger radius. The phase relation
between both hot spots is well described by the assumption of a frequency
ratio 3/2. Within the sawtooth tramsition the phase velocity of the inner
hot spot decreases to about its half original value. During the m=1 mode A
is smaller than 2 cm, the centre of the mode activity is clearly shifted
outwards from the plasma centre and the mode structure is observed up to
r = 14 em.

Within the transition 2 to 3 the value of A increases to about 6 c¢cm and the
mode structure extends to r x a/2. The central channel shows at time point 3
a first distinct minimum and does not reach again its maximum value when the
hot spot passes the horizontal channel at time point 4. It is assumed that
the original hot spot is deformed and breaks up simultaneously when A starts
to increase. Its absolute minimum shows the central channel at time point 5
and a last clear relative maximum is observed at time point 6.

In the following phase the MHD activity within a/2 becomes complicated but
remains regular and ends finally in a stationary low frequency m=3 mode.

A thermal wave on a equilibrium transport time scale does not develop in
this case. Beginning from time point 3 the outer plasma region (r > a/2)
shows growing signals. Already at time point 5 these signals reach a first
maximum at the top and bottom of the plasma. These maxima are followed by a
somewhat larger signal at the top and a tremendous burst at the bottom
region rising only 50 psec after the beginning of the sawtooth transition
with a duration of 200 pysec (Fig. 8). In this case the energy transport from
the plasma core to the edge caused by a sawtooth event occurs on an ideal
MHD time scale.

The sawtooth events discussed before were

) 223 € observed at the following experimental
b conditions. Fig. a/7/a:
Ip = 380 kA, ?5 i
ng = 2.4 * 10 n~3 increased from

1.5 + 1013 ep=3 by means of a strong Ne
center \-’\'\W—\f puff;

L/ \ NI power 3.4 MW; L-mode discharge with

m=1 frequency of 26 kHz;
sample frequency 200 kHz.

bottom Fig. 5/6:
I, = 380 kA; 2.9
ZpP »C l 3
fm—————400 psec ——— | ng = 3.5 * 10?3 4
NI power 1.7 MW + ICRH with 400 kW;
Fip. 8: 5X signals from the sample frequency 100 kHz.

central and edge chord during
and after the sawtooth tran-
sition of Fig. 4b.
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and H. Weisen

Centre de Recherches en Physique des Plasmas
Association Euratom - Confédération Suisse
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21, Av. des Bains, CH-1007 Lausanne / Switzerland

Abstract

The results of studies of broadband magnetic and density
fluctuations during ohmic discharges in the TCA tokamak! are described.

Introduction

Three different diagnostics have been employed to investigate the
broadband spectrum of fluctuations observed at frequencies greater than
the Mirnov frequency (= 10kHz in TCA): (i) magnetic probes placed at
various polcidal and toroidal locations in the shadow of the limiters,
(ii) a triple Langmuir probe for scrape-off plasma measurements, and
(iii) a novel CO, laser phase contrast diagnostic® that yields
line-integrated density fluctuations along selected vertical chords of
the plasma cross-section.

In Fig. 1 is shown an example of the power spectrum of the magnetic
fluctuations. By rotating a probe, ensuring precise measurement of the
probe angle with respect to the static field By, the fluctuation field
has been determined to be polarized in the plane normal to the total
magnetic field at the probe position (b"/bl £ 10 ). The level of the
magnetic fluctuations, measyred 4 cm behind the limiter, is in the range
[be(f)flUkHZ)/Be]m = 10=°-107*. It is found to scale inversely
with energy confinement time, suggesting a possible relation with
confinement.” s

The Langmuir probe measurements in the scrape-off layer show a
high relative level of fluctuation (fg/ne = 50-100%). Correlation
between the fluctuations in density and potential yields an outward-
directed transport, which is dominated by the low frequency contribution
(see Fig. 2).

Prom the phase contrast diagnostic it has been determined that the
absolute level of the chord-averaged fluctuations is rather constant for
r/a < 0.5. This suggests that the fluctuation level is largest in the
gradient region (Ng/Ne = 10% is estimated for r/a = 0.75).

Comparison between diagnostics

The results obtained from the three diagnostics can be compared
with respect to their spectral and spatial characteristics and also
their dependence on the plasma parameters.

All three diagnostics yield power spectra that exhibit an f7%
dependence above a roll-off frequency f.. Spectra determined from the
phase contrast diagnostic viewing a central chord are considerably
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broader than those obtained from the Langmuir probe, but quite similar
for an edge chord that does not probe the bulk plasma (Fig. 3). Figure 4
shows that f. gradually decreases from ~150kHz for a central chord to
the low values (30-80kHz) measured by the Langmuir probe in the scrape-
off layer., This figure also shows that the spectral index o for density
fluctuations is only weakly dependent on position. The spectral indices
for both density and magnetic fluctuations are not strongly dependent on
the plasma parameters. (For the parameters of Fig. 4, a = 3 for bg.)

Correlation measurements using the Lan%mulr probes yield poloidal
phase velocities in the range_ 1 -5x 10 s~ (ion diamagnetic
direction), while about 5 x 105 om s7! is obtamed from the phase con-
trast diagnostic (undetermined direction).

Evidence of significant coherence over long distances has been
obtained from both the phase contrast diagnostic and the magnetic
probes. Figure 5 shows the spatial autocorrelation function of the
density fluctuations obtained from two scannable detectors. For
frequencies up to 100 kHz, sizable coherence is observed between chords
separated up to 7 cm. In fact, more than half the spectral power of the
density  fluctuations is  associated with long  wavelengths;
krg = kcg/wei & 0.1 (edge) and krg < 0.3 (bulk)., These values
are comparable to those predicted by strong drift wave models.® Although
the poloidal ccherence length for magnetic fluctuations is only a few
centimeters, the examples shown in Fig. 6 demonstrate that significant
levels of coherence have been observed from probes in diametrically
opposite poloidal (A¢=0, A8=n) and toroidal (A¢=n, AB=n/2) planes. This
substantial coherence is measured up to ~400 kHz, well above the
discernible harmonics of the Mirnov frequency. (A somewhat irreproduc—
ible measured phase relation has hampered interpretation in terms of
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wave propagation, as for the other two diagnostics.) Despite this
observation of long coherence lengths, presumably along the total
magnetic field direction, we have found no evidence of significant
linear coherence between signals measured by the different diagnostics,

The parametric dependence of the level of density fluctuations
measured along a central chord (Fig. 7(a)) constrasts with that measured
for by (Fig, 7(b)). Although fe increases linearly with Ne, a
decrease in by is measured if np is increased. Also, flp does not
exhibit the dependence with plasma current that is observed for By.

Finally, the correlation dimension® of the fluctuations has been
studied, Signals from each of the three diagnostics, filtered above
40 kHz, yield a high dimension; v > 8 for the available resolution. For
signals containing a large low frequency component, no reliable estimate
of the dimension could be obtained.

Conclusions

Long coherence lengths have been measured for both density and
magnetic fluctuations. The possible importance of these measurements is
stressed by the [Langmuir probe vresults that show that the
fluctuation-induced transport is dominated by the long wavelength
contribution. Although density and magnetic fluctuations exhibit similar
spectral characteristics, no direct connection between them has been
observed. The scaling of the density fluctuation level, fg/ng =
constant, does not indicate the same dependence on energy confinement
time as measured for bg/Bg. However, a more definite statement would
require detailed measurements of the fluctuation-induced transport in
order to determine the role of the observed fluctuations in energy
confinement in tokamaks.
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Introduction

It has been observed on many tokamaks that the shape of the electron
temperature profile is not strongly affected by other plasma parameters, but is
only a function of the edge safety factor, qz: the so-called principle of profile
consistency [1]. Recently there has been renewed interest in this viewpoint,
because of its sirong implications for the next generation of tokamaks. This
paper presents an analysis of electron temperature profile consistency in TFTR,
and the results of experiments to elucidate the role of the current profile in
profile consistency.

Equilibri Elect I l Profil
Approximately one hundred TFTR equilibrium electron temperature

profiles, with 2.5<q3<10, 0<Pggam<!3MW and 0.1<ng(0)(x1020)<2.5, were
examined for systematic variations of the profile shape. It was found that the
profile shape outside g=1.2 was only dependent on the minor radius, and was
roughly Independent of all other quantities, e.g., gy auxiliary heating, and
density. This was also found for heavily beam heated low density discharges
that showed evidence of significant beam driven current, and for discharges
with very different beam deposition profiles [2].

For full bore (a=0.8 m) discharges, the inverse scale length, -d(InTg)/dr,
is = 3+1 m~! independent of density, beam power and, most interestingly, of
Qy in the range 2.5<qz<10 (Fig. 1). The profile shape was approximately
exponential for Tg > | keV outside the sawtooth mixing radius.

In contrast, smaller minor radius plasmas (a= 0.55 m) have more nearly
Gaussian Tg profiles outside the sawtooth mixing radius and within To>1 keV,
as observed in previous experiments, For TFTR reduced minor radius
discharges T o exp(-r2/2¢?) in this region, where a?/02 = 4.5. It was not
possible to determine a scaling of o with gj.

In a tokamak, the current density, J, and Tg profiles are coupled in




149

steady state by the plasma resistivity. Thus, the observed constancy of the Tq
profile shape might be due to constraints on the current profile shape [3]. To
study the hypothesis that the electron temperature profile is strongly
controlled by the contraints of tearing mode stability, a code which calculates
A'p p from the equation V2 & = (mqRy/(rB(m-nq)) (dJ/dr) ¥ is used to test
current density profiles (calculated from the observed time dependant Tg
profiles and neoclassical resistivity) for stability to tearing modes. These
inferred current profiles for normal (non-disruptive) TFTR plasmas are
generally found to be marginally stable.

Current Ramp Experiments

In an attempt to perturb the T profile, and the relationship between Tg
and J, the plasma current was rapidly increased (at up to 3MA/sec) after
achieving flattop, with and without neutral beam heating. The penetration of
the current into the discharge was calculated using a time dependent transport
code using the measured surface voltage and Te(t) profiles, and assuming
neoclassical resistivity. The calculations were able to reproduce the observed
A (Fig. 2).  If all the extra current was localized at the edge of the plasma
edge, the A would have dropped to about 0.2. If the current profile remained
in equilibrium with the temperature profile, A would have just dropped to the
final value. There is no evident need to invoke an anomalous resistivity to
simulate available measurements of the current penetration.

During the current ramp, at high ramp rates, several bursts of MHD
activity were observed as low order rational surfaces moved through the edge
of the plasma (q4=5.0, 4.5, 4.0). The burst at gz=4 was an m/n=4/1 made
which caused a fast drop in the edge Te and a jump in A (which was
reproduced by the resistive current penetration calculation). The A’ stability
calculations using the calculated current profiles during the current ramp show
reasonable agreement with the observed instability occurances (Fig. 3). At all
other times during the current ramp, the A’ calculations show the current
profile to be stable.

Even though the current ramp produced strong perturbations in the
inferred J profile, including reversal of dJ/dr, the observed perturbation to
d(InTg)/dr was extremely small (Fig. 4), except due to the 4/1 MHD burst at
the plasma edge. Thus, in TFTR, the Tg profile shape must not depend on such
local quantities as J and q, or their gradients.




Conclusions

It is found that in TFTR the electron temperature profile shape is
constant outside the sawtoothing region and for T > 1 keV. For full bore
discharges this shape is roughly exponential, with an inverse scale length of 3
m~!, independent of all other factors, including q;. Smaller minor radius
discharges show approximately Gaussian profiles. Further, by rapidly ramping
the plasma current, this profile shape is seen to be independent of such local
quantities as the current density and q(r), or their derivatives.
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Figure 1. Inverse gradient scale length of T, vs. minor radius for equilibrium
full bore TFTR discharges for Ty>1 keV outside the sawtooth mixing radius.

Figure 2. (a) Plasma current vs, time during a current ramp,
(b) Measured and calculated A vs. time during current ramp.

Figure 3. (a) Plasma current vs. time during a current ramp. (b) Bursts of
coherent MHD activity observed on the Mirnov loops during a fast current ramp.
(c) Calculated A’ vs. time from the inferred current density profile.

Figure 4. Variation of d/dr(In Tg) with time during 2 current rarnp, for
different shots and for radii from 0.3 to 0.5 meters.
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Introduction Initial RF and NB heating experiments on JET exhibit enhanced
sawtooth activity accompanied by multiple helicity MHD modes. The activity
observed on internal coil signals has been compared with solutions of the
resistive MHD equations in full toroidal geometry including plasma shaping
effects with no ordering assumptions by means of the FAR code.[1] Multiple
helicity Tocked modes are also ohserved, which grow approximately linearly in
time up to a critical amplitude that triggers the disruption.

Multiple m Mode Coupling During centrally heated RF and NB heated
discharges, the internal m=1, n=1 activity observed on ECE and soft X-ray
diagnostics often becomes strongly coupled to higher m modes observed on
magnetic pick up coils at the wall. MWhile the frequency of the internal and
external oscillations is the same, the poloidal phase variation of the
external mode is typically that of m=3 or m=4, depending on q , with n=1
dominant. The amplitude can reach levels greater than 10-% %9 (wall),
especially for low q, high auxiliary heating power discharges. The observed
in/out ratio of the tangential field fluctuations decreases (increased
ballooning) with increasing NB power at fixed q .

FAR code calculations of multiple m mode coupling effects are in broad
agreement with experiment. For an equilibrium with q =6, q_ = 0.9 and an
elongation of 1.4, the code predicts that an internal m=1 resistive mode will
exhibit poloidal magnetic fluctuations with m=3 at the boundary and an in/out
ratio of 0.2. This is to be compared with the observed ratio that varies
from N.2 to 0.6, depending on q,. For the particular current distribution
chosen, q_=0.9, and S=10%, the code predicts a fluctuation level of 10-%
Be(waﬂ) for an m=1 island width of 10% of the minor radius. The predictions
are, however, quite sensitive to the details of the current distribution.
Increasing B_ in the calculations decreases the in/out ratio of the poloidal
field ﬂuctuagions in agreement with observations during NB heating.
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Multiple n Mode Coupling Nonlinearly coupled modes of different toroidal
mode number n having frequencies proportional to n have been observed. By
combining coils from six toroidal locations with carefully chosen weighting
factors that enhance a particular Fourier harmonic and reject the other
harmonics, combinations se1ecting n=l, 2 and 3 modes were constructed.
During the current rise, b (n 2)=5% bén“ ) and B (n 3)=1% br("=l)' Before
disruptions, the ratios increase to B (n 2)~ ?5% (n 1) and hT(n=3)=f5%
h (n=1), typically. During MHD act1v1ty associated with enhanced sawteeth
due to RF or NB heating, the ratios become B' (n=2)~10% BT(n=1) and Fx("=3)“3%
b (n=1).

The n=1 frequency in OH and RF discharges is usually between 500 and
1500 Hz, With additional momentum from the NB in the opposite direction to
the apparent direction of toroidal mode rotation, however, the mode rotation
reverses and the frequency may increase up to ~5 kHz, depending on the NB
power and density. This is consistent with a toroidal rotation velocity of
more than 9x10* ms=1,

Disruption Precursors Preceding all disruptions studied thus far on JET with
Ip>500 kA, a stationary n=1 mode grows, often linearly, until disruption (Fig
1). From the poloidal variation of hoth the amplitude and phase of the
radial and tangential fields as the oscillating mode slows and finally locks,
the dominant mode was found to be m=2, n=1 with m=1, n=1 and m=3, n=1
sidebands at ~30% 'E(m=2) and even higher order sidebands, eg m=0, n=1
at ~5% B(m=2). The relative strength of the sidebands increases with time.

The mode locks when the oscillating amplitude at the wall reaches
%e~1m;, then grows to a level, depending on q,, of 1% Be(waﬂ) for q¢=5. The
Tength of time for which the mode is locked depends on I_ and can be as short
as 30 msec for low currents or > 1 sec for high currents.

The observed disruption precursor activity compares well with m=2
dominated FAR code calculations. Figure 2 shows a FAR calculated field line
tracing plot with q°>1, exhibiting lTarge m=2 and m=3 islands when 5bG/B
(wall) ~ 1%, which occurs shortly after mode lock in Fig 1. For BhG/RB
(wall) > 2% these islands overlap and destruction of the magnetic surfaces
occurs, The calculated poloidal variation in the amplitude of tangential
field fluctuations reproduces the observed in/out ballooning asymmetry that
arises from interference between the dominant m=2 harmonic and its principal
sidebands. The calculated poloidal phase variation of the magnetic
fluctuations also agrees with experiment.

Background MHD Level The amplitude of low frequency (<5 kHz) MHD activity
between sawtooth collapses can remain as low as 3x10-5 Be independent of RF
and NB input power and the position of the heating zone. However, the
precursor MHD activity, which may last for 50 msec, and sawtooth induced
magnetic perturbations rise substantially with NB power, often reaching 10-%
BB(Fig 3). The growing n=1 mode coinciding with the sawtooth collapse, whose
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growth time is $100psec [2], can reach an amplitude as high as 2x10-3 By
(wall) and be observed on the loop voltage [3]. RF heating generally shows
less activity than NB heating, especially if heated off axis, though MHD
levels of ~10-% Bg(wall) have occasionally been reached.
Conclusions Both RF and NB heating exhibit enhanced sawtooth activity
correl ated with edge magnetic fluctuations that are combinations of multiple
helicity MHD modes produced through coupling due to toroidicity and shaping
with the driven m=1, n=1 internal mode, The observed mode coup'ing effects
are reproduced by the FAR code. In some cases, there is detailed agreement
for the amplitude and phase variations of the mode activity [4]. Locked n=1
modes occur and grow prior to disruption, always locking in the same
location, with the spectrum in m increasing prior to disruption. Only a low
level of n=2 activity is present before disruption. The apparent direction
of rotation of the MHD activity reverses with NBI. The background MHD 1evel
between sawtooth collapses can remain as low as 3x10-° B, independent of RF
and NB input power and the location of the heating zane. %enera]]y, however,
the average MHD activity is an order of magnitude higher during NBI than
during RF or OH alone.
References
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Fig 2 FAR code simulation fieldline tracing with q, = 1.1, qy =
10°, = 0.12 and 8By = 1.0% By at the boundary.
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1. INTRODUCTION

A 1%-D transport code is used to examine the importance of energy
confinement degradation, beam deposition profile, central plasma fuelling and
edge pumping in JET plasmas with neutral beam and pellet injection.

2. MAIN FEATURES OF THE TRANSPORT MODEL

The transport models used to simulate JET ohmic plasmas (including
target plasmas for neutral beam injection and pellet injection) are basically
those used previously [1-3] and include: anomalous electron thermal
diffusivity of the ALCATOR- INTOR or Coppi- Mazzucato Gruber form [x akI™
5.10'°n or Yeomg= 3-10'%aBpn ®(RqT4)"'A,7°.%); ion thermal diffusivity
of the Chang and Hlnton form E]. anomalous diffusive and convective particle
fluxes; oxygen/carbon and nickel impurities; neoclassical resistivity;
classical energy transfer between electrons and ions; and the Kadomtsev
reconnection model for sawteeth.

Following 2, 2] a full calibration of the ECE temperature measurement
removed the need for excessively high anomaly factors (a 2 10) on the ion
thermal diffusivity, thereby allowing a "conventional" transpor, meodel with

Xi S 5Xjcy S Xg to be acceptable. The present calculations use o = b,

3. NEUTRAL BEAM INJECTION

Neutral beam heating of JET plasmas is simulated using a multiple pencil
beam model for additional power and particle sources and by increasing the
transport coefficients over their ohmic values.

The birth profile of fast ions is obtained from the attenuation of many
filamentary neutral currents by electron impact ionisation, proton ionisation
and charge exchange, including capture by impurities. The energy partition
to the background icns and electrons is obtained by solving a Fokker Planck
equation for the slowing down of fast ions. The power mix assumed for
hydrogen and deuterium Injection at different energies is given in the

Table.
Table
Power
Full Energy/Species
(EO) Fractions at At full energy Total
Eyt Ex/2: Ey/3 (MW) (MwW)
(%)
65kV/H 69:23:8 3T 5.4
BOkV/H 63:29:8 h.2 6.6
B0OkV/D T6:17:7 T.8 10.3
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Confinement degradation during NBI is simulated by increasing outside
the q = 1 region the electron thermal diffusivity for ohmic plasmas [2.3] by
either a fixed factor, o 52, or a power-dependent factor,
o/ Ptotal,edV /ol PondV-

Simulations of the ohmic deuterium discharges of [2.3] but with hydrogen
or deuterium neutral injection at BOkV indicate that maximum central
temperatures are reached after only 0.8-1.3s of additional heating and
subsequently decrease as the centre is shielded from the neutral beams
with increasing density from beam fuelling. The highest temperature is
achieved at the lowest starting density and with deuterium injection. These
effects have been observed in the first experiments with NBI on JET. In
particular, simulation of the medium density discharge (JET Pulse #7145)
fuelled to high densities by neutral injection at 65kV shows the subsequent
fall in the electron temperature from its peak after approximately 0.5s of
heating (Figure 1). The calculated beam deposition profiles at the beginning
and end of injection are shown in Figure 2. High ion temperatures have been
achieved in low density plasmas by pumping the edge particle flux by moving
the plasma off the outer limiters, towards the inner wall. The 1low density
discharge (JET Pulse #7155) heated to high ion temperatures by neutral
injection at 65kV is also well simulated (Figure 3). Even higher ion
temperatures are predicted with the above models with deuterium injection at
BOkV, provided beam fuelling is compensated by edge pumping (Figurs U).

@gp=

4, PELLET INJECTION

The penetration of frozen hydrogenic pellets is calculated using a model
that has been tested against TFTR, ISX-B and ALCATOR-C data [5]. The pellet
surface is protected by a neutral gas shield of thickness given by the
hydrodynamic solution of the gas expansion assuming spherical symmetry [6]
and a "tube" of cold ionised plasma, which extends along the magnatic field.
The heat flux to the pellet surface is calculated from convective flows of
electrons along the magnetic field through both the tube of .cold plasma and
the dense neutral gas shield and fast neutral beam ions normal to the
magnetic field only through the neutral gas shield, which they can enter
since their gyro-orbits are larger than the effective pellet ionisation
radius,

Calculations using the stand-alone code for pellet injection indicate
that pellets up to 6mm diameter and speeds up to at least 10kms™' are
necessary to penetrate to the centre of JET discharges with central densities
and temperatures up to 10*°m™* and 10keV respectivelyv. Solid curves in
Figure 5 show the penetraticn for electron ablation only and a fTixed ratio
between the thickness of the ionised plasma tube and the cold neutral gas
shield. It should be added that when the thickness of the ionised plasma
tube is kept fixed at 0.35cm (as derived from TFTR bench mark tests) smaller
gains in the penetration depth are found with increasing pellet speed. For
these cases, the penetration of low speed pellets, in particular, is strongly
reduced by ablation by fast ions from 10MW of' deuterium injection at 160kV
(dashed curves).

Full transport code calculations indicate that lower edge recycling
fluxes are achieved with peaked density profiles maintained by continuous
pellet injection and pumping. However, radiated power losses equal te the
ohmic input power can result after relaxation of the density profile, and
although this situation can be avoided by additional heating, when all this
power has been used to reach conditions close to ignition, reheat of the
plasma is not possible with this model in which pellet injection does not
lead to improved confinement. ’
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5. CONCLUSIONS

The expectations of neutral beam injection theory and confinement
degradation are borne out by NBI on JET, with respect to both high density
plasmas, in which the electron and ion temperatures are similar and the
energy confinement is severely reduced and high temperature plasmas, in which
the ion temperature exceeds the electron temperature and energy confinement
is little affected when pumping the edge particle flux allows low densities
to be maintained.

The predictions of pellet injection on JET indicate that a push towards
10kms™' appears to be warranted for JET, with somewhat improved penetration
in the absence of fast ion effects and as a means of recovering penetration
to the central plasma in the presence of fast ions. The potential
disadvantages, including substantial radiation losses and the failure to
recover ignition-like conditions after pellet injection (unless confinement
improves) should be considered together with the potential benefits,
including lower edge fluxes, peaked densities and high edge temperatures
obtained with continuous pellet injection and pumping.
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B Fig.3: Comparison between experiment and theory
for the temporal variation of the peak and mean
electron and ion temperatures for JET pulse #7155
(a) ECE and NPA measurements, and (b) simulation
with 4y cyg and usp. 2.7MW is applied at Os and a
further 2.7MW at 2s.
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PROFILE CONSISTENCY AND ELECTRON ENERGY TRANSPORT MODELS

A, Taroni and F. Tibone
JET Joint Undertaking, Abingdon, Oxon. OX14 3EA, UK
INTRODUCTION

Results from several tokamaks have been recently interpreted invoking
the concept of "Profile Consisteney" (PC) first introduced by B. Coppi [1].
There does not seem to be a unique definition of PC (see for example
[2-6]). Here we adopt the following definition: in tokamaks, with and
without auxiliary heating, the plasma relaxes to a state with a "canonical"
temperature profile
Te(r) = Tgp flr,a), (1)

Te being the temperature at a radius r, close to the plasma boundary and
ougside which atomic processes and transport not related to PC dominate
[5,7]. a represents a "shape" parameter that can depend on global
parameters such as g, (safety factor at the boundary), I, (total plasma
current), By (toroidal field), poloidal or toroidal . The family

flr,a) = exp [al1 - 2 )] (2)
ri

was originally proposed [2] as "canonical" shape, and we shall mainly refer
to it. However, we assume eq(1) to be valid in gcneral only outside the
region dominated by sawtooth activity (r > r1 = r(q=1)). Thus other
expressions for f may turn out to be more appropriate. Theory and/or
experimental results are supposed to provide the information necessary to
determine f(r,a). A first analysis of JET data is presented in [8].

2. DERIVATION OF XePC

Qur approach will be an empirical one. We assume PC with some f(r,a)
and derive a series of consequences for thermal conductivity models used in
transport codes, modifying and somewhat clarifying previous work in this
direction [3].

Following [2,3,9] we derive Xe from the steady-state electron thermal
energy equation:

5 (Pg#Poy+Sg)rdr + ¢
Y] s (3)
r ng(r) aTg/or

where P‘z is the ohmic input term, P, 1is the auxiliary heating term for
electrons and S, includes all other local sources and sinks in the
equation. 91 is proportional to the electron heat flux at r=r.: and
convection is neglected.

Eq.(1) can be used to eliminate 3T,/ar from eq.(3) [3,9]. Furthermore, for
any f(r,a) it is possible to eliminate Ty, by introducing Ty(r), thereby
obtaining a transport coefficient constrained by PC and expressed in terms
of local quantities, o and integral quantities.
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Clearly yxg derived in this way (xePC) cannot be expected to be valid far
from the relaxed state. We assume it to be valid after the current
distribution has relaxed (e.g. flat top of Ip in JET).

If the profile shape (2) is assumed, one obtains

#
ra Ir) (PotPaug*Seirdre, 3

XePC © 3 1% ng(r) T,(r)

Notice that P, . 1is treated on the same footing as Pg in this expression.
™

If one considers a clean ohmic plasma with Te = Ti' an = 0, then

2 2
4] ra VB
peogs LA BT o ¥ B (5)
Uma r? ng(r) Tolr)  Uma uyR*ng(r) Tglr) alr)

where E is the (radially constant) electric field, I(r) the current inside
r, V the resistive loop voltage, R the plasma major radius and p, the
vacuum magnetic permeability. Eg.(5) gives essentially the Coppi-Mazzucato
-Gruber coefficient [10]. which approximates the y, derived in [2]

The main difference between y,p- (5) and the coefficients proposed in
[2,3] is due to the further assumption of a scaling, including a weak n(r)
dependence, for some global quantity (e.g. V) made in [2.3]. It seems to us
that if PC holds any global scaling - including V, the energy replacement
time and its degradation with auxiliary heating - must follow (for a given
density, resistivity model, impurity content and ion transport model) from:
- a choice of f(r,a) and possibly a scaling of a (i.e. numerical

coefficient in xe) in terms of global quantities (PC contribution);

- the plasma boundary model (or in its absence a scaling for rz and Tz):
- the effects of sawtooth activity.

The problem of connecting the PC region of the plasma with the sawtooth
dominated region needs further investigation. Sawtooth activity ecan be
reconciled with steady state only considering time averages over a sawtooth
period. For example one can assume ¢1 = Ig‘(Pn+Raux+se)rdr. This
prescription is consistent with the simplest model of sawtooth activity:
an enhanced x, for r < ri. It can be used also with "reconnection" models
and other choices of y, for r < ri. However other expressions of g1 =
¢1(t), possibly more consistent with a "pulsating" model of sawteeth, are
to be looked for. Notice the connection between the choice of ¢i1(t) and
the problem of the velocity of propagation of the heat pulses induced by a
sawtooth collapse.

We observe that other empirical transport coefficients are closely
related to PC. For example the assumption f(r,n)=1+(a/Tz)(1;r6ré) %eads,
under the same approximations used to derive eq.(5), to y = il S,

uucﬂzn(r)q(r)
This coefficient is close to the Neo-Alcator one.
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NUMERICAL RESULTS

The coefficient x,pc &iven by eq.(4) has been extensively and

results have besn obtained also for a number of RF heated discharges.

successfully tested for JET ohmic discharges. Encouraging preliminary !

transport code, for ohmic discharges at different densities. They have been
obtained with rz = a (the plasma radius) and prescribing Tgp according to
the observed experimental trend (Fig.1b); a = 2.85 has been used.

Fig. 2. We assumed yg, = Xgpohm When r > rz (= .8a). In this case Ty,
changes by changing x,, and the entire temperature profile follows.

preseribed according to the experimental trend and o = 2.85.

evolution impliss that Xepc can indeed be used outside steady state.

4. CONCLUSIONS
Simple considerations allow to derive a transport coefficient x,p; that
we regard as being "genuinely PC". In comparison, coefficients derived in

[2.3.9] are to be considered as "quasi-PC". A particular choice of ygpc has
been successfully tested in the simulation of JET discharges.

Our analysis shows that the success of ygemg = Xepg 1N simulating ohmic
discharges in completely different devices can be explained by:

for the "canonical profile", leading to other expressions for Xepc*

experimental observations on PC, our analysis and results are to be
considered only as indications that transport models can be modified to
introduce the constraint of PC. This must and can be done taking into
account appropriate models for the central and the boundary plasma region.

REFERENCES

YW oo~ 2w —

[10] 0. Gruber, Nuc. Fus. 22, 1349 (1982)

Figure 1a shows the temperature profiles computed with XePC in our

The influence of the plasma boundary transport model is illustrated in

Figure 3 shows results obtained with XepC and RF heating. Again Tez was

The acceptable agreement between computed and experimental temperature

the underlying "canonical profile" is close to reality and no strong
change of o is needed in different cases;
a "hidden" scaling is introduced in computations using y.pyg when the
boundary value of T, is changed. This aspect has always been
disregarded in the past.
Choices other than (2), possibly less optimistic, are however possible

In the absence of a quantitative theory and of more detailed

B. Coppi, Comments Pl. Phys. and Cont. Fus. 5, 261 (1980)

B. Coppi and E. Mazzucato, Phys. Letters 71A, 337 (1979)

B. Coppi, Sov. Journal of Plasma Physics 11(1), 49 (1985)

P.H. Rebut and M. Brusati, Pl. Phys. and Cont. Fus. 28, 113 (1986)

H. Furth, Proc. Varenna Workshop on Fusion Plasmas, 1985

B.B. Kadomtsev, Pl. Phys. and Cont. Fus. 28, 125 (1986)

R.J. Bickerton et al., Royal Society Meeting on the JET Project, 1986
D. Bartlett et al., this conference

F. de Luca et al., 27th An. Meeting of Division of Plasma Physics of
APS, San Diego, USA, U4-8 November 1985




05 10
rfa

Fig.1 - Steady-state (sawtooth averaged) electron temperature profiles for
a density scan at By= 3.4 T , 1,= 4.0 MA in JET :
a) computed using X, (0<r<a) = x

Fig.2 - Profile sensitivity to changes
in the boundary model: three numerical
experiments were performed using

given by eq.(4), a=2.85 and
a) r =g

="

b) r = 0.8a and Xo(r>r2)=0.1 Xepohm
c) r = 0.8a and X,(r>r2)= 2 Yepohm -

Fig.3 - Experimental data from ECE

XePC

and numerical results (thicker lines)
for an RF-heated JET discharge with

tot g
Pauxl Py %3 %

(kev)

a) time evolution of peak and volume-averaged electron temperature ;

h) T.—profiles before and during RF (three ECE profiles during the
same RF-heated sawtooth are shown) .

In the simulation )(e(r<r1)°=)(e30hm and Tea is increased by 50% during RF.

| Il
05 10
rla

epc 3 D) experimental data (ECE).

Tolkev)

ks

Te (rev)

. b

- o
. -

w

A i




3-D MONTE-CARLO COMPUTATIONS OF THE NEUTRAL TEMPERATURE AND DENSITY
DISTRIBUTION IN JET DISCHARGES

R. Simonini, A. Taroni

JET Joint Undertaking, Abingdeon, Oxon., 0X14 3EA, UK

INTRODUCTION - Detailed knowledge of the density and temperature of
background neutrals in the JET bulk plasma is necessary for the
interpretation of measurements such as charge-exchange emission spectra for
NPA analysis. On the other hand, transport codes need averages of those
quantities for evaluating source and sink terms.

The purpose of this work is to calculate as accurately as possible the
distribution of the neutrals by means of 3-D Monte-Carlo codes, including
the effects of toroidicity, non-circularity of the plasma cross-section and
poloidal and toroidal asymmetries due to the limiters.

The results are used to assess the valldity of simpler and faster models
based on assumptions such as eircular cylindrical plasma symmetry. Such
codes are routirely used both for predictive and interpretative computations
at JET.

Typical ohmic JET discharges at low and high plasma densities have been

considered. For the calculations, the 3-D Monte-Carlo code NIMBUS [1] and
an upgraded (3-D) version of the 1-D Monte-Carlo code AURORA [2] code have
been used. For comparison with simpler models, the 1-D code FRANTIC [3]
(upgraded so as to include a model of wall interactions) and the model for
neutrals used in the ICARUS code [U] were selected.
GEOMETRY - The plasma and the chamber 3-D structure are considered in
the following "complementary" way in codes AURORA and NIMBUS. NIMBUS does
not allow for an exact treatment of toroidiecity, but is otherwise very
flexible in its geometry: it can model a general straight eylinder, with a
largely arbitrary configuration in the poloidal plane; different materials
can be assigned at various heights, with possibly periodic boundary
conditions. Particle motion is fully 3-D. AURORA on the other hand can
only model poloidal cross-sections defined by two matching semi-ellipses to
allow for some degree of triangularity, but with full toroidicity. Taking
into account these features, a configuration of eight 3-D limiters have been
considered in NIMBUS, neglecting essentially only the toroidal curvature.
In AURORA these limiters are replaced by a 2-D belt lying on the wall, thus
the main approximation is the absence of any limiter shadow both in the
toroidal and radial coordinate.

For the 1-D czalculations, the toroidal elliptical shells are replaced by
area-preserving cylindrical circular shells. The limiters are taken into
account only for ion recycling, while their area is neglected for neutral
reflection which is considered to take place on walls only.

PHYSICAL MODEL - The physical model in all codes assumes that the plasma
characteristics remain Ffixed in the calculation. Electron temperature and
density profiles are read from JET Processed Pulse File (PPF). The ion
density profile is obtained by scaling the electron density by a depletion
factor (typieally, n;/ng,= 0.6-0.8). The ion temperature is made up by
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taking the axial and average temperatures and then setting up a profile that
follows that of the electrons.

Test particles are neutral atoms or molecules (these for NIMBUS only).
Target particles are electrons or deuterium ions. Impurities are only taken
into aceount by assuming different densities for electrons and ions. No
interaction neutral/impurity is considered.

wall and limiters are assumed to be fully saturated, and the total ion
flux to the first wall is considered to be one tenth of the total flux, the
rest going to the limiters.

The neutrals are created either by recombination or by interaction of
the scrape-off layer plasma with the carbon limiters and the chamber wall.
Interactions with the chamber wall and the limiters are simulated by
instantaneous backscattering or re-emission. NIMBUS allows for re-emission
in both atomic and molecular state. The processes considered for neutral
ion interactions are charge-exchange, ionisation by electron impact,
recombination. In NIMBUS, also molecular dissociation and ionisation.
RESULTS AND DISCUSSION - We report here results from two typical ohmie
shots, one at low density, ng= 8.4 x 10'2em™?, and one at high density, ng =
3.2 x 10'%cm™®. Since NIMBUS and AURORA feature complementary
approximations to a "full" 3-D geometry, a cross-check of their results has
been performed to assess the relevance of these approximations. As for
toroidicity for JET, AURORA has been run with different aspect ratios. It
turns out that toroidicity plays a negligible role, all the discrepancies
being well within the statistical errors. As for the importance of the 3-D
structure of the scrape-off layer, comparisons of results from AURORA with
results with NIMBUS averaged over the toroidal direction show that the
presence of a 3-D scrape-off leads to an increase on the boundary neutral
density of about 25%. Here NIMBUS was run with the option of re-emission in
atomic state. One may add at this point that re-emission in molecular state
leads to a decrease in neutral density of about 30%.

Poloidally averaged neutral density profiles computed by NIMBUS, namely
nH(r,¢)=1/(2n)InH(r,¢.e}dﬂ, are plotted in Figs. 1,2 along the toroidal
direction as functions of the distance from the limiter centre. A molecule
is counted as two atoms, At limiter level, the neutral density drops by
almost two orders of magnitude over a distance of 1.5m.

The toroidally averaged neutral density profiles obtained by AURORA at
various radii are shown in Figs. 3,4 for different minor radii at the mid-
plane, as functions of the poloidal angle. A marked poloidal asymmetry is
present, In this case, an asymmetry is present even in the neutral
temperature. In the high-density case, the asymmetry ls more lccalised in
front of the limiter, and practically negligible as far as neutral
temperature is concerned.

Poleidal and toroidal averages of neutral densities from 3-D AURCRA are
compared with 1-D (i.e. cylinders with circular cross-section) results in
Figs. 5,6, including AURORA in the 1-D mode. For the Monte Carlo
simulations, the statistiecal errors for the computed radial profiles are of
the order of Ffew percent at the boundary, and 15% at the centre of the
discharge. We see that the shape of the plasma has some bearing in the case
of low density. Here the circular 1-D AURORA overestimates the neutral
density at the boundary and underestimates [t At the centre by about 50%,
due probably toc the larger distance between source and centre in this
boundary-recycling dominated case. For the same shot, the FRANTIC code
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overestimates the central neutral density when compared to 1-D AURORA.
ICARUS, instead, estimates the density well, but the central neutral
temperature is somewhat overestimated. At high density, the agreement of
the models is generally better, except for the density from ICARUS, which is
overestimated by about 70%.
SOME _SENSITIVITY RESULTS AGAINST BACKGROUND ASSUMPTIONS - The details of
the plasma profiles in the scrape-off do not influence noticeably the
toroidally and poloidally averaged neutral profiles in the bulk plasma
(about 10% for relative variations of the scrape-off e-folding length from
0.5 to 2)., In addition, variation of the ratio deuterium/electrons (keeping
the electron concentration constant) from 0.8 to 0.5 amounts to negligible
variations in the low-density case. For this case the neutral density is
also rather insensitive to quite large (30%) changes in the temperature
profiles by constant factors. At high density the sensitivity to both
changes is larger: 15% at the centre for the variation of the depletion
factor, 40% for the variation of the plasma temperature (recombination
effects).

Finally, the neutral profiles are not very sensitive to the wall
composition, the differences between cases with pure nickel cor pure carbon
wall being just above the statistieal errors.

CONCLUSIONS - Toroidicity and the 3-D structure of the limiters do not

appear to have a strong effect on poloidally and toroidally averaged neutral

profiles in the bulk plasma, at least for the typical ohmic JET discharges
examined.

The simple 1-D models reproduce sufficiently well the radial neutral
profiles. This justifies the use of such models in transport codes where
only averaged values of neutral profiles are required for source and sink
terms. In such codes other inaccuracies are more relevant than those
related to uncertainties in neutral profiles of the order estimated above.

However, strong poleoidal and toroidal asymmetries in neutral profiles
are indeed present. They could play a role that remains to be assessed for
problems where only the local neutral density or an average over particular
lines of sight is to be considered, e.g. the determination of the ion
temperatures from NPA measurements.
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Introduction: Investigations performed on ASDEX in a large range of plasma
parameters with and without neutral beam heating showed that the density
limit is normally caused by energy losses at the plasma boundary /[1/. The
stronger gas influx needed to achieve higher densities leads to increasing
recycling losses and increasing radiation at the edge. At a certain average
density the discharge becomes unstable. It seems to be obvious that more
efficient refuelling deeper inside the discharge, e.g. by injection of fast
pellets, should result in a higher density limit. High densities have been
achieved in several experiments by a fast density ramp up with a few pellets
/2/,/3/,/4/,/5/. In ASDEX also slow ramp up with a large number of pellets
was applied and pellet injection was switched off or continued with reduced
frequency before the density limit was reached. Very high densities,
favourable peaked density profiles and improved energy confinement were
obtained even after stopping pellet injection. We conclude that pellet in-
jection can change the transport properties of the plasma fundamentally.

The experiment: In ohmically or beam heated divertor discharges the deu-
terium density was first ramped up by gas puffing to a value safely below
the limit. Then deuterium pellets were injected to further increase the
density as slowly as possible until a disruption was detected. Gas puffing
during the pellet injection phase has been optimized in contrast to earlier
work /6/ where it has been attempted to minimise recycling. The pellets
(diameter 1.0 mm, length 1.0 mm) are cut from an extruded rod of frozen
deuterium and accelerated by a centrifuge to a velocity of typically 650 m/s
/7,8/. They can be individually triggered with a minimum time interval of
20 ms. The mass of each is measured with a microwave interferometer system
developped by the RIS@ National Laboratory. One rod is sufficient for 80
pellets which may be injected in one burst. Normally 20 to 30 pellets were
injected with a repetition rate of one per 30 ms. In some discharges the
repetition rate was reduced after a few pellets or injection was switched
off to keep the plasma density constant. The 5-10!9 particles of one typical
pellet correspond to a volume averaged density of 1-1013 em3,

Line averaged densities: Figure | shows a Hugill plot of divertor discharges
at the density limit. All ohmically heated discharges in non-carbonised
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vessel with gas refuelling lie close to the solid line. The points marked
with figures indicate the best discharges achieved so far with pellet
refuelling in three different scenarios: ohmically and beam heated plasmas
in non-carbonised vessel and ohmically heated plasma in carbonised vessel.
For optimization the pellet frequency and the amount of additional gas
puffing have been varied. The benefit of wall carbonisation for chmically
heated pellet discharges is clear and much higher than for gas puffed
discharges (nmot shown in Fig. 1). Low power beam heating increased nR/By to
about 9 in pellet refuelled discharges without wall carbonisation. It was
not yet possible to exceed this value with wall carbonisation. High power
co-injection did not permit to reach high densities without heavy gas
puffing, so that no substantial improvement could be achieved with pellet
injection at high beam powers.

Profiles: Pellet injection permits a much larger relative increase of the
fusion relevant central density than of the line averaged density usually
plotted in Hugill diagrams. A comparison of density and electron temperature
profiles from two shots close to the density limit, one with gas puffing
alone, the other one with pellet refuelling, reveals dramatic differences
(Fig. 2). Density profiles with efficient pellet refuelling are strongly
peaked in contrast to the rather flat gas puffing profiles. Te profiles of
gas puffing shots normally stay peaked up to the disruptive end while T,
profiles of pellet shots flatten shortly before the disruption. The time
evolution of a pellet refuelled discharge which was driven close to but not
into the density limit is shown in Figs. 3 and 4. Before pellet injection
(A) we observe a flat ne and a peaked T, profile. The radiation profile
(Prad) is peaked at the edge with negligible radiation on axis. During

pellet injection (B) the density profile peaks, the central radiation
increases exponentially, the T, profile stays peaked as long as the
radiation profile is hollow. These characleristic features are observed
during the pellet injection phase and even a few hundred milliseconds after
its end. Finally (C) the central radiation has strongly increased to a value
comparable to the local power input and flattened the temperature profile.
Te- and ng-profiles are similar to the ones at the density limit shown in
Fig. 2. Now the discharge disrupts at a density below the limit reached with
continuous density increase. The radiation source has been spectroscopically
identified as iron. An increase of low-Z impurities is not being observed,
Zoff stays close to I.

The disruption: In contrast to gas refuelled shots a further increase of
the density with pellets is not prevented by edge effects but by central
radiation. With flattening To.-profile the current density profile flattens
until a stability limit is violated. A stability calculation based on fitted
ng— and To-profiles states that the ballooning limit is being reached. Wall
carbonisation reduces the level of iron in the discharge by an order of
magnitude, so that the critical level of central radiation is reached later
at a higher density. It has been found that additional gas puffirg also
permits to reach a higher density at a certain level of radiatior. We have
identified high-Z impurity radiation as the limiting factor. The level of
radiation observed cannot be explained by the higher density, but an
increase of impurities has to be assumed. Enhanced impurity release can be
excluded from spectroscopic measurements. The only possible explanation is
accumulation of impurities.
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Particle transpert: The initial idea was to obtain peaked density profiles
by moving the particle source from the boundary to the centre, but the
measured profiles cannot be explained by a peaked source term. The pellets
penetrate to slightly inside half the minor radius only. In the discharge
phase after pellet injection the only particle source is at the edge.
Assuming that the particle transport may be described by a diffusion term
with a diffusion coefficient D(r) and an inward drift term with a drift
velocity v(r), we analysed nearly stationary phases of a pellet shot (C in
Fig. 4) and of a gas refuelled high density discharge (Fig. 2). One_finds
that the gas puffing profile is very well approximated with v/D ~ 3, the
pellet profile with v/D ~ r, however. Pellets, though not penetrating to the
centre, apparently change the transport coefficients throughout the plasma.
The effect begins with pellet injection and lasts until a few hundred
milliseconds after its end, the magnitude of the effect varies, however,
during the density ramp up: the density gain associated with each pellet
scatters and is not proportional to the pellet size (the first ones are
normally very efficient). High power co-injection seems to prevent switching
of the transport properties. The impurity accumulation observed may be
explained by an inward drift as well, if the ratio of drift velocity to
diffusion constant is much higher for high-Z impurities than for deuterium.
Because saturation has never been reached in the experiments a quantitative
description is not possible.

Energy confinement: The modified transport properties do not only result in
good particle confinement but also in strongly improved energy confinement.
Improvement of the energy confinement is not caused by higher densities but
is switched on by pellet injection as we see in Fig. 3. Absolute values of
up to 160 ms were achieved in other discharges. An improvement of the global
energy confinement time of 80 7 was observed in ohmic discharges only.

High power co-irnjection prevents an improvement of the energy confinement

as it prevents peaking of the density profiles.

Conclusions: Pellet injection is able to switch the confinement properties
of a tokamak discharge fundamentally. This switching is possible with
pellets penetrating to the half-radius (there are indications that even much
smaller penetration depths are sufficient). Improved particle confinement

and triangular density profiles permit to achieve extremely high central
densities. Substantially improved energy confinement is provided in this
transport regime. The problem of impurity accumulation has to be solved
which prevented to sustain this transport mode stationarily and a way has to
be found to sustain the regime with high heating power.
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Abstract

The paper compares the impurity radiation behaviour of two types of H-mode
discharges. In the normal H-mode that reaches a quasi-stationary state the
energy (and particle) losses within the outer plasma half-radius are
characterized by the repetitive burst-like exhaust into the divertor and
constantly moderate radiation power losses. In contrast, the burst-free
variant of the H-mode with superior confinement properties is dominated by
radiation losses growing continuously up to 100 Z of the heating power. The
time evolution of the impurity concentration and the associated radiation
losses at the plasma centre is hardly influenced by the kind of H-mode. If
the concentration of medium~heavy metals in the burst-dominated H-mode
plasma is raised to sufficiently high values, e.g. by the accumulation of
intrinsic iron, the burst-free (or burst-deficient) H-mode is triggered
which after a new accumulation period usually ends by a radiation collapse.

1. Introduction

During the normal H-mode /1/ of neutral-injection heated divertor discharges
in the tokamak ASDEX the energy and particle flow from the main plasma vol-
ume into the divertor is modulated by highly repetitive bursts. While typi=-
cal bursts exhibit pulse lengths of around 0.5 ms and power amplitudes of
the order of 1 MW, the energy exhaust into the divertor is almost blocked
during the quiescent intervals between bursts /[2/.

In order to investigate the influence of the bursts, a discharge with a
long-lasting burst-free H-mode (shot #11447) has been produced /3/ and is
contrasted with that kind of H-mode endowed with the usual burst-pattern
(shot #11338). Both discharges have identical parameter settings at the
be%innin of the NI-heating interval (I, = 320 kA, B¢ = 2.17 T, ng = 3.5 x
1013 en— » Pog + Pyr = 3.3 MW, HO + pt (40 kV) tangential injection in co-
direction) except for the 4 em outward shift of the plasma needed to estab-
lish the long-lasting burst-free H-phase. The time history of various plasma
parameters (ng, Bp, TE* etc.) is discussed in Ref. /3/.

Figure 1 shows that the bolometrically measured total volume power losses
within the divertor (RADpyy) /4/ drop instantly at the L-to-H mode transi-
tion (t = 1.16 58) and remain at the low level of the ohmiec phase throughout
the burst-free H-mode, whereas they recover time-averaged over the bursts
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with growing burst activity during the second variant of H-mode. The total
radiation power losses of the main plasma volume (RAD) are considerably
higher in the burst-free H-discharge, even during the preceding L-phase.
This radiation enhancement indicates an impurity contamination of the plasma
produced by its shift to the outer stainless-steel protection limiters. The
burst-free H-mode is terminated when, after a continuous radiation increase
accelerated by a simultaneous rise of plasma density, the value of the main
plasma radiation (RAD) equalizes the total heating power.

2. Radiation power profiles

Figure 2 compares the two types of H-mode discharges at two discrete times
with regard to their chord-intensity profiles measured with a 19-bolometer
array, and Fig. 3 presents the time development of the respective radial
profiles of radiation power density (Prap(r)) derived by Abel-inversion
methed. During each kind of H-mode the radiation profiles evolve towards
shapes peaked at the plasma centre. The repetitive burst-like release of
plasma energy due to the Edge Localized Modes (ELMs) /3,5/ prevents any
long-term increase of radiation power at plasma radii between a/2 and a. In
this case, the growth of the central radiation peak is restricted to the
inner half-radius and at t = 1.260 s it is reversed into a decay towards an
equilibrium profile identical to that at t = 1.215 s. In contrast, during
the burst—-free H-mode, where the energy outflow into the divertor is per-
manently suppressed, the radiation power losses grow unimpeded over nearly
the whole plasma cross-section until the radiation collapse converts the
discharge back iato the L-mode. The burst activity and the radiation
enhancement thus act mutually exclusively as additional important energy
loss mechanisms within the outer plasma half-radius and, depending on the
class of H-mode, both quantitatively substitute each other. The main plasma
radiation becomes the dominant energy loss channel in the burst-free H-mode.
Therefore, the energy flow into the divertor (see e.g. RADppy signal in
Fig. 1) keeps low and does not restore the previous L-mode level as one
would expect for transport-dominated losses after the plasma equilibrium
(with improved confinement) is re-established.

It is important to note that the chord-intensity profile of the burst-domi-
nated H-mode which ends up quasi-stationary stays always, even during its
transient central peaking, distinctly below the base profile from which the
fatal radiation increase of the burst-free H-mode starts at t=].215s (Fig.2).

3. Radiation and impurity accumulation at the plasma centre

Correlation of the bolometric radiation profiles (Fig. 3) with those from
VUV spectroscopy, soft X-ray tomography, temperature and density neasure-
ments makes evident that the radiation emission at the plasma centre is
completely dominated by line radiation of highly ionized iron /3/ and that
the central peaking of the radiation profiles reflects an impurity accu-
mulation taking place irrespective of the type of H-mode. Figure 4 demon-—
strates that the presence or absence of bursts hardly influences the
evolution in time of the local radiation power density at the plasma centre
(Ppap(0)), particularly the time-constant of the exponential rise after the
L-to-H-mode conversion. The absolute magnitude of Pgap(0), however, is at
any instant, including the preceding L-phase, about three times higher in
the burst-free H-discharges as compared with the burst-dominated ome, due to
the initial iron contamination. The iron concentration at the plasma centre,
displayed in Fig. 5, is derived from Ppap(0) by applying the temperature-—
dependent radiative power loss function for iron Ppe(Tg) /6/, that includes
charge-exchange recombination with beam neutrals (ng/ng = 1072).
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4, Internal triggering of the burst-free H-mode

Shot # 12218 (Figs. 6 and 7) shows that the burst—dominated H-mode with
moderate radiation losses may turn into the burst-deficient H-mode with
disastrous consequences. The mode conversion occurs when the accumulation of
intrinsic metal impurities during the burst-dominated H-phase raises the
bolometric centre-chord intensity up to the threshold value of the burst-
deficient H-mode. The first and the last step in the profile evolution
depicted in Fig. 7 resemble strikingly their burst-dominated and burst-free
counter-parts in Fig. 2, respectively, because the burst frequency in the
burst-deficient H-mode seems to be too low to slow down the impurity accumu-
lation. Our interpretation that a sufficient degree of plasma contamination
with medium-heavy metals is needed to establish the long-lasting burst-free
H-mode agrees with the experimental observation that the burst-free H-mode
can be triggered externally by the laser blow-off injection of metals such
as chromium and copper /7/.
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INTRODUCTION

The behaviour of impurities during ICRF heating after heavy carbonisation
has been reported on before /1/. Further investigations have teen carried
out with modified antennae, clean limiter carbon tiles and an uncarbonised
vessel.

Presently three ICRF antennae are installed in JET. Their Faraday screens
are made of nickel; one of the screens (2D antenna) is chromium plated.
The antennae &re protected by surrounding carbon tiles. The vessel
consists of Inconel 600 (72% nickel, 16% chromium, 8% iron). The
discharges are operated either on eight poloidal carbon limiters or on the
inner wall carbon protection tiles.

ORIGIN AND MIGRATION OF METALS DURING ICRH

During ICRF heating, an inerease of Cr line brightness from the bulk
plasma is observed when the 2D antenna is active; an increase cf Ni
intensity acccmpanies operation of the other antennae (2B or 6B). Thus it
is evident that the antennae screens are the original sources cf these
metals. Observation of the 2D screen by visible spectroscopy proves the
existence of chromium influx during RF manifesting itself in intense Cr I
line radiation. In the course of operation with ICRH, screen material is
deposited onto limiters and antennae protection tiles and subsequently
eroded by the plasma. This is demonstrated by the behaviour of Cr I and
Ni I lines in the respective visible spectra. As a consequence, the metal
fluxes and concentrations in subsequent pulses increase in the ohmic part
of the discharge before RF and higher concentrations result during RF for
a given power., For constant RF energy, an equilibrium is established
after a few pulses (Fig. 1 for the case of Cr)., Lower RF energy or purely
ohmic discharges lead to cleaning of the respective surfaces (Fig. 1). A
beneficial result of the metal contamination is a reduction of oxygen
influxes and oxygen concentrations in the plasma (gettering).

Cr INFLUXES AND RELEASE MECHANISM

Absolute Cr influx densities have been derived from Cr I intensities.
They are roughly proportional to RF power and decrease during some months
of operation. Indications are that H minority heating leads to somewhat
higher Cr fluxes than *He minority heating.

Combining an analysis of Cr densities in the plasma and total influx
(using the antenna area) results in a Cr replacement time 1, of = 20ms.
This value agrees with simulations of the plasma edge condiglons. if the
Cr atom energy is some eV (ie sputtering, not evaporation). No
significant shift (<0.1 A) of Cr I lines in the visible spectrum could be
detected, which means that the energy of the atoms is < 50 eV. Visible
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He II line profiles yield an edge ion temperature of = 80 eV which is not
affected by the RF pulse. Concluding from these observations, the release
mechanism of Cr is probably neutral atom or ion sputtering, but the
details are not clear.

PARAMETER DEPENDENCE OF METAL DENSITIES

An estimate of the increase in Ni and Cr density during RF is

provided by taking the incremental increase in Ni XXV and Cr XXII

line intensities, corrected for the change in electron density, “e'

by dividing the line intensity by ne The behaviour of nickel as a
function of RF power coupled to the plasma for a variety of conditions
is shown in Fig. 2. Open symbols denote H-minority heating whereas
filled symbols indicate ?He-minority heating. In the *He-case i is
seen that, for a given electron density, higher plasma current leads

to a somewhat larger increase in nickel density (3/4 MA, 3 x 102
Lower n leads to a higher nickel density, even at a lower plasma
current (2 MA, 2 x 10'°m™?), This behaviour is alsc evident in the
H-minority data (2 MA, 1.5/2 x 10'®*m™%). H-minority heating leads to
higher metal densities than *He heating, but the comparison in Fig. 2
overemphasises this fact because of lower Ee in some H cases. For
several pulses the nickel concentration following from a detailed
analysis is also shown in Fig. 2.

A study of the Cr density behaviour shows a steeper dependence on RF
power than nickel does which is possibly due to the previous carboni-
sations of the nickel screens.

A heavy carbonisation (48 hrs, 17% CHy) in 1985 led to a reduction of
the OH metal concentrations by about a factor 100 and a very small
increase during RF. Recovery to the usual behaviour was observed after
about 200 plasma pulses, indicating an erosion of carbon layers on

both antennae and limiters. The results measured towards the end of Lhis
campaign (reported in /1/) fit into the present data set (pulse 5486 in
Fig. 2) obtained many months after the carbonisation.

IMPURITY CONCENTRATIONS AND RADIATED POWER

In spite of a substantial increase of metal line radiation during RF,

the metal contribution to 2 and P..4 is relatively small (Table 1 and
Fig. 3). Impurity concentratgons and contributions to radiated power are
derived from VUV line intensities using an impurity transport code /2/.
About 20% of the radiated power during RF is due to metals. The local
radiation in the plasma centre amounts to = 10 mW/cm?, as supported by
bolometer and soft X-ray results/3/.

SUMMARY

The Faraday screens of the RF antennae have been identified as the
original sources of metal impurities during ICRH in JET. Migration of
metal impurities from the antennae screens to the limiters and protection
tiles has been observed, leading to a build-up of metal concentrations in
ohmic plasmas and aggravating the increase during RF. It has been
observed that the limiters and protection tiles are cleaned by operation
without RF within a few pulses.

Carbonisation leads to a temporary reduction of metals before and during
RF heating.

In all cases, radiated power and Z,pr of the plasma are dominated by
contributions from light impurities %C 0), and metals only contribute

= 20% to P..4-
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Fig.3

Calculated contributions
from carbon, oxygen, chlo-
rine and metals (nickel +
chromium) to the total
radiated power.

The calculation has been
made for one time point
before RF and two time
points during RF. The
result is compared with the
total radiated power as
measured by bolometry.
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Radiated power (MW)

0
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Time (s)
#6805
(*He)D, 3.4 T, 2.0 MA, PRF = 1.66 MW
Before RF (t=5.5 s) During RF (t=10.0 s)

C: 4.0% of ng 4.7
0 : 1.0 1.3

C%: 0.04 0.06
Ni: 0.03 0.04
Ciz 0.02 0.02
cale
zeff : 3.2 3.6
brems ,
Zeff ;b0 35

3 - |

19 - 19
ne(o) : 1.93 x 10 m 2.79 x 10 m

Table 1 Analysis of the impurity content of JET pulse 6805 before and
during RF heating. Z,pp is calculated from the impurity
mixture For comparison with zeFf from visible bremsstrahlung.
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RADIATION BEHAVIOUR DURING ADDITIONAL HEATING OF JET PLASMAS
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Abstract

Additional heating in JET with ICRH or NBI leads to an increase of the
total radiated power. This is partly due to the density increase caused by
the applied heating method. The relative power loss Pradlptot reaches higher
values with RF heating. The density increase can be partly controlled when
the plasma is attached to the inner wall.

Radiation sources at the plasma edge lead to asymmetric radiation flux
profiles. For this case the local emissivities can be derived from the
bolometer measurement by a tomographic reconstruction method. Reliable
values for the central radiation can be evaluated from the soft X-ray
diagnostic when measuring with a 4.4 ym Be filter.

The radiative power loss eof the JET plasma can be measured by bolometers
in the energy range 5 eV £ Ep £ 9 KeV and with surface barrier diodes (soft
X-ray diagnostic) in the range 300 eV £ E h < 10 KeV. The lower threshold
energy of the diodes can be shifted to higher values by using Be-filters of
different thickness. For both diagnostics two camera systems are available,
viewing the plasma from the bottom ("vertical cameras") and the side
("horizontal cameras") on the same ports. In the immediate vicinity two
RF antennae are installed which generate local radiation sources dus to their
interaction with the plasma. These sources contribute to the bolomester
signal as well as to the soft X-ray signal (provided the latter is operated
without filter), This may lead to an overestimation (up to about 10%) of the
total radiated power derived from the vertical bolometer camera.

At present additional heating on JET with RF or NB provides similar
maximum power levels (PAH < 5.5 MW). The evolution of the electron density
and hence of the radiated power during additional heating depends sensitively
on whether the plasma is attached to the outer limiters or to the inner wall
carbon protection plates. A strong increase of the electron density
(particularly with NB-heating) and of the radiation loss is observed when the
plasma is attached to the outer limiters. In inner wall operation, the
density inecrease can be reduced or the density can even be kept constant.
High radiation peaks may occur at the plasma edges. Fig.1 shows the
radiation flux distribution for two NB-heated (Fig. l1a, 1b) and two RF-heated
discharges (Fig. 1c, 1d) for limiter operation (top) and inner wall operation
(bottom). The sudden appearance of a pronounced radiation peak at the inner
plasma edge during the limiter bound discharge of Fig.1 is due to a shift of
the plasma to the inner wall.
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Fig. 1
NB- (left) and RF-heated (right) discharges.
The relative power loss reaches 70% in the case of RF-heating
(high <ne>). It can be kept quite low for NB-heating, when the density

inerease is controlled by shifting the plasma to tne inner wall (Fig.2).
Even in the high density NB-heated discharges the relative power loss is only
about half of that in the corresponding RF-heated discharge.

The local emissivities can be evaluated by Abel inversion only for
radially symmetric flux profiles. Using a tomographic reconstruction method
/1/ one can derive local emissivities also when m = 1 and m = 2 deviations
from the poloidal symmetry occur. Fig. 3 shows the emissivity distribution
obtained from a tomographic reconstruction and from an Abel inversion (dashed
curve) of the flux profile of the vertical bolometer camera. In the latter
case the channels which are affected by the cuter local radiation source have
been omitted.

The emissivity in the centre cannot be derived accurately when
asymmetries or hollow flux profiles occur. In that case the central
emissivities can be obtained from soft X-ray measurements. Using a 4.4 um Be
rilter (E_,. > 750 eV) leads to an attenuation of the radiation predominantly
from the B?asma edge and hence to radially almost symmetric emissivity
profiles (Fig.4). In this case the m = 0 component gives reliable values for
the central radiation. For the hollow radial profile shown in Fig.4 the
contribution to the soft X-ray signal can arise from resonance lines of H-
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Fig. 2: Time history of the total radiated power (middle curves) and the
volume averaged density <ne> (lower curve) for the input power given
in the upper curves. The numbers at the middle curves give the
relative power loss Pradlptot‘
and He- like cxygen and/or from metallic impurities in Ne- to Li-like states.

Carbon line radiation is almost completely supressed by the 4.4 pym Be filter.

For the discharge of Fig.l4 a concentration of - 0.09% metallic impurties
estimated from the soft X-ray measurements are in agreement with spectro-

scopic results /2/.

For oxygen line radiation transport calculations usually

show the radiation shell closer to the plasma edge than one would derive from

the soft X-ray emission profile.
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STUDY OF LINE RADIATION ASYMMETRIES
IN THE TJ-1 TOKAMAK

B. Zurro, C. Pardo and TJ-1 Group
Divisién de Fusion. J.E.N. 28040 Madrid. Spain

Observations of poloidal asymmetries in hydrogen isotopes and
impurity line emission, (1) (2) (3) (4) and (5), from tokamak
plasmas have motivated reconsideration of particle transport
processes in plasmas (4). Poloidal and toroidal line radiation
asymmetries have been also observed in stellarator plasmas (6)
but they have been exclusively atributed to wall inhomoge-

neities.

In this work, results of the spatial distribution of hydrogen
and ionized impurities states in the TJ-1 tokamak are presen-
ted. This is a small device (R = 30 cm, a = 10 cm)
toroidally limited, operated for this experiment with a toroi-
dal field of 1 T, line average density between 1 - 3x1013 cm3
and peak current of 40 KA. This device offers some advantages
for this measurements, since plasma cross section can be
scanned at two 902 separated views, and, high ionized states
radiate from the inner core, due to the TJ-1 plasmas tempera-

ture range {Te < 400 eV).

TJ-1 plasma emission profiles between 200 - 000 nm were
measured with a | m monochromator provided with a fast rota-
ting polygonal mirror (Fig. 1) that performs repetitive plasma
scans in .4 msec, every 1.5 msec. The optical system forms
the entrance slit image (90° rotated) at the guartz window to
‘get the maximum spatial resolution. Emission profiles are
temporarily stored in the diskette unit of a digital oscillos-

cope to be later transferred to a PDP-11/44.

Typical Ha emission profiles obtained through TJ-1 side and
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bottom ports are shown in Fig. 2. Side profile Fig. 2a, shows
a maximum around the equatorial axis chord, monotonically
decreasing towards the up and down plasma edges. Hydrogen
emission profiles measured from the bottom window exhibit a
systematic peaking on the outside boundary, Fig. 2b. Similar
behaviour has been also observed for spatial scans of Hy, -

wing radiation.

Line emission from low ionization states of impurities (0OIT,
cIIr, CrlI, ...) radiating from the plasma edge present side
emission profiles, Fig. 2c, similar to those of hydrogen. They
peak around the equatorial plane where the interaction between
the plasma and the toroidal limiter is stronger. This type of
emission, in contrast with hydrogen, when viewed through the
bottom port shows typical two edge peak structure, Fig. 2d, in
this case the in-out asymmetry changing along the discharge
depending on small variations of plasma positioning. This
horizontal asymmetry tends to be more important for emission

of lower ionized elements, like is shown in Fig. 3.

Significant vertical asymmetries have been observed in higher
ionized elements like OV, when probes were placed in the upper
boundary at the same toroidal sector as this spectral diagnos-
tic. This asymmetry was consistent with B x VB drift, see
Fig. 4, since its sense changed by reversing the toroidal
field. This asymmetry, that was not due to a local source of

oxygen, disappeared without probes.

In conclusion, poloidal asymmetries in TJ-1 line plasma radia-
tion have been observed, most of them seems to be related like
in (2) and (6) to geometrical asymmetries in the vacuum

chamber and diagnostics of TJ-1.
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RESPONSE OF THE ALT-I-PUMPLIMITER TO DIFFERENT PLASMA
CONDITIONS IN TEXTOR

D.Reiter (1), G.A. Campbell (2) and the ALT-I-Group

1. Institut fiir Plasmaphysik der Kernforschungsanlage Jiilich
Association EURATOM-KFA, P.0.B. 1913, D-5170 Jiilich;

2. University of California at Los Angeles,
Los Angeles, CA USA

1) Introduction

The main objective of the Advanced Limiter Test-I (ALT-I) programme is
to study the capabilities of pumplimiters for particle removal as an al-
ternative to magnetic divertors. The ALT-I arrangement consists mainly
of the exchangeable ALT-I pumplimiter heads, the vacuum chamber

(Volume=700 1) and the pumping system (5 < 1.5'104 1/s8).

Maximum particle removal rates of 6‘1(}20 particles/s were achieved,
enough to allow an active density control. The removal efficiency
P'S/Qm (Qin: particle flux at the throat entrance, P: pressure) is

found in the range 0.5 - 1.0, and, assuming 'rp 2%, the estimated exhaust
efficiency P'S/(Na/'rp) is 15%.

Recent progress in pumplimiter modeling /1/ has led to a better under-
standing of the performance of pumplimiters in general. The ability to
reproduce experimentally observed pressure.rises in the pumping chamber
vs. different boundary plasma conditions within a few percents by a
fairly simple and well understood theoretical model for the neutral gas
encourages the step from the reproducing "interpretative modeling" to
the predictive type of modeling. In this paper we will identify the im-
portant assumptions made in creating the model and those to which the
results are less sensitive, by comparing experimental results from the
ALT-1 pumplimiter experiments in TEXTOR /2/,/3/ with data obtained with
the Monte Carlo Code EIRENE /4/.

2) Pump Limiter Geometry

One of the minimum requirements of the .model is to reproduce precisely
the vacuum conductances for backstreaming from the pumping chamber to
the main plasma region. It turned out that a fairly detailed 3D de-
scription of the limiter head geometry, comprising the throat and duct
region (figs./1/,/2/) was necessary, even including a discontinuity in
the crossection at the connection of the throat and duct components. The

throat with a rectangular crossection (3.75 x 22.5 cmz) has a lenght of
28.6 cm. A duct is mounted perpendicular to it, with a rectangular
crossection (2B.5 x 7.4 (narrow) or 13.5 (wide duct)) and 84 em long.
This duct points outward and leads particles into the cylindrical pump-
ing chamber,

Vacuum conductances (]-l2 molecules, 300 Kelvin) have been computed for

several geometries similar to the one of the ALT-I-VG head, and the ac-
tual value for the narrow duct (wide duct) VG-head, 565 1/s * 2% (880 1/s
+ 2%), is in perfect agreement with the value determined for ALT-I-VG
from the Helium pressure decay rate in the pumping chamber in gas puff
experiments without plasma in TEXTOR (570 1/s, /5/).
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3) Neutral-Plasma Interaction

Simulation was facilitated considerably by the fact that for the differ-
ent geometrical configurations we are mainly interested in global quan-
tities. Since the code can handle continuously varying plasma parameters
within one mesh cell, no mesh discretization of the 3D volume was neces-
sary (/4/,Append.). In the throat region (shaded area in fig./2/) a
plasma is defined by the numbers nos N, Te’ Ti' Xne, hni, XTE, k,ri and
M, which are the mean electron demnsity, ion density, electron and ion
temperature, the radial decay lengths for these parameters and the
Machnumber of the flow parallel to B onto the deflector plate, respec-
tively. The reaction rates for neutral-plasma interactions, which are
selected from a data-library, are only those which can expected to have
influence for the case studied. The range of relevant throat plasma pa-
rameters points to only three important reactions, namely ionisation of

+ 4

H-atoms by electron impact, charge exchange H+H *H +H and dissociation
of Hz-molecules (via different channels leading to 2°¢H, H+H+ or 2'H+).
Fig.3 shows the pressure (mtorr) in the pumping chamber wvs. Te and o,

for n, =n_, =T lne = )55 )&Te =w, M= 0.3, for no pumping /3a/ and
for 7000 1/s pumping speed /3b/ in the chamber using "standard geometry"
of the ALT-I-VG head (narrow (7.4 cm) duct, wide (3.75 em) throat). In
/1/ these results are compared with experimental data, interpreted and
discussed concerning their relevance for future pumplimiter design. We
should point out here that the shape of the profile in fig./3/ has a
strong dependence on electron temperature for Te < 20 eV. This is a re-

sult of the steep increase of the production rate for ion-electron pairs
from neutral particles H and H2 with increasing electron temperature

(fig./4/) and much more distinct in the unpumped than in the pumped case
(note the different pressure scales in fig. 3a and 3b).

4) Wall Reflection Model

Ions impinging at the deflector plate and neutrals hitting the walls are
treated as prescribed by the "Behrisch Matrix" /6/, which has empir-
ically been extended for nonperpendicular incidence /7/. We have cross-
checked the results with those from runs where the "Marlowe'- database
/8/ and the "Trim'~- database /9/ have been applied instead. Within both
the experimental error margins and the statistical scattering in the
Monte Carlo results no significant change (less than 10%) in the global
values could be observed. This can be understood from the fact that in
the very narrow throat and duct a neutral particle experiences many (>
100) collisions with the wall during its lifetime in the system. Thus it
does not carry over the details of one single wall collision into its
contribution to e.g. the mean pressure in the pumpchamber. The same (and
from the point of view of modeling helpful) observation was made with
respect to the assumptions for the distribution (in both physical and
velocity space) of ion flux hitting the neutralizer plate.

Of course, more detailed but experimentally not observable features of
the model, like energy spectra of the neutrals in regions close to the
deflector plate, are sensitive to these more complex boundary condi-
tions. On the other hand, they lead to much higher computation times (up
to a factor 2), thus we routinely apply the simpler but still fairly
complete "Behrisch-Matrix", using the "Trim'"-data only occasionally for
crosschecking.
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5) Design Considerations, Conclusions

Three different geometries of the pumplimiter head have been used in the
experiments by now. They made accessible different throat lengths and
both open and closed configurations. In the calculations an even wider
range of geometries could be evaluated.

We consider the effective conductance of the plasma filled throat for
backstreaming from the neutralizer plate into the bulk plasma and the
conductance of the duct and pumping system.

It is clearly demonstrated by both real and numerical experiments
(/1/,/3/) that high removal efficiencies require small ratios of the two
conductances mentioned above. The conductance of a plasma filled rec-
tangular throat decreases with increasing electron temperature. This
"plasma antiplugging" via electron-neutral interactions is counteracted
to some extend by the action of the ions, the "plasma plugging" (charge
exchange). In the calculations the latter effect depends on the assump-
tions made for the velocity distribution of the ions in the throat vol-
ume. Until now we always assumed a shifted but otherwise isotropic
maxwellian distribution. First numerical results seem to indicate that
in cases with high pumping (i.e. low neutral pressure in the throat)
more realistic, anisotropic distributions can have a significant (+25%)
effect on the pressure built-up in the pumping chamber.

71/ G.A. Campbell, D.Reiter et al., to be published

12/ W. Bieger et al., Proc Int Symp. on Plasma Wall Interactions
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PERFORMANCE OF TEXTOR WITH OHMIC HEATING IN THE
PRESENCE OF GRAPHITE LIMITERS

G. Fuchs, G. Waidmann and the TEXTOR-Team

Institut fiir PLasmaphysik, KFA-Jiilich, Assoziation EURATOM-KFA
5170 Jiilich, F.R.G.

Abstract

The operational Timits of Ohmic heating in TEXTOR with graphite as
limiter material have been explored up to plasma currents of 0.5 MA. The
results are compared with former experiments using stainless steel as the
main limiter material. The parametric dependence of the global energy
confinement time T follows the Goldston scaling. The poloidal [%

scales pruport1ona5 to Rm./1 . A saturation effect was observed §f the
high density regime. &P

Introduction

In the field of plasma wall interaction studies on confined tokamak
plasmas TEXTOR has paid special attention to the influence of limiter and
liner materials on plasma performance. After the demonstration of metal
impurity removal from the core of the plasma by in situ surface carboni-
sation /1/ the stainless steel limiters were exchanged against graphite
limiters. One objective was to show that the transient behaviour caused
by decarbonisation could be avoided and the exclusion of metallic impuri-
ties could be extended over longer periods of experimental work.

The TEXTOR machine was operated at full lay-out values: 0.5 MA,

= 2T and current pulse durations of more than 3 sec. MBre recent1y
tEe magnetic field was increased to B 2.6 T allowing operation at a
higher safety factor. With graphite 1¥m1ters the Toop voltage dropped
below 1 Volt resulting in a pulse duration of 4 sec. Cylindrical q,= 2
values were reached. The Q=1-surface had a diameter of er =34 cm
for I_ = 480 kA showing a regular sawtooth activity with a’period between
7 and"40 msec depending on machine operating conditions. Metallic impuri-
ties could be suppressed effectively at the expense of an 1ncrf§sed
carbon impurity concentration. Average dens1t1es TB 533 x 10
were obtained for Ohmic heating and n = 5.7 % 10 for p]asmas with
additional ICR-heating.

Operational Regime of TEXTOR

The operational Timits of TEXTOR in case of Ohmic heating are shown in
Fig. 1 for different wall and limiter conditions. Operation with graphite
limiters is presented by the symbols ¢ > A . (< density disruption,
> A stable discharges). The symbol {1 stands for a disruption with
carbonized steel Tlimiters and carbonized liner, + for density disruptions
in the current ramp down phase. The circles @ show for a comparison the
situation obtained before with cleaned metal walls and steel limiters.
After a perioc of intense cleaning and repetitive baking the performance
with graphite limiters gradually improved so that similar density 1imits
were obtained as found gpfore w1th carboniged é]mzters and wall surfaces.
A maximum value gf M =n+«R/Br =4.9° was reached compared
toM=4,5" reported ear11er /1/
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Fig. 1 Operational regime of TEXTOR for metallic limiters and walls & ,
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walls &> /.

The density 1imit showed again a Tinear dependence on plasma current up I
to a transition region where the g-limitation enters in the vicinity of |
q; = 2. A clear improvement is seen with respect to the steel limiter
sltuation where only q, = 2.3 was reached as the q.-Timit /2/. No memory
effect after hard disruptions was observed when wolking near the critical
limits. However, the graphite limiters store and release gas during a
discharge cycle and influence strongly the density obtained in subsequent
discharges. The source and sink properties of graphite limiters play an
important role in the particle balance. The electron temperatures
measured on axis by ECE Te(Ro) are given in Fig. 2 in the form of a
scaling law. T_ increases with plasma current and decreases inversely to
the square roof of average density from 1.3 to 0.6 keV. I
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Fig. 2 Electron temperature on axis versus the ratio of plasma
current to the square root of electron density.

Scaling Laws for Ohmic Heating

The plasma g 1 Was measured by means of a compensated magnetic loop.
Its par‘ametr‘qe dependences were studied experimentally. /2 increases
linearly with the average density T_ and decreases with thg%]asma
current I_. For the highest density a slight deviation is seen after the
linear inPrease, indicating a saturation. For the linear part a scaling
law of the form

_ 3.1
Bror = 2.8 x 1079 Te/I, (em™ * A7)

was deduced (s. Fig. 3). A comparison with the situation of carbonized
steel Timiters gaye a similar but somewhat lower scaling value
n /I _. The saturation effect, however, was not evident
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The global energy confinement time 7. was also studied as a function of
average electron density and plasma clrrent. T_ increases at first
linearly with density and tends to saturate fbr g,% 4. For smaller
g--values this effect is less clearly visible. With graphite limiters a
pronounced detachment effect of the plasma from the limiters was observed
for the higher densities. Especially in the early state of graphite
limiter operation of TEXTOR, when larger amounts of impurities were
released, a retraction of the plasma from the limiters was recognized.
The power loading on the limiters was strongly reduced and a major
energy loss due to radiation from the boundary plasma was measured /3/.
The dependence of T on g, is shown in Fig. 4. The scaling law of
Goldston /4/ is 1nc§uded }s solid curve. A good agreement is
demonstrated. The data favour a square root dependence on g,. Maximum
values Ik = 100 msec were recorded similar to the situation observed

already for carbonized stainless steel limiters.
TEXTOR: OHMIC-HEATING 1
Deuterium -L-E,ﬂqtyl) I
« Graphite Limiters
i +Carbonized Steel Limiters and
E Carbonized Liner Surfaces
(msec) 71,:3):10‘3:m'3
100+ a =hbem . .
t =1sec % Goldston Scaling /4]
. + )
i ¥
" e -
50
T T T ™
1 1 3 v g

Fig. 4 Global energy confinement time CE versus q |
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The aim of this presentation is to desecribe the procedures of carbonization
and decarbonization followed on ASDEX, and to summarize the most
significant changes of discharge parameters observed under the various
experimental conditions with carbonized walls.

Carbonization and Decarbonization.

Carbonization, a method originally proposed by the Jiilich IPP Group
/1/ has been employed before on TEXTOR /2/ and JET /3/ to reduce high Z
impurities from the wall material in discharges. In contrast to the
philosophy on TEXTOR and JET, where carbonization was executed with wall
temperatures above 150°C, room temperature conditions were used on ASDEX,
without any obvious disadvantage. From August 85 to March 86 nine
carbonization and five decarbonization runs were done. The walls were in
carbonized condition on thirteen experiment days. The system for glow
discharge cleaning /4/ was also employed here. Methane was admitted to the
Dy or Hp discharge via the divertors to prevent local overconcentration.
Typical discharge parameters during carbonization were p(Dj3) = 4.1071 pa
and p(CHg) = 9.107% Pa with the discharge off. When the discharge is
switched on (U = 400 V, I = 2.0 A) the partial pressures change as
depicted in Fig. 1. The exponential transitions are reasonably well
described by a first—order differential equation with the time constant
given by = V/S for "off" and T¥= V/(Sy + §*) for "on". V is the
vessel volume (26 m3), Sy is the speed of the vacuum pumps, and g*
represents the speed by which CH4 disappears from the gas phase caused by
the discharge. Hy shows practically the same time constants as CH; and is
obviously preduced by cracking of CHgz. The time constants yield
S = 2600 1/s (only 1/4 of the full pumping system was employed) and
s* = 1500 1/s. The latter corresponds to a "cracking rate" of
3.5 1019 molec./s, while the current of 2A is equivalent to
1.2-10!9 ions/s. An analysis of the ions leaving the discharge by a time-—
of-flight analysis indicates that the current is mainly carried by
hydrocarbon ions. Consistent with this is the observed deposition rate
based on the table of interference colors as given by the Jiilich group /5/.
Obviously, CHy4 is more cracked than is directly deposited. The radicals

1Academy of Sciences, Lenigrad, USSR; 2Assigned to JET Joint Undertaking,
England; 3ENEA Frascati, Italy; kvniversity of Washington, Seattle, USA;
CEN Grenoble, France.
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formed in the gas phase do not lead to carbonization on contact with the
wall but seem to react to CyH, as indicated by the mass spectrum.

A detailed particle balance was not attempted, but summing up the

partial pressures of fig. 1 yields a slight increase of total pressure with
the discharge on. It also explains the simultaneous drop in the ionization
gauge indication since CH; is replaced by Hy and HD.

The carbon deposition was limited to the plasma chamber, and not
homogeneous owing to its geometry with corners and protrusions. Film
thickness judged by the interference colors varied from 500 to 1500 A with
a mean value of about 1000 A after 6 hours carbonization. The deposited
film were not analyzed otherwise, but all observations suggest they were
the typical amorphous a-C:H layers /1/. Effect and behavior of the
deposits during discharges are shown in fig. 2 for the radiation of C and
Fe. Typically, one carbonization lasted for 50 shots (one experiment-day)
with ICRH being most abrasive. The second carbonization was for 2h on top
of the old layer.

Decarbonization in pure Hp turned out to take about ten times as long
as carbonization, i.e., 60 hours. But, the presence of a few permille of
oxygen from residual Hp0, a leak or deliberate admission was found to
considerably speed up the cleaning. A mixture of 0.5 % Oy in Hp reduced
the time to 12 h, but lead to an increase of residual Hp0. A mixture of 5
to 10% 0p in He cleaned the machine in less than 3 hours. It was followed
by a deoxidation phase in a mixture of He and Dy and pure Dy. (The best
deoxidant is CHy.) However, discharges after this procedure were
characterized by poor density limits and other deviations from normality.
Still, global radiation and O radiation were normal, but unusually high
radiation of fluor (probably from decomposition of teflon) was found. So
far, the actual origin of the problem remains unresolved.

The effects of carbonization on discharges

As already experienced previously with the large toroidal graphite
limiter in ASDEX, the presence of large amounts of carbon in the plasma
chamber can significantly affect the recycling behavior of hydrogen.
Obviously, hydrogen atoms stick to the carbon surface without a high
probability for recombination, as compared to steel at room temperature,
thus large amounts of hydrogen stay in the vessel between shots. But, in
contrast to JET, only minor problems with density control at very low
densities were experienced. This is certainly due to the fact that the
divertors, which dominate the recycling flux, remained uncarbonized.

ICRH: The success of carbonization reported from TEXTOR /2/, especially
with respect to ion cyclotron resonance heating, was a strong motivation
also to investigate carbonization on ASDEX. Indeed, concomitant with a
reduction of central radiation from Fe by a factor of ten, the total ICRH
power of 2.4 MW could now be launched. Without carbonization and only
ohmic preheating the power limit was 1.1 MW due to disruptions caused by
strong central Fe radiation. Typical values of P q/Ppopr = 20 % were found
and the improvement in radiation losses is also evident from Fig. 3 showing
the fractional radiation increase per ICRH power coupled into the plasma
for various wall conditions. Also, the degradation inl g during 1 MW of
ICRH was only down to 70 % of the ohmic value, instead of 60 % for
uncarbonized walls. A comparison of radiation profiles shows slightly
increased boundary radiation for the carbonized case being mostly due to C
radiation.
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OH+NI:In the ohmic phase preceeding neutral injection, spectroscopic data
show a 2.5-fold increase in C-radiation with carbonization, a slight
decrease in 0O-radiation and a reduction of Fe-radiation by a factor of ten,
still, the global radiation is little affected. Increased T g in the
saturation regime (ng> 3 1019 m‘3) as deplcted in figure 4 indicates a
reduced share of central radiation. This is fully corroborated by the
radiation profiles showing the shift of major radiation to the boundary.
Also for NI the degradation of energy confinement in the L-regime was less
severe (figure 4), and the power limits for obtaining the H-regime in Dy-
discharges were hardly influenced by carbonization. However, the H-regime
was not of the same quality showing a higher and more stochastic ELM
frequency. The difference is particularly obvious in the values of the
poloidal beta, which reached only values of 55 Z of the critical value
instead of 70 % before carbonization. This behaviour might be associated
with the increase in global radiation which is essentially due to high
boundary radiation of C under carbonization.

LH: Also lower hybrid heating has profited from carbonization extending the
working range to 5 1019 p3. Radiation showed now a much smaller increase
with ng and Li-Power. Previously, the strong influence of Fe, caused by
generated fast ions at higher density (ng> 2 1019 m_3}, had led to
disruptions at Mg=3.5 x 1019 3. Problems with density control below

1.2 1019 w3 limited the operation regime for experiments with current
drive.

Pellet injection: Extremely high central densities of 2.2 1020 =3 could
now be reached as the reduced Fe-influx eliminated the thermal collapse
observed without carbonization. The regime, thus attained, showed unusually
long energy and particle confinement. The Murakami-parameter T R/By for

q = 2.7 increased from 6 1019 p=2 -1 (without carbonization) to

8.5 1019 n=2 771,

In conclusion, we see ICRH as the main beneficiary of carbonization but the
reduced influx of heavy wall impurities extended the operational range
quite generally. Only in the quality of the H~regime are negative effects
of the increased boundary radiation seen. Carbonization can be regarded as
a rather simple and efficient tool to change wall conditions and study
plasma wall interaction. Though divertor discharges are less susceptible to
impurities the results on ASDEX confirm those of TEXTOR and JET, all of
which show that, for the time being, carbon is the best wall material.
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PELLET INJECTION INTO TFR PLASMAS
MEASUREMENT OF THE ABLATION ZONE
TFR Group
(presented by H.W. DRAWIN)

Association Euratom-CEA sur la Fusion
Département de Recherches sur la Fusion Contrflée
Centre d'Etudes Nucléaires
Boite postale n°6, F-92265 FONTENAY-AUX-ROSES CEDEX, FRANCE

Abstract

Photographies of deuterium pellet ablation clouds show luminous
striations extending along the magnetic field lines. Measurement of the
angle of inclination of the striations with respect to the toroidal magne-
tic field direction yields the safety factag qgﬁ), Spectroscopic measure-
ments lead to electron densities of n_ % 10 m and temperatures ranging
from T = 1.6 eV to 20 eV near the ablation center. It sometimes happens
that photographies show for an individual pellet striations under angles
incompatible with the picture of '"classical magnetic islands" imbedded in
otherwise well-behaved magnetic surfaces, suggesting a more complicated
structure.

Experimental set-up

Frozen deuterium pellets were injected into plasmas of the Fontenay-
aux-Roses Tokamak TFR (major radius R = 0.98 m, plasma radius a = 0.18 to
0.19 m) during the current plateau using a single-shot pellet injector
delivered by the RISO National Laboratory (Danemark) [ 1] . The pellet
parameters are : length =2 mm, diameter = 0.6 mm, velocity = 600 m{g,
average number of deuterium atoms per pellet entering the plasma ) 8.10 .
The pellets were partly doped with neon (1 %) in order to increase the
visible light intensity (contribution from ionised atoms to the emission).

The pellets are injected in radial direction, perpendicularly to the
magnetic surfaces. The injection plane is slightly inclined with respect to
the horizontal plane.

The pellet trajectory is observed under an oblique angle B8 (r) with
respect to the injection plane, see figure 1. The injection plane is either
focused on a photographic film or on the plane of the entrance slit of a
spectrograph. A photomultiplier equipped with a DB -filter and connected to
a fast acquisiticn device (100 ns/sample) yields a high time resolution of
the D g-emission. Fast electro-mechanical shutters ensure that light is
only measured during pellet injection.

Results

1. Photographic measurements : The time-integrated photographic pictures of
the luminous trajectories show zones of strong and weak emission., These
bright and dark zones extend in form of striations along the magnetic
field direction. The whole ablation cloud shows a drift in the direction of
the electron current of the discharge. We could obtain unstriated, bent
pellet trajectories as shown in Fig. 2 of Ref [2] for very low plasma
currents I.

Figure 2 shows densitogrammes of an ablation cloud for 12 equidistant
toroidal positions.
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On each photography appear, together with the ablation cloud, machi-
ne-internal reference points indicating the toroidal direction. We measured
a radially dependent inclination of the striations with respect to the
toroidal direction. Reversal of the direction of the toroidal magnetic
field (without changing the current direction) reversed the angle of incli-
nation. The striations thus seem to follow the magnetic field direction. We
have tried to determine from the angle of inclination the safety factor
q(r). An example is shown in figure 3. The squares refer to the
inclination, the dot at q = 1 is from soft-X ray measurements, gq(a) is from
the total plasma current I. The broken curve is qualitative interpolation.
The continuous curve has been calculated with the Spitzer electrical
conductivity using as input data the measured values of electron temperatu-—
re T (r), electron density n_(r), current I and radius a.

It happens that photographies show "well behaved main striations"
which are connected by 'secondary striations", as if magnetic surfaces at
different radii were linked by magnetic channels with strong radial
components. An example is shown in figure 4.

In extreme cases, a series of "well-behaved main striations" is
locally interrupted by striations forming an X. This is schematically shown
in figure 5 (original photography presented in the poster session).

The observed angles between the crossing striations (pertaining to
the same pellet) are much too large to be compatible with the direction of
the magnetic field lines in the X-points of classical magnetic islands.

It might be that these features visualize particular, still unknown
properties of the magnetic structure during a short time interval. Another
explanation could be that the plasma column undergoes during a short moment
a kind of very fast oscillatory movement.

2. Spectroscopic measurements : By aligning the entrance slit of a spec-
trograph parallel to the magnetic field lines, i.e., parallel to the stria-
tions, we were &ble to obtain time-integrated spectra of individual stria-
tions along the magnetic field direction z. The strongly Stark-broadened
D B-line yields the electron density n_(z) along the striation. Integrating
over the D B-~ profiles yields the (relative) particle density n,{z) in
quantum state n =4 of D°. Assuming a degree of ionisation of 10 %, the
local thermodynamic equilibrium relations yield T{z). The results of the
spectroscopic measurements are summarized in figure 6. The high degree of
ionisation explains why the striations are aligned parallel to the magnetic
field.

From ne(z) and T(z) follows B (z) <<1 along the visible part of the
striation, i.e. thermal expansion of the ablation cloud pushing away the
magnetic field does not take place.

The observations cannot be explained by the "neutral shielding mo-
del" [3] nor by the "energy transduction model" [4] .

[1] H. Strensen et al., Proc. 9th Intern. Vacuum Congress and 5th Intern
Conf. on Solid Surfaces, 26-30 sept.1983, Madrid, paper I1.10.0R2, p.
196

[2] V. Andersen, Proc. 12 th Europ. Conf. Contr. Fusion and Plasma Phys.
2-6 sept.1985, Budapest, Contr. Papers, Part II, p.648

3] P.B. Parks, R.J. Turnbull, Phys. Fluids 21 (1978) 1735

F.J. Mayer, Phys. Rev. Lett. 55 (1985) 1673
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BETA AND CURRENT LIMITS IN THE DOUBLET I1l TOKAMAK

E.J. Strait, M.S. Chu, G.L. Jahns, J.S. Kim, A.G. Kellman, L.L. Lao, J.K. Lee,
R.W. Moore, H. St. John, D.O. Overskei, R.T. Snider,
R.D. Stambaugh, and T.S. Taylor
GA Technologies Inc., P.0. Box 85608, San Diego, CA 92138, USA

Neutral beam heated discharges in Doublet ITT exhibit an “operational” beta limit,"
as shown in Fig. 1, which is in good agreement with a simple theoretical scaling law:

I (MA)

where I is the plasma current, a is the minor radius of the discharge, and B is the toroidal
magnetic field, and in the experiment C' is about 3.5. Major disruptions have prevented
operation of discharges beyond this limit, despite numerous attempts where the available
heating power would have permitted it. These disruptions appear to be due to a low
mode number kink or tearing instability. Similar operational limits have been reported
in other tokamaks,*~* although these limits are not always due to disruptions.
The observed beta limit in Doublet ITI
. follows Eq. (1), independent of discharge
dsep > shape, over a wide range of discharge elonga-
N 4™ tion & (1.0 to 1.6), triangularity § (—0.1 to
+0.7), safety factor q (1.7 to 6) and topol-
ogy (limiter, single- and double-null diver-
tors). Plasma shape and separatrix topol-
ogy enter indirectly by determining the max-
imum value of I'/aB and thus the maximum
beta which can be reached within the con-
straints of Eq. (1). Elongation in particular
allows a larger I /aB for a fixed value of ¢: for
Doublet II1, I/aB o x'/2(xk? +1)/2q. Lim-
iter discharges were obtained with £ < 1.6
and g as low as 1.7.° Such discharges
form the right-hand boundary of the data
in Fig. 1, with I/aB = 1.5. Major disrup-
ag 04 o tE T a8 tions which may be due to the idf:al external
kink instability prevented operation at lower
l{MAlfalm) BIT) q. Similar disruptions restricted divertor dis-
charges to lower currents, corresponding to
FIG. 1. Beta vs. I/aB for many Doublet Il J/oR < 1.1 for well-diverted configurations.
discharges, from MHD equilibrium fits. Oper- Several expressions approximated by
ational limit of 8 = 3.5 I /aB is shown. Max- Eq. (1) have been reported recently for
imum attainable I/aB decreases as the dis- the theoretical beta limit of a tokamak
tance from limiter flux surface to separatrix with respect to ideal MHD instabilities.5—10
varies from negative (limiter) to positive (di- The coefficient C, which contains the ex-
vertor). plicit dependence on plasma shape, is ei-
ther a very weak function® or independent
of shape. For ideal external kink modes with low toroidal mode number n, and no wall
stabilization,®” the predicted value of C ranges from 2.8 to 3.2. For ideal infinite-n
ballooning modes,”~!° the value of C ranges from 3.7 to 4.4. A conducting wall at a
distance from the plasma surface of half the minor radius raises the kink mode limit to

5

By 1%l
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equal the ballooning mode limit.”* The experimentally observed value of C falls in the
middle of this relatively narrow range of predictions, making it impossible to distinguish
by the value of C alone which instability is responsible. Therefore we must examine the
detailed behavior of the discharge near the beta limit.

Major disruptions are the only phenomena clearly and universally identified with
the operational beta limit in Doublet IIL. These disruptions have a number of features
in common, most of which are illustrated by discharge 46167 (Fig. 2). The sequence of
events can be divided into three phases: a triggering event, a predisruption phase, and

the disruption itself.
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The triggering event is usually the fall
of a sawtooth (918 msec in Fig. 2) although
occasionally a neutral beam switching on
or off seems to provide the trigger. There
may be an unusually large precursor to the
triggering sawtooth and a large burst of
H, light at the limiter. In discharges with
g > 3, the inversion radius of this saw-
tooth is often significantly larger than that
of earlier sawteeth, occurring close to the
¢=2 surface. This suggests destabilization
of the m=2/n=1 mode, and in such cases
this event might better be termed a minor
disruption.

The predisruption interval typically
has a duration of less than half a sawtooth
period, and is sometimes very short in dis-
charges with ¢ < 3. Energy confinement
becomes poorer, resulting in constant or
slowly decreasing beta in constant beam
power. In discharges with g > 3, this seems
to be due to a deterioration of confinement
outside of the g=2 surface, as shown by the
soft x-ray emission from this region declin-
ing continuously. This is consistent with
the presence of a slowly growing 2/1 is-
land. The more abrupt character of the
disruptions when gq is below 3 may be due
to the proximity of the island to the lim-
iter. A risein I, light at the limiter and/or
nickel line radiation indicates a stronger in-
teraction with the limiter. The MHD ac-
tivity is characterized by an n=1 mode ro-
tating at low frequency (less than 5 kHz).
The poloidal mode number observed in the
interior by the soft x-ray diodes is m=1,
while the Mirnov loops usually detect m=2.

In some cases the soft x-ray diodes also show m=2 near the plasma edge. In some cases
the rotation of both the plasma and the MHD mode slows down continuously from 10—
20 kHz in the beam injection direction to near zero during the predisruption phase. This
mode may be seen at low amplitude long before the last sawtooth, but begins to grow at
or soon after the sawtooth, with small or zero real frequency and a growth time of a few
milliseconds, until the final disruption.
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The behavior observed before and during these disruptions seems consistent with
a model which has been previously proposed for low beta disruptions:**!? The fall of a
sawtooth oscillation creates a steepened current density profile inside the g=2 surface.
This destabilizes an m=2/n=1 tearing mode. In the ensuing predisruption interval, the
2/1 island causes poor confinement near the plasma edge. Interaction with the limiter
cools the edge of the discharge, causing further growth of the island. Growth of the 2/1
island may also destabilize the 1/1 mode. The zero or near-zero rotation velocity reduces
the stabilizing effect of the resistive (L/R ~ 1 msec) vacuum vessel wall. Rapid growth
of the mode then results in disruption. The unstable mode becomes more kink-like for
q < 3 as the g=2 surface approaches the plasma edge.

The identification of the disruption as a 2/1 kink or tearing mode is supported by a
linear stability analysis of several discharges near the beta limit with the resistive MHD
code CART,™ using profiles from MHD equilibrium fits.?® The safety factor g ranged
from 2.2 to 5.3, but the g=2 surface was always found at a minor radius of greater than
0.8a. In all cases, the structure of the unstable mode was predominantly 2/1 for the
magnetic perturbation, while the pressure perturbation appeared as 1/1 near the center
and 2/1 near the edge. This is in qualitative agreement with Mirnov loop and soft xray
data. These results were insensitive to variations of the plasma or vacuum resistivity in
the simulations.

Detailed analyses of ideal MHD stability were performed for a number of discharges
using pressure profiles consistent with both kinetic and magnetic data.! The ideal exter-
nal kink mode was found to be stable. However, the discharge with highest beta in Fig. 3
was calculated to be unstable with respect to ideal high-n ballooning modes inside 0.6
of the plasma’s minor radius. In some discharges near the beta limit, including this one,
an oscillation with unusually high toroidal mode number (r=3 to 5) is observed inside
0.8 of the minor radius, which may represent the low-n end of an unstable spectrum of
ballooning modes. The higher n part of the spectrum would be very difficult to detect
with Mirnov loops and soft x-ray diodes due to limited toroidal resolution of the detectors
and small signal size.

In neutral beam-heated Doublet III discharges, the current profile broadens with
increasing 7 aB /I, as shown by decreasing internal inductance £; (Fig. 4), and the current
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input power. Regimes of theoretical in- factor g, showing decrease of £; with in-
stability and observed MHD activity are creasing 3 aB/I. Intermediate values of
shown. 3 aB/I are omitted for clarity.
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density gradient at the edge increases. #; is not the fundamental parameter for the beta
limit, since it depends on g and discharge shaping, but it does provide an indication
of profile peakedness. Broad current profiles have larger shear, which is favorable for
stability to pressure driven kink modes'® and ballooning modes,'® but may be more
unstable to tearing modes. A sawtooth oscillation may finally trigger the instability by
causing an additional downward excursion of ¢; (Fig. 2).

In all power scans, beta rises linearly with heating power (constant d3/dP), until the
limit is reached (see Fig. 3). There is no evidence of the saturation which is predicted by
models in which ballooning modes cause progressive deterioration of energy confinement
as beta increases, and greater portions of the profile reach marginal stability. However,
ballooning modes in the interior could drive the discharge toward broader pressure and
current profiles, accounting for the decrease in £; at high beta. The tearing mode may
be destabilized before a change in global energy confinement becomes detectable.

In summary, the maximum beta values attained in Doublet III discharges are in good
agreement with the scaling law 8 < CI/aB, with C=3.5. The discharges which reach
this limit generally terminate in disruptions. Phenomena. observed before and during a
beta limit disruption are very similar to those for disruptions at low beta associated with
current limits: g ~ 2 for limiter discharges and q ~ 3 for divertor discharges. Within any
set of similar discharges, the maximum values of # a B/ are found for the discharges with
the lowest values of #;. This suggests that both types of disruption are due to a current-
driven kink or tearing mode, which becomes unstable as the current profile broadens due
to low q or high beta. Ballooning modes may play an indirect role by causing the current
profile broadening observed at high beta.

This is a report of work sponsored by the Department of Energy under contract no.
DE-ACO03-84ER51044.
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MODELLING OF H-MODE DISCHARGES BY THE CONFINEMENT AMELIORA-
TION FROM A LOCALIZED REDUCTION OF FIELD ERGODICITY

A. Nicolai and G.H. Wolf

Institut Ffir Plasmaphysik der Kernforschungsanlage Jiilich
GmbH, Association EURATOM-KFA, P.0.Box 1913, D-5170 Jilich

1. Introduction

The electron energy confinement time is significantly lower
than predicted by neoclassical theory. This applies to
H-mode and even more to L-mode discharges. Attempts to ex-
plain this behaviour include drift instabilities, island
formation by tearing modes and the development of regions
with field line ergodization. In particular, resistive MHD
activities cause major magnetic islands in the vicinity of
rational flux surfaces, and at higher Bp, pressure driven
modes may evoke numerous small islands /1/. Their common
feature is an erosion of the system of nested flux surfaces
in certain plasma regions characterized by a low shear and
a high pressure gradient allowing dissipation by MHD
activities. This results in an enhancement of the effective
radial transport caused by transport parallel to ergodic
magnetic field lines being 1inclined relatively to the
toroidal direction. In case of divertor configurations in
the vicinity of the separatrix a shear-stabilized layer can
be expected, because the safety factor q varies strongly
there. This layer provides the enhanced confinement during
the H-mode, especially for the electron energy.

In the present paper an attempt 1s made to account for
these effects within the frame of a ld-transport code by
introducing a mean inclination angle of the ergodized field
lines E (r) = ¢ Bp/B > with a local minimum at the
effective separatrix radius ( r=rg) (Fig.l). (B is the
total magnetic field strength, Br the radial field
component and < ... > denotes the average over an otherwise
unperturbed flux surface). The angle & (r) used =zarlier
already /2-4/ for the description of a delibzrately
ergodized boundary layer replaces those anomaly factors
which are generally used in transport codes to simulate the
observed electron "cross field" transport. In case of
limiter configurations without separatrix values around
104 lead to a suggestive agreement of the computed
parameters with the experimental results for both,
ohmically and additionally heated plasmas.

2. Magnetic Field structure

The following assumptions concerning the magnetic field
structure are employed in the ld-transport code /2-4/.

1. The island structure/ergodization does not cause major
disruptions or otherwise influence the dynamics of the
discharge.
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2. The mean inclination angle € (r) varies with radius. It
is mainly given by the value at the plasma center €,
the bulk value £p and the the separatrix value E g.
Specifically, €o = 1074, £ = 2 x 1074, €4 = 10-% were
employed in Fig. 1.

3. The parameters £,, £ are assumed to be timeindependent;
however, for £ ¢ which can be treated as a constant as
well, a 2nd option 1is foreseen by introducing a
timedependence via the shear parameter J/\.. The latter is
defined as in the Mercier criterion by

R
A v gt o

Ly is the vacuum permeability, £ the rotational
transform and % the toroidal flux functionj; the prime
denotes the derivative with respect to the volume V. The
timedependence A

£Es = £ s, (:/-\:ﬂ)’ )

is assumed in this option accounting for the fact

that increasing shear enhances the stability at r=rg. It
was expected, that by this way the onset of the H-mode
/5,6/ might be explained: The initial shear .A,provides
some barrier against heat conduction thus steepening the
temperature and the current density profile at r = rg if
sufficient power is deposited in the core plasma. This
yields a further increase in-A if we assume in a Ilst
step that the derivative 4 at r = rg is proportional to
the local current density there. Hence a mutual
reinforcement of the confinement improvement and of the
toroidal current density at the boundary occurs.
Saturation is reached when the current density becomes
flat.

3. Transport model

The model of ref. /7/ had been adopted throughout. In this
model an averaging alaong the unperturbed flux surfaces was
introduced and the effective radial particle, electron and
ion energy flux densities were derived from the parallel
flux densities.

4. Results

The calculations are based on ASDEX parameters /8/: major
radius R = 164 cm, minor radius a = 41.5 cm, toroidal field
Bt = 22 kG, plasma current Iy = 300 kA and maximum density

nmax = 8 x 1013/em®. For the independent € -values of Fig.l

the temperature profiles at t = 500 ms are displaved in
Fig.2; neutral injection heating with the power Pp = 3.5 My
vas started at t = 200 ms. Although the profiles are

flatter than those obtained experimentally, the core plasma
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temperature is 2.4 keV, in rough agreement with the
experiments /8/. In Fig.2 the difference between Tj and Tg
arrises from the model assumptions with dominant electron
energy losses. For timedependent £ g the evolution of the
current density (a) and of the electron temperature (b) are
shown in Fig.3 ( £ o = £p = 2+10-4, €4, = 0.25. 10-4).
The initially peaked current density flattens because of
the wuniform resistivity. However, this flattening starts
already during the OH-phase so that an abrupt triggering
during the NI-phase, as observed experimentally, could not
yet be reproduced.

The calculations show, that the striking difference between
the L and H mode can be attributed to significant changes
of the electron thermal transport, as has been concluded
from the experimental data already /8/. Our model explains
the enigmatic reduction of the electron transport at the
edge by the shear stabilization in the wvicinity of the
separatrix which locally reduces the radial field
components and thus the mean inclination angle. Even if
this reduction initially might be small, the resulting
flattening of the current density increases the shear and
thus improves the confinement. It seems however, that at
least an artificial 1lower 1limit of the resistivity is

required tc prevent the current density from becoming
Frozen in.
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A PHENOMENOLOGICAL INTERPRETATION OF TRANSPORT LIMITS
AND SLOW-TIME EVOLUTION IN TOKAMAKS

F.A.Haas and A. Thyagaraja
Cul ham Laboratory,Abingdon,Oxfordshire,0X14 3DB, UK
(EURATOM/UKAEA Fusion Association)

1. INTRODUCTION

Tokamak discharges have been run with and without auxiliary heating
for pulse lengths long compared with particle and energy confinement
times. Their gross behaviour can be summarised in terms of experimentally
measured temperature and density profiles and global quantities such as
current. These slow-time evolution phenomena are the subject of the
present investigation. The key difference between our model and many
previous 1-D or 3/2-D (Hugill 1983) models of transport in tokamaks is the
explicit and crucial use of the pressure~balance and poloidal=-Ohm's law.
While there is no direct measurement of the resistivity perpendicular to
the magnetic field, it can be shown that the law of conservation of -
momentum for electrons and ions is incompatible with Spitzer-~like poloidal
resistivity and the observed particle flux. This was first pointed out by
BICKERTON (1978), who showed the poloidal resistivity to be 100 times
Spitzer in order to match experiment.

2. EQUATIONS AND PHENOMENOLOGICAL BASIS

We consider a cylindrical plasma of minor radius "a" and periodicity
length 27R. We set T_ = Ti' and neglect radiation in comparison with
anomalous thermal conduction. Given the sources and appropriate boundary
conditions, the variables n(r,t), Te(r,tl, vr(r,t), plr,t), Be(r,t),
Bz(r,t) are determined from the equations below. Thus

R+1% vy = snn (n

with the energy equation expressed as

oT aT
%n {'ts\:s*"’r‘arE]*“Te';'gr‘“’r’

(2)
= T (rnxle 'U‘!_] + g g t Tle)% + Payge(Tet)
The radial momentum balance is
e =4 -
% = =z (jeBz jzﬂe] with p = 2nT, (3)
The poloidal and toroidal components of Ampére's & Ohm's equation are
htjz & '11?%?:'”39) ’#ja = _%FBZ g (4
v_B oA v_B
“EE = By v et Eglt) = T, (5)

with ng and m, the poloidal and toroidal resistivities, respectively.
Using Equatiobng (3) and (5) we have
n

rT TRV (6)
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where "
c?png M o=l e ar, SNdsRe
= B iy = Z
B B T dr B
Coppi and Sharky (1981) have proposed on purely empirical grounds that the
plasma velocity should take the form of Eq.(6), with however, D ~ Xje*
Taking 7, to be Spitzer this leads to
Mg x,l.eﬂg ne® Ty
N, Cz;ep
which has the value of order 102 under typical tokamak conditions. By a
more general consideration of our basic equations, we are in fact, led to
setting ne/nz-ﬂita)fag(a) which is of comparable order. This implies from

(7)

v (8)

Eq.(7) that D, ~c?n,.
3. STEADY~STATE ANALYSIS

We begin by considering the olmic case with negligible particle
sources and sinks, so that the diffusion driven current v Be/c is small.
The anomalously large ng ensures that the poloidal diffusion driven
current makes a negligible contribution to the radial pressure balance.

Thus
BoFext

dp
BE = S (9)

We follow the experimenter's procedure of writing the radial energy
balance as

arT,
1d e 8 =
T dr (rnxeff ar )+ Eextlz 0 (10)
where Xeff is an effective thermal diffusivity. These equations lead to

2n Xeff _ 4 ,d(4n n)

2, T 'tamm v Crd
Since we have shown that D ~ cznz it is clear that D ~ x ~ cznz.
Combining Equ) with toroidal Ohm's law and setting 3, = 1p/n52, then

I
Tegr © wTal - (12)
Experiment shows that ¥y = const/_, and hence we obtain
T, = Ip’“'5 and (by Eq(11)) n = IS"S, for the ohmic scalings.
We next consider auxiliary heated discharges. We have found that the
degradation in Kl(= nxl) for ISX-B can be most simply represented by

2
taking K= Klol'mh(":%)' where A, is a constant order unity. Replacing

scale-lengths by "a", using Bg= ZIp/ca, Poine™ Ptot/:anzazk and introducing

rE(r)-Jf) rspﬂr, our basic egquations lead to the scalings
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L y1/7
12/7 p=9/14 (7=
I Piot (ﬂu]

nT
T = = c
conf ” Pyof T C¥(x, A1 5/18 aTI7T R5/TE O
13)
1447 p2/7 4=6/7 18/7 pliu(L_)3/7 :
Mg 2/7 P tot P ot (4
T= ) crr, n= —
(K o) o7 27 C2(K, oA ;) L/ a5/ TR/

where C, C", C"' are geometrical constants and T, is defined through

Ng = na'x‘;:”z ¢+ We observe that the confine-confinement time degrades like
=0.63

P

whilst ISX-B (NEILSON et al., 1983) report, ng;‘f’ﬁ. It scales
w:j‘.tlsa current as Ip° while ISX-B quote

I + The temperature-current scaling of Ig's is somewhat worse than

t%e ohmic scaling of 108, The density current relation is very similar
to ohmic, the particle source controlling the slope of the line in the

Hugill diagram. Finally, we note that DOUBLET II, PDX and ASDEX are best
represented by a linear § dependence for K,. However, the scalings
for T, and n in Eq.(13) are not significantly affected, while Taonf
shows L-mode scaling.

4. INTERPRETATION OF SLOW-TIME PHENOMENA IN TOKAMAKS.

We have applied the above model to ISX-B, DITE and ASDEX; in the present
paper, however, we shall only report the results relating to the latter
two experiments. In simulating discharge no. 16129 for DITE no attempt is
made to describe the start-up phase. 1Instead the total plasma current is
specified to be I_ = 110 kA and is held fixed throughout the
calculation; the other parameters are Bior = 13.5 kG, beam power P, .. .=
685 kW, a=25 cm, R=120 cm and zeff=1'2 (HUGILL et al. 1983).

The initial plasma density profile is taken as parabolic while the initial
temperature profile is a gaussian. The edge values of n and T are
held fixed throughout the calculation. The evolution is carried out for
150 ms and during this time we have a uniform gas feed rate § (r,ha.
This is not available from experiment, but is obtained from L l;ﬂ,

where 1, is taken as 25 ms. It must be stressed that this is a frge
parameter and its choice is justified by the gualitative agreement of the
calculated wave forms with the observations. The form for Xy is that
suggested by GRUBER (1982), namely

= 1/2 -1/2 21
XJ. = Cln (r.t) T‘z (o,t)Te {r,t)em<s

with C,=4.8 x 10'7. We take 7, to be Spitzer and Ng/M,=(B,(a)/Bgla) )2

Fig.1 shows the line-averaged density EE calculated as a functiocn of
time. After the density "clamp®” sets in N, falls slightly to the end
of the simulation. Considering the simplicity of the model, agreement
with experiment is remarkably good, as it is for the 8 " Te(o,t) and
the loop voltage vlcc). When neutral beams are injected into an
ohmically heated target plasma in ASDEX, the first 10-100 ms of the
injection phase always show a deterioration of the particle and energy
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confinement compared with the ohmic values. After this low confinement
(L-phase) the discharge either evolves into a high-confinement (H-phase)
or remains in the L-mode depending on the experimental conditions.
(KEILHACKER et al., 1984). We are able to simulate many of the features
of this L-H transition without invoking divertor action or changes in
edge physics. The parameters pertaining to discharge no.9910 are: I_=380
KA, T =4 x 1013 cn~?, B =2.2Tamd P, =2.9Mi. Inthis case it is

neceagary to take = 3.5 x 1013 - n(r,t)/ where = 0.05 5, and
'19/'":: takes the same form as DITE. The degradation of X1 with beam-
power is most simply represented as a linear Bpol dependence. Thus

T (o,t) /2 gmT
x = n~l(r,t)x [ o T 2 1.5) with K =3x 1017 em~1 s-1.
i lolm T (r,t) Bg(a) lohm
The results show that up to 30 ms from the start of the beam ie falls
slightly (see FI1G 2), while T, and ﬂpol rise sharply. The subsequent
behaviour also follows experiment very closely. Our results suggest that
the L-phase is a density clamp analogous to that seen in DITE.
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ANALYSIS OF THE INVARIANCE PROPERTY OF THE ELECTRON TEMPERATURE DURING
AUXILIARY HEATING IN ASDEX

H. Murmann, F. Wagner, G. Becker, H. S. Bosch, H. Brocken, A. Eberhagen,
G. Fussmann, O. Gehre, J. Gernhardt, G.v.Gierke, E. Glock, 0. Gruber
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H. Niedermeyer, A. Pietrzyk3, W. Poschenrieder, H. Rapp, H. Réhr, J. Roth,
e Rytera, F. Schneider, C. Setzemsack, G. Siller, P. Smeuldersz,

F.X. Séldner, K.-H. Steuer, D. Zasche

Max-Planck-Institut fiir Plasmaphysik
EURATOM Association, D-8046 Garching

A crucial and still unsolved problem in tokamak physics is the understanding
of anomalous heat transport across the magnetic field via heat conduction of
the electrons. All efforts to establish a universal expression for the
diffusivity ¥o as a function of local plasma parameters which is valid also
for auxiliary heating have failed so far. The problem has become even
greater since it became evident that plasma confinement deteriorates during
additional heating in a parameter range that is still very close to ohmic
heating conditions. The conventional way of thinking is that additional
heating of plasma affects its temperature locally according to the energy
deposition profile. Consequently the electrical conductivity g « 3/2 will
rise and thus the current density profile takes a new shape determined by
the power deposition profile. This statement is, however, im clear contra-
diction to the experimental finding: electron temperature profiles exhibit a
remarkable invariance to external influences and possess a very character-
istic shape. An example is given in Fig. 1 showing temperature profiles as
taken with a new Thomson scattering device with relatively high spatial
resolution using a 60 Hz Nd:YAG laser. The profiles are normalized to the
central value and represent four different cases: Ohmic heating (OH) alone,
OH with additiomal neutral beam injection (NI) with different power deposi-
tion. In one case 29 keV DP-particles were injected into a relatively high
density target plasma. The beam power is then deposited at radii of 25 ...
30 cm. This is compared to the case of 40 keV DO injection in a low density
plasma with peaked power deposition. Although the central T, values rise
appreciably, the relative To-profile shapes remain unchanged. This profile
invariance has been further checked in discharges with addition of Ne
impurities, which clearly documents that rather 1/T+dT/dr and not dt/dr
keeps constant. Profile consistency has also been confirmed in cases with
and without sawtooth activity. Despite the lack of sawteeth the T, profiles
are found to be consistent and are still affected by q,. The electron
density profile ng(r), however, becomes steeper in this case. Another
example of this disparity is a discharge with pellet refuelling during which
the ng(r) profile is changed enormously while the Tg-profile shape keeps
practically fixed (Fig. 2).

It is well-known, on the other hand, that Te-profiles can easily be
influenced by the choice of the safety factor q,, i.e., the ratio of the

TAcademy of Sciences, Leningrad, USSR; Zpresent address: JET Joint Under-
taking, England; 3Univ. of Washington, Seattle, USA; 4CEN Grenoble, France
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toroidal magnetic field to the plasma current. Amazingly, this statement has
also proved to hold for additionally heated plasma discharges: the To-pro-
file shapes are influenced in the same manner by q as in the OH case,
regardless where the heating power is deposited. This is demonstrated in
Fig. 3 for two cases with identical plasma current but variable toroidal
field with q; = 2.9 and 4.7, respectively. Profiles are normalized to the
peak value again and do not change shapes when NI-power is applied. The
dependence on q,, however, is quite evident and can be summarized impress-
ively for a large variety of plasma conditions in a plot of Tg(0)/<Tg>
versus q,, where <Tg> is the volume averaged electron temperature (Fig. 4).
Tg(0)/<Te> represents a measure for the peakedness of a Ty profile and shows
a characteristic q—dependence. The tendency is similar for ng(r) profiles
but many exemptions exist which do not fit to the same characteristics, e.g.
discharges with pellet injection or witout sawtooth activity /1/.

So far we concentrated on OH an NI conditions. When the plasma is addi-
tionally heated by high frequency radiation e.g. ion cyclotron resonance
heating or lower hybrid heating, the profile invariance has to be restricted
to a region r > r), where r) might be interpreted as the radius of the q =1
surface. In both cases the heating effect is higher in the plasma center.
Obviously this region r £ r] is a confinement region of its own, and has to
be treated separately in comparison to the region r > ry. But if the Tg-
profiles are normalized to a value at a radius where the influence of the

q = 1 surface is negligible one observes that all profiles coincide amazing-
ly for r > rj within the error bars of the diagnostic and yield an almost
constant slope

1 dT

T, 045'F=(!&i0.3)m_1 for r > v * V2
r/a = J.

(1)
for all discharge conditions (see Fig. 5). If we apply the same procedure to
merely OH and NI heated discharges, we note that eq. (1) is valid as well.
In this case the deviation from eq. (1) for radii r < r) is only due to the
different q, values (Fig. 6). Thus, the profile steepening for large q,
values (Fig. 4) is mainly caused by phenomena within the q = 1 surface. Then
the plasma turns into the high confinement regime during neutral injection
(NI(H)) the T.-profiles deriate slightly from the general shape due to an
additional edge temperature rise.

The dominant role of q alone to constitute the Tg profile shape is quite
obvious and points to the current density profile as a leading quantity to
be invariant. This is also supported by the observation that the iaversion
radius of sawteeth is only a function of 7 and otherwise remarkably con-
stant /2/. Via the coupling Tg(r) « j(r)2 5. the temperature profile is then
forced to become invariant, too. There are indeed reasons for j(r) to take a
"natural shape" arising from very basic principles as minimization of
magnetic field energy in a plasma column with a given toroidal current I.
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PARTICLE CONFINEMENT IN OHMICALLY HEATED ASDEX PLASHAS
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F.X. Sgldner, K.-H. Steuer, F. Wagner, D. Zasche

Max-Planck-Institut fiir Plasmaphysik
EURATOM Association, D-8046 Garching

Abstract: The anomalous particle transport in ohmic deuterium and hydrogen
discharges is investigated by scans of the plasma current, density and
toroidal magnetic field. At smaller current or larger ion mass more peaked
density profiles are found. The flux-surface-averaged transport is analysed
by computer simulations. It is shown that the inward drift velocity is
independent of the poloidal and toroidal magnetic field and the ion mass
number but inversely depends on the density and electron temperature.
Empirical scaling relations for the electron heat diffusivity and the
diffusion coefficient are also presented.

Introduction: Anomalous diffusion and inward drift in ohmically heated
(double-null divertor) discharges are investigated in the ASDEX tokamak by
extensive parameter studies. For deuterium and hydrogen plasmas the vari-
ation of the density profile Hith plasma current Ip, toroidal magnetic field
By and line-averaged density ng is explored. Several series of discharges
are studied in which only one of these parameters has been scanned. In all
cases, data measured during long current and density plateaus are analysed.

Diagnostics: The electron density n, is measured by a multichannel HCN-laser
interferometer /1/ working at a wavelength of 337 pym. Figure 1 shows the
arrangement of the viewing chords with respect to the ASDEX plasma. The
electron density profile ng(r) is constructed by a fit procedure for the
measured line densities of the horizontal channels. A modified parabola of
the form ne(r) =ne(0) [1 - (r/a)B]® describes the profile inside the
separatrix while an exponential function with a typical decay length of 2 cm
is used outside. For the rather smooth profiles found in ohmically heated
discharges, this method yields good accuracy.

The electron temperature T, is derived from the extraordinary mode of the
second harmonic of the electron cyclotron emission (ECE) from the plasma.
Its intensity is registered by a four-channel polychromator, constructed to
observe simultaneously four slightly different wavelengths between 2.0 £ A%
3.0 mm corresponding to four radial positions in the plasma about 6 - 8 cm
apart from one another. The complete T profile can be established by a
sequence of at least two identical discharges with properly varied wave

1Academy of Sciences, Leningrad, USSR; 2present address: JET Joint Under-—
taking, England; 3Univ. of Washington, Seattle, USA; 4CEN Grenoble, France
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length settings of the polychromator. For details of the ECE diagnostic
employed see e.g. Ref. /2/.

Analysis of the particle transport by computer modelling: The steady-state
particle balance equation with anomalous outward diffusion and anomalous
inward convection reads

dn
_D_dr_e.+ Vin Ng =Ty, (1)

where I'y is the flux density due to ionization of cold atoms which mainly
takes place near the plasma edge.

The experiments are simulated with the BALDUR transport code /3,4/. For
deuterium and hydrogen plasmas the computations fit the measured ng(r) and
Te(r), the central ion temperature T;(0) from CX diagnostics and the
poloidal beta By from the diamagnetic loop. The following expressions for
the electron heat diffusivity X, and the diffusion cocffieient D are to be
used for best fits in ohmically heated plasmas:

Xelr) = 1.61 x 1016 Ai"llz Bp ng(r)™L To(r)™1 q(r)7! cem? 571 (2)
D(r) = 0.2 Xu(r), (3)

wvhere By is in kG, ng is in em™3 and Te is in keV. A; denotes the ion mass
number. Note that the ion mass dependence given holds under pure deuterium
and hydrogen plasma conditions after glow-discharge cleaning. The ion heat
diffusivity Xj used is one time the neoclassical values according to Chang
and Hinton. For the anomalous inward drift velocity vijg = Y(rlrw)

applied instead of the Ware pinch. Y is a factor whose parameter dependences
are investigated by scanning I and 0., and ry is the wall radius (ry = 49
cm). As illustrated by Fig. 2, thls model yields the measured profile
variation, characterized by ng(0)/<ng>, on Ip, where <ne> is the volume-
averaged density. For deuterium vi, = =550 (r/ry)- cm s™! is used while for
hydrogen vy, = =710 {r/rw)2 cm s -1° is applied. The inward drift velocity is
found to be independent of the plasma current. In Figs. 3 and 4, examples of
computed density and temperature profiles from these scans are compared with
the measured results for deuterium and hydrogen, respectively.

Results of the density scan are presented in Fig. 5. For a given electron
temperature the inward drift exhibits an inverse n, scaling. Scanning the
toroidal magnetic field (see Fig. 6) yields a weak rise of the measured
na(0)/<ng> values with increasing By which is ascribed to the variation of
the gq=1 radius. These scans show that v;, is independent of the poloidal
magnetic field B,, By and A; but it depends inversely on ng and Tg. Equa-
tions (2) and (3? and By/q = Ry, Bp/r yield

vin(r
%—)— == A 1/2 By()71 £(r) . )
independently of By, ng and Tp. Smaller currents and larger ion mass corre-—
spond to higher |vi,|/D, i.e. more peaked density profiles, in agreement
with the measurements. The vi, scaling given by Eq. (4) differs from the
previously used relation vip/D = -2o r/a? with o being a constant. An
explicit dependence of X, D and vijy on Zu.gf was not identified in the
scans.
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LOCAL TRANSPORT IN TOKAMAKS WITH OHMIC AND INJECTION HEATING

G. Becker

Max-Planck-Institut fiir Plasmaphysik
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Abstract: The anomalous electron heat diffusivity Xg is investigated by a
power scan of the injection heating and by the time evolution of L (low
confinement) discharges. It is shown that deviations from the ohmic scaling
occur if the non-ohmic electron heating locally exceeds the ohmic power
density. The change in scaling is attributed to the injection heating with
its different dependence on the plasma parameters rather than to other
instabilities or saturation effects. Constraints on X, are derived from the
electron and ion energy equations and the shape of the measured electron
temperature profiles. For small injection power complex X, scalings result
which cannot be represented by superposing the ohmic and L scalings.

Introduction: As reliable microinstability-based diffusivities are not
available at present for tokamaks with ohmic and auxiliary heating, prefer-
ence is given to empirical scalings determined by means of transport modell-
ing of many series of discharges. The flux-surface-averaged electron heat
diffusivity X, and the diffusion coefficient D exhibit a scaling in injec-
tion-heated plasmas which greatly differs from that with ohmic heating
/1-4/. It was demonstrated that the ohmic transport scaling is not a univer-—
sal plasma quality which is independent of the heating method. One possible
explanation for the different scaling is that neutral injection changes the
transport mechanism, i.e. the underlying instabilities and/or saturation
effects. There might exist a threshold parameter which distinguishes between
the confinement regimes. Another possibility is that the transport mechanism
itself remains unchanged and the X, scaling is modified by the injection
heating with its different variation with the plasma parameters. These
questions will be pursued by studying the transition between ohmic and L
transport and by following the time evolution of L discharges /5/. The paper
deals with the anomalous transport in the ohmic, L and intermediate regimes.
Results from transpert computations (with the BALDUR code /6,7/) are used.

Constraints on X, with ohmic and injection heating: The steady-state elec-—
tron and ion energy equations and measured Ty profile shapes are used to de-
rive constraints for the electron heat diffusivity. In the stationary ohmic
and neutral-beam-heated phases of ASDEX characteristic shapes of Tg(r) are
observed. This is illustrated by Fig. 1, which shows an example of the time
evolution of the electron temperature profile in an L discharge with an in-
jection period of 4C0 ms and an absorbed beam power Pgphg = 2.0 MW. As can be
seen, a Gaussian shape is found during the stationary ohmic phase. After the
beginning of neutral injection (ty, = 1.12 s), the T, profile changes to an
approximately triangular shape which is then maintained during the whole in-
jection period. The 'confinement zone' (hatched in Fig.1) is defined by rq=) <
r <0.9a, where the plasma radius a is equal to the separatrix radius of 4Ucm.
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Neglecting the ion heat conduction, the steady-state electron and ion energy
equations yield

1d (rnyxo 3% ) +nj2 +2, 50 @))
r dr ® I . b
with njt2 = Etj:. The power density of the ASDEX neutral injection system

can be approximated by Py(r) = ap/r with ay = Papg/ (472 Ry a) and major
radius R,. After integration it follows that

Xe(r) =[S Ee Bp(r) + ap] a(r)”! |§:£ 4 (2)

With Py = 0 and Ta(r) = Tg(0) exp(ﬂxrzlaz) one obtains the constraint

OH =ik . AP Bo(r)
Rl 8 o 3

Large injection power and Tg(r) = To(0)(1-r/a) yield the constraint

x:(r) =aa 'J:EZO)_1 n(r)—] i (4)

Comparing the constraints shows that the X, scalings depend on the heating
method and its variation with the plasma parameters. Neutral injection does
not introduce a Bp(r) dependence in contrast to njtz. Owing to j-(r) ~
Te(r)3/2 the ohmic heating and electron temperature profiles are stongly
coupled, whereas Ph(r) depends on the target density and injection energy.
It is obvious from Eq. (2) that the transport in the intermediate range
cannot simply be represented by superposing the ohmic and L scalings, but
that rather complex, mixed X, scalings occur. The beam heating modifies the
ohmic contribution by changing E¢ and the T, profile shape and the ohmic
heating modifies the beam contribution.

Transition between ohmic and L transport: The confinement in the inter-
mediate range between OH and L scaling is studied by simulating a series of
discharges at n = 2.5 x 1013 em=3, I, = 380 kA, Zgge = 1.5 and Py = 0.52 MW
with various injection powers. Figure 2 shows the increase of the electron
heat diffusivity with rising absorbed beam power. Obviously, at small Pypg
equal to 0.3 and 0.6 MW the X, values clearly exceed the ohmic result
(cross) in the middle of the confinement zone at r = 2a/3. This explains the
observed decrease of the global energy confinement time TE /2/. The Xe
profiles with ohmic heating and P,pg = 0.6'MW are presented in Fig. 3.
Special attention is paid to the local ratio of the injection and ohmic
heating power densities. Results for various absorbed beam powers are shown
in Fig. 4. It is obvious that Pbl(njtz) = 0.3, where the influence of beam
heating should become important, is already exceeded with P g = 0.3 MW. As
shown above, the corresponding X, and Ty are indeed found to deviate from
the ohmic scaling. With Papg = 0.6 and 0.9 MW, neutral injection becomes
dominant in the confinement Zzone. This explains the observed fast transition
of Tg to the L scaling. For Pgpg 2 1.2 MW the beam power density is large
compared with njtz, which agrees with the essentially pure L confinement
found. The power scan shows that the transition to the L regime correlates
with the ratio ?bl(njtz). Both the deviation from the ohmic scaling and the
approach to the L confinement occur at power density ratios which agree with
the expected values. According to the electron energy equation, injection
powers of this level perturb the ohmic state. The associated change in
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confinement suggests that the X, scaling responds to the auxiliary heating.
The fact that the coupling between the ohmic heating profile and Tg(r) is
broken up with neutral injection should play an important role. As the
smallest injection power scarcely modifies the plasma parameters, such as
density and temperature gradients and poloidal beta, a transition to other
instabilities and/or saturation effects, i.e. to a different transport
mechanism, is very unlikely.

Transport behaviour after neutral injection: A characteristic time develop-

ment of the diffusivities X, and D in L discharges was found by means of
transport simulations /1,2/. It was shown that the L phase persists for
about 100 ms after the end of injection. As the slowing-down time of the
fast beam ions is only about 10 ms, the injection power rapidly decays. It
is thus concluded that the L transport does not require the presence of
injection heating, beam fuelling and direct ion heating. Simulations of many
L discharges revealed that the phase with the ion-electron energy transfer
rate Pig > 0 also lasts for a time span of about 100 ms, which suggests that
the L phase is maintained by non-ohmic electron heating.

The time development of the electron temperature profiles measured after
injection is shown in Fig. 5. Although the beam power is negligibly small,
the Gaussian-shaped T, profiles typical of the ohmic phase are only reached
after about 80 ms. The central steepening of the profiles results from the
electron heatlng due to Pjg, which is largest in the plasma centre. Profiles
of PiE/(ﬂjt ) after meutral injection which were determined by simulating
the L discharge with Papg = 2.1 MW in Figs. 2 and 4 are presented in Fig. 6.
The absorbed beam power is negligibly small at t-t,ff = 43 ms, so that the
only non-ohmic heating is due to Pjg. Owing to Pyp a transport scaling
different from the ohmic one should thus persist in a considerable fraction
of the plasma cross—-section. Close to the end of the L phase, however, the
ratio of the power densities has become so small that the scaling becomes
almost purely ohmic. It is concluded that deviations from the ohmic scaling
occur if the non-ohmic electron heating (due to neutral injection or ion-
electron energy transfer) locally exceeds the ohmic power density.
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DISCHARGES

O. Gruber, W. Jilge, V. Mertens, G. Vlases, M. Kaufmann, R. Lang, W. Sandmann, K. Biichl, H.5. Bosch,
H. Brocken, A. Eberhagen, G. Fussmann, O. Gehre, J. Gernhardt, G. v. Gicrke, E. Glock, G. Haas,
J. Hofmann, G. Janeschitz, F. Karger, M. Keilhacker, O. Kliiber, M. Kornherr, K. Lackner, M. Lenoci,
G. Lisitano, F, Mast, H. M, Mayer, K. McCormick, D. Meiscl, E. R. Miiller, H. Murmann, H. Niedermeyer,
W. Poschenrieder, H. Rapp, H. Réhr, F. Ryter, F. Schneider, C. Setzensack, G. Siller, P. Smeulders,
F. X. Soldner, K.-H. Stever, F. Wagner, D. Zasche.

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association,
D-8046 Garching, Fed. Rep. Germany.

1. INTRODUCTION

In ASDEX a comparison of ohmically heated divertor discharges with gas fuelling (GF)

and pellet fuelling (PF), without any gas puffing after a gas puff “start-up” phase, has been
done [1].

With a large interval between successive pellets (At, ~ 40ms) the density stayed below
2-10'"m~* and only small differences resulted in the radial plasma parameter profiles and
the transport behaviour comparing PF and GF discharges at the same density. With
At, =~ 35ms a medium density of 7. ~ 3.3 - 10" m™? resulted where the pellet penetration
depth increased up to > 26 em, primarily a consequence of the continuously falling electron
temperature (shot PM). The PM density profiles are much more peaked than the profiles
of the gas-fuelled discharge GC at the same density fi., whereas the PM T, profiles become
only slightly broader compared with the GC T, profiles (see Fig. 1). The corresponding
T.(0)/(T.) values for both discharges are still within the scatter of the data showing pofile
consistency at the corresponding g = 3.4 : Too/(T.) = 2.2+ 2.7 [2]. In the PM discharge a
distinct increage of the totally radiated power and of the radiation power density in the
plasma centre is observed and sawteeth are absent after 1.1 8. With still further reduced
At, < 33 ms the density is limited to < 5-10'° m~? by a radiation collapse and is comparable
with the density limit of a GF discharge. Only combining pellet injection and gas puffing
and using wall carbonization considerably higher densities can be obtained [3].

This paper deals with a detailed comparison of the radial transport of the PM and the GC

discharges with the transport analysis code TRANSP [4] using the measured radial profiles
of n,, T, and radiation losses.
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2. PARTICLE TRANSPORT

In the PF discharges the particle fluxes I' inside r < 0.75a are solely determined by the
decrease of the particle content after the pellet injection event, which is equal to the pellet
fuelling rate there. Only for larger r > 3/4a has the particle recycling flux (and the gas puff
rate in GF discharges) to be considered as an additional source term. From the calculated
[ at r = 30cm (Fig. 2) a N =T'-27R-27r = 10°!5~! is obtained therefore, which is equal
to ANpeuee/Aty. The total particle confinement time has been estimated from pressure
measurements in the divertor chamber to increase from 60 ms (GC) to about 100 ms (PM),
yielding only a small recycling flux 2-10°m~2s"! at r = g in the latter case.

The particle flux T' can be modelled by the ansatz T'(r,t) = —D42 — ny;,, where v, is an
anormal “inward drift” velocity. Fits have been tried to yield a consistent description of D
and v;, over a pellet cycle by using 1) v, = v(a)r?/a?, yielding D(r,t), 2) vin = 35—.0, yielding
D, 3) D = 4000cm?/s, yielding v(r,t) and 4) D = 0.2+ 0.4x., yielding again v. The electron
thermal diffusivity x, was determined from the energy transport analysis (s. Sec. 3). In
practice scatter is large, but model 3) can be excluded and models 2) and 4) give about
equal results for D and v, correspondingly. The same model, D = 0.3x, and v, = 3§2—D,
describes also GF discharges with constant or rising density [5].

3. ENERGY TRANSPORT

The global energy confinement time 75 = W/ Preat —W,,!) are degraded in the PM discharge
from 72 ms (GC) to a pellet-cycle-averaged value of 44 ms due to three effects:

1. The total plasma energy is smaller in PM as the temperatures are decreased and the
density profiles are strongly peaked (accounting for 20% of the decrease in 7};).

2. Radiation losses are increased from 110 kW (GC) to 160 kW (PM) (accounting for
10%) (see Fig. 3).

8. Non-adiabatic fast losses (AW < 2kJ) occur after each pellet event constituting a time-
averaged loss rate of about 50 kW for the quasi-steady PF discharge state (accounting
for 10%). This energy loss is an order of magnitude higher than the energy required
to ionize all injected particles. It is further equal to the time-averaged energy increase
during the pellet cycle shown in Fig. 3a for the quasi-steady discharge phase.

Due to the deep pellet fuelling the convective energy losses P.op, = gk(ﬂ"ﬂ + T;)T exceed
the electron conduction losses throughout the plasma in contrast to the GF discharges
(Peond,e > Peony, Prad for fi. < 3-10"m™3; Fig. 8b). The cycle-averaged f and f, +li/2 values
of the kinetic analysis agree with the magnetic measurements.

The local transport analysis shows further that within the error bars the cycle-averaged
thermal heat diffusivity ¢ can be described by the scaling xcume ~ (n)®T.q)! derived from
GF discharges [5], showing no major change in the anomalous transport mechanism. But
Xe is larger than xcuyc just after the pellet injection event (t = ¢,) and smaller at the end of




230

the pellet cycle (t =t,+At,) (Fig. 4). On the other hand, the ohmic input power is strongly
changing over one pellet cycle, too, due to the 7, decrease at the pellet injection event and
the corresponding increase of the loop voltage Uy, (e.g. t,+5ms: P(OHM) = 850kW, t,+At, :
P(OHM) = 450k W). Therefore a description x. -(Pemd|,f2:rﬂ)/[neTe§§:%), where Peong,. i8
a certain fraction of the input power P(OHM) = Uy, -I and .ﬁ%’:‘ ~"rL.’|- is fixed by the profile
consistency (s. Fig. 1; r* may be the ¢ = 2radius), is strongly suggested and supported by the
results given in Fig. 4b. One then obtains a local diffusivity x. ~ B:Urr*?/(R?n.T.q) which
is derived under the assumption of profile consistency and is essentially equal to xcme =
3.4 - 10'°B,a/(Rnl*T.q) [m?/s,T, m , keV| with Uy ~ a- R/r*2, The ion heat conductivity is
about one to two times the neoclassical one and much smaller than y, both for PM and
GC discharges.
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DIRECT MEASUREMENT OF THE ELECTRON DIFFUSION
COEFFICIENT ON JET USING A MICROWAVE RELECTOMETER

A Hubbard* D Ward* and T E Stringer

JET Joint Undertaking, Abingdon, OX14 3EA, UK
*0n attachment from Imperial College, London, UK

ABSTRACT

A fixed frequency reflectometer on JET is used to make localized
measurements of density changes. During sawtooth oscillations, the
effects of the central density collapse are clearly seen outside the
mixing radius. The timing of these density pulses is compared with model
predictlons to derive the particle diffusion coefficient, D,. Values of

= 0.5 - m?/s are derived, in good agreement with those obtained by
ther means.

EXPERIMENT

Measurements of electron density changes are made using a microwave
reflectometer which launches waves at a fixed frequency F,in the ordinary
mode (E//B) /1/. Total reflection occurs where F, equala the local plasma
frequency. This corresponds to a critical density ng = F;/SU.G {MKS
units). A simple interferometer detects movements in this layer
throughout the plasma pulse. Gunn oscillators with frequencies of 20,
34.5, 49 and 60GHz have been used on different pulses to probe density
layers at 5.10'®, 1.5 x 10'®, 3 x 10'* and 4.5 x 10'® m™® respectively.
In recent JET experiments the central density n, was typically 3 - 5 x
10'® m™*, so that a 35GHz beam reflects well outside the sawtooth mixing
radius.

The reflectometer uses a single antenna to launch and receive waves along
the horizontal mid-plane (Figure 1). A long, oversized (WG10)
transmission line directs radiation to a tunable crystal detector, which
measures the interference signal. Signal/noise ratios of up to 200 are
obtained. Using a low-pass filter to reduce the effect of MHD
fluctuations with f > 500Hz, the delayed effect of the sawtooth collapse
is clearly observed. gumrmquan
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Fig. 1 Schematic of JZT R=flectometer.
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MODEL OF DENSITY PULSE PROPAGATION

A 1-dimensional numerical model is used to simulate the density profile of
a sawtoothing plasma. First, an equilibrium is allowed to evolve assuming
full reecycling with a realistic neutral penetration depth, a uniform
diffusion coefficient D, and an anomalous pinch term V_ = D, r/a®. This
gives a profile in good agreement with JET measurements. Tge sawtooth
activity is now included by a periodic instantaneous flattening of the
density profile in the central region out to the mixing radius R,. This
central perturbation then evolves on a diffusive time scale. The effect
on the density at different radii is shown in Figure 2. For the region of
interest, we find the time of arrival of the maximum density change (Tp)
scales linearly with the distance from Rg.

In previous similar work on the propagation of the sawtooth temperature
perturbation /2,3,4/, the time for the pulse to reach the edge, T,(a), was
short compared to the sawtooth period Tggr and consequently each pulse
behaved independently. For density perturbations, however, the two times
are comparable (both -100ms on JET). This leads to a sensitive dependence
of T, On Tgp» which is summarized in Figure 3. Similar curves have been
plotEed for the time at which the pulse is first seen (T, in Figure 2),
which has a different scaling with radius.

The influence of the assumed pinch velocity on our results has been tested
by using two different values: V_, = EDpr/a2 and V_ = 0.2D.r/a?. The

predicted delay times for these cases vary by less than nge percent' while
the equilibrium density profiles are of course very different. This shows

that the derived ap is not sensitive to variations in the pinch term.
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Fig. 2 Predicted movements of density layers at different radial
positions across a sawtoothing plasma. (r, = Rg- Ry).
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DATA ANALYSIS AND RESULTS

To derive the diffusion coefficient we use density pulse times measured by
the reflectometer during a series of similar sawteeth. Information from
other diagnostics is also required. Data used for the ohmically heated
JET discharge 7010 (Ip = 3MA, By = 2.9T) are summarized below.

Parameter Value Diagnostic

a 1.07m Magnetics

b/a 1.45

R,(1.5 x 10'°m?) I, 04m Multichannel FIR interferometer

R 3.75m ECE grating polychromater, Soft X-rays
Ty 8ms

Tp 51ms Reflectometer and 2mm transmission

Tst 93ms Interferometer

Tp is compared to the model prediction as discussed above. For this case
D, = 0.81m*/s, Using this value, we also fit the first arrival time T: to
w?thin ims. Figure U shows the good agreement between the measured and
predicted pulse shape. This gives confidence in the model as well as the
values of Ry and Rye  For pulse 6276, which has higher density due to RF
heating, we find D_ = .62 during heating and .48 afterwards. So far we
have analysed insuEficient data to determine whether there are systematic
changes with RF heating or plasma parameters. Varying Rm, Rc and the
delay times within experimental tolerances, we estimate an uncertainty of
+ 30%. This could be improved significantly by using 2 or more
frequencies simultaneously, reducing the sensitivity to Ry. Such an
experiment is planned in the near future.
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Fig. 4 Comparison of observed and predicted movements of R, (Pulse 7010,
D = 0.81 m¥/s).
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CONCLUSIONS

A simple fixed frequency reflectometer is able to make localised
measurements of density perturbations in the outer regions of the
discharge due to the sawtooth collapse. The shape and amplitude of
the observed pulses agree with predictions of a numerical model. This
gives a new and more direct technique of measuring particle diffusion.

Detailed analysis of an ohmically heated JET discharge (pulse T010)
gives a value of D_ = (0.81 + 0.25)m?*s™'. On other discharges D

falls in the range 0.5 to 0.8m?s™'. No scaling with plasma parameters
has yet been attempted.

The cumulative effect of the sawtooth density perturbations is found
to be important. With only one measurement point, the value of D is
sensitive to experimental errors, in particular to error in the Pgdius
of the critical density, R,. Thus we have at present an estimated
uncertainty of + 30% on D_. This error would be reduced by having a
larger number of data poings (more reflectometer frequencies). A
multichannel reflectometer is planned on JET.

The results obtained are in good agreement with the mean values for Dp
derived from density profile changes during RF heating /5,6/.
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FIGURE CAPTIONS
1 Schematic of JET Reflectometer.

2 Predicted movements of density layers at different radial
positions across a sawtoothing plasma. (rc = Re' Ro)'

3 Dependence of N = (R - Rm)/Tp on sawtocoth period.

4 Comparison of observed and predicted movements of Rc (Pulse 7010,
D = 0.81 m?/s).
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INVESTIGATION OF ELECTRON TEMPERATURE
PROFILE BEHAVIOUR IN JET
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A E Costley, S E Kissel, N Lopes-Cardozo¥*, B van Milligen¥, P E Stott

JET Joint Undertaking, Abingdon Oxon OX14 3EA, UK
*# FOM Institute for Plasmaphysics, Rijnhuizen, Netherlands

1. INTRODUCTION

The characteristics of the electron temperature profile in JET hzve been
examined for a wide variety of plasma conditions. Both ohmically heated
plasmas (2.1 < By < 3.5 Tesla, 1 < ng < 4 x 10 m?, 1< Teo <5 keV, 1<
I_< 5 MA) and those with strong additional heating (RF and Neutral Beam
pgwera up to about 5 MW) have been studied.

The temperature data have been obtained from electron cyclotron emission
measurements. The spatial and temporal resolution of the diagnostic systems
employed permit a detailed study of the profile behaviour to be made.

In this paper, both global information (volume averaged quantities) and
local information (eg. temperature gradlents) are examined to see if they
show any scaling with other plasma parameters, and whether this can be
related to any of the theories of profile consistency [1,2,3]1.

2. THE ELECTRON TEMPERATURE DIAGNOSTICS

All the temperature data presented here have been obtained from measurements
of the second harmonic (extraordinary mode) of the electron cyclotron
emission (ECE). The observation direction is along a major radius on, or
close to, the plasma mid-plane. These measurements provide reliable
temperature information for all plasma conditions of interest here across a
major radius range from just inside the plasma centre to almost the plasma
edge (ie. R = 2.8 to -~ 4.0m). The measuring instruments and techniques used
in the JET ECE diagnostic system have been described in detail elsewhere
[(4]. Two instruments are used in the present study:

1) All the temperature profiles are produced by an absolutely calibrated
Michelson interferometer which measures the whole ECE spectrum about 300
times during each JET discharge. The spatial resolution of the profile
both parallel and perpendicular to the line of sight is about 0.15 m,
and the time taken for each measurement is 15 ms. An important
characteristic of this instrument for the current investigations is that
the temperatures deduced are absolutely calibrated to within +10%, and
the relative systematic error within any profile is about +5%. Despite
this accuracy, the uncertainties in the spectral response of this
instrument are a limiting factor in the present analysis.

2) A 12-channel grating polychromator gives the time dependence of the
temperature at fixed positions in the plasma. Its spatial resclution,
about 0.06 m along the line of sight, and its response time, about 5 us,
are well suited to the present task.
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3. GLOBAL TEMPERATURE BEHAVIOUR

Figure 1 shows the ratio of the peak temperature to the volume average as a
funetion of gg4 for a large number of discharges with ohmic, ICRH and
neutral beam hedting. These data were taken at the end of the current flat
top when the plasma was in a steady state and sawteeth were present.

Although the peak electron temperature depends on a number of plasma
parameters, the shape of the profile appears to be strongly linked to the
safety factor at the edge of the plasma, Qedge* Also shown in figure 1 is
the time development for a typical 4 MA (qed & = 3) pulse. It is only when
the plasma has reached a steady state with tﬁe current fully penetrated
(about 3 seconds into the flat top) that the correlation of Tag/Tay With
9edge is observed. The inductance shows similar correlation with T, /T,,.
The scatter in the TeofTav plot is not due to sawteeth since the data is
averaged over a time longer than the sawtooth period. It is probably related
to the net input power profile (input power minus radiated power), the
temperature profile being much narrower when the total radiated power is 90%
of the input power. Plasmas of this type are shown by the crosses on figure
1. There is also an apparent tendency for the profile to be narrower during
ICRH where the heating profile is very peaked (*), and broader during neutral
peam heating which has a less peaked deposition profile (A).

The radius at which g = 1 (which we equate approximately to the sawtooth
inversion radius measured by the 12 channel grating polychromator) is also
closely correlated with qg,4.. as shown in figure 2. This, of course, is not
surprising since the curreng density profile is determined by the temperature
profile once the electric fields have fully penetrated the discharge. The
confinement inside q = 1 is largely determined by sawtooth activity and the
region of prime interest for confinement lies between q = 1 and q,4,.. The
parameter Teo!Tav may be a fairly coarse measure of the profile shape in this
confinement region and in particular scatter in the experimental data could
mask significant differences in profile shape. We have therefore looked in
more detail at the actual shape of the profiles.

4, LOCAL TEMPERATURE BEHAVIOUR

Figure 3a compares three temperature profiles measured in the steady state of
ohmic plasmas with difference values of qgq,.. Due to the different ohmic
power inputs and densities the peak temperatures for these three discharges
vary considerably. The gradients (VTe = dTe/dR) of these three profiles are
shown in figure 3b: again there are large differences. 1In part ¢) of the
figure, the ratio VTEITe is plotted. These curves show a trend with qedge=
across a wide region outside q = 1, the slope decreases with increasing
%edge” To examine this behaviour, it is convenient to fit a straight line to
these curves (outside q = 1), which implies a Gaussian fit to the profiles.
Figure Y4 shows the slope of the fitted line as a function of Gedge for a
number of ohmic discharges. Although the quality of the fit beccmes poor at
high Qadge (when the profile becomes more triangular) there is a correlation
with Qedge*

With additional heating the picture becomes more complicated. The localised
deposition of ICRH power inside the q = 1 surface produces greatly enhanced
sawteeth, but little change in the electron temperature outside q = 1.
Figure 5 shows an example of a plasma with 5 MW of ICRH (plus 2 MW of ohmic
heating) and 9odge = 4, Even in this case, where the additional heating
gives a slight ?%crease in both the temperature and its gradient outside g =
1, the vTe/Te ratio remains constant.
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With neutral injection, the temperature can increase across the whole
profile. When the injected power is comparable to the ohmic input power, the
VT,/T, shows a change of shape, as shown in figure 6. Since a number of
plaama parameters are being changed simultaneously (eg. density), it is not
clear which is responsible for this effect.

5. CONCLUSIONS

The analyses made so far on the JET data permit some tentative conclusions to
be made. A range of temperatures and temperature gradients are obtained for
different plasma conditions. The profile shape, represented by T /T ay O
the slope of VT, /T o+ also shows considerable variation but appears to be
correlated with qe A Gaussian fit to the profile shape outside g = 1
works well only at fow and moderate values of gg4,.. The changes in profile
shape with additional heating are small, and more detailed analysis is
required to determine their cause., Further work on these points is in

progress.
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ELECTRON DENSITY TRANSPORT IN JET
A Cheetham, J P Christiansen, S Corti, A Gondhalekar, F Hendriks
J Hugill*, P D Morgan, J 0'Rourke and M Watkins

JET Joint Undertaking, Abingdon, Oxon OX14 3EA, UK
* Culham Laboratory, Abingdon, Oxon OX14 3DB, UK

This study is based upon absolute measurements of Hu or Du emission at
various locations, of electron density using a 7-channel FIR interferometer
and of neutral particle effluxes using a NPA. Plasma fuelling with
auxiliary heating is investigated and transport coefficients determined for
a range of plasma parameters.

FUELLING AND FLASMA EDGE BEHAVIOUR

During an OH discharge, the density evolution closely follows that of
the plasma current, [1]. The application of auxiliary heating pulses of
duration a few seconds produces an increase in the electron inventory, ANe.

which scales approximately linearly with the additional power, Fig.1,while
dNe/dt falls throughout the heating pulse. During NBI, asymptotically the
ratio of increase in electron inventory to the number of electrons injected

by the beam, nNe/NNBI' does not vary appreciably with N Fig. 2, and is

,
~ 0.8. In contrast, starting from the same initial cong?gions. admitting
Ng- 2.8 x 102* atoms into the torus by gas puffing produces a relative
increase nNe/NE of ~ 0.4,

During both ICRF and NBI, the global particle confinement time 1
drops during the heating pulse, consistent with the plasma being more
impermeable to the recycled neutrals, due to its higher edge density. For

a series of shots in which only the density is varied, and where the vessel

PE

has been condizioned by a number of discharges, Tpg at current flat top

varies inversely with ﬁe at densities > 1.5 x 10L9m_a, (1). At lower
densities the reverse dependence has been seen. However, for the same
settings of the discharge parameters, the values of Tpg obtained for a
large collection of OH shots over a period of many months show a
significant spread at a given ﬁe' varing by a factor of 2 or mere. Apart
from uncertainties congerning the spatial uniformity of the Hu/Daemission,
the spread in Tpg can be understood in Eerms of a a&ot—to-shot variation in
the neutral influx from the limiters °H' at fixed Ng» depending on the
recent history of the machine, Fig. 3.
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ELECTRON DENSITY TRANSPORT IN JET

Density Profile Constancy is a striking feature of electron density
build-up in JET. Figs. 4(a) and 5(a) show the line integrated density
along seven vertical chords through the plasma. Fig. 4(a) is for a plasma
with ICRF. Fig. 5(a) is for a similar plasma with NBI. Observe that, in

both cases, after the plasma current and aperture become stationary, the
ratios among the seven line integrated electron density signals remain
nearly constant (within less than 5%) as the discharge evolves in time,
indicating that the density profile shape remains nearly constant - see
Figs. U4(b) and 5{b). This indicates that the magnitude of the electron
density transport coefficients adjust themselves as the plasma heating
source, electron source and electron density change, so as to maintain a
nearly constant density profile.

In order to determine the electron density transport coefficients, the
density transients as shown in Fig. 4(a) and Fig. 5(a) have been analyzed.
The continuity equation governs the density evolution:

E(r't)=s(rt)—v-r (r,t)

ot e’ & Bt
The spatial form of the radial electron source function Se(r) is calculated
using the neutral density profile arising from edge neutrals only,
recombination neutrals do not contribute to the electron source. Sg(r) is
then normalized at the edge using the absolute Hy measurement.
Icnization of impurities is also a source of electrons. We have
simplified this by multiplying by a factor (usually 1.6) the electron
source due to ionization of neutrals. Fig. 4(c) shows such a computation.
This gives us a measurement of the radial electron flux.
In NBI discharges the electron source consists of, in addition to
ionization of edge neutrals, ionization of beam neutrals. Fig. 5(c) shows
the electron source function at the start of NBI. This source is strongly
time dependent; as the plasma density increases, the beam-generated
source flattens.

The measured electron flux re(r) is interpreted in terms of a model of
electron transport consisting of diffusive and convective driving
terms, [2]:

ane(r)
Fe(r) = - D(r) =4 ne(r) Vp(r).

D(r) and vp(r) are assumed not to change during auxiliary heating. The
magnitude of the diffusion coefficient D determined above is in agreement
with that determined by analysis of density sawtooth propagation [3].
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The analysis described has been performed for a large number of RF heated

and f few NBI discharges, covering a large parameter range in B¢. I¢ 'Paux

and ng Fig. 6.

CONCLUSIONS

1. ICRF and NBI heating produce increases in the plasma electron inventory,

which are comparable under similar conditions, despite the differences in

fuelling. The increase scales approximately linearly with applied power.

2. Hysteresis behaviour in the variation with ﬁe of the H or D influxes

from the limiters leads to a spread in particlé confinement time. Vacuum

vessel conditions influence recycling and particle confinement.

3. The results of the electron density transport analysis, whilst yeilding

credible results do not provide a detailed insight into the transport

mechanisms. The transport coefficients do not depend in any systematic way

on the externally controllable parameters. It seems plausible that

transiently, the transport coefficients assume a magnitude so as to

prevent the density profile deviating far from a preferred shape. Work is

in progress to expldre if the measured electron flux I'e(r.t) is related to

other driving terms such as the plasma pressure and its gradient.
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HYDROGEN ION TRANSPORT IN TOKAMAK PLASMAS

K.W. Gentle, B. Richards and F. Waelbroeck

The University of Texas, Austin, Texas USA

The response of a system to a slow change near equilibrium is a natural way to
observe transport characteristics. In particular, the response of a tokamak discharge to an
oscillating density source is a sensitive indicator of particle transport.! A strong
modulation of the small continual gas feed required to maintain a plateau tokamak
discharge directly produces a small modulation of the edge density where the neutrals are
ionized. The amplitude and phase of the perturbation as it propagates toward the interior
depends distinctively on the transport coefficients. Experiments have been done on the
TEXT tokamak? (R = 1m, a = .27m) over a broad range of discharge parameters:
1T<B<3T, 100k, <1 <400 kA, and 1Sn<6x 10m3, The external gas feed has
been modulated at freqpucncics from 10 to 40 Hz and the density response observed with a
six-channel FIR interferometer along vertical chords at -16, -8, 0, 8, 16, and 24 cm with
respect to the major radius.

The experiments are analyzed with the standard model of diffusion znd inward
convection. Although simple, it is generally quite satisfactory. The observations can be fit
well with appropriate choices of V and D, and values of best fit are uniquely determined.
The flux and particle conservation equations in this model are

dn

r
rr:'Da? -V;n (1)
dn 1 9 d 1 4
it og)eg 2V in) e @

where P(r,t) is the production rate, averaged poloidally and toroidally. In steady state, Eq.
(2) can be fully integrated to express the density as

n,(1) e SP2d [ s I‘{:Dﬁ) esza'Zazdp 3
r
1 r

Iym = = P(p)pdp (4)
0

with I“o(r) being the radial flux from the sources inside r, and S=aV/D. Since ionization
rates are significant only near the edge, the profile from Eq. (3) is Gaussian in the interior,
with a shape determined only by 8. To facilitate comparison with experiment, the chord
integrals of n(r) are computed as 2 function of radius to provide curves upon which the
experimental points should lie. The adequacy of this fit is illustrated in Fig. 1, which
compares the best fit of Eq. (3) with the experimental points for chord averages. There are
only two free parameters: n(o), set by a multiplier on the production rate, and S; the shape
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of P(r) was fixed by Hy profiles. The equilibrium density profiles can thus be used to
obtain one constraint on D and V by determining a value of S. A value of best fit is
typically determined with an accuracy of £ 20%.

The time-dependent analysis is more difficult. Assuming a separable time
dependence elOL for the pcrturbglion, Eq. (23) can be solved in the source-free interior in
terms of confluent hypergeometric functions:

fi(r) = NoM(iwa/2V, 1, 82/2a%) ¢-SF1202 (5)

The region of ionization at the edge is neither observable with sufficient spatial resolution
to permit analysis nor tractable mathematically. The net effect of the sources is simply to
provide a boundary condition for Eq. (5) at a radius where sources become significant,
r~24 cm here. Although simple“to impose mathematically, this boundary value is not
observable experimentally. A solution for the edge region must be developed to obtain
chord integrals for comparison with experiment. Since the neutrals permeate the ionization
region quickly, a simple but plausible assumption is that the source term retains its
equilibrium form and has a uniform phase independent of radius. A solution to Eq. (2)
may then be constructed from the Green's function and manipulated to a form similar to

Eq. (3) as
= 20,2
2 T(pe Sr< 2a
() = M(e SF128 f ——dp (6)
r M*(p)
= 1 e P(p)
Fe - — Mi(p)pdp 7N
T D

- from which chord integrals can be obtained for comparison with experiment. The
arguments of M are those of Eq. (5). For convenience, the results are normalized to the
central channel as unit amplitude and 0° phase.

Typical comparisons with experiment are shown in Figs. 2 and 3, which show the
chord-integrated amplitude and phase of the oscillations as a function of radius. The points
are observed values, and the solid lines the result from Eq. (6) for the values of V and D
which fit best. The model is certainly adequate in the sense that the curves of best fit are
generally within the experimental errors. The largest error is generally in the amplitude of
the outermost channel, which may be partly explained by sensitivity of this point to plasma
position and may also indicate an oversimplification in the treatment of the edge. Optimal
values of D and V may be obtained from nonlinear fitting routines, but formal error
analysis remains impractical. One useful measure is illustrated in Fig. 2, however, in
which the broken lines represent results from Eq. (6) for somewhat different values of the
transport parameters; the fits are clearly worse.

Although Eq. (6) can be taken to the asymptotic limit of pure diffusion and the fact
that the best fits do not occur in that region implies significant inward convection, the
strength of that inference is illustrated in Fig. 3, where the broken lines represent attempts
to fit the data with purely diffusive transport. The failure is clear. It is often impossible to
produce phase differences as great as those observed. At best, the value of D which best
fits phase implies completely wrong amplitudes, and a reasonable fit to amplitude implies
phases much too small. Inward convection is essential to explain both the equilibrium
profiles and the time response.
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Over the range of discharge conditions, S =2+1. Density groﬁlcs are always peaked
with modest variations in degree. The values of D and V show considerably greater
variation. The results do not fit a simple relation, but some patterns are clear. For a set of
discharges differing only in density, both D and V vary as n—". There are also variations
with current and toroidal field. The best regression fit to the data is that for both D and V
varying as (ng)"!, which is plotted in Fig. 4. The trends as well as the scatter are clear.
These are scalings in terms of the global discharge parameters; there is no evidence to
suggest that they be taken as local scalings.

These results may be compared with various other transport processes. The inward
convection is generally stronger than the neoclassical prediction by more than an order of
magnitude; diffusion is even larger. The values for D and V are generally similar to those
inferred for impurity transport in TEXT,* although the scalings differ. Comparing with
thermal transport,? the scalings are similar with ¥ ~ (2-4)D.

A few discharges in deuterium have also been analyzed. The diffusion coefficient is
systematically lower than in hydrogen, but no other consistent pattern is evident.

Although this simple D and V model characterizes the large-scale particle transport
well in many cases, it is inadequate in some cases. It clearly fails as the density
approaches the density limit,’ above which the discharge disrupts, or if the discharge is
strongly perturbed by being moved hard against the inside or outside limiter. Such
discharges appear to have significantly enhanced values of D and V at the edge, preserving
the value of S for the equilibrium profile, coupled with reduced values in the center, The
core behavior may be consistent with V = 0 or neoclassical pinch.

Work supported by the U.S. Department of Energy.

A.A. Bagdasarov, et al., Nucl. Fusion (Supplement) 1985, 1, 181.

R.V. Bravenec, et al., Plasma Physics and Controlled Fusion 27, 1335 (1985).
K.W. Gentle, et al., Plasma Physics and Controlled Fusion 26, 1407 (1984).
W.K. Leung, "Impurity Transport in TEXT," Ph.D. Thesis, University of Texas,
1985.

R.C. Isler, W.L. Rowan and W.L. Hodge, Phys. Rev. Letters 55, 2413 (1985).

B ke

Figure 1. EQUILIBRIUM PROFILE
I5kG 250kA  2Xl0"®

[~ T T T T T
n .t ]
o%an, ¢ 5:2.8 ]
of ; ; , r . ]
-850 [=] 30
r (cm)
2z -+ T T T
fndt
| i -




247

AFIT
20KG 300KA 2 XI10™
Vor 8m/s Do L4 mi/s

n FIT
2BKG BOOKA 2XI10"

i Il
Inl
(] [
“® G 24 8 3 Z4
rcm) recm
N— S — Veqm/s, D= 1.2 m¥/s
== V-IZ,R/Z —-Z‘IID.IZ --— V* 0O, D=:lBm¥s
% == N=0O, D: Bm¥s
Figure 2. Figure 3.
Viem/s) V SCALING Demyy D SCALING
&
2000 A 20000
(-]
° A5 KG
° ol
(] ’ o ? o . +~ DEUTERIM
1000 B, 5 10000 o X POOR FIT
€ L - € EDGE VALUE
ta A 2 1] -
o - oo
l. Lis
0 o
1] 0 ry 3
Ip/Bely Ip/ Bohg

Figure 4.




248

TRANSPORT IN BEAM-HEATED ASDEX DISCHARGES BELOW AND IN THE VI-
CINITY OF THE BETA LIMIT

O. Gruber, W. Jilge, H.S. Bosch, H. Brocken, A. Eberhagen, G. Fussmann, O. Gehre, J. Gernhardt,
G. v. Gierke, E. Glock, G. Haas, J. Hofmann, G. Janeschits, A. Izvozchikov, F. Karger, M. Keil-
hacker, O. Kliber, M. Kornherr, K. Lackner, M. Lenoci, G. Lisitano, F. Mast, H. M. Mayer, K. Mc-
Cormick, D. Meisel, V. Mertens, E. R. Miller, H. Murmann, H. Niedermeyer, W. Poschenrieder, H. Rapp,
H. Riedler, H. R6hr, J. Roth, F. Ryter, F. Schneider, C. Setzensack, G. Siller, P. Smeulders, F. X, Séldner,
E. Speth, K.-H. Steuer, O. Vollmer., F, Wagner,

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association, :
D-8046 Garching, Fed. Rep. Germany.

1. INTRODUCTION

Radial transport and confinement properties of ochmically and beam-heated ASDEX dis-
charges are studied using the PPPL transport analysis code TRANSP[1] and measured
radial plasma profiles and global parameters. Results are that the anomalous electron
thermal transport is dominating in low-density ohmic as well as “L” beam-heated ASDEX
plasmas. It leads, however, for these regimes to different scaling laws of the global energy
confinement time [2]. At high-density ohmic and “H” mode beam-heated discharges the
neoclassical jon heat conductivity and convective losses (H mode) are comparable to the
electron losses and tend to dominate the energy balance.

The ion heat conduction y; is described by two times the neoclassical value calculated by
C. Chang and F. Hinton in all discharge phases (OH, L, H, H*). Thereby a x; of three times
Xi,neoet fits the central jon temperature measured by the energy spectrum of CX neutrals
whereas a X; = Xi,neoet yields for the calculated T; profiles the measured neutron fluxes.

Experiments show that the electron temperature profile shape in ohmically and beam-
heated “L” discharges is only influenced by the safety factor ¢*(a)[3]. According to this
concept the elctron thermal diffusivity x.(r) depends directly on the electron thermal con-
ductive loss P,on4,. across the magnetic surface with radius r, which is a certain fraction of
the input power. From the definition x. = —(PdeE/ZIR)/(n.T.f:%I;‘) and from the “profile

consistency” argument £ %= ~ —aZ (where +* may be the g = 2 radius, and « is a fune-

r
tion of ¢*(a)) one obtains x.(r) ~ Peonde(r)/(ne(r)Te(r)r?). The definition of a local x. which
depends on local plasma parameters does not seem to be appropriate. In this paper the x.
values deduced from the transport analysis of OH, L and H mode discharges are used to

show which description is applicable.
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2. PROFILE CONSISTENCY IN OHMIC AND BEAM-HEATED “L MODE" PLASMAS

In nearly steady-state ochmic discharges x. can be described by a local parameter dependence
xe(OH) = xoma ~ (Bia/R)/(nd*T.q) [2]. But in ohmically heated pellet discharges only the x.
values averaged over one pellet cycle agree with ycarg, whereas a description in agreement
with “profile consistency” depicts also the time-resolved . measurements and yields an
explanation for the scaling given by xcumc [4]-

L-mode discharges at g*(az) ~ 2.6 have been studied using H> — D*,D° — H* D° — D*
injection with 14.5-40 keV maximum energy /nucleon yielding about the same normalized T.
profiles (Fig. 1a), despite quite different heat deposition profiles (see Fig. 1b), total heating
powers (P, = Py + Py + Pogr = 1.5 <+ 4.1MW) and densities (. = 4.10'?+11.3-10'°m~?). The
electron heating (F. + Pox) exceeds slightly the ion heating (Pi;) and T; 2 T, is obtained.
Accordingly the central confinement times 73 = W, /(P — Wy) are increasing with off-axis
heating deposition, whereas the global confinement times are about the same. The deduced
xe(r) values given in Fig. 1d can well be described by X ~ Peond,c/(neT.r?) for ry—y < r < 0.8a
for individual discharges, and at a fixed radius of r = 2a/3 the relation (x.n.T:) |2a/3~
Piond,c(2a/3) holds for different discharges too. At that radius Peong, = (0.5 + 0.65) P, holds,
showing the dominance of electron thermal transport in the L mode over the entire density

range.

Despite this good agreement a fit of x. depending on the local plasma parameters Iy, n, and
T, has been tried with the limited data base at present available (not only the discharges
described here). Good agreementlfgbtained with a scaling x.(L) ~ r2/(I"5(r)nd2(r) Tu(r) A:),
whered; is the ion mass. This parameter dependence will be tested using a simulation code
to reproduce the measured temperatures. We are aware of the “explosive” nature of the
‘ 1/T. dependence and that the limited parameter set may give a misleading tendency with
inherent correlations of the chosen local parameters.

3. H-MODE CONFINEMENT BELOW AND AT THE BETA LIMIT

Beam-heated ASDEX discharges with D° — Dt show an H mode confinement of

r5(a) = 0.2I[ MA, 8| independent of the heating power for plasmas with § < 0.94. and f. =
0.028/aB;| MA, m, T|. Reaching the f. limit the energy confinement times decrease with
increasing heating power. This confinement factor of 0.2 s/MA is more than a factor of
2 better than reported from D IIl and PDX discharges. At higher plasma currents (I, >
400kA) or lower g* values (< 3) the confinement factor is decreased (r;(a) < €0ms £ 0.151,)
[6]. Together with H° — D* and H° — H* injection results, a scaling 73 (H) = 0.1]4; is
deduced.

At these high conflnement times and therefore high plasma energies (see Fig. 2a) the con-
vection losses (Peons/Ph = ST'k(T. + T;)/T(E), with the particle flux ' and the medium energy
(E) of the injected neutrals) and the ion conduction losses are comparable to the elctron
conduction losses (see Fig. 2b). These are now only between 0.25((I; = 310k4, ¢*(a) = 4)
and 0.4(f, = 410k4,g"(a) = 2.7) of the total heating power over a large part of the plasma
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cross-section. At the higher plasma current the neoclassical ion heat losses are reduced
(xi ~ 1/I*). The ion heuting by the beams exceedsthe electron heating with D° — D* injec-
tion (Py S 3P,.) and the contribution of the beams to the total § value is about 25%. This
fact results in the difference of the 7} values with and without the beam contribution given
in Fig. 2c. The confinement time 7z includes only the conductive and convective losses and
shows the influence of the radiation and CX losses on 5.

For these H-mode discharges no description compatible with “profile consistency” is avail-
abl*t present. But the local parameter dependence of x.(L) given above fits also the x.(H)
values covering now a parameter range of 0.6 S x.(L, H) S 3.7m?/s,200 S I  350kA,2.8-101° 5
ne $11:10"m™3,300 £ T, S 1100eV,1.3 S 4; S 2. The y, for the discharge near the g limit
described in Fig. 2 is above this scaling derived from discharges below the § limit.

4. CONCLUSIONS

In OH and L mode discharges the concept of “profile consistency” is supported by pellet
injection and strongly varied deposition profiles, respectively. In H-mode discharges no
consistent picture has evolved up to now. But also a dependence of x. on local parameters
seems possible in both L and H mode. D° — D" injection provides high confinement times
with a scaling 73 = 0,1/4;[s, MA] for ¢"(a) > 3 and with strong ion heating. At the g limit
confinement degrades with increasing x. compared with x, below the g limit.
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STABLE REGION (OF FEEDBACK CONTROL IN TOKAMAK DEVICE

Z.Shen, S.Zheng, L.Wang

Instituie of Physics, Chinese Academy of Sciences,
Beijing, China

Abstract: An experiment of feedback control has been conducted
in CT-6B tokamak, on which the Ohmic heating and equilibrium
field are controlled. A stable region of feedback control in
the parametric space consisting of four feedback gain factors is
found and compared with the prediction of a linear feedback
theory. 1t is shown that the experimental stable region is less
than that predicted by the theory.

Introduction: Feedback controls of the position of plasma column
or/and other plasma parameters have been implemented on a number
of tokamaks/1-7/. Classical or optimal control models applied
on these control systems were formalized on the basis of a
linearized treatment of the dynamic equations, To examine the
linear control theory, an experiment has been conducted in CT-6B
tokamak on which both the Ohmic heating and vertical field coils
are controlled to maintain the plasma current and the plasma
horizontal position at their desired values. The experimental
results about stable regions are compared with the numerical
results of a theoretical model.

Theoretical model: For reason of simplicity, we make the
following assumptions: 1, The vertical displacement of plasma
column is neglected. 2, The effect of the eddy current induced
in conducting shell or vacuum chamber on the plasma is described
by an equivalent electrical circuit equation, in which only
dipole current component(cosine function distribution) is taken
into account. 3, The iron-core transformer is regarded as a
linear element.

The dynamics of the system can be formulated by using a
equilibrium equation along with the circuit equations which
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include the plasma channel(p), primary winding of transformer(t)
vertical magnetic field coil(v) and conducting shell(s)

-;%—[LPIF-'MptIt -MFUIV—”PSI_‘]=-‘RPIF

-j‘:_—[—”.pg If+ LeIg = Mev I, = Mas I;]=u¢—ﬂg - k, (IP' Ipo)-lra (X-X.)
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—a,‘i— (~Mps o= Mys Ty = Mys T, +Ls T)= = Rs Is

-7 R ot

Fomameio (LbE -1y ep, L)1) - (B s, + ey _2Merr )1, -0
where R = R +X and ki(i=1,2,3,4) are feedback gain factors; the
desired equilibrium values are identified by the subscript "O";
Fx is the resultant force acting on the plasma column. If the
deviations of the state variables from their equilibrium values,
which are denoted by small letters, are much less than the

equilibrium values, the above mentioned equation set can be
linearized as the follows:

Holr, 0% 4 1, (1. 2) 43¢ 4 1, 010484 HotL 0 $F = 8-k ip-kyx
Ho(a032 4 Ho (3.2) 45 4 Ho (20854 Ho(2.00%F = 8, -Roivth iptheX
H.L:.rJ%—ifa- Ho (3,3) %w + H,LJ.JJ%';I-I— H,u,“)g,_ Ry is
H.,H.f)‘,-?q- Ho (42) %i;-“ + Ho 43 H, wwdE =,

where the elements of matrix Ho(i,j) and‘dl.[.a'ﬂg.l\,‘l can be
represented through the equilibrium values of the state
variables., The stability criterion of the system is that the
real part of the solution of the equation

Ho (1 1Dw+k,  Hy(1, 20w Ho (13 w Holtr @)w + K,y

Ho (2.0 W=k Helz,2w+R, Holniiw Ho (3, 40w = ky

He (3, Nw Hp (3. 2)w Ho (3, W+ Ry He(h 4w =°
Heo (&.1) Ho (%.2) Ho(4.3) H,y (4,#)

is less than zero. Therefore a feedback stable condition can be
calculated for a set of plasma parameters and a stable region
can be found in the parametric space consisting of four feedback
gain factors ki'
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Experiment: CT-6B is a small conducting-shellless iron-core
transformer tokamak. The main device and plasma parameters are:
main radius R=45cm; radius of limiter a=12.5cm; toroidal field
Bt=13kG3; skin time of vacuum chamber 1}:0.3ms; plasma current
I _=30kA; electron temperature Te=250ev; electron density n =
(1—2)*1013cm"3. The plasma current and horizontal plasma
displacement are measured by a Rogowskii coil and cosine wound
coils respectively.

The feedback control is carried out by two analog power
supply systems. The feedback control power supply for the
heating field is a capacitor bank, which discharge current can
be adjusted by a current controller consisting of a compensating
regulator in parallel with a linear regulator. The maximum
output current is 0.1-0.2 Ip/N, where N is the turn number of
the primary winding of the transformer. The feedback control
system for the vertical field consists of two group of feedback
coils and a quick responce power supply. The power supply is a
six-phase full wave rectifier, which output current can be
regulated by a high power regulator. The system can generate
20% of needed vertical field for maintaining the plasma
equilibrium. The two feedback systems, having 1ms responce time,
are driven by the signals of plasma current and horizontal plasma
displacement, which output are proportional to the deviations of
the signals from desired equilibrium values taken at a given
moment, Changing the weights of two input signals for the two
feedback systems, the four gain factors can be chosen for the
study of the stable region.

The stable and unstable experimental points are plotted in
k1-k4 and k3—k4 planes respectively as shown in Fig.1 and Fig.2.
The boundarys of the stable regions calculated theoretically
are shown in the same diagrams. It is apparent that the stable
region obtained in the experiment is less than the thecretical
prediction. In the above mentioned formulation, some state
variables are not taken into account, in which the interaction of
the plasma with the limiter and its effect on the change in the
plasma density would be the most important factor, which is hard
to be described by a physical model.
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THE TOKOLOSHE CURRENT-CARRYLNG LIMITER EXPERIMENT

D.E. Roberts, D.P. Coster, J.A.M. de Villiers, J.D. Fletcher,
P.B. Kotze, G. Nothnagel, J.R. O'Mahony and D. Sherwell

Plasma Physics Group
Atomic Energy Corporation of South Africa

INTRODUCT ION

The present program of experiments and related theoretical studies on the
low aspect ratio tokamak, ''Tokoloshe", centres on the perturbation of
2100 kA reference plasmas by the current pulse in a single fully poloidal
coil. Among the effects to be studied are:

(i) Changes in recycling of both fuel and impurity ions caused by
strong radial field components near the coil. We remark that the
perturbing field is never strong enough to give a separatrix of
the toroidal field in the present work (Fig. 2(a)).

(ii) Magnetic island formation, particularly m/n = 1/1 and 2/1.
Islands are induced by a simple poloidal current (Fig. 6) because
of the very low aspect ratio of Tokoloshe.

The influence of (i) and (ii) on both internal and major disruptionms is
of particular interest.

Here we repert preliminary experimental results and calculations for a
perturbing coil within the fully poloidal limiter. (Poloidal Limiter
Coil, PLC). Later, it is intended to install another coil external to
' the vacuum chamber and at a different toroidal location (Poloidal
External Coil, PEC) in order to facilitate separation of effects (i) and
(ii) (see Fig. 1).

EXPERIMENTAL RESULTS

Most experiments to date have been with limiter coil pulses of 210 ms
duration starting at t = 15 ms with Bpyc/Bg = +0.085. Characteristic
field penetration time to the q = 2 surface (r = 17 cm ) and the q = 1
surface (r2 9 cm ) are=2 ms and =15 ms respectively.

With Bch/BQ = 0.085, the signal from a moveable Langmuir probe biased
at =50 V located 40 mm in the toroidal direction from the limiter (Fig.
1) increases by 2 to 4x (Fig. 3) for 0.23 $ r £ 0.25 m (the inside radius
of the limiter and the wall radius are 0.24 m and 0.28 m respectively).
This arises from inward radial displacements of field lines by £0.025 m
in the region of the limiter (Fig. 2(c) - calculations for a filamentary
limiter current). There are little or no changes to the Hy and visible
radiation signals or to the MHD activity, but the OVI 1032A intensity
increases dramatically by up to =100x (Fig. 3).
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For EELC/B¢ = -0.085 the Langmuir probe signal decreases 1in the
vicinity of the limiter (Fig. 4). The Hy signal is found to decrease
slightly but there is little effect on the OVI signal. If the Hy
intensity is below a critical level at the time the limiter coil is
switched on, & major disruption 1is always precipitated. This 1is
apparently a rtesult of the change in edge conditions rather than 2/1
island formation by the Llimiter coil since the observed 2/1 mode
amplitude at coil switch-on time can vary over quite a large range
without influencing the disruption. The latter proceeds in the normal
way i.e. with a slowing down of the 2/1 mode, considerable growth of the
island width which probably leads to 'short-circuiting' to the limiter
(Fig. 5). When the limiter coil is switched on at 30 ms, at which time
sawtoothing is visible as a modulation of the m = 2 mode, the modulation
is clearly suppressed (Fig. 3). This again appears to be due to a change
in edge conditions.

CALCULATIONS

Field line calculations were performed with the PLC field superimposed on
the field approximating an ideal MHD equilibrium for Tokoloshe at
t = 30 ms. For this case (qu{a)= 4.4, q(o) = 0.7) island formation is
seen for Bprc antiparallel to Br and with axial  BpLc/Bg30.01
(Fig. 6(B)). In particular m/n = 1/1 and 2/l modes are excited,
consistent with the results of a Fourier power spectrum of By on the
equilibrium magnetic surfaces. Large scale regions of stochasticity are
seen near the limiter for BPLCIB¢}.0.05.

For Bpyc parallel to Bg much weaker island formation is seen with the
1/1 island now on the inside of a poloidal cut at the limiter (8 = 0)
(Fig. 6(a)). Tae island formation in this case is a result of the strong
outward displacement of the flux surfaces in Tokoloshe.

As a first step in interpretation of the effect of the poloidal current
on existing tearing mode islands, calculations have also been performed
with the limiter coil field (Bpyg/Bg = -0.05, Fig. 6(b)) superimposed
on a quadrupols field (Bguaa/ B¢ = 0.002, Fig. 7(a)) orientated to
produce islands shifted in @ with respect to the limiter coil islands
(Fig. 7(b)). Here we see a distinct shift in @ of the resultant 1/1
island with respect to both the PLC and quadrupole 1/1 islands when these
islands are of comparable size. HNote that the quadrupole field imposed
on a low aspect ratio machine creates an extensive stochastic region near
the edge (Fig. 7(a)).

CONCLUSIONS

Preliminary experimental results have shown the PLC produces marked
changes in edge conditions which can influence MHD behaviour. The
calculations indicate that the formation of large islands can be
expected. These should become more appar=nt after a planned increase of
2x in the amplitude/duration of the PLU, longer plasma current pulses and
the addition of the PEC.
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*
RESONANT HELICAL WINDINGS IN TOKAMAKS

A.S.Fernandes™, M.V.A.P,Heller, I.L.Caldas
Instituto de Fisica - Universidade de Sao Paulo
C.P. 20.516, 01498 - Sao Paulo, SP, Brazil

ABSTRACT: The Chirikov condition has been applied to estimate the helical
winding current threshold for ergodization of the magnetic field lines in
large aspect-ratio tokamaks. Overlapping of magnetic islands created by
external windings and by a helical surface current on a rational magnetic
surface has been considered. Toroidal corrections have been also considered.

We consider a large aspect-ratio tokamak with circular cross-
section, represented by a periodical cylinder with length 2nR, and assume
the tokamak scaling Bz/Be = R/a, where_a if the minor plasma radius.
B, is uniform and = J = jo{l - r'/a )Yz, where jo and y are
constants.

The magnetic surfaces are given by

e

B.VW=0 , $=po+ P1 . 1

We consider ||,|u/|po| << | and the linear superposition of an unperturbed
equilibrium described by yo(r) with a resonant helical perturbation
described by ¥3(r,u), where u=0 - az and a ’T&—' Yp is given by

;
_ [ , r' _ mR
Yo = J dr = (DBZ =T BG) (2)
0
and
o r . m I
W& —b_) cosmu (3)
or
uDJDer n ¥ % m
- 3
Py = 7a ¢ = ) cosmu . (4)
m,n

Eq. (3) corresponds to perturbations created by external currents I flowing
(with opposite directions in adjacent c?ndugtors) in m pairs of helical
windings, equally spaced, with radius b Lyl Eq. (%) corresponds to
spontaneous tearing perturbations due to the resonant helical current sheet

J-= Jo 8(r - rm’n) cosmu (8 cos v + Z sen V), (5)

where cotgv = ar The resonant perturbations create m magnetic islands

around the ratioBal magnetic surface with q(rm n) = m/n.
’
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We suppose that soft disruptions observed in tokamaks are caused
by the superposition of magnetic islands created by different resonant
fields. The helical winding current thresholds for ergodization of the
magnetic field were estimated applying the Chirikov condition

iz i s (6)

|«
m,n m',n m,n m',n

where 4 is the island half-width. The condition (¢) is satisfied for I
greater' than the values plotted in the Figs. (1) and (2) as a function of
q(a). by , was calculated in two different ways: taking into account the
changes in $g and Y3 over the islands width and also neglecting these
changes. All magnitudes were adjusted to fit TBR data’?) (a=8cm, b=11cm,
R=30cm, B, = 0,4T) and the dependence of Jo with q(a)is in agreement withthe
data reported in the Ref. (3).

On a large aspect-ratio tokamak the major effect of the coupling
between helical field and the toroidal curvature is the appearance of
m'= m * 1 magnetic islands on the rational surfaces with q = m'/n. The
toroidal corrections were taken into account by multiplying the constant B
by the factor (1 + —I— cos8)~!. Expanding the differential equations for
the magnetic field lines in terms of the aspect ratio we obtained

->
B.VW% =0 , x=X + X, (7)
where
& v r'\m'-m 'R
%y dr' () (nB, - ——— B,) (8)
0
and
1
¥ m T
X, = ————— cosn'u’ (9
: 27a™ "
for the winding perturbations and
T
oua o
R - ot
xl a 4 m'-m_m-1 sofmt (10)
a T
m,n
for the current sheet perturbations, where u'=6 - 75%? a

x was used in the same manner as the stream function ¢ to calculate the
width of m' magnetic islands at the g=m'/n surfaces. An example of winding
currents required for ergodization, due to toroidal corrections,is plotted
in the Fig. (3) as a function of q(a).
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EFFECTS OF MAJOR RADIUS COMPRESSION IN JET

A Tanga, N Gottardi, A Hubbard, E Lazzaro, P Noll,
E Springmann, A Taroni.

JET Joint Undertaking, Abingdon, Oxon, O0X14 3EA
Introduction

Major radius compression in tokamaks is a tool for achieving high plasma
pressure ',2,%,". 1Its attractiveness depends also on the fact that the
compression can be made "adiabatie" and then the plasma quantities are
expected to change according to simple laws (!).

In JET the application of a fast increase of vertical field has produced a
displacement of the plasma column in major radius with the toroidal field
constant in time., Typically the time necessary to detach the plasma from
the limiter, until it reaches the final state in the contact with the
inner wall, was 0.15 + 0.23 while the global energy confinement time was
0.5 » 0.7s. Parameters of the discharges analysed are presented in table
I. Since the vertical field is not completely decoupled from the plasma,
the increase of the vertical field causes an increase of poloidal flux.
When the plasma is compressed the increase of plasma current is due for
one third to the effect of the compression and for the rest to the
increase of poloidal flux. The situation is illustrated in the figures
1,2,3. Fig 1 shows the flux contour as obtained by the equilibrium code
INDENT B (%) before the radial compression. Fig 2 shows an analogous plot
for the plasma, 0.19s later after the compression. The plasma is in
contact with the inner wall and the cross section is hardly changed. The
expected result in an ideal adiabatic case starting from the configuration
of Fig 1 is shown for comparision in Fig 3. Here the equilibrium
configuration was calculated using the code ESCO (*). The fluxes on the
vacuum vessel are the same as in Fig 2 but the q profile and the toroidal
and poloidal fluxes inside the plasma have been conserved and the
adiabatic constraints (7) have been verified. It is evident that a pure
adiabatic compression would have produced a smaller plasma. Moreover the
increase in plasma current would have been only ~ 110kA against the -~
360kA observed experimentally. The variation of flux as given in the
table is in agreement with the changes in plasma current and variation of
inductances.

Changes in plasma parameters

In terms of other plasma parameters a noticeable increase of the peak and
of the volume average electron temperature has been measured by electron
cyclotron emission and it is shown in Fig 4. It should be noticed that
the increase of the peak and average electron temperatures is more slow
than the compression which takes place between t = 8 and t = 8.2 seconds.
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some enhancement of the sawteeth activity is also present. The time
evolution of the ion temperature, as deduced from neutron emission is
shown in Fig 5. 1In Fig 6 the radial profile of the electron density is
shown as obtained by Abel inversion of the interferometer data, There is
a noticeable peaking of the electron density profile subsequent the radial
compression. It should be also mentioned that n, scales approximately as
c?, C being the initial major radius divided by the [inal one, as it is
expected from the adiabatic sealing. The total radiated powers as
obtained by the integration of the multichord bolometer camera, during the
compression shows only a small variation (in this ecase a reduction),
compared to the global input power. This lact would suggest that the
resistive losses are not substantially enhanced by the radial

compression,

Conclusions:

hccording to the adinbatic laws the temperature should scale with the
compression ratio to the 4/3. Thus one would have expected a 10% increase
in Te and Ti while the experimental values are respectively an increcase
by 20% and 30% shown in Table 1. This is probably due to the appreciable
ohmic contribution as it is shown by the analysis of the magnetic data.
It is obviously difficult to quantify in detail the balance of the power
fluxes in a transient, however the increase of both the ion and electron
central temperature is much faster than the resistive skin time and may
Lhis suggest the presence of an anomalous penetration of the plasma
aurrent which may contribute to the increase of the plasma temperature.
The elctron density scales in agreement with the adiabatic scalings. It
should be stressed that, despite the elative changes in plasma parameters
being small, there seems to be an enhancemsnt in the thermal content of
the discharge which seems to originate both from the flux varlation and
from the radial compression.
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TABLE I
Before Ip b By @
Compression 2.03 8.02 2.92 1
After 2.39 8.19 2.92 1
Compression :

Compression

Adiabatic scalings(!)
T+ €4 =1,09 n+C?=1.15

Experimental values

1} q Li
T6 6.95 54  1.15
.8 T.34 5.6 1.09
ratio C = 1.07

: Ip+C=1.07

T Ti ng
2 = 1,205 2 =1.30 g2 =116
ey . i : eq
Bp = Toroidal field in tesla Ip = plasma curretn (MA)
q = safety factor at plasma boundary
t = time in seconds -
g = poloidal beta
@y = toroidal flux p
1i = internal inductance
y = poloidal flux
T = electron temperature before

Ti1(2) = ion temperature before
(after) the compression

Fig 1

Poloidal flux contour of the plasma
before the compression.

e(2)
(after) the compression

n
en(2)
(after) the compression

= electron density before

Zim) 07

Fig 2

Poloidal flux contour of the
after the compression.

plasma
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ANALYSIS OF CURRENT AND TEMPERATURE PROFILE FORMATION IN JET

D.J. Campbell, J.P. Christiansen, E. Lazzaro, A.W. Morris*, M.F.F. Nave,
F.C. Schueller and P.R. Thomas

JET Joint Undertaking, Abingdon,Oxon, OX14 3EA, UK
*Balliol College, Oxford University

INTRODUCTION - The study of of current formation in a tokamak is

important both at the practical operation level and at the fundamental level
of identifying basic transport mechanisms and regimes. Here an analysis of
observations on the formation of tokamak tempsrature and current profiles in
JET is presented. The time evolution of these profiles has been studied for
a large number of plasma discharges using the equilibrium identifiecation
codes IDENTC and FAST, and the ECE measurements of electron temperature
profiles.

It is found that plasma resistivity is neoclassical during the current
flat-top, from which we deduce that ECE temperature profile measurements are
consistent with current profiles deduced independently from magnetic signals
by the equilibrium codes. The effective resistivity is substantially higher
than neoclassical during the initial stage of the current rise and, as a
result, the current penetration cccurs on a timescale which is much shorter
than the neoclassical skin time. The penetration enhancement depends on the
current and density ramp rates. Furthermore, during this early stage of the
discharge substantial MHD activity is observed. The association between
this activity and Lhe process of current penetration has been investigated
by analysing the path followed by typical discharges in the parameter plane
(q d qa), where g, is the safety factor.

CURRENT PENETRATION BY RESISTIVE DIFFUSION
MAGNETIC ANALYSIS - The toroidal component of Ohm's law can be written
Narr = Ey/d (1)
where ngee includes the resistive effecgs 3f any instabilities which may
ocecur. For steady toroidal fields, this may be written
oY 13

Neer < Mo 3t/ Rampam * gz | ¥
Equation (2) is solved for a time sequence of inverse Grad-Shafranov
equilibria fulfilling Dirichlet boundary conditions plus an optimal fit of
Neumann conditions [1} with current density profiles taken in the functional
class:

(2)

Iy (R =Io[a R/R,(1-p+b(1-9)2 )+ (1-a)R/R(1-y+a(1-y)?) ], (3
where a, b, a are the parameters to be determined. Once the calculation is
validated by checks of compatibility with other diagnostics, the accuracy of
the evaluation of q, is of the order of 20% if the error in the data is 33%.
PLASMA RESISTIVITY - Profiles of plasma resistivity are derived from
local parameters obtained by diagnostic measurements. The principal data
are T (r) from ECE [2], ng(r) from microwave or far-infrared interferometry,
and Z from visible Bremsstrahlung measurements. 'Spitzer' resistivity is
calcu?ated from

Uy = 1.034 x 107* 2 alZgpe) AN A/T iz, (4)
where Te is in eV, and the neoclass{cal reslstlv1ty rom

where g = (1-fT/(T+Ev,))§;[1~CBFTI(T+EV*)]". (6)
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Explicit forms of the coefficients a(zerf), £, CB' the electron trapping
factor fr, and the collisionality v are given in [3]. The principal
sources of error in these calculations arise from the measurement of Te(rJ
(+10%), and Zgpr (the profile is assumed to be flat).

RESULTS - The evolution of the principal parameters of a pulse selected

for analysis is shown in figure 1. Figure 2 shows a comparison of radial
profiles of ngpp (crosses), ng (full line) and n* (dashed line) at several
times during the rise phase and flat top of this discharge. Once the plasma
current has reached its equilibrium value, the profiles of resistivity
derived from magnetic analysis and from temperature measurements are in very
good agreement fk]. However, during the [irst 2s there are significant
differences between the two, and particularly during the first 0.7s, where
Nepr 18 significantly higher than n*. Thus, the current penetration occurs
more rapidly than can be explained by neoclassical resistivity, which leads
to this enhancement in the calculated value of Nepp Over n*¥. This might be
explained by magnetic relaxation, as discussed in the next section.

ROLE OF MHD INSTABILITIES IN CURRENT PENETRATION

TYPE OF INSTABILITIES PREDICTED FOR THE CURRENT RISE - to investigate

the relationship between the observed MHD activity and the processes
affecting current penetration, we have analysed the evolution of typical
discharges in the parameter plane (qo, q,.) {5]. By drawing the boundaries
of various MHD instability regions, obtained from the model of [6], in this
plane, it is possible to interpret the processes accompanying current
penetration. Figure 3 shows a scatter plot of a sample of JET pulses in
this plane. Several time points are included for each pulse. It is
remarkable how few points lie centrally in the 'stable' region.

For clarity we discuss the trajectory of a particular pulse (2214%) which,
as shown in figure Y4, passed through all regions of the plane.
Identification of the times of interest which are labelled in the figure can
be obtained from the plasma current trace in figure 1. Detailed magnetic
equilibrium calculations show that the current profile initially exhibits a
significant skin effect, and that it becomes gradually more peaked as the
trajectory reaches the equilibrium state. It is also found that the
trajectory reaches q,-1 at approximately the same time as sawteeth appear,
and that it remains in this condition during a substantial period of the
current decay. Thus, there is qualitative agreement between the form of the
J (and q) profiles at various times and the region in which the trajectory
lies.

This relationship between the J profiles and the regions of the (qo, qa)
plane is further illustrated the two other cases shown in figure 4, These
trajectories show very distinct patterns of evolution. Pulse 2442 starts in
the q,< q, sector and then remains entirely in the 'kink' sector before
disrupting during the flat top. Its current density profile starts hollow
and peaks 3s after breakdown, the trajectory then being in the 'kink'
region. This is in contrast to pulse 2214 which has a similar slow rise,
but enters the 'kink' region earlier and also becomes fully peakec earlier
(after 2s), terminating within the 'tearing-internal' band. The third
example (shot 20LY4) is rather unusual, but interesting, because it always
has a peaked current profile and, as expected, it crosses only the 'tearing'
region.

CURRENT REDISTRIBUTION BY MAGNETIC RELAXATION - The trajectories
described here show a significant correlation with the spectra of MHD
activity observed. Figure 5 shows the magnetic activity signal fcr pulse
2442 plotted as z function of the safety factor, g,. Investigation over
many pulses during the current rise shows that trajectories lying in the
'double-tearing'/'kink' regions exhibit MHD actvity spectra of this form,
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i.e. with distinet peaks close to rational values of q_., that is Gy = m/n
with n = 1 or, sometimes, n = 2. Evidence for the redistribution of J for
pulses such as 2442 is shown in the plot of %i versus q, (fig.6). This is
further supported by observation of negative spikes in dI/dt. Trajectories
which have crossed into the 'tearing' region have MHD spectra which are
generally less structured with peaks of the signal often uncorrelated to
integral values of qq- The same is true for the evolution of fi.
CONCLUSIONS - The evolution of current and temperature profiles in JET
may be understood in terms of the trajectory of the discharge in the (qo,
q,) plane. It is found that the plasma evolves through regions in this
pfane which are predicted to be MHD unstable. While substantial MHD
activity is observed, which is correlated with rapid current penetration,
the occurrence of MHD instabilities generally has no deleterious effect on
the flat-top performance. As the MHD activity decays, current penetration
approaches the neoclassical value, and becomes neoclassical as the current
plateau value is reached. Generally the plasma current flat-top is reached
with q, ~ 1, and this state is maintained into the decay phase.
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RUNAWAY ELECTRON COMFINEMENT STUDLES LN THE TJ-L TUKAMAK

L. Rodripuez, A.P. Navarro and TJ-I Group

Division de Fusion, JEN, 28040 Madrid, Spain

INTRODUCTION

Runaway electron study is an important topic not only because of their
potential deleterious effects on any device but for the possibility to use
them as a heating method (1) or to stabilize heliacs, as the proposed TJ-IIL
by JEN, in achleving the second stability regime (2).

On the small tokawmak 1J-I (Ro=.3 wm, a=.l m, b=.12 m, B<I1,8 T,
1 <B0KA), runaway electron behaviour has been studied using a collimated
scintillation detector (3 cm ﬂ, INa(TL) ) by measuring the energy
distribution of the photons due to runaway electron bremsstrahlung. The
typical experimental setup was modified so pulses could be temporaly
resolved and wup to four different spectra accumulated during the TJ-1
discharge so runaways could be studled duclng the builld-up, plateau and
rundown of the discharge. The system was calibrated wusing a cs' source
resulting 10 KeV/ch and, previously to the measurements, the angular
distribution of the vadiation was determlned to, optimize the detector
poslition to pet the maximum count rate, obtaining Rrul0 C/s for a midplane
position 20° out of the pecpendlicular.

THEORY

For spectrum dnterpretatlion a wmodel, assuming only the toroidal
component of the electron velocity and Including relativistic effects, has
been developed. Solving, for the tail of the assumed waxwelllan
distribution of therwmal electrons in the plasma, numerically the equation:

d‘meV/dt=-kAne/V3uh}(K+1/ﬁ)+(An;/V3mi)((mLU/me+l)}.V—eE(ﬂ

1
where A=e4nelnﬂ/41E§. }’:(L—v}/ci)'fz »  Ne(i) is the electron (ion) density,
me(iy is the electron (ion) mass, v the toroidal velocity of the electrons
and LE(t) the applied electric field, it is possible to deduce the energy
distribution of the runaway electrons. Figure 1 shows the two extreme
cases: pausslan when the confinement tlme (Tg) is shorter than the thermal
equilibration time (Z@Q and "slide-away" for Zp>>Teq. Because of the photon
energies in IJ-I are always moderate, below 500 KeV, the thin target
approach can be assumed Ffor the rvunaway electron interactions in the
simulation of the hard=X-ray spectra for the above wentioned distributions.
Figure 2 shows the slwulation result for a slide-away distribution. No
clear differences appear f[or the spectrum of a gaussian distribution, only
different slope as it is shown at fipure 3 where the assumed Tp in the
simulation is plotted wvs. the dinverse of the slope of the obtalned
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spectrum. In order to determine the type of distribution the deduced
must be compared with Z’g , that can be estimated from (3):

%
me  Copmges ) (re n;)
JiVz

that for TJ-I plasmas is in the order of 40}45.
EXPERIMENTAL RESULTS

On the TJ-I tokamak runaway confinement time and density (ng) have been
measured for different operational conditions: Ip scan (from 20 to 60 KA)
and By scan (from 0.7 T to 1.5 T). Figure 4 presents the measured photon
spectra for the different times along the discharge in one of these series
(44 KA, 1T). The results from the hard-X-ray spectrum analysis using the
above mentioned model are sumarized in Table I.

B le time interval (msl)
() | (xa) [T2=6 [6-10 |l0-14 [l4-18
1 20 o7 .8 .6 - |Cg (ms),
1.8 3.2 4.0 = | ngx10" en™?)
1 44 -5 .5 6 5 l€a
0.7 5.5 3.9 7.7 |ng
1 58 | L.g*x | .7 6 & |&a
0.2 1.8 3.2 32 |n,
0.7 36 .6 LB ol 6 |Cq
1.1 12 3.0 1.8 | n,
15 44 - - .6 65|
- - 1.8 35 |
ACq= 0.2 xC,, *D%= 0.3 x Gy
QnR=2.an,** Zo= 0.5 % g

TABLE T .

ZR is obtained from the spectrum slope using the dependence shown at
figure 3. ng is deduced from the total measured spectrum area, the
geometrical parameters of the detection set-up and the measured angular
distribution of the radiation.

From these results it follows that Z; is almost constant along the
discharge and its value is similar to Cp, particle confinement time, in
TJ-I and that n, increases along the shot. B scan shows no ¢, dependence
on Br and a systematic decrease of n, when B; increases. Similarly, If‘ scan

shows no Za dependence on IP; only high IP produces better confinement
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during the initial build up of the plasma but, after a systematic
appearance of fluctuations in the total flux of hard-X-rays, as shown in
figure 5, the confinement lowers to the values of smaller IP' n, decreases
when I p increases.

Hard-X-ray fluctuations have been found in almost any discharge. These
fluctuations are accompanied by spikes in the loop voltage and precede the
appearance of MHD activity in the discharge, and they seem to follow
Parail's model (4). In an attempt to characterize them, a camac controlled
digitizing system, with sampling frequency up_ to 500 KHz, was used to store
hard-X-ray and other plasma signals (BB, Ee, % » etc) as shown at figure 5.
From Fourier analysis of these data a dominant frequency around 10 KHz was
obtained for the runaway fluctuation and no clear correlation with the
other magnitudes.

SUMMARY

Runaway electron confinement time in TJ-I seems to be independent of Ip
and By and when, in plasma build up, higher Cé appears it returns to the
normal value following a sudden appearance of hard-X-ray fluctuations.
Runaway density decreases when B oor I Fincreases.
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TURBULENT HEATING OF THE TORTUR TOKAMAK BY FAST CURRENT PULSES

TORTUR TEAM: N.J. Lopes Cardozo, C.J. Barth, B. de Groot, H.A. van der Laan,
H.J. van der Meiden, W. van Toledo, W.A. de Zeeuw, H. de Kluiver.

Association Euratom-FOM,
FOM-Instituut voor Plasmafysica, Rijnhuizen, Nieuwegein, The Netherlands

In the TORTUR tokamak (R = 0.46 m; a = 0.085 m; Bpay = 3.0 T) turbu-
lent heating effects, due to fast (10 ps) toroidal current pulses frem a
high veltage bank superimposed on the plateau current, have been investi-
gated. The additional heating across the column could also be used to
determine the thermal diffusivity y as a function of r.

Evolutions of various plasma parameters are shown in Fig. 1. During
stage I the electrons are rapidly heated, presumably due to ion-acoustic
turbulence invoked by the large current increment. This is due to the dis-
charge of capacitor C, (1 mF; 5000 V) coupled to the 0.25 Vs iron cor‘e
transformer. I= 3x107 A/s; Eggp < 25 V/m. Egop/Egpy > 0.1; (wge/wpe)®
(Egy is the runaway field strength.) Then current-driven ion-acoustic t.ur-
bulence can occur [1,2,3].

A plateau state (II in Fig. 1a) is maintained up to 40 ms. (Bank C, =
0.4 F; 500 v; Ip < 60 kA.) Maximum B-values are near Troyon's limit. Density
and temperature profiles are rather broad. Now the turbulent heating due
to the fast current pulses (III in Fig. 1a and the following) is discussed.
Bank C, (25 pyF, 50 kV) is connected to a copper shell. A thin liner
(0.15 mm) ensures fast field penetration (< 1 us). Pulse parameters are:
Trise = 5 US; Egor £ 1 KV/m; AIp < 60 kA; E/Egy < U0. Then, (probe measure-
ments [4,5]) strong dissipation occurs 1n1\'.ially in a skin-current region,
of about 2 em. Conductivity is strongly reduced typically: o/gg; = 2.Ux107 5
Dissipation is probably due to scattering of unstable electrostatic lon-
cyclotron and ion-acoustic modes, together with the scattering interactions
of tail-accelerated electrons (v » vip) with bulk plasma modes via the
anomalous Doppler effect [6]. On a log-time scale Figs. 2e and 2f show the
tail temperatures and partial densities of non-thermal electrons near the
skin as derived from accurate 90°-Thomson scattering. Increase in T is
found near the axis, together with density increase (An/n = 20%) already
during the pulse. (Retardation < 4 ps.)

Qur explanation is the collapse of the unstable skin-current profile
which leads to current transport to the centre and plasma heating by adia-
batic compression and wave transport [3]. In the following decompression
the temperature and density inecreases are apparently lost, especially near
the edge (At = 10 us). These losses are small (< 30%) compared to the dis-
sipated energy. The bulk is thought to be stored as extra poloidal magnetic
energy of the peaked-up current profile which remains after the implosion
and removal of the current pulse. During this removal, again, a skin re-
gion is formed, even with local current reversal [4]. In Figs. 1d and 2a,
Te and Ty increase again, reaching real thermal maxima in about At = 2 ms,
followed by a characteristic decay time from which 1. = 2 ms is obtained,
comparable with 1. of the stationary fase. Evolution of the plasma kinetic
energy is modelled by
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Wy is the energy of the plasma (f3/2 ngk(Te+Ti)dVp; 1M the relaxation time
of the distorted magnetic profile; AWy the energy dissipation of the high-
voltage pulse; Vp the plasma volume; 3Wp/3t the power losses to the wall
(about 2x bolometer values). Best fit (Fig.3) is for 1y =1 ms and 1 = 2 ms
(is very reasonable in view of AL/AHD, changed self-inductance/changed
plasma resistance).

Fig. 4 shows the density fluctuation spectrum during plateau (stage II),
obtained from scattering of U4-mm waves at r = 65 mm under 90° [7]. Waves
between 20-T00 kHz can be interpreted as unstable electrostatic drift waves
in a tokamak [B8]. Real frequencies are around electron-drift frequency:
w¥/27, Periodle growth and quenching (= 0.6-1.5 kHz) are close to 0.01 w¥,
tHe expected growth rates [8]. Similar modulations are found in Vg, the
ECE-spectra and the in periodic formation of non-thermal tails in F(v ).
Amplitude modulations with comparable periodic times are also found }or
waves of 1-3 MHz and 10-50 MHz (Fig. 5d,f). The first is tentatively con-
nected to magnetic (Alfvén and magnetosonic) waves. On the Thomson spectra
satellites are found near the Alfvén speed. Their amplitudes § show a sim-
ilar time behaviour (Fig. 5e). The highest frequency regions (Fig. 5f)
could be the density-gradient type of current-driven instabilities due to
formation of runaway electron tails near 100 keV (occasionally confirmed
by X-ray and ECE spectra [3]). Because all regions show about the same
period, a coupling is suspected, made plausible by the estimation of about
the same k"-values and growth maxima (ngi = 0.2) for all regions.

The fast - and different - variations of fluctuation spectra, X-rays,
etc., will be discussed now. In the first 5 us of the compression period
after starting the pulse, strong current-driven fluctuations enhance the
spectra first nesr 10-100 MHz, followed by the 1-3 MHz Alfvén wave region
(see also X-ray burst: runaways seem to be lost to the wall, Fig. 6).
While these spectral regions are totally quenched, the drift waves are
strongly growing to a maximum in about 200 ps, and then decline to the
plateau values. This growth cccurs in the relaxation period of the current
profile. During the decrease of the 20-700 kHz waves the non-thermal (run-
away) tails are formed again and the 1-3 MHz and 10-20 MHz regions are
growing in intensity. (See also Thomson-scattering satellites in Fig. Se).

The radial temperature increment due to the turbulent heating pulse,
as obtained from ECE-spectra, and the subseguent decrease in time can be
used to deduce Xg(r). For r £ U0 mm the decay time is independent of r,
only determined by t.. Thus the diffusion equation could be separated into
space and time. Near the axis ygo = 0.6 m®*/s, slowly lncreasing towards the
outside (n (o) = 6x10'® m™?). Carerras-Diamond's model for the resistive
ballooning modes results in Xy " 0.5 m*/sec [9].
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Finite # and Vacuum Field Studies for the Helias Stellarator

P. MERKEL, J. NUHRENBERG, R. ZILLE

Maz-Planck-Institut fir Plasmaphysik
IPP-EURATOM Association
D-8046 Garching bet Minchen

The achievement of magnetohydrodynamically stable stellarators with medium (g) val-
ues (?-» 0.05) at medium aspect ratio A(10 = 4 < 20) is a major challenge to stellarator
research. In continuation of earlier configuration studies 1) a class of £ = 0,1,2,3 stel-

larators is described which is called Helias 2 because it combines features of W VII-AS
and Heliac. It comprises stellarators with A = 12 which are stable to Mercier, resistive
interchange, and ballooning modes at {) = 0.05 as is discussed below. In addition, Helias
vacuum field studies are presented.

The geometry of Helias equilibria is given by their aspect ratio 4, number of periods N,
and 8 parameters which define the shape of the plasma boundary as
R=A+RgycosV + (1 — A1 — AgcosV)cosU + Azpgcos2U
— Ay,-1c08(U — V) + Ag,—1cos(2U — V) + Az g cos(2U —2V)
Z= ZoasinV + (14 Agp — AgcosV)sinU + Az gsin2U
+ Al,—l sin(U - V) + Ag,— sin(ZU — V) - Ag._z si.u(2U — 2V)

Here, R, Z, ¢ (V = ¢N) are cylindrical coordinates; U is the poloidal parametrization.
Thus, Rp; and Zp; define the radial and vertical displacements of the plasma column,
i.e. the £ =1 content, Ag the £ = 0 content, A; g the £ = 2 axisymmetric content, A; _;
the £ = 2 stellarator content (elliptical cross-section turning 180° per field period), Az
the £ = 3 stellarator content (triangular cross-section turning 240° per field period), Az
and Ag _; the indentation.

Figures 1 and 2 show a Helias equilibrium with the above parameters given in the caption.

Fig.1: Flux surface cross-sections at V = 0, I, 7 of a Helias equilibrium obtained with the
BETA code ¥ with N =5, A = 11.5, Rg1 = 0.8, Zo; = 0.4, Ay g =0.1, Ag =
0.07, Az’o = 0.05, At,—l = 0.29, AZ.—! = 0.24, Azi_g = 0.07. (ﬂ) = 0.05. The
pressure profile is characterized by p = po(1 — s).

The equilibrium shown has no net toroidal current (more precisely, J(s) = 0, where J is

the toroidal current and s the flux label), {8} = 0.05 with a parabolic (in radius) pressure

profile so that the peak S-value is 0.1, and a finite-3 well depth of about 0.09. The twist
per period ¢p lies in the range 0.1 < ¢tp < 0.14 so that low-order rational values of the
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Fig.2: Perspective view of the Helias plasma boundary.

twist per period are avoided (only cp = _E% and % are crossed), on the one hand, and the
lowest-order rational values of ¢p % and 1 are avoided as well, 0.5 < 17 < 0.7. The parallel
current density is strongly reduced as compared with an £ = 2 stellarator, as evidenced
by (jlffji) Z 1. The reduction is also significant if compared with W VII-AS, where the

corresponding number is 4. The equilibrium is stable or marginally stable to all local

stability criteria which have been evaluated hitherto. Figure 3 shows the evaluation of

Mercier’s criterion, which appears to be safely stable except for the narrow regions around
1 1

20

0.0 0.2 0.4 u.ﬂ u?

Fig.3: Values of the Mercier (solid line with circles) and the resistive interchange (bro-
ken line with circles) criteria as functions of 4/s, which represents the normalized
average flux surface radius. The ordinate is taken as the exponent (shifted by
%) occurring in the asymptotic theory of local ballooning modes; negative values
represent imaginary exponents. The solid line without circles shows the Mercier
criterion with the § and } resonance included. The BETA run evaluated here has

NS, NU, NV = 30, 48, 36; extrapolation to zero mesh size just slightly lowers the
curves.

Vi
1.0

The righthand side shows three pressure profiles as functions of \/s. py is the profile
used for the results shown in the lefthand part; ps is the profile corresponding to
marginal resistive interchange stability excluding resonance effects; p3 is the profile
including the ¢p = %, % resonances.

These formal violations of stability criteria involving the parallel current density are really
manifestations of the existence problem of 3D equilibria and can be eliminated by small
regions of flattened pressure profile. Helias configurations with smaller shear avoiding
these resonances could also be realized if more refined MHD theory showed this to be

of advantage. With the value of Mercier’s criterion at s = -;- as a reference value, it
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is concluded that a substantial improvement in stability is obtained in comparison with
Heliac results ¥) (in the normalization used in ¥) the Helias and the Heliac values are 0.03
and -0.03, respectively). Also shown in Fig.3 is the resistive interchange criterion, which,
of course, is more stringent but still approximately marginal in this configuration.

The resistive interchange criterion is, for the case of vanishing net longitudinal current,
identical with the applicability condition of a sufficient stability criterion %) and with the
stability condition for peeling modes 5], which adds significance to its use for selecting
viable finite-f stellarators. Moreover, it has been shown 7) that island growth (as a func-
tion of A) is connected with resistive instability. Thus, the occurrence of the resonances

may be presumed to be harmless under these circumstances. As illustrative information
three different pressure profiles are shown in Fig.3.

The profile p; is the one actually used in the equilibrium computation. The second
profile is obtained from marginal resistive interchange stability in the following way:

2 b
excluding resonance effects, we calculate py = [ds'(V"/ (32, rea/P2|Vs|?)). Thus, pa
1

is too optimistic (pessimistic) for an unstable (stable) value of the resistive interchange
criterion, because the decrease (increase) of the well depth is not taken into account in the
above formula. Closeness of p; and p; indicates a marginal situation more clearly than
the actual values of the criteria. The third profile p3 is obtained by taking into account

& -, —
resonant effects in j and defining ps = [ ds'(py{(32onres/ |V 3|2}/ (52,/|V5]%). In the present

1

context of evaluating stability this regularization of the parallel current density is more
natural than Boozer’s method based on the classical diffusion argument ®/. Both ways are
of course closely related and lead to the same analytical behaviour of the pressure profile
near the resonances. Narrowness of the flattened regions and, correspondingly, closeness
of the profiles (and §-values) alleviates the doubts connected with the 3D nature of the
equilibrium. The above arguments also rely on the dependence of ¢ on B. Figure 4 shows
the () = 0, 0.05 twist curves. Finite § has little effect on ¢ in contrast to the situation
in ATF and W VII-AS.

20
1.0
0.0. VS-‘ ‘
070 oS o
%75 5 T 5 Z0

Fig.4: The total twist values ¢t as functions of /s for the (#) = 0 and (#) = 0.05 cases.

The righthand side shows the solution F of the one-dimensional ballooning equation
for the equilibrium of Fig.1 evaluated at 1p = ‘;‘—,. The variable ¢ is the contracted
toroidal variable which varies between 0 and 1 as the field line closes on itself,
which corresponds to 35 field periods of the equilibrium. The field line starting at
U =V =0 is considered. A zero of F would indicate ballooning instability.
Figure 4 (righthand side) shows the evidence for ballooning stability. Here, we evaluate
the one-dimensional ballooning equation ®) at 7 = £, i.e. we consider a localized m =
7,n = 4 mode (which should not be influenced by resonance effects within one period)
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on the full torus. The potentially dangerous oscillatory curvature terms (apart from the
favourable average magnetic well) manifest themselves in the minimum of the ballooning
solution but are apparently not strong enough to drive a ballooning instability. This
result is in accordance with our previous result % that ballooning instability occurs in
stellarators only if the Mercier criterion is violated.

The choice of the parameters of the particular Helias configuration presented in Fig.1 may
be characterized as follows: A decrease of any of the 9 parameters A, Ro,1, 20,1, A1,0,
Ao, Az, Ay—1, Ag—1, Az 3 decreases the Mercier and resistive interchange stability.
Thus, while one may want to decrease all of these parameters, e.g. for easier realization,
this imposes a penalty on the stability properties. Apparently, the nature of stellarator
optimization is such that the optimum occurs at the boundary of the optimization domain,
this boundary being given by side conditions, e.g. minimum acceptable f-value, maximum
acceptable aspect ratio, maximum acceptable geometrical distortion.

Since finite- 3D codes do not yet provide a reliable insight into the quality of mag-
netic surfaces, vacuum field calculations for Helias were performed with NESTOR 10),
Tigure 5 shows the Poincaré plots of three Helias vacuum fields; despite the strong three-
dimensionality of the configuration the quality of the surfaces appears to be very good
and the radial extent of the detectable islands small if the occurence of the lowest or-
der resonances (e.g. 3) in the outer region of the confinement domain is avoided. In

particular, a strong decrease of island size is observed for ¢, < }.

Fig.5: Poincaré plots of Helias vacuum fields with the surface parameters as given in
Fig.1, except A; -1 = 0.27,0.32,0.39.
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Introduction

The plasma behaviour at the W7/A stellarator (1=2, m=5; almost shearless
At /x £ 0.01) has been shown strongly dependent on the magnetic twist
number X = 1/q. So far "resonances"” with a deterioration of the confinement
are identified at rational twist numbers of ¥ = m/n; e.g. 1/2, 1/3, 2/3.
For rational twist numbers at the plasma edge strong losses have been
found. Island formation and convective losses may be responsible for these
perturbations, especially with strong influence at low temperature edge
conditions. Shear hence modifies the position and extension of such
islands. Shear can be introduced by internal effects: An inhomogeneous
current density distribution of the remaining current Jp and the plasma
pressure distribution vary the twist number profile.

The influence of shear on the confinement has been demonstrated for
"currentless"” discharges maintained by ECF 70 GHz (200 kW, 0.1 s pulse
duration) and by NI at higher 8 /1, 2/.

A detailed analysis seems rather difficult, since no direct measurements
of the X profiles are available. Some indications from temporally and
spatially resolved measurements of ECE temperatures and soft ¥ radiation
for varied Xx profiles seem in agreement with the picture of perturbation
by quasistationary islands. Optimum confinement has been found for values
of the twist numbers close to but not at £ = m/nj e.g. 1/3, 1/2, 2/3. In
these regions the low order m/n resonances are less dense. Numerical
studies of the magnetic configurations perturbed by error fields confirm,
that even the vacuum magnetic surfaces of these X values are rather
insensitive to perturbations. By control of the edge value far from main
resonances the confinement can be optimized: Either the remaining plasma
current or the current of the helical windings has to be programmed.

Torsatron operation of W7A

The W7a stellarator with 2 sets of helical windings allows to produce
vacuum configurations with variable shear. By unbalanced currents§Jyx # 0
to the helical windings positive or negative shear up to AX/x < .2 can be
realized. The otherwise almost shearless W7A stellarator field can be
modified by the superposition of a 1=4 Torsatron field determined byx.JHx,
Fig. 1. Depending on the sign of{JHx the central values of 4, can be
larger or smaller than the edge value. Keeping SJHx constant % —-scans can
be carried out. Proportional toé:ﬁm the toroidal and vertical field
components of the helical system have to be compensated.
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Mode of operation
For various magnetic configurations the confinement has been

investigated. Due to technical constraints arising from the interaction
forces between the various coil currents the experiments are restricted to
a main field B, = 1.25 T. To avoid loop voltages the plasma is generated
and heated at steady magnetic field by the application of rf at 70 GHz. For
the second harmonic heating the power absorbed by the plasma is roughly
Piya~ 120 - 150 kW. During the discharge with At £ 100 ms the plasma
density increases by gas puffing for optimum confinement close to the
cutoff density ngo £ 3-1013 cm™3 /3/. Shot by shot the central value of X,
is controlled by variation of the Jpy*

Vacuum shear &%/x = + .1

Starting at low density, low B and low current Ip Fig. 2 summarizes the
energy content W depending on the central twist number %, for various At/r.
The minima correspond to the location of X = 1/2 at the edge. The small
plasma current Jp contributes to the edge value with x 5, = .032 Jp
(Jp kA). The current increases almost linearly during the discharge to
Jr, £+ 1 kA. In Fig. 3 the energy content W is plotted in a similar way
wgth Ay/x = .1 for £, at different time delay A t. With increasing Jp the
edge value 1/2 is reached at lower ¥, values. Consequently also the
perturbation according to t = 1/2 is reached at lower ty values. In
addition to the edge effect also the perturbation according to
Xo(0) = 1/2 is indicated. For edge value ¥ = 1/2 the reduction of W is
caused by smaller densities. Apparently the perturbation is localized at
the edge, thus an increase of the external gas flux can counteract: Fig. 4
shows, that the dependence of W on the density is almost at the optimum. In
Fig. 5 the case Ax/x = -.1 is given for comparison. The plasma current J
reduces now the vacuum shear Al/x. At higher densities the discharge
becomes unstable and shows periodically a rapid decreasc of the energy
content, as indicated by the shadowed regions. Similar to the case, where
the negative shear has been produced by induced currents, in Fig. 4 for
higher densities and B values the confinement becomes worse. The
persistence of the perturbations forX, = 1/2 at the centre for Figs. 3 and
5 indicates, that the current distributions must be hollow. Such current
density distributions are expected for the bootstrap current peaked at the
pressure gradients dp/dr.

Conclusion

For the described experiment the central pressure is limited to
B(0) & .5 %. So far plasma driven instabilities seem not indicated.
Concerning the variation of the confinement only modifications of the
equilibrium by the plasma pressure are important. Resonances at the edge
and in the entire plasma lead to perturbations and have to be avoided for
optimum confinement: Thus shear has to be restricted. Comparing the
confinement properties of W7A close at X = 1/2 for various shear the
positive shear with AXx /x ~ .1 is favourable. A hollow current density
profile may indicated as predicted for the bootstrap current. Consequently
the unstable conditions at&, = 1/2 for negative shear may be explained by
a reduction of the shear depending on Jp. With higher B an increasing net
current and the secondary currents influence the X profile /4/. Due to the
link of pressure profiles, transport and ¥ profiles a control of optimum
confinement will be difficult. But nevertheless by shaping X of the vacuum
configuration some corrections are possible and for the advanced
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stellarator a further decrease of the parallel component of the secondary
currents, pressure effects may be reducible.
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A TRANSPORT MODEL OF ECR-HEATED PLASMAS IN WVII-A
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Introduction

Currentless plasmas produced by ECRH have been extensively investigated in the
WVII-A stellarator /1/ and the Heliotron E device /2/. Electron temperatures of up to
2.5keV could be reached, the electrons being in the long-mean-free-path regime. lons
stay at a much lower temperature because they are heated only by the electrons. Since
ions and electrons are largely decoupled in ECRH discharges and ion thermal losses are
small compared with electron losses. these discharges are appropriate for studying the
electron power balance. Furthermore. the radiation losses in ECRH discharges are not as
dominant as they are in NBl-heated discharges. In contrast to ohmically heated dischar-
ges, plasmas with ECR heating do not show tearing modes and sawtooth oscillations.
We therefore expect the electron thermal conductivity to be determined by Coulomb
collision processes or high-frequency turbulence only. Unfortunately the electron power
deposition is only vaguely known in ECRH discharges. Either one has to rely upon the
results of a ray-tracing code with a classical absorption mechanism or 1o extrapolate
the radial power deposition from the measurements of the non-absorbted power at the
wall opposite the antenna. Such measurements were made in WVII-A | so that a rough
picture of the radial power deposition is available.

The Transport Model

In the following paper. the analysis of the electron power balance is done with measu-
red data from WVI1I-A. The measurements were taken at a magnetic field of 17" and
2.5T. With the power of one gyratron, the parameter regime could be extended to
T. < 2.5keV and a maximum density of 5.4 x 10’ ¢rn~*, Radiation losses are measured
by bolometers and are taken into account in the power balance. The TEMPL transport
code solves a coupled system of second-order differential equations for the ion and elec-
tron temperatures with the density profile taken from the experiment. A steady-state
solution is obtained with given boundary values for density and temperatures. The inde-
pendent variable iz the effective plasma radius r, corrections due to the elliptical shape
of the magnetic surfaces being neglected. The system of equations is

1 0 aT,
o s s e . s P
S B Ak Qelr) —Pran— P (1)
18 AT
rar X gy = P @

In these equations y, and y; are the coeflicients of thermal conductivity. In our
model neoclassical transport coefficients as given by Shaing et al. are used /3/. These
coefficients are the sum of neoclassical losses x. gy (Hazeltine - Hinton) and ripple losses
and they provide a smooth transition from the Pfirsch-Schliiter regime to the plateau
and the long-mean-free-path regime.
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In fig. 1 the neoclassical electron thermal conductivity with different temperatures is
shown as a function of collisionality.

5 i i e s s s 5
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Fig. 1: Neoclassical electron thermal conductivity, r = 5em, £t = 0.1
The anomalous electron thermal conductivity as found in ohmically heated plasmas
in W VII-A is added 10 the neoclassical terms. The hypothesis is made hat the same
anomaly is also present in net current [ree plasmas. As discussed by Gruber /4/, the coel-
ficient in front of x, may depend on the magnetic field and aspect ratio of the ohmically
heated plasma. This relation is suggested by comparing several tokamak experiments:

]
e.rm = const B, f uT 7 (3)

In W VII-A the anomaly coeflicient €'y, is €y = const Bya/R = 3 x 10'8 at B, =37T.

Q.(r) is the power deposited into the electrons, in principle it has to be calculated
self-consistently as a function of the plasma parameters. In the present model, however,
the deposition profile ¢, (r) is described in the following form

Qe(r) = Qc(0) (1 — r*)* (4)

where 3, is a profile parameter which allows one to describe either a centrally peaked
profile (large d,) or broader profiles (small 3.). The central value of the heating power is
calculated from the measured total heating power, which ranges between 50 and 140 kW,
P,, is the power delivered from the electrons to the ions and Pgqq is the radiated pcwer.
The radiation power is modelled according 1o the experimental data.

Results and Conclusions. The results of the simulations show that plasma Iosses
can be described by a combination of neoclassical transport and anomalous transport
where the anomalous thermal conductivity is the same as found in ohmically heated
discharges of W VI1I-A. Owing to the (n7'*/*)~1 _dependence of xqn this transport
mechanism clearly dominates the outer regions of the plasma column, where temperature
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and density are small. With neoclassical transport coeflicients the calculated clectron
temperature profiles show a parabolic shape. the tiore bell-shaped experimental profiles
only being reproducible if the anomalous transport coefficient is included. In the central
region neoclassical effects play the dominant role. especially il the collisionality is low
and electrons approach the long-mean-free-path regime. where ripple losses begin to
dominate. In fig. 2a temperature profile taken at - 17 is shown together with the
calculated profile. The transport coefficients shown in fig. 3 indicate the dominating role
of the ripple losses ‘n the inner regime of the plasima colurun, Tl neoclassical transport
coefficients also become large at small values of the rotational transform. Sinee y, pgpy
is proportional to 1/e, it dominates over the other terms at small jota. The analysis of
a discharge with B = 2.5T and ¢ = 0.1 (fig. 4) shows that in the central region of the
plasma the coefficient y. gy is the dominating one. In discharges with temperatures
below 1.5keV and high density (n(0) = 2 — 4 « 10" em ¥} the anomalous thermal
conductivity is the dominating term all over the plasma radius.

By comparing discharges at B = 17 and B = 2.5T it is possible to draw conclusions
about the dependence of the magnetic ficld. Reducing the field from 2.5T to 1T con-
ciderably enhances the neoclassical losses, whereas the anomaly factor C,, either stays
constant or is even reduced following the formula (3). In all discharges a1 B = 25T
the anomaly factor Cyy = 2.5 » 10'" gave a rather good fil to the experimental profiles.
Simulation of discharges taken at B = 1T with the same anomaly lactor gives poor
agreement with the experimental findings, the temperatures vielded by the calenlations
being too low. In order to reproduce profiles at B - 17. €', has to he chosen smaller
than 2.5 » 10'". Tle best fit of discharges = 42222- .. was obtained with €, - 1 10'®
which, supports the linear dependence of €, on the magnetic field.

If instead of the anomalous thermal conductivity as given by the WVILA formula
an Intor-like dependence with y, ., proportional to 1,7 is used it is difficclt 10 obtain
a good fit to the experimental profiles. By a proper choice of the factor it is easy to
reproduce the central value of the electron temperature. but the profile fit is poor in the
outer plasma region.

Although all conclusions on the transport mechanisms have to he considered with care
and caution there is no doubt that the anomalous thermal conduction plays a large role
in ECR-heated plasmas, especially in the boundary region. The exact scaling laws are
nol yet known. since power deposition is not known accurately enough and parameter
dependences have not yet been investigated as has been done in OH discharges. Since in
the central region neoclassical effects and anomaly effects are comparable, distinguishing
between the two and derivation of scaling laws are particularly difficult. Another problem
for analysing the transport mechanisms is the scatier of the experimental data due to
the reproducibility of the discharges as can be seen from the ligures. This makes it
difficult to decide which theoretical profile is the Lest fit. The error bars coming from the
reproducibility of the discharges also introduces error bars on conclusions about transport
mechanisms. In spite of these objections, there have been not yet any contradictions to
the hypothesis that x, ., is the same as in ohmically heated discharges. A consequence of
this result would be that x. .n is not caused by the ohmic heating current and therefore
could appear in any net current-free stellarator. If the favourable temperature scaling of
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Xe,an Persists, however, this loss mechanism would be negligible under reactor conditions.
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HELIAC-TORSATRON TRANSITION IN A 8-PERLOD HELLCOH

J. Guasp and J.A. Fabregas

Junta de Energia Nuclear (JEN). Madrid, Spain.

As it has been described elsewhere [1,2} the Helicon device 1s a
helical axis configuration of "Heliac" type who emerged as a lateral result
during the TJ-II configuration search phase [3.@ . 1t consists of an 1l=1
external helical coil that creates the toroidal magnetlc [leld and at the
same time produces the magnetic axis helicity. This coll s wrapped around
the central structure (the hard core) formed by two more colls: a clreular
one, placed at the helix centre, and another L=l interual helleal coll with
the same period than the outer onme but shifted half a perfod. In thls way
the Helicon differs from TJ-II only in the replacement of the 32 TF colls
by a single helical coil, minimizing the total number ol colls. From
another point of wview it can be considered also as an |~ Lorsatron wlth
two "Pusher" coils placed at the device center.

In a former study [1,2] the 4,8 and 12 perlod cases were explored
finding good magnetic surfaces of "heliac" type [for the 4 and B perlod
devices and of "torsatron" type for 8 and 12 perimls, In addltion
flexibility properties were shown also, as well as the very hiph resultant
4+ values and the difficulty to obtain confipurations with magnetic well,
except for the B-period case that in consequence was considered as the wost
promising case.

In consequence we have continued the study ol the configuration
properties for this 8-period case stressing this time the pussibility to

pass, almost continuously, from configurations with "heliac'" surfaces to
that of the "torsatron" ctype by changing only the current sctting of the
different coils. "Heliac-kind"  surfaces correspond tu  magnetle

configurations that wrap around the hard core leaving it inside the hellx
described by the magnetic axis (Fig.l and 2). tn the other hand
"Torsatron-like" surfaces do not encircle the hard core but instead leave
it outside the helical path of the magnetic axis (Fipgs. 3 and 4). Both
kind of surfaces can be [ound in the 8-perlod Hellcon.

Schematic upper views of the 8-period Helicon are shown in Flgs. | and
3, the dimensions have been scaled-up to the final size of TJ-11, for the
radius of the outer 1l=1 helical coil and 6.4 cm for the radius of the luner
one. To produce an average magnetic field of | T a YJ8 KA current is
needed in the outer coil. Two supplementary circular vertical (feld colls,
2.25 m of radius, placed at* 0.56 m high, allow to shift the magnetic axls
position.

With these global parameters we have done extensive scans allowlng
variations of the circular and helical coil currents (lce and Lhe) as well
as modifications of the magnetic axis position (Rax) controlled by the VF
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coil) current (IvE).

The -scans show the existence of three non overlapping reglons, they are
shown in the diagram of Fig.5 plotting the values for the hard core current
(It=lcc+lhe) and arbitrary hard core current ratio (lhe/lt). The first
reglon (Rax . 1.85 m, It 3 500 KA) corresponds to "Hellac" surfaces, the
second one (Rax » 1.74 m, It £ 700 KA) to "torsatron" surfaces. Separating
both regions there is a "forbidden" zone where no magnetic surfaces exist.
As it can be seen from the plot simultaneous changes in both VF coil and
hard core currents allow the crossing of the forbidden region and in some
cases the jump is possible even maintaining one of the constant parameters
(for ex. vertical line It = 600 KA in Fig. 5).

The best heliac surfaces are found around It ~ 675 KA and Rax ~ 1.74 m.
Figs. 1 and 2 represent the case Icc = 641 KA, Ihc = 34 KA and IvE = =159
KA (Rax = 1.74 m), average plasma radius is more than 16 cm and there is a
slight magnetic well (2%). Toroidal disymmetry is rather large (>7 cm) and
very visible. High rotational transforms at axis are reached for these
configurations ranging from 2.2 up to almost 6 (4.10 in the case of Fig. 2)
and, as it was shown 4in [1,2], the £ values depend strongly on the hard
core current distribution (Ihc/It ratio), nevertheless average radius
shrinks quickly leaving only a narrow window of useful lhe/lt values [or
each It and Rax couple.

On the other hand the "torsatron" surfaces are obtalned for larger Rax
values that correspond, mainly, to VF colil currents of the same direction
than It. The best configurations are obtained around It~250 KA and
Rax~2.l4 m, Figs. 3 and & show the case Icc=325 KA, ILhc=-=75 KA, IvE=+54 KA
(Rax=2.14 m) (note that Ivf has now the same direction as It). For the
shown case average plasma radius is more than 18 cm, helical excursion
surpasses 32 cm and small magnetic wells may appear in some cases.
Nevertheless flexibility is now almost lost: very slight variations are
observed in all magnitudes when the current ratio (Ihc/It) is changed.

In addition an extremely high magnetic ripple at axls is observed in
these cases (78% .for the Fig. & case compared with 257 [or Fig.2)
originated by the so external situation of the magnetic surfaces. This high
ripple value should have adverse consequences on equilibrium and transport
properties for torsatron-kind configurations.
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EVALUATION OF CONFINEMENT TIMES FOR THE FLEXIBLE HELIAC TJ-I1

J. Guasp

Junta de Energis Nuclear (JEN) Madrid, Spain.

The TJ-II 41s a helical axis stellarator of Heliac type, endowed with a

very high flexibility, to be built at JEN [1], (Fig.l). In order to have

some estimations for the expected plasma parameters in the device,
preliminary evaluations of confinement times have been done uslng a simple
model. Such evaluations complement deeper transport studies that are now
under development [2].

We have used a simple analytical model for the magnetic field intensity
near the magnetic axis: that of a straight Heliac (3],(4), taking in
account only the first helical harmonic and with first order toroidal
corrections added. The resulting coefficients are adjusted to fit the
magnetic axis position and the ripple dependence with TF coil current
modulation for the TJ-II configuration.

As transport model we have chosen the expresions for particle and heat
fluxes pgiven for Stellarators by Kovrizhnykh [5], [6] that allow the
possibility to dinclude selfcunsistent radial ambipolar electric field
effects, the selfconsistent electric field value can be obtained by
cancelation of the total particle flux. Finally we assume parabolic radial
profiles for density and temperatures.

The results of the model for the different heating scenarios planned
for the TJ-II are the followlng:

a) For 400 KW of ECRH, a central density of leolJ g il Te/Ti=3.33
the global energy confinement time Tg decreases steadily with the central
value of Te (Fig.2) giving 4 ms at 700 eV. Below 400 eV Tg, remains higher
than Tgy but at 700 eV Tgy surpasses Tge in 20%Z.

The influence of the electric field dis very high, indeed a change of
e$/Te from 0. to +l. produces an increase ofTg by factor 2.l at 700 eV.
When selfconsistent E-field is used (Fig.2) its value goes from ed/Te=-0.59
at 100 eV up to =-0.10 at 700 eV. The three usual roots: ionic, electronic
and unstable [6], |7] appear at 670 eV. The electronic root gives a higher
Tgvalue (~10 ms) but remains unaccesible below 1.9 KeV.

The dependence with density for the same Te/Ti ratio is shown at Fig.3,
Tg increases with density for Te lower than~ 2 KeV reversing its behaviour
at higher temperatures when the electronic root is reached.

The quoted results corresponds to absence of toroidal current
modulation, that is with a value for the magnetic ripple at axis of 10Z,
when a 157 factor in modulation is wused ripple decreases to 1Z and our
model predicts a clear increase of Te. Nevertheless this effect has lesser




influence than the E-Field, this fact 1s 1illusteated at Fip.3 where
relative losses, evaluated from the particle confinement tlme for lons at
ne(U)=3x10 I3 =3 1e(0)=700 eV and Te/Ti=3,33, are represented versus the
E-potential for three modulation Ffactors. In additlon this wmodulation
dependence seems to be much weaker when more complicated models, now on
development, are used.

b) For 1 MW NB injection at ne(0)=3x1013 em™3 and Te/Ti=0.48 & similar
behaviour appears, at Te=700 eV Tg amounts to 9.0 ms.

We have calculated also the equilibrium temperatures at several heatlng
powers and densities using a global simplified code (zero-dimensional,
static, frozen radial profiles including Bremmstrahlung losses and electron
energy transfer) leading to the fullq%ing Egsults:

a) For 400 kW ECRH, ne(D)=2x10 cm and no modulatlon, we obtaln
Te(0)=700 eV, Ti(0)=190 eV, Tg =4.3 ms, PU'O.'?ZZ the sellcunslstent
E=potencial ed/Te 1s about -0.10.

These results are compatible with direct extrapolatlions [rom
experimental data published for other Stellarators [8].

b) For |_MW NB dinjection, B80Z efflciency, noe modulatlion and
ne(0)=3xI10 em 7, we obtain:

Te(0)=700 eV, Ti(0)=1470 eV, T; =9.0 ms, p°=2.61

In addition for every MW of MNB absorbed, the increase in i, is about
2%, so that the apparent equilibrium limit of the device, that seems to be
about P:9Z should be attained around 5 MW.

Direct scalinpg-up to the configuration predicts that Lawson criterlon
should be fulfilled for a major radius device of 12 m and a 6 T magnetic
Eleld,

Calculations for microwave penetration have shown that the most
favourable poslition 4s found at a toroidal angle of 16° injected from
be low. For 28 Gz and 1T (lst ilarmunl_r.') the X-cutull does not lrlhcrf(:rt'
with the resonance at average line densities lower than [.IxI0 em”
(Fig.5), the same situation ap%ears at 53.2 Gz (2nd. harmonic) for averape
densities lower than 1.6x10!3cm=3 (Fig.6). Higher densitles bring the
cutoff ahead the resonance and can impair the penetratlon at plasma centre.
This means that for higher densities supplementary heating will be needed.

N penetration has been studied also, extremely favourable tangential
directions have been found (Fig.l) giving 1 tocai path inslde the plasma of
2.3 m_and_a value for J ne.d1=669x1013 en™% at an average density of
2x1013 en=3, this means that an absorption efficlency higher than 807 could
be attained widely (a wvalue of about 250 is required for 27 KeV beams).
Finally the effective beam width is about 10 cm.
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OPTIMIZATION OF RF PLASMA HEATING IN URAGAN 3 TORSATRON

N.I. Nazarov, V.V. Plyusnin, T.Yu. Ranyuk, V.T. Tolok,
Q.M. Shvets, V.V. Bakaev, B,V. Kravchin, Yu.K. Mironov,
0.5. Pavlichenko and A.S. Slawyj

Kharkov Institute of Physics and Technology, Ukrainian SSR
Academy of Sciences, 310108 Kharkov, USSR

Our earlier papers E,a] were devoted to the development
of an efficient method of currentless plasma production and
heating with ion cyclotron and Alfven waves excited by un-
screened helical frame-type antennae in the URAGAN 3 torsa-
tron. It was shown thaet similar antennae could be used to
produce a low-temperature, yet sufficiently dense plasma by
launching a fast magnetosonic wave (FMSW) near the cut-—off
frequency [}ﬂ. The plasma thus created is used in URAGAN 3
to clean the surfaces of the RI antennae and helical winding
casings in the vacuum tank.

This report describes the attempts to optimize the RF
plasma parameters in URAGAN 3 through exploration of the effect
of the RF conditioning, gas pressure in the vacuum tank and
RF pulse duration.

The experiments were carried out with a frame-type antenna
fed with RF current at 5.4 MHz which permitted a  spectrum
in the range from 35 to 200 cm to be obtained.

Effect of RF Conditioning on Plasma Parameters

The RF conditioning was performed by means of RF discharges
created in hydrogen under gas filling to a pressure of
1x10”4Torr in the tank pre-evacuated to 5x10—7Torr. The pulse
duration (T:RF) and repetition rate were 20 ms and 0.2 pulse/s,
regpectively. The confining megnetic field B,=0.240.5 kG and
absorbed RF power P = 100 kw permitted the plasma of average
density néx1x101zcm-3 and electron temperature Té=10 eV to be
created using FMSW,.

The effect of the number of RF discharges (after evacuating
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the tank) on the plasma parameters was studied under the fol=-
lowing operating conditions: B°=4.B kG, p=1.4x10"5Torr, P =
500 kw, andTTRF=3 m8. The mags=-spectrometric enalysis revealed
that at the start of the RF conditioning procedure the dig=
charges facilitated the formation of molecules of water, car-
bonic oxide and hydrocarbons as a result of plasma-well in-
teractions. As the cleaning proceeded further,the CIIT and (X in-
tensities gradually decayed, the plasme energy built up and
goft X-radiation increased (Fig, 1). The time variation of
the plasma parameters at the start of the cleaning (a) and
after 5x103 eleaning discharges (b) is shown in Fig. 2. It can
be seen that after 5x103 RF discharges the plasma parameters
are stabilized, the initial pressure simultaneously decreasing
to 1.5x10‘7Torr. The RF conditioning now precedes all RF plasma
experiments on URAGAN 3.

Plasma Parameters as a Function of Pressure

While the vacuum tank (70 m3) is being filled with ges,
on the outside of the plasma column there is a permanent
fairly dense gas blanket (YLHfz1x1012cm"3) which provides {
a constant influx of molecular hydrogen to the plasma edge
during the discharge. Together with the molecular hydrogen
to the plasma edge flows a certain amount of light and heavy
impurities present in the tank in the gaseous phase or re-
leased from the metal walls exposed to the plasma, The con-
tributions of the hydrogen and impurity influxes to the par-
ticle and energy balance would change as the gas pressure is
changed. To ascertain the role of the atomic processes re-
sulting from these fluxes, in the particle and energy balance
the plasma parameters were measured for the hydrogen pressure | ¥
varied in the range (1.446)x10 2 Torr after long RF discharge
conditioning. Fig. 3 represents the plasma parameters (at =

3 ms) measured versus the hydrogen pressure: average electron
density, OII and CIII intensities, electron temperature from !
goft X-R.measurements, total plasma energy content ss measured '
with Y -loops [2] , and energy confinement time T:E=§§%;ﬁ5-
determined at the end of the RF pulse. It can be seen that
as the gas pressure decreases, the OII and CIII intensities
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decay while the total plasme energy content, electron tempera-
ture and energy confinement time increase, with the electron
dengity changing negligibly., The observed build-up of
the plasma energy content and energy confinement time can be
agscribed to lower power losses by hydrogen excitation, ion-
ization and charge exchange due to the decreased hydrogen in-
flux to the plasma edge. Less clear are the decreased OII and
CIIT intensities. It is evident, however, that the maximum
plasma parameters can be realized under certain (optimum) hy-
drogen pressure. In this case the plasma energy content and
plasmae confinement time increase with the increasing RF power
input (Fig. 4), and ﬁ:ﬁgf:fzo_g,%‘

Effect of RF Pulse Duration on Plasma Parameters

It was not possible to maintain the plasma parameters
reached by the third millisecond: as the RF pulse duration in-
creased, the plasma energy, electron density and energy con-
finement time decreased, with the OII and CIII intensities in-
creaging (Fig, 5). Whether the observed deterioration of
the plasma parameters results from the plasma cooling due to
the radiation losses is the subject of our further investiga-
tions.

1. O.M. Shvets, A.G., Dikij et al., In: Heating in Toroidal
Plpgmas (Proce4th Int.Symp., Rome? 1984) 1, p.513.

2. V.V, Bakaev, S.F. Bondarenko et al., In: Plasma Physics and
Controlled Nuclear Fusion Research (Proc.10th Int.Conf., -
London, 1984) Paper IAEA CN-44/D-1-3.

3¢ S.8. Kalinichenko, P.I. Kurilko, A.I. Lysojvan et al.,
Fizike Plazmy, 3, N 1, 118, 1977.
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BEAN-SHAPED ADVANCED STELLARATORS WITH MODULAR COIL SYSTEMS
F. Herrnegger and F. Rau
Maz-Planck-Institut fir Plasmaphysik
IPP-EURATOM Association
D-8046 Garching bei Miinchen
Abstract

Bean-shaped Advanced Stellarator configurations with a nearly plane magnetic axis,
small shear, an aspect ratio of A = 10 — 12, and m = 5 field periods around the torus
are investigated. These configurations are given by Dommaschk potentials. Associated
modular coil systems with a coil aspect ratio of about 5.5 and 18 to 6 coils per field

eriod are derived. For such vacuum field configurations with a magnetic well, values of
I(Jj" /71) = 0.8 to 2.2 are obtained at & = 0.48 to 0.31. By comparison, the corresponding

values of W VII-AS are (5j/ji) = 2.2 to 1.9 at ¢ = 0.39.

1. Introduction

Advanced Stellarator configurations 1) with an average magnetic well are characterized
by a reduced drift of particles away from a magnetic surface, reduced secondary currents,
and thus by a reduced Shafranov shift of the magnetic surfaces compared with a classical
stellarator. Configurations like the Advanced Stellarator Wendelstein W VII - AS %)
are shown by numerical computation to allow an average value for the equilibrium-

B of up to approximately (8) ~ 5%°%), whereas calculations of the stability-3 yield

considerably lower values. On the other hand, spatial axis configurations like Helias *)
afford prospects of stability-g values of up to 5%.

In the present paper, Bean-shaped Advanced Stellarators with a nearly plane magnetic
axis and associated modular coil systems are introduced where the magnetic field is
represented by Dommaschk ) potentials. Modular coil systems are derived from these
potentials. Typical parameter values are m = 5 field periods, aspect ratio of the last
closed magnetic surface A = Ry/a = mLp/2ra = 10 to 12 (a is the average minor
radius of the last closed magnetic surface and Ry the major torus radius), a magnetic
well of the vacuum field (V' — V{)/V] down to —2.5%, twist (rotational transform) at
the magnetic axis around &, = 0.4, and small shear.

2. Configuration Studies

We consider three different examples of Bean-shaped Advanced Stellarator configura-
tions (see Fig.1), which are characterized by a certain indentation of the vertically
elongated magnetic surfaces at the beginning of a field period (FP). The dependence
of the twist ¢(r) and the specific volume V' = § d¢/B (normalized to its value on the
magnetic axis) on the average minor radius r of the magnetic surfaces is shown in Figs.2
and 3. Configurations with labels FZH are given in Dommaschk potentials, those with
FFR are from a system of 9 twisted coils per FP. For comparison, the standard case of
W VII-AS is entered, too. All configurations have a magnetic well (V" < Q).

As a figure of merit in comparing the different configurations we use the average ratio
(4)/4L) and the quantity J* = ((Bf/B*)[1 + (5j/71)*]), where By is the reference mag-
netic field at Ry and (...) denotes the average on a magnetic surface. J* is a measure
of the Pfirsch-Schliiter currents and also appears in the stability criterion of resistive
interchange modes. The ratio (jj/j.} is obtained from the poloidal variation of [ dl/B
taken along a field line over one field period. The quantities Jjj and 7y are the absolute
values of the secondary and the diamagnetic current densities, respectively, which scales
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as 2/t for a standard stellarator like W VII-A and are reduced by a factor of about 2
in the Advanced Stellla.rator device W VII-AS.

-25- - -250-
. F.Z HNO: £5=038 FZH253M: £g= 0,43 FZH298B: £5=047
Fig.1 g}l‘gs:r:fct:ons of the magnetic surfaces at 0, Lp/4, Lp/2 of a field period (Br =
03 T T T 1 1 0 B
Fa--—-s_ FZH229 i =
S 4 b rr\:;sr_
Cwvias >~ ] ) 7
0.4 SO = -1 =3
gy,
gt — NFZH25M: b -
= 7 O g W - : .
t FFR497 S 4 - -
~, o
L \n\" . = 3
sl FZHIIO T, ® N
ozl 1 1 1 ] M T N
0 01 02 03 04 05[m] 0 01 02 03 04 0.5m]
radius radius
Fig.2 Twist profile. Fig.3 Specific volume.

The configuration FZH310 (see Figs.1 - 3) is characterized by a twist number at the
magnetic axis t, = 0.38, a small field modulation § = (Bmaz — Bmin)/(Bmaz + Bmin) ~
10% and a deep magnetic well of AV'/V] = —2.5%; the reduction of the secondary
currents is comparable to the W VII-AS configuration in the boundary region and is
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moderately improved near the magnetic axis: (jjj/j1)az = 1.70. The configuration
FZH298B has t; = 0.425, a field modulation at the axis § ~ 25%, and a small parallel
current density of (j“/j_L)u = 0.82. The configuration FZH253M is characterized by
ty = 0.43, a moderate field ripple on axis § ~ 12% and (j"/jl)a, =13

3. Modular Coil Systems

Modular systems of non-planar coils are derived for such configurations with a coil
aspect ratio of around A, = 5.5 and a number of coils per FP of 18, 9, or 6. For
a typical number of 9 or more coils per FP the original configurations are reproduced
with sufficient accuracy, whereas with 6 coils per I'P a slight magnetic hill of the vacuum
field is developed.

In the following example, a coil system representing the configuration FZH253M is
given. As a first step, a toroidal surface with elliptical cross-section and an aspect ratio
Ac = 5.5 is defined, where the elongation of the ellipses varies between 1.6 (at the
beginning of a FP) to 1.2 (middle of a FP). The geometric centre of the cross-sections
moves radially inward and outward by an amount of AR/Ry = 0.07. On this surface
18 surface current lines 5 are computed. The discretization of this surface current
distribution for a modular system of 18, 9, or 6 coils per FP is made straightforward by
choosing the corresponding current lines as coil centres. At a major radius of Rp= 500
cm we use radial and lateral coil dimensions of 36.4 ¢m and 20 ¢m for the system with
9 coils per FP. At a gross current density of j.;; = 30MA/m?® the total coil current of
2.2 MA introduces a magnetic induction of B,y = 3.7 T at the magnetic axis.

surfoce current lines FRY9T caer v it
360°, = — :

top view

view from Inside

Fig.4 Angular map of surface current Fig.5 Cross-sections of the magnetic

lines (top graph). View of coils surfaces and shape of the ad-
from top (middle graph) and from jacent coils at 0, Lp/4, Lp/2
inside (bottom; ¢, @ are toroidal of a field period.

and poloidal angles).
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The top plot of Fig.4 shows the shape of the 18 surface current lines of one field period
in an angular plot (y, @ are the toroidal and poloidal angles); the second and third plots
show the top and inside views of the modular system of the non-planar coils. There are
5 different coil shapes in the set of 9 coils per FP. The triangular cross-section of the
magnetic surfaces is at ¢ = 36°. The toroidal excursion of the coils is kept moderate by
choosing an adequate aspect ratio of the surface where the surface current distribution is
calculated. Configurations with other twist numbers ¢; = 0.37 ... 0.46 at the magnetic
axis are obtained for different values of the coil aspect ratio A, = 5.6 ... 5.3 which gives
an extended parameter range compared to the original configuration FZH253M. Figure
5 shows the cross-sections of the magnetic surfaces and the shapes of the adjacent coils at
toroidal positions 0, L_p{‘i, Lp/2 for t; = 0.37 (configuration FFR497). In comparison
with W VII-AS, the coil aspect ratio is increased.

4. Summary and Conclusions
As shown in Fig.6, the Bean-shaped Advanced Stellarators (aspect ratio A = 10 - 12)
provide improved values of (5 /j1 )versus ¢ compared to W VII-AS. For comparison, the
corresponding curve for W VII-A and the relationship 2/rare also given. Configurations
with best values (jj /71 )az = 0.82 and J;, = 1.72 are found for A ~ 12.4 with a marginal
magnetic well.
The BETA/BBG 8) code is used to compute the finite-f magnetohydrostatic equilibria.
An example is shown in Fig.7 for FZH747, a data set similar to FZH298B. Prelimi-
nary finite-# computations have shown the expected reduction of the Shafranov shift
accompanied by a small change of the twist profile.

The influence of the bean shape of the magnetic surfaces on the stability remains to be
studied.
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Calculation of the Influence of Suprathermal Electron Radiation on
ECE Spectra,with oblique Direction of Observation

M.Tutter, WVIIA-Team *
Max-Planck-Institut fiir Plasmaphysik, EURATOM Association
D-8046 Garching, FRG

The plasma is considered with respect to the electrons as consisting of
a thermal main part and a small optically thin suprathermal part. The
thermal part is described on the basis of temperature and density profiles
as measured via Thomson scattering. Concerning energy and density dis-
tribution of suprathermal electrons, the following assumptions seemed most

practicable [1] :

(1) exponential shape of energy distribution function,
being zero below a certain energy ,

(2) ratio ¢ = v /v, = const,

(3) arbitrary density profile.

The emission of the thermal main part is calculated by means of the
optical depth and Kirchhoff’s law,that of the suprathermal part by means of
the single particle radiation formula. The latter emission is partly absorbed
in the thermal background on its way to the observer.

For the optical depth of the thermal plasma expressions given by several
authors [2] — [6] are used . The calculation is done onedimensional with
sheath model.

The total radiation of a suprathermal electron per solid angle unit in
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direction © with respect to the B-field is [7] :

_ etw? o~ (6950 — By 1z 12 2 712 ) _ B 8B
E—Bﬂ'zcocg(( 8in8 )JI (x)+ﬁJ.JI (x) [W] ’ I—-I—"‘W

o-m 04& = Mo e
The distribution funktion is:

f(E):Ela e~ =T for E > ECO
The emission of an electron gas of density n (radiation power per volum
unit, frequency unit and solid angle unit in direction 8) is calculated from

the line radiation, as energy per frequency interval :

J'(w)=f'|% &= |z =1 |Z]
lwy cos®
v S v
|E‘ = moc? ~73(1 —anse)ﬂ (1 \/r%) {;: gﬁ:g

Fumk = ~—l—-'-_-£—
1+ ¢%stn?B

Fig.1 shows the o.mode lines £ for ® < 7/2 for growing energy E starting
at ECO = 0: at first the positiv Dopplershift dominates (the gyrating
electrons approach the observer) the relativistic decrease of frequency, it is
w/wy > 1. For

E > Eypmk = moc® « (Fumk — 1)

the resulting increase of frequency decreases again. The line density there
gets infinity, caused by the assumption g = const . For
2

E > mge?+ ——
" 1—a?
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w/wy < 1 holds.The curves show j(w) for both modes. From g =~ 2 on Fyyarxe
is already near its asymptotic value 1/5in8; so even when electrons with a
distribution in pitchangle are present a pronounced maximum of emission
near 1/sin® can be expected. Because the frequency there is greater than
lwy at the point of emission , no reabsorption by the thermal background
plasma takes place on its way outside to the observer across the decaying
B-field of a toroidal machine, and as its frequency has a nearly constant
distance to lw;(r) for ¢ > 2 (for ¢ = const exactly constant), one can get an
image of the suprathermal density distribution superposed to the thermal
temperature profile obtained from the measured spectrum, at least in the

case when its energy distribution is independent of radius (s.fig.2).

In reality the energy distribution of the suprathermals is hardly indepen-
dent of the radius; but a measurement with 8 # /2 should at least give a

clear indication on the presence of such electrons with v # 0.
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* see H.Renner, this conference
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EXPERIMENTAL DETERMINATION OF THE LOCAL HEAT CONDUCTIVITY
COEFFICIENT Pxe(r) IN THE W VII-A STELLARATOR

H.J. HartfuB, H. MaaBberg, M. Tutter, W VII-A Team*
Max-Planck-Institut fiir Plasmaphysik,
EURATOM Assoclation, D-B046 Garching, FRG

ECRH Group*#*
Institut fiir Plasmaforschung der Universitdt Stuttgart
D-7000 Stuttgart B0, FRG

The local electron thermal conductivity coefficient’xe(r) has been
measured applying a modulation and correlation technique to the stellarator
plasma of Wendelstein VIT-A (R = 2.0 m, a = 0.1 m, 1 =2, m = 5). The
method is based on the fact that the power deposition of electron cyclotron
heating (ECH) is locally well defined in the plasma centre. If the
deposited power is modulated with proper frequency and amplitude, a heat
wave 1s generated whose outward propagation is dominated by electron
thermal conductivity and which 1s detectable by temperature sensitive
diagnostics. Amplitude, ATo(r), and time lag, At(r) (or phase), relative to
the generating signal as function of distance, r, to the plasma centre
determine ‘A (r), the quantity of interest /1/.

We used a single gyrotron (70 GHz, 200 kW, 100 ms) for plasma build-up
and heating. Its output power, Py,, was square wave modulated with
amplitude A Py after reaching quasistationary plasma parameters. The
translent electron temperature, Tg(r), has been determined at eight
discrete radii, ry (i = 1...8), on the high field side, r < 0
(-a = r =+a), of the plasma column by means of a multichannel heterodyne
radiometer /2/ measuring the electron cyclotron emission (ECE).

The time lag At(ri) of the electron temperature modulation Tg(ry,t) =
Tao(ri) + ATe(ri) el was evaluated via Fourier transform of the cross-
correlation function interconnecting the modulating signal and the response
to it. Different modulation frequencies «:/2m between 100 and |
1000 Hz and different types of discharges (see below) have been
investigated.

The evaluation of the experimental data is based on the following
theoretical model: In an axisymmetric geometry the balance equation for the
electron energy W is used: 2W/3t = div Q + Py - Py, where the perpendicular
heat flow Q is given by n(r) Xe(r) grad Te(r) (n being the time independent
electron density). P are the power losses via ion channel and radiation.
All transport processes not related to the electron temperature gradient
are neglected. Purely sinusoidal power modulation Py(r,t) = Pyo(r) +
APy (1:)'ei-!'-’t and electron temperature response as given above are assumed.
Electron temperature dependence for both the heat conductivity coefficient

?é(r) and the power loss Py is considered by lowest order Taylor expansion
in time. Since the temperature modulation is small,,_\,Te/Teo  some per
cent, the balance equation splits into an equation for the electron
temperature Teqo(r) (stationary balance) and an equation for the complex
modulation amplitude AT, (r) which is solved numerically and fitted to the
experimental quantities to gain ¥ (r).

%, %% gee H. Renner et al., this conference |
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Fig. 1: The parameter range of the different types of discharges
investigated.
Discharge A: ¢ < 0.5, Ip = -4 kA, B: ¢t € 0.5, Ip =+ 4 kA,
C:£ > 0.5, Ty = free, D:2<£ 0.5, Ip = free, E: £ = 0.2, Iy = =2 kA,
F:z = 0.2, Ip= free, G: ¢ < 0.5, Ip = free.

Different types of discharges have been investigated to check the Ne'
dependence on rctational transform and shear and on the main toroldal
field. Figure 1 gives central electron temperature and density for six
different types and the corresponding changes during the discharges (bars).
The changes are usually monotonic. Discharges A to F correspond to 2.5 T
main field, first harmonic ordinary mode EC-heating. Type G is conducted at
1.25 T, second harmonic extraordinary mode ECH. Except in case D, the
discharges are guided well below the cut-off density, 6.2 - 1019/n3 for A-F
and 3.1 + 1019/m3 for G respectively, to avoid significant refraction of
the ECH beam. Tt is a cruclal experimental condition for the applicability
of the modulation method that clear separation between the power deposition
and the zone of observation is accomplished. In Wendelstein VII-A with
plasma radius < 10 cm, this condition is difficult to fulfill. The power
deposition profile is at least 5 cm wide, so heat wave propagatiom can be
observed only between 3 and 8 cm in maximum. The electron temperature
profile should have its gradient regime clearly outside the deposition zone
and the electron density profile should, according to the model, be as
broad as possible. In addition electron temperature and demnsity should be
high enough to assure high single pass absorption of the ECH beam to aveid
wall reflections with subsequent boundary layer absorption.

The rigorous experimental demands are verified best with type A. The
results are discussed in detail in reference /3/. Beyond that Figure 2
presents the results in comparison to theoretical results on the basis of
neoclassical tramsport /4/, clearly demonstrating the usefulness of the
method. Only an upper bound for the local transport coefficient can be
derived at best from the other discharge types investigated. Only small
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Fig. 2: ()L-results obtained with type A discharge for different modulation
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classical theory,ﬂii’neo. An anomalgus contribution as found in
OH discharges, NE’D“, is included. 57829 - 57896.

time lag is found in type E and F discharges which is even decreasing for
r > 5 cm due to incomplete single pass absorption followed by wall
reflections and diffuse power deposition in the plasma boundary layers.
Still stronger decrease is observed with type D because ECH beam rezfraction
doesn't allow for localized deposition in the plasma centre.

Discharges B and C have rather narrow electron temperature profiles with
gradient regime not sufficiently separated from the deposition zone for
clear conclusions.

Figure 3 gives the evaluation of discharge type G, ECH at 2nd harmonic X-
mode. Unfortunately the discharge is not as stationary as types A-F. Both
central electron temperature and density vary by more than a factor of two
during the modulated heating phase. In addition they are connected with
profile changes. The rather large discrepancy to the results evaluated
from the stationary balance, based on the profiles as measured at the
beginning of the modulated phase, may be due to these imperfect
experimental conditions.
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Fig. 3: 'xe(r) evaluated for a 1.25 T, type G, discharge heated with 2nd

harmonic ECH. Included is the result obtained from the stationary
balance.
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CX-RECOMBINATION SPECTROSCOPY DURING NBI HEATING OF ECRH TARGET PLASMAS
IN W VII-A STELLARATOR AND COMPARISON WITH A TRANSPORT MODEL

M. Kick, H. Ringler, F. Sardei, A. Weller, W VII-A Team¥*, NI Team*¥

Max-Planck-Institut fiir Plasmaphysik
EURATOM Association, D-8046 Garching, FRG
ECRH Group***
Institut fiir Plasmaforschung der Universitdt Stuttgart
D-7000 Stuttgart 80, FRG

Radiation in most of the Wendelstein VII-A plasmas has been dominated by
oxygen impurities. In discharges that have been sustained by NB heating,
starting from OH-target plasmas, beam injected oxygen along with some
oxygen influx from the walls of the vacuum vessel has been shown to account
for the observed radiation losses. In some particular cases also high Z
radiation (Fe) was observed to yield some contribution to the radiation
losses at late times during the discharge, when the electron temperature
drops. These experimental results were summarized in /1/ and compared with
transport calculations.

The knowledge of time history and radial distribution of the relevant
fonization stages are thus of large interest, in particular in connection
with numerical transport studies. In this paper we will report on
measurements of time history and to some extent also on spatial information
of 08+ and 07t intensities.

The plasma under consideration starts out from an ECR (70 GHz) produced
target plasma, which is further heated and sustained by NB injection
(~ 750 kW) after the ECH power has been switched off.

~ Central densities up to 8 x 1013 cm=3 and electron temperatures between
300 and 600 eV, with ion temperature slightly above the electrons, have
been achieved. (For a more detailed description of NB heating from ECR
target plasmas see paper /2/ at this conference.) Figure 1 shows some
parameters of such discharges, but with a second ECRH pulse applied in the
late NB-injection phase. During the time interval shown, spectroscopic
measurements of 07T and 08+ will be compared with code simulations.

By injection of energetic neutral hydrogen atoms from a separate
diagnostic injector (E, = 26 kV, I, = 6.5 A, species mix E4:Eq/2:E,/3
7 20:30:50, half width ™ 4 cm and At = 15 ms) highly excited 07+* ions
originate from CX-recombination (Hy + 08% » HF + 07*") /3/. Radiation from
the 82Hg/y + 7267/7 transition at A = 2976 R was observed spectroscopically
from the intersection volume between the line of sight of the spectrometer
and the diagnostic beam. The intensity of this radiation is given by

3 8+
A
BX =L I <o) fa® a1l [Photons/en® s sterad]
A 4T j=1 j H

>

where <0V>j is the ratg coefficient for excitation, j denotes the 3 beam
components with density ug and the integration is across the diameter of
the diagnostic beam.

There is no temperature depepdence in <0v> and from ne-profiles and
line density measurements also n%‘is calculated to show little variation
throughout the Bgam cross—section. Therefore from the observed signal we
can derive / n0°7dl as a function of time. Moreover since the ng and Te
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profiles are flat within the beam cross—section with steep gradients
outside, this line integral is also a measure of the behavior of the
central density of n9%* and can be compared with a transport model.

On the other hand, the same transition is also observed with the
diagnostic beam off. In this case it must be due to electron collisional
excitation and thus this signal is proportional to the 07* density

7 o't
e~ 1

B, =-— [ n (r) n(r) qr) B dl [Photons/cm2 s sterad]
A 4T e
0 1s-mp

where qygspnp 1s the rate coefficient for electron collisional excitationm,
B the brancging ratio and L the plasma diameter.

It is interesting to note that Doppler temperature measurements from the
passive (electron excited) and active (beam excited) signal lead to the
same ion temperature and support the interpretation of the signal as being
due to electron excitation.

COMPARISON OF MEASUREMENTS WITH SIMULATIONS

The total soft X-radiation from the intrinsic impurities for this
discharge type is shown in Fig. 2a. The increase of the central raditaion
i1s described reasonably well by the O VII + O VIII radiation calculated
with our neoclassical transport code SITAR /1/ with a 1 % oxygen beam con-
tamination and a wall influx of O raising from 1.9 x 1018 to 4.7 x 1018 g-1
during the discharge (Fig. 2b). At the late stage of the discharge,
however, the soft X-radiation is not correctly reproduced by the oxygen
simulation. In order to reduce the discrepancy, high Z material has been
included in the simulations for this discharge type (Fig. 2¢). In fact,
oxygen radiation cannot account for the drop of the soft X-radiation
observed late in the discharge, as T, decreases. In addition high Z
material in low density neutral beam sustained discharges seems very
likely, since local Fe-fluxes of about 2 x 1017 g-1 originating from
sputtering by fast ions on lost orbits at the vacuum vessel wall have been
measured earlier /5/. The code results of Fig. 2c were obtained with a Fe
influx increasing from 1.9 x 1017 to 4.7 x 1017 g~1 during the discharge.
The gteep {ncreasg of the ealeulated O VI + O YITI radiatiop ar 105 ms
ig egsentially a aonsequenpge of the T, drop ohserved after switching off
the ECH pulse. The related decrease of the of+ density is clearly confirmed
by CX-recombination measurements (active signal) mentioned above. The
measured and caleulated 08% densities are shown in Fig. 3.

The time evolution of the electron excited passive signal for the same
discharge type is shown in Fig. 4. The simulated signal has been obtained
by using the equation for aﬁ given above with the electron density and
temperature taken from Thomson scattering measurements, the rate
coefficient from calculations by P.R. Summers /4/ and the 07t densities
from the transport simulations.

The time evolution of the signal is very well reproduced by the model up
to 90 ms. The small discrepancy shown at later times 1s believed to be
caused by the uncertainties in the electron temperature due to temperature
interpolations between the measured temperature profiles.
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Fig. 2: a) Evolution of soft X-radiation for the NI+EC heated discharge
shown in Fig. 1.
b) Code simulation with oxygen impurities and neoclassical
transport fluxes
c) Same as b) but with additional iron impurities.
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MAGNETIC FIELD STUDIES NEAR SEPARATRIX

E. Harmeyer, J. KiBlinger, . Wobig and F. Rau

Max-Planck-Institut fir Plasmaphysik. EURATOM Association
D-8046 Garching, FRG

Abstract

Vacuum magnetic fields are studied in the vicinity of the separatrix of modular Advanced
Stellarator coil configurations with reactor dimensions. A modular divertor appears to be not
feasible because of the complicated field structure. Rational r-values inside of and near the
plasma edge should be avoided. A system with comparatively small islands at ¢ = 5/11
outside of the separatrix is seen to be relatively insensitive against a m = 1 perturbation and
should allow the use of pumped limiters for edge control.

Introduction

In stellarators. the closed magnetic surfaces are separated from the region of outer open field
lines by a usually well defined separatrix. It was often proposed to use this characteristic of the
stellarator topology for a “natural” divertor, in order to achieve an edge control of the plasma.
For toroidal systems with £ = 3 modular non-planar coils, flux bundles of the separatrix region
were found to encircle the coils at particular positions /1 /, and the UWTOR M fusion reactor
/ 2 / is designed with a modular divertor.

For modular Advanced Stellarators like the Garching experiment Wendelstein VII- AS, ma-
gnetic vacuum fields and also finite-3 Lopologies / 3 ; inside the separatrix were published so
far. Details near and outside of the separatrix are of interest. in order 1o study the question of a
modular divertor in such fields with reduced secondary currents. Vacuum fields of modular coil
systems in fusion reactor dimensions are considered. having major radii of K = 25 or 20mn.
and 6 coils in each of the 5 field periods. Figure 1 shows a schematic of such systems. In the
first part of the paper. the spatial structure of the magnetic field outside of the separatrix is
investigated numerically by following field lines. The second part concentrates on the presence
of “natural” magnetic islands in the vicinity of the separatrix at rational values of the rotational
transform, gives evidence of their removal by the fields of resonant currents, and shows effects
of superimposed perturbation fields

MODULAA_STELLARATOR REACTOR Figure 1: Schematic of a modular Advan-
i ced Stellarator, showing the contours of the

1 plasina, ol blanket and shield, as well as the

F:i":if@’%gﬁ%ﬁiﬁﬁfﬂh coils for three of the five field periods.
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Flux Bundles Outside of Separatrix

For a modular coil system similar to that of Figure 1 with I = 25.5m and average radii of
the coil centers, v, = 5.8, a number of 100 field lines is launched outside of the separatrix,
al distances of 10 to 20 % of the average separatrix radius, r. = 1.6 m. (Starting points in 10
equally spaced toroidal planes within a field period. at 10 poloidal positions of zpproximately
equal angular and locally different radial distance; integration step width small compared to
the grid size of stored local field values). The intersection points of the field lines are marked
on elliptically shaped outer surfaces. At a surface with average radius r = 2-r,, the symmetry
pattern of the starting points is still visible, The field lines merge at. r — 3.5 m . see top left of
Figure 2, (abscissa == 1 field period. ordinate - 1 minor circumference). They show a reasonable
concentration at ¥ = 3.8m (lower left part of the Figure). where 70 intersection points are
obtained after 2 minutes CPL time of the Garching CRAY-1 computer. At r = 5m, one
of the field line clusters is absent and 15 minutes CPU time are required for about the same
number of intersections. Reversing the direction of integration, the pattern is mirror reflected
as expected. but only 10 % more intersection points appear after a doubling of the CPU time.
The lengths of the field lines for this case range between 3.5 and 100 times the circumference
27 R =160m .

In conclusion of this part: The initially poor field line concentration, their different lengths,
and the change of tae position of the intersection points when varying the aspect ratio of the
boundary surfaces, makes such magnetic structures undesirable as to connect the plasma edge
to divertor plates.

e e e N
: A R 'IR\ ), C(‘-:\‘

FFRZ1L
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. Figure 2:  Angular plot of intersection
points for average minor radii of 1 = 3.5
and r = 3.8m, respectively and contours
of the non-planar coils.
-
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“Natural” Magnetic lslands near Separatrix and Perturbation Fields

The Advanced Stellarator properties of the magnetic vacuum fields depend on the schiﬁc
shapes of the coil bores and of the contours of the toroidal excursions. The coils }:u'n::\_'ldo:= a
rotational transform ¢ which can be easily changed in the computations by a small variation
of the coil aspect ratio. Systems with a low number of e.g. 6 coils per field _perind tend t::
show some negative shear. Already without the influence of external per!.urbaL.mns, “natural”
magnetic islands can be seen near the plasma edge. at a rational value of the rotational transform
t = 5/'N , with integer N = 9...13. Such islands were demonstrated / 4 / in the vacuum
field studies for WVII-AS.
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An example of 10 comparatively large islands is shown in the left part of Figure 3, for the
toroidal positions of 0 and 1,2 field periods. In this particular case, outside of each X-point
(O-point), further O-points (X-points) exist in an otherwise open field topology. In order to
reduce the size of the natural islands, small currents outside of the islands and “resonant” with
t = 5/10 were considered by A. Schliiter and W. Lotz!. These currents reduced the island size
in the case of WVII-AS, at resonant ¢ = 5/10...5/13.

Following that approach. resonant currents are applied for the above example. Two current
polygons are obtained by an outward projection of the inner O- and X- points, towards points at
a radial distance of about 80 % of the separatrix radius. see insert of Figure 3. The whole chain
of inner islands is removed by currents which introduce about 0.2 % of the average magnetic field
at the position of the neighbouring island. The outer O-points are still present, see top of the
right half of Figure 3. Increasing the currents in the same current polygons from 301050 kA
removes the islands of a similar case at r= 5/9. In these two examples, the aspect ratio of the
resulting configuration is approximately the same as that of a configuration with a neighbouring
irrational value of the rotational transform.

*FR313

| ;

3 Figure 3. left part:

j Magnetic vacuum field at ¢ = 510 with 10
re =1 natural islands and the intersection points

! of twa current polygons for their removal, at

i toroidal positions of 0 and 12 field periods,
I respectively.

< Right part: Magnetic vacuum field at the

beginning of the field period. islands at ¢ =

5/10 removed by opposing currents in po-

Iygons as shown schematically in the insert

W _Lotz and A.Schliiter :

private communication of their unpublished results for the fields of Wendelstein VII- AS
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The effect of a homogeneous horizontal perturbation field is studied for the above configu-
ration at ¢ = 5/10, and for a different system, ASRA6C with R = 20mandr, = 4.5Tm.
Whereas in the first case a homogeneous horizontal perturbation field By /B = 4-107* intro-
duces a drastic reduction of the separatrix radius, ASRA6C with a prime number of 11 islands
outside of the separatrix allows perturbation fields up to a value of 0.2 % of the average field
B = 53T | at a small reduction of the separatrix radius, as shown in Figure 4.

FFR501

Figure 4: Magnetic vacuum field of ASRA6C showing 11 natural islands outside of separatrix

at avalueof t = 5711, and effect of a homogeneous horizontal perturbation field B w/B=0.2%
introducing a small reduction of the separatrix radius.

Summary and Conclusions

From the observed complicated structure of vacuumn field lines outside the separatrix it ap-
pears that a modular divertor 1s not feasible in Advanced Stellarators as studied so far, unless
the field topology could be changed by the action of further and yet unknown external currents.
Magnetic islands at rational ¢ can be efficiently removed by small outer resonant currents, but
the aspect ratio of the resulting configuration is not improved. Therefore, configurations at a
neighbouring irrational rotational transform are preferred, avoiding inside and near the plasma
edge rational r = M /N | with low integer values of M and N . Several such data sets are
known. An example with comparatively small islands at ¢ = 5/11 outside of the separatrix
is seen to be relatively insensitive against a m = 1 perturbation and should allow the use of
pumped limiters for edge control,
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RADIATIVE LOSS IN CURRENTLESS PLASMAS
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Abstract

This paper describes recent measurements on radiative loss in the
Heliotron E currentless plasmas. A bolometer array with seven channels and
wide angle bolometers are used to estimate the profile of total radiative
loss. Electron cyclotron resonance heating (53 GHp, 500 kW) and NBI (4 MW,
150 ms) produce and heat the currentless plasma simultaneously. In low
density regime (ﬁesj x 1013cnr3). steady state radiative loss power is 40 Z
- 60 % of estimated absorbed NBI power, where radiative loss at plasma
boundary is dominant. In higher density regime (fig25 x 1013cm'3), the
central radiative loss often increases with time. Volume integrated
radiative loss increases generally with absorbed neutral beam power.

1. Introduction

The Heliotron E device (major radius R=2.2m average minor radius of
plasma T_=0.2m) is an asymmetric toroidal system with large rotational
transform and shear [1,2]. The radiation losses of the plasma depend
strongly on the heating method (NB or ECRH). In the NB-heated currentless
plasma, the total radiation losses increase up to 40~80 % of absorbed NB
power, thus often effecting on total energy balance. This puper describes
further development of bolometric measurements in Heliotron E after the
previous preliminary report [3].

2. Bolometers and Experimental Setup.

The metal-resistor bolometers (10 kfl, 10 pm stainless steel absorber)
are of the type described
in Ref. [4]. Figure 1 5 BOLOMETER ARRAY
shows the arrangement of
a bolometer array which
looks the plasma horizon-
tally. The time resolu-
tion is about 3 msec and
the detection limit in —
plasma discharge is
approximately 0.2 nW- cm™ 2
at a 300 Hz band width.
As the 7-channel system

NE

HELICAL HELIOTRON IMeamaen
is mounted at a position (=2, m=i9) B ViC PP
(unperturbed porthole - 1 B, SUPPORT
far from NB, ECH and gas =N &
puff) which is assumed POLOIDAL CROSS SECTION =
to be representative of OF HELIOTRON E (AS OF i983 ~1983) .

the plasma, the total

Fig.l Ar
radiation power and, & rangement of bolometer array in HELIOTRON E
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local radiation levels are
derived from measurements.

A local emissivity is obtained
through assumptions on the
geometry of toroidal
iscemissivity flux surfaces.

The other bolometers are
also set in toroidally
separeted positions(a bolometer
array in three vertical chords,
and two wide angle 2m bolometers
at wall). These bolometers
are necessary to find both
toroidal aqd poloidal e 2 T 2 "
asymmetry of heat flux to wall. A TG R
The wide angle 27 bolometers
have faster time resolution
(€1 ms) with higher heat flux
to detect rarid energy loss to walls [3].

The bolometers with thin nickel resistor and $i02 insulator are reliable
in high hard x-ray dose in Heliotron E(x< 10% rad,< 1 rem/shot ). Bolometer
systems have measured total radiative loss power( VUV photons and neutral
particles) in currentless plasmas during 1983 - 1985.

BOLOMETER ARRAY

INTENSITY

Fig. 2(a) Chord intensity of bolometers
in low density ECH+NBI case.

3. Results _
3.1 Radiation loss in low density case( ne =(2—3)x1013 cm_3)

Figure 2(a) shows the ﬁhord intensity of bolometer array in currentless
ECH + NBI (3 MW in port, H'sH' ) at high field 1.9 T. Figure 2(b) is the
power signal of bolometers. Figure 2(c) is the profile of emissivity
after inversion., At the start of NBI (t=360ms) emissivity is high at plasma
boundary. During NBI central radiation gradually increases higher with time.
In this low density case, however, total radiation loss is not severe for
total energy confinement. A long pulse (v150msec) NBI heating is feasible.
Figure 3 shows the total radiative loss and plasma parameters. Total
radiation is about 450kW. Electron density increases with time due to
fueling of NBI and internal energy does not saturate.
The total radiative loss is 50% of calculated absorbed NBI power, 900 kW,
A 2mbolometer also indicates450-550 kW of total radiation independently.
Central emissivity,0.3 W em™” is not severe in central power balance.
However total radiation becomes volume loss(flat profile) during NBI.

BOLOMETER AARAY ™EcH—=i g, —y = BOLOHETER ARRAY

ST 25758 wsimg [T -

U e

TR

Fig. 2(b) Power signals of bolometers. Fig. 2(c) Profile of emissivity.
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LOW DENSITY CASE

Bh=-1.9T, ECH+NBI BOLOMETER vs. NBI (port) POWER
T T T T
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0 56 100 50 Fig.3(b) Total radiative loss vs.
TIME(ms) NBI port power in low

density and high field
Fig.3(a) Plasma parameters in low density case. By=1.9 T.

Shine through power is50%-60% of NBI port through power in this low
density case. Three neutral beam lines,BL-2(0=28"),BL-3( B=D°,perpendicui)
and BL-5( B=D°,11") have nearly perpendicular injection angles,
Impurities(Fe) from beam dumper(stainless steel) can be the source.

Internal energy by diamagnetism[5] increases up to 10 kJ. Steady state
temperatures,Ti(e=03=1000 eV and Te(0)=450 eV, are observed. Figure 3(b)
shows the total radiative power vs. NBI port power in low density case.
Data points include typical shots in 1983-1985 year after sufficient
titanium gettering to wall, Detected bolometric power is almost in
proportion to NBI port power., Considering that calculated absorbed power

is 30%-40% of NBI port power, about 50%Z of total absorbed power is radiated
in low density regime.

3.2 Radiation loss in high density case (ﬁé=5x1013cm“3)

Radiative loss in high density currentless plasma often shows the accu-
mulation of impurities at plasma center. Figure 4(a)_shows the profile of
emissivity in ECH+NBI (2.6MW) at average density 5x1013em=3,  The emissivity
at plasma center increases with time up to about 0.8%-.cm-3, which is about |
half of deposited power of NBI. Figure 4(b) shows the total radiative loss \
power vs. time and plasma parameters. The total radiation increases up to
750kW (about 68% of absorbed NB power), where absorbed NB power, Papg, is
estimated by the decay of internal energy (- gp =1.IMW). 1In this case,
central radiation within half a radius increaSes linearly with time. |

The bolometric central chord intensity increases linearly with time,
which is well correlated with the central chord of the soft x~ray emission
and the intensity of the FeXVI line. VUV spectroscopy shows that radiation
from iron impuriy amounts to 40% of the bolometer power. Poloidal magnetic
fluctuation often appears when stored energy exceeds about 15 kJ at 1.9T.
The increase of impurity source with density :& stored energy is possible.

3.3 Radiation loss in low field (By=0.94T) and high density case
(e z5x1013em3).
Radiation losses in low field case have severe effect on plasma energy.
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Fig. 4(a) Profiles of emissivity
in high density ECH+NBI at 1.9T.

Figure 5 shows the total radiative loss
power vs. time and plasma parameters.
Electron cyclotron resonance at 2nd
harmonics produces hydrogen plasma and
total 3.6MW NBI power heats plasma further.
The density increases up to 9x10 e
with gas puffing. When total NB power
(3.6MW) is injected through ports, total
radiative loss increases sharply with time.
Considering that effective absorbed NB
power is about 500kW from (QW_/dt|._

oopg) the increment of radiatfon loss
(400-500k¥) during t=100ms~120ms is almost
equal to absorbed NB power. Energy loss
to wall is often observed bya 2m bolometer
and ion saturation current within 1 msec
after onset of spikes in poloidal magnetic
field (about 0.5-1% at 20kH;). Thus the
MHD activity is one of the candidates for
radiation enhancement.

Titanium gettering to both walls and
NB ion sources is effective, but not
sufficient to reduce impurity (Fg, and 0).
Further reduction of impurity radiation
is necessary to study MHD property in
currentless high density plasmas.
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Fig. 5 Radiative loss in low field(0.94 1)
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ECRH EXPERIMENT ON HELIOTRON E
M. Sato, H. Zushi, 0. Motojima, H. Kaneko, K. Itoh, S. Sudo,
T. Mizuuchi, K. Kondo, S. Besshou, M. Iima, S. Kobayoshi,
A. Tiyoshi, K. UO

Plasma Physics Laboratory, Kyoto University, Gokasho, Uji, Japan.

1. Introduction

The currentless plasma, produced only by electron cyclotron
resonance heating, has been developing in Heliotron E device(l)'(z). The
steady state plasmas can be obtained up to the average electron density
of 3 x 1019153, vhich is close to the ordinary mode cutoff density for the
fundamental resonance of 53.2 GHz, by increasing the microwave output
power up to 500 kW level, The electron temperatures are 1.2 to 0.7 keV
depending on the electron densities. The microwave absorption
efficiencies are 50 to 70 Z in average. The energy confinement
properties are now under study.
2, Experimental results

The microwave are injected into Heliotron E vacuum chamber with TEj,
mode. The magnetic field is 1.,9T at the plasma center. The rf power is
varied from 160 kW to 500 kW by changing the numbers of gyrotrons. Fig.
1 shows a typical example of temporal developments of line average
electron density and electron and ion temperatures.
These parameters are kept constant during rf pulses. The bolometric and

soft X ray signal intensities are also constant at the flat top values,

As the flat top times are much longer than the decay times of electron-

and ion temperatures, we might expect that steady state plasna can be

maintained only by electron cyclotron resonance heating in the helical
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systems such as heliotrons and Stellaraléor.s‘, without any increase of
impurities.

The radial profiles of the electron densities, electron and ion
temperatures are measured by FIR and 2 mm microwave interferometers, ECE
and Thomson scattering and neutral particle analyzer respectively. The
electron density (N, (r)) is flat for the average density of 2.5 x 10193,
At the lower density it becomes to the hollow profiles, Fig, 2a andb
shows Te(r), Ti(r) and Ne(r) for the higher (Ne = 2.5 x 1019m_3) and the
lover (Fe =0.6 x 101943) density cases. The internal energy of the
electron and ion components are calculated by the integration (We,ie¢ J:l'\le
Te,i ¥ dr). The rf energy deposition profiles are estimated from the
electron energy decay time (ZEe decay)' if we assume that it does not
change between rf pulse and just after the pulses. The total rf
absorption efficiencies are almost in 50 to 70 %, depending on electron
temperature and average density. Less than one third of the absorbed rf
power is deposited inside a half radius of the plasma. The profile is
flatter than that of expected by the single pass ray tracing calculation
for TEy; mode injection.
£3. Energy confinement

The central electron temperatures (Te(0)) are plotted to the density
normalized input power (?t/Ne) in Fig. 3. The heating rate becomes small
as Prf/Ne increases, The electron components are in the plateau region at

near the plasma center (r/a < 0.2). The dotted line in the figure

illustrates the values Te(O)m(Prf/Ne}D. On the other hand, both
electrons and ions are in trapped particle region in the radius 0.2 ¢
r/a< 0.8 . The more detailed energy confinement property is now under

study from the view point of neoclassical theories.
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STATIONARY FIELD PROFILES AND PLASMA CONFINEMENT IN RFP CONFIGURATIONS

V. Antoni, M. Giubbilei, P. Martin, D. Merlin,
5. Ortolani, R. Paccagnella, M. Valisa

Istituto Gas Ionizzati del C.N.R. - Associazione Euratom-CNR
Via Gradenigo, 6/a — 35131 Padova (Italy)

In the q< 1 Reversed Field Pinch (RFP) configuration both the poloidal
and the toroidal magnetic field components vary across the plasma minor
radius forming a high shear distribution with q ranging from typically
A 2a/3R on the axis to % - a/4R at the plasma edge. The configuration is
sligthly affected by the pressure since (J1/Jn)¥ BR0.1 and then the magne-
tic field distribution is essentially characterized by p=yu (J,,/B). Theore-
tically /17 u should be uniform but experimentally u decreases with minor
radius and is small or zero at the edge. This is because plasma confinement
and wall interactions require a cold edge plasma where little current flows.
It has been found that the experimental distributions £-2_j are well descri-
bed by p radial profiles of the form p=po) [1-(r/a)*] . Therefore two
useful quantities are introduced to parametrize the equilibrium configura-
tions: the on axis q value which is related to u(o) by qo)=2/Ru(o) and
@ which characterizes the width of the parallel current density distribution
ranging between 2<a<8.

Varying these parameters, an ideal and resistive MHD stability analysis
of these profiles with B=0 has been carried out. A completely stable re-
gion for both ideal and resistive current driven modes has been found. The
resulting stability boundaries are shown in fig. 1 in terms of q(o) and q(a).
The stable region is delimited by internal modes (with resonant surfaces in-
side the q=q(o)/2 surface) and external modes (with the resonant surface in
the q<0 region). In the same figure are also reported the experimental va-
lues of q(o) and gq(a) showing that RFP configurations lie typically in the
stable region below the uniform p theoretical limit and close to the resi-
stive internal modes boundary. In this way it is found that the external mo-
des are not very significant in that they arise in conditions which are sel-
dom produced experimentally. On the other hand it can be seen that a lower
limit exists on q(o) as q(o) > 2a/3R associated to the appeareance of m= 1
internal resistive unstable modes. This limit on q(o) was previously sugge-
sted from experimental considerations [_3_] and can be interpreted as an up-
per limit on the on axis current density as J, 5 3By /Hpd. Although on avera-
ge the experimental profiles are stable to current driven modes resistive
diffusion tends to destabilize the configuration leading to lower gq(o) by
peaking the current distribution on axis. A particular example, often reali-
zed in experiments, is that of sustained discharges where both the plasma
current and the toroidal magnetic flux areconstant in time. With these boundary
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conditions resistive diffusion would lead to a decrease in q(o) (due to the
increase of the current density on the axis and the decrease of the magnetic
field). When gq(o) drops below a critical value, q& 2a/3R, the internal mo-
des are excited and these modes are probably responsible for the current re-
distribution which restores the initial tearing mode stable configuration
and so forth in a eyclic fashion. In fig. 2 is reported the experimental be-
haviour of q(o) measured by magnetic probes inserted in a low current low
temperature plasma. Similar large and periodical oscillations with frequen-
cies in the range 5< f< 10 KHz are found in externally measured quantities,
as shown in fig., 3 for SXR signals, for a higher temperature discharge. The
amplitude of these oscillations were found [3_7 to increase as a function
of the reversal of the toroidal field but it was suggested that,althoughwith
lower amplitude they are always present in the plasma.

On the other hand RFP discharges are always characterized by a persi-

stent turbulent activity which in normal conditions,is comparable to the
coherent activity occuring in the central region. This background for magne-
tic fluctuations has a relatively high intensity (b/B%1Z at I, % 100 kA)
and it does not show a clear time periodicity. On ETA-BETA II it has been
found that these fluctuations have correlation lengths Aia/2, An>a.
They show essentially m=0 and m=1 poloidal components and the intensity
is peaked around the reversal surface /:t.] . This turbulent background is
commonly referred to the competition of many resistive modes allowed by the
low q configuration [5_7 as suggested by the finite f MHD stability analy-
sis.

The ultimate effect on the plasma of these modes have been studied by
a field line tracing code. The experimental spectrum and amplitude of these
magnetic fluctuations result in ETA-BETA II in a wide stochastic region in
the plasma as shown in fig. 4. The related magnetic diffusion coefficient Dy
has been computed and the estimate of the electron thermal diffusivity,
X8 = DMV?:h , gives a typical value for ETA-BETA II of x®X 50+ 100 n?/sec
corresponding to a confinement time TES 100 psec in good agreement with
the experimental wvalue.

The stochastic region is due to the combination of many m=1 and m=0
modes and practically extends up to the wall. However in the region between
the wall and the reversal surface the edge effects as field
errors and impurity release are dominant. Then, in analogy with the tokamak
1-6_7, it can be distinguished a plasma wall interaction edge region which
extends = between g(a) <q<0 and a confinement region defined by
0<q% q(o)/2. While the edge region depends on the different experiments and
is essentially determined by their technological features, the intermediate
region is related to the nature of the RFP confinement. It has been observed
that .also adding the internal modes which periodically occur: in the central
region,.the thermal diffusivity in the confinement region is slightly affected.

The thermal diffusivity has been computed from the plasma power balance
in stationary conditions using the experimental RFP profiles and assuming
that the dominant energy loss is due to heat transport. The typical values
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found in the confinement region are quite insensitive to the detail of the

profiles and are typically at least an order of magnitude higher than the ion
neoclassical value, in good agreement with the stochastic model.

CONCLUSIONS

The MHD stability analysis shows that q(o) is limited in RFP, as in
tokamaks, by current driven modes resonant in the central region of the pla-
sma which restore the current distributions when a critical valueis exceeded.

On the other hand the persistent turbulence typical of a RFP turns out
in a wide stochastic region in the outer part of the plasma and transport,
in present experiments, is well described by stochastic processes. Thus, in
analogy with the tokamak, 3 regions can be identified for the RFP as shown
in fig. 5: )

a) a central region, with (q(0)/2) <q £q(o), where periodical oscillations
dominate ultimately limiting the on axis current density and leading to
a lower q(o) limit as q(o) >2a/3R ;

b) an intermediate region 0<qf q(o)/2 completely stochastic, almost insen-
sitive to the other regions and more related to the turbulent nature of
the RFP;

¢) an outer region q(a) <q <0 where plasma-wall interactions, atomic proces-
ses and edge phenomena are dominant.
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EQUILIBRIUM AND STABILITY OF A REVERSED FIELD PINCH
WITH A RECTANGULAR CROSS-SECTION OF THE TORUS

J.W. Edenstrasser, University of Innsbruck, Austria

W. Schuurman, Association Euratom-FOM, FOM-Instituut voor Plasmafysica,
Rijnhuizen, Nieuwegein, The Netherlands

Introduction

Present-day RFP-experiments usually have a circular cross-section.
In the paper we set out to investigate whether elongated cross-sections
might be favourable to stability.

The model consists of a plasma in the force-free Taylor state
¥xB = uB, surrounded by a perfectly conducting torus with a rectangular
cross-section. Special solutions of the force-free equation have been
known for some time. The case with no hole in the torus (eylindrical
spheromak) has been considered e.g. in Ref. [1]. The toroidal spheromak
(zero toroidal field at the boundary) was treated in Ref. [2]. We gener-
alize the results of Ref. [2] to the case of a non-vanishing, possibly
reversed, toroidal field at the rectangular boundary, in order to make
them applicable to belt pinches and reversed-field (RFP) configurations.
The general axisymmetric equilibrium solution (m=0) of the force-free
equation with eigenvalue y is constructed. The stability of this axisym-
metric state is then determined by the statement that if a perturbed
solution of VxB = u*B has an eigenvalue y* that is less than p, the axi-
symmetric equilibrium is unstable. The F-8-diagram and its deperdence on
aspect ratio and elongation of the torus is alsc discussed.

Solution of VxB = puB for a torus with rectangular cross-section

The solution of YxB = uB in cylindrical coordinates (r,6,z) can be
represented by

1
B=eg x W+ q v x (ezwi) ’ (1)
where y is determined by the scalar Helmholtz equation
ap + py =0 . (2)
For the components of B we hence obtain

_1 gy 19ty W _ 1 8% _ 3’¥ 2

Br r Z Ba ar  ur 383z ' Ez (az * e (3)
We consider a force-free plasma enclosed by a perfectly conducting

toroidal shell with rectangular cross-section of height b, width a, and

major radius R. We choose the centre of coordinates such that the

appropriate boundary conditions become

= |-

B,(z=0,0) = 0  (Eq. (4.1)) ; B (r=R %) - 0. (Eq. (4.2))

The axisymmetric solution of Egs. (2), (3) with boundary conditions (4.1) is
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' 1 ] - E E i .
E k kr Zy (knr) cosny - - cosay + o sinay ;

1
=l=

c d
B = E ki 2f (kir) sinny + = sinay +  cosay ; (5)

K2 - uz

n
B. = E - zZ, (khr) sinny ,

where we have defined

Ky = %; [n=1,2,...] KL = {h.l’—lf-'lﬂ)yz i a= %? ;¥ = % z [yelo,m] . (6)

Zo (khr) is a linear combination of the ordinary Bessel functions J , ¥
if p? > kj and of the modified ones if p? < ki. Primes denote différen®
tiation with respect to the argument.

Special axisymmetric (spheromak) solution

For ¢ = d = 0 particular solutions exist satisfying boundary condi-
tions (4.2) that lead to the eigenvalue equation

J1(-‘!) ¥, (rs) - J,(¥s) Y, (s) =0, N
with s = kh (R - % ) s Y= : : i 1 €= %ﬁ (inverse aspect ratio) .

Thus, we obtain the discrete eigenvalue spectrum for yu

s (e} . 2
5 a _ el on_, "1k

B, = g3~ cliy==] + G I*. (8)
where s,(e) is the v-th zero of (7) and E is the elongation. In this
solution the toroidal field at the boundary vanishes, it thus corresponds
to a drum-shaped spheromak with a central hole.

General axisymmetric (RFP and belt pinch) solutions

If e,d =+ 0, we must expand cos ay and sin ay in a cos ny series in
the interval (0,w), before applying the boundary condition (4.2). This
does not lead to an eigenvalue equation for p but to a set of inhomogene-
ous equations for ap, bp in the linear combination

1 L 1 1
zo(knr) ad (k r) + b Y (kl r). The result Is

sin an

d=0C3——— ;a, =b, =0;
1 -cosar ' “2n 2n &
(9)
1 % (] % ' & v {d
. i EYO(dn) B Yo(dn)} : i [Jo(dn) ) Jo(dn)}
2n-1 n'1+¢ 1-¢ 2n-1 n* 1 =€ 1 +g"7

where we have defined
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(e (dr) YL(a) = 3t ca) e (dh))™

i 4g? sin am n” o'n o'n’” "o n s (10)
0= o s (2n-1) {a? - (20-1)7} d,

and d* w iy w el 5 A = l [—2 = [iﬂ:ilﬂji}g = %% & (11)
n n = v L E

This equilibrium state has a non-vanishing toroidal field at the
boundary and a continuous spectrum of u and may therefore be taken to
describe belt pinches and RFP's with a rectangular (elliptical or race-
track-like) cross-section. Since the coefficients strongly converge like
1/(2n-1)", the main features of these equilibria are already determined by
the first term Zy(k} r).

For the toroidal magnetic flux ¢ and the toroidal current I we obtain

--— [2E E {z, (d )—z (d )} +— - T any ()] ; I=yud=2(a+b) (1apol>m_t_aee '

(12)
The pinch parameter 8 becomes

1)
POl surface = uab @ (13)
B> 2(a+b) 1T+E °

cross-section

9 =

Finally, F in the familiar F-8-diagram is found to be

2aE 2¢ + D CE ¢ sinaw
Fogti v 2 L Danet (Bl * ) ¢ — s v T poggy I V(@)

(14)

After replacing §i by 6(1+E) we obtain F = F(8;e,E) and from stability
requirements it follows @i £ umax(e,E), limiting 8 by

max(e E)

o ax(E'E) ST eE @

Explicit F(6;e,E)-diagrams with the stability limit o (E.E) taken into
account, will be discussed in a forthcoming paper.

Non-axisymmetric solution

In order to investigate the stability of the axisymmetric equilib-
rium, we need the non-axisymmetric solution m = 0. The particular solu-
tions w(r.a.z) from Eq. (2) satisfying the boundary conditions (4,1) are

'pm - F:(r‘.z) sin me + F;(r.z) cos m@ , (15)
with
s(e) _ s(e) +m m+
B n£1 Z (k'r') sinny + r {cs(c) sinpz + da(c) cos pz} . (16)

With the aid of Eq. (3) we find from the boundary conditions (4.2)




25 a*FCR, .z
2 %% (R z)-l_...._.aFm(Rt'Z).o.m._.Fs(R .z)+1—-—'5(——*—-)--o. an
R* m ‘et §  araz i R¢ m % M draz
We now expand sin ny, sin ay, cos ay in (0,m) in cosine series and
find for each mode a set of 4 linear algebraic equations for the infinity
of coefficients a_, b , of the Bessel function pairs Z (k" r). From the
truncated c:oefi‘i.cpent.srl matrix we obtain the eigenvaluﬂs r'needed in the
stability analysis.

Stability

We apply the stability criterion derived in Ref. [3], necessary and
sufficient for resistive modes and Taylor-relaxed states, and sufficient
for ideal MHD modes. The eigenvalue p must be smaller than yy, the smal-
lest eigenvalue for which the solution satisfies the additional boundary
condition Btang = VX with X a single-valued function, leading to

p < Hm = Min {py,, p(m=1)} . (18)

Note that the special spheromak states with eigenvalues y , are not allow-
ed conmparison states, i.e. there exist stable RFP's or Belt pinches with
u > uy,; or even u > py,* In Fig. 1, yu;,, uy, and p{m=1) are plotted as
functions of the elongation for € = 0.25, showing the limitations in the
pinch ratio 8.

=1y

Fig.1

Stability diagram for
e=1/4 as function of the
elongation E. The stabi-
lity region is limited
by the u{m=1) curve. The
0 special spheromak solu-
R e tion p becomes unsta-
ble for E=6.3 .
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Culham Laboratory, Abingdon, Oxon 0X14 3DB
(UKAEA/Euratom Fusion Association)
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Introduction

The magnetic field configuration of a Reversed field pinch (RFP) [1] has
a near minimum magnetic energy with the toroidal field (R,) reversed in the
outer region of the plasma improving the ideal MHD stability. The
completely relaxed minimum energy state (MES) has p j = uB [2, 3] with p
constant everywhere and in cylindrical geometry is described by the Bessel
Function Model (BFM). 1In experiment, p = p(r) is approximately uniform in
the central 50-80% of the plasma radius and reduced in value in the outer
regions [4, 5] with profiles described approximately by the Modified Bessel
Function Model (MBFM) [6].

The relationship between the resistivity on axis (n(0)) and toroidal 1ocop
resistance (V /1. ) in RFP based on three distinct physics models are
considered. Nhen f*uctuatmns are neglected, they become [7]:

I« nc(O) arisirg from the simplified Ohm's law applied to the axis,
2. 11"([}) arising from the global magnetic energy balance,

3. n (0) arising from the global magnetic helicity balance,

and give different estimates of n(0).

Comparison of Resistivities: nC(O), nw(ﬂ) and nk(n)

In the special case of the BFM, n"(0) = (D) and n°(0) > 7"(0) as seen
in figure 1, where n°(0)/n"(0) is plotted vs the pinch ratio © = B (a)/[%]
where [...] denotes the average over the plasma radius a. In genera] when
I((r) is decreasing towards the outside %f the plasma we find that n (n) >
n (0) as seen in figure 2, where nw([}}/n (0) for the MBFM is plotted vs 6.

Contribution due to Fluctuations

In a steady state RFP, we find that the 8 is related to the ratio of
power input to the rate of helicity input hy:
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bot JE.3 %
0" o~ TEEPR (1)

This expression reduces to an obvious identity in two limiting cases:
1. E=E, 1is constant, ie the force free paramagnetic model; or
2. u(r) is uniform (BFM). 1In all other cases, including those observed
experimentally, there must be additional contributions to the integrals.

To investigate the contribution due to fluctuations, we define 8* as
the equivalent of @ neglecting fluctuations and expand the integrals in (1)
by separating the variables into time averaged and fluctuating parts such as

B=B +§

1+ (Ja<3% - <uxBr.j, - <uxB 3> d®x)/ [nj,? d3x
g = o*
1+ ([n<3.B> d¥x / fnJ d3x]
nod Jni ? dix
where 6% _TW and <...> denotes a time average.

In HBTX1A, the field profile can be described by the MBFM with r‘lfa = 0,7
and n(r)/n(0) = (1-(r/a)3.6)=3/2_  In figure 3, we plot &* vs @ for the
above profiles showing that 6% < 6. The parameter € = 6/6* - 1 represents
the fraction of power coupled to the fluctuations (see later) and is about
0.2 at 8 = 1,5 for HBTX1A typically.

Based on the characteristics of the magnetic fluctuations estimated from
experimental observations in HBTX1A [8], we find that the contribution to e
due to fluctuations in the helicity input integral (maximum ~ 1 x 10-3) is
negligible compared to that in the power input integral (maximum ~ 6).

Calculation of Resistivity in a Steady State RFP

We introduce two factors f, and f, to take account of the helical current
flow and the radial temperature distribution approximated by T (r)/T (0) =1
- (r/a)¥. These factors for the MBFM and v=6 are plotted 'in flgure 4, In
experiment, the factors are selected according to the measured 8, F =
B¢(a)/[B¢] and the temperature index v to give

k V na?
n(0) = f; fzrﬂ (2)

where na? the cross-sectional area and 2nR the length of the plasma.
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Conclusion

We find that the resistivities on axis based on three distinct physical
models are different and in general nc(D) > nw(ﬂ) > n (0) when p(r)
decreases towards the plasma edge; the differences can be attributed to
turbulent fluctuations. Since the global helicity balance is insensitive to
fluctuations, n (0) is the most accurite electrical measurement of the
plasma resistivity. The ratio 2 (0)/n (0) is a measure of the additional
electric field generated at the axis and nw(D)/n (0) a measure of both the
power throughput coupled to the fluctuations and how close the magnetic
field configuration approaches the relaxed minimum energy state.
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OHMIC HEATTNG IN VARIOUS DENSITY REGIMES IN ETA-BETA II

A, Buffa, [.. Carrarn, 5. Costa, F.Flora, L. Gabellieri, L. Giudicotti
P. Innocente, $. Martini, S. Ortolani, M.E. Puiatti, P. Scarin

lgtituto das lonizzati del C.N.R. - Padova (Italy)
(Associazione Buratom-CHNR)

INTRODUCTION Th: ETA-BETA II (4=,125 m, K=.65 m) current flat-top
phase has been studied over a set of %200 pulses at [= 150 kA. The
relatively slow decrease of the density through the tlat-top and 1its
variation trom shot-to-shot allows to study the Be and e behaviour
in different [/N regimes. The previously quoted [1,2] dependence of
By and Lc.
on [/N is also found. A more thorough investigation of the impurities

(0) on I/N is confirmed and a negative dependence of g

Zeff time behaviour and a discussion of the various possible models
for estimating plasma resistivity allow to make firmer ipoteses oh

the nature of the resistivity anomaly factor.

RESULTS Electron temperature and density profiles bhave been meas-
ured by a 5-point Thomson scattering system [31 at B different times
and are shown in Figg.la and lh. The time evolution of the diameter-
integrated electron density has been also measured by a Z-color in-
terferometer and the comparison of the two density measurements shows
good agreement. The Ee negative dependence on [/N L[1,21 is con-
firmed by this renewed and wider set of measurements. The energy
confinement time computed according to the definition
g = 3 WoRAg G-
z
also shows a clear tendency to decrease with [/N, as shown 1in fig.2
where each point corresponds to the time of the Thomson scattering
measurement and to a different shot. This is due not only to the

decrease of ﬁa. but also to a strong increase of the resistivity ano-

maly factor. Indeed computing the resistivity anomaly factor on axis
defined as
*
Z tfcnl = ——“ILLG)(D)
nSpitzer

leads to the values of Z;ff(O) which are shown against time in fig.3

and against I/N in fig.4. Despite the large spread at late times and
at high L/N, which is partly due also to uncertainties in the Thomson

scattering measurements, Z (0) is found to rise from ~1.5 to ~10.

*
eff
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Measurements of the time evolution of the emission of iron and
oxygen 1ons by a dgrazing incidence spectrometer { «=889) and of the
time and space behaviour of the oxygen ions by a 7-chord wvisible
spectrometer have been made. From these data the following upper
limits for the absolute densities of the dominant impurity ions have
been derived: (0V ¢5-10'%m”?, FeIX ¢ 10'%n™%, CLVIII ¢5-10%%m™?,
cv ¢5+10'5m”?
tion stage populations measured for oxygen are shown. A time

). In fig.5 the time behaviours of the higher ioniza-

resolved upper limit for the effective ion charqe Zeff can therefore
- derived and is compared in fig.3 with Zefftﬂl. {t is worth not-
ing that the highest 2 of £ would imply a ~100% dilution of the plasma.
A possible explanation for the factor >2 between Z ¢ (0) and Z ..
may be given 1n terms of a dynamo contribution. Indeed the resis-
tivity on axis, n (0), has been computed for these data according to
the Ohm's law as:

gl
2R j

where UZIO) is the on axis voltage and fj is a form factor for the

oy = %i £
current density profile approximately equal to 1/4 C4]1. Better esti-
mates of the resistivity, i.e. in principle free from the dynamo con-
tribution, are possible from a global power or helicity balance
(nw,nkl C51, but these are crucially dependent on the assumed current
density and temperature profile. For the case of a stationary dis-
tribution, by using the p & p model [6] with plp{0)=1—(rfa)“ for the
field profiles and by assuﬁing TelTe(0)=L-(r!a)Y the following

expressions for n“tO) and nk(O) can be obtained

v I
W s Z
ni(0) = =
{ »
ZﬂRl[l—(rla)Y] SIEJZ(EI 2nrdr
)
0
¢(B 1V
oo = Z_z

{ & q ;
2R C1-(r/a) Y173 20 (r1e B(r) 27rdr

)

0

The profile dependence 1s then highlighted 1in fig.5, where the
n"(OlIn*lU) and the nktOIIn*(O) ratios are shown for several a and vy
values. For realistic current density and temperature profiles, e.g.
avd , yv2, a factor n¥(01/nt(01n1/2 or N (0)1/n*10)vl/4  may be
obtained.
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Therefore it seems that by assuming the maximum estimates for
the impuritiy densities and by adding a dynamo contribution, even
the highest Z:fftﬂi can be accounted for. On the other hénd the
radial profiles of the impurity ions which have been measured indi-
cate that ZEff should be close to unity on axis, which leaves the
question still open.

REFERENCES [L[11 Alper,B.,et al., in Controlled Fusion and Plasma Phy-
sics ( Proc. 12th Europ. Conf. Budapest, 1985),
Vol.9F, Part L, European Physical Society (1985) 578
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C4]1 Antoni,V.,et al., RFP experiments at various plasma currents on
the ETA-BETA II device, Ist.Gas Ionizzati Rep.,IGI/03 (May 19B83)
C£51 Shoenberg,K.F., et al., Phys. Fluids 27 (1984) 1671
C61 Ortolani,S., in Mirror-Based and Field-Reversed Appr. to Magnetic
Fusion (Varenna 1983),Vol.II, Int.School of Plasma Phys.(1984)
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FULLY IMPLICIT SOLUTION OF MAXWELL’S EQUATIONS IN THREE DIMENSIONS BY
PRECONDITIDNED*CONJUGATE METHODS WITH AN APPLICATION TO REVERSED FIELD
CONFIGURATIONS

D.V. Anderson, E.J. Horowitz, A.E. Koniges and D.E. Shumaker

National Magnetic Fusion Energy Computer Center
Lawrence Livermore National Laboratory
Livermore, California 94550, USA

MID analysis of the reversed field theta pinch predicts a gross
instability known as the tilt mode which should grow on an Alfvén tramsit
period time scale. Experimental observations of such configurations show
no such instability. RaLhei equilibria are seen which persist for
comparatively long periods( ). 1o analyse this stable behavior one must
use a kinetic model from which one may learn what mechanism is responsible
for the observed behavior. For this study, and others, we have built a
full 3D non-linear plasma particle simulation code Lha%zuaes particle ions
but fluid electrons in the quasi-neutral approximation ),

The need for this 3D simulation coincided with the availability of the
first Cray-2 muliiprocessor computer installation. Our code, QN3D, has
been designed to make full use of the features of this computer including
indirect vectorization, multitasking, and the large memory capabilitLy. As
'such it has been designed Lo employ algorithms that are fully parallelized.
Presently, iL is an explicit code and in particular uses an explicit field
solver to evaluale the electromagnetic fields from a Darwin model.

We are planning, in the future, to modify the code to use particles to
represent the electrons and to use the full electromagnetic field
equations. Then explicit methodology will restrict Lime steps Lo the
fastest phenomena occuring usually at the electron plasma or cyclotron
frequency. To go beyond these short Lime scales we intend to adapt the
direct implicit techniques to our code. Looking ahead to this goal we have
formulated a fully implicit technique for solving the electromagnetic field
equations. We reportL here on the progress in the development of Lhis field
solver and compare it to the explicit one presently in QN3D.

Over the past decade there has been rapid progress made in the
techniques for solving sparse, linear matrix systems. While direcrt solvers
based on Gaussian elimination are found superior for smaller matrix
systems, semi-iterative methods are preferred for larger order matrices
boLh for reasons of memory requirements and of computational speed.
Preconditioned conjugate gradient (PCG) methods have been used to solve a
wide range of the partial differential equations (PDE) of physics.
Typically, a PDE operating on a 2D or 3D scalar field would be discretized
by finite element or finite difference Lechniques and Lhen solved by an
appropriaLe PCG solver. For example, a 3D _PDE that produces an asymmetric
matrix could be solved by the ILUCG3 code(3). This code allows a 27 point
operator stencil which quite naturally arises in many applications. The
global matrix, one obtains, is block tridiagonal with block elements that

*Work performed under the auspices of the U.S. Department of Energy bv the
Lawrence Livermore National Laboratory under contract No. W-7405-ENG-48.
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are themselves block tridiagonal which in turn have sub-elements that are
tridiagonal elementary matrices. Alternatively, the resulting global
matrix can be described by its band structure. It has 27 non-zero
diagonals arranged in clusters each of three elements width. By storing
just these sub=diagonals the PCG codes economize on memory. Many of the
preconditioning techniques rely on approximate factorizations that preserve
the sparsity of the operator matrix.

For the solution of the Darwin form of Maxwell’s equations we find a
coupling between the three spatial components of E which can be expressed
as,

wx (VxVxE") +5(VxVxE")+h"= R,

Here w, s, h, and R represent physical quantities known from previous
time levels. When discretized, this system again presents a hlock
tridiagonal superstructure if the index of the spatial component is made
the fastest turning one. But now the third level tridiagonal matrices
possess dense 3x3 sub-matrices as elements—-the smallest level matrices are
no longer tridiagonal, but are penta-diagonal. A generalized operator has
3x3x3x5 = 135 stencil points. Sub-bands that were 3 points wide are now
5+1+5 = 11 points wide. Given that these 3D spatial operators always
produce 9 such sub-bands we readily see that the matrix has 9x1l1 = 99
sub-diagonals.

We solve this matrix by the ILUCG method. First, incomplete factors L
and U are obtained and used to transform the original matrix problem into a
new one that has a very small spread of eigenvalues. Next, the transformed
system.is put into normal form by multiplication by the operator transpose.
This widens the eigenvalue spread-—enlarges the condition number by the
square-—but it yields a formally symmetric matrix problem for which the
conjugate gradient (CG) algorithm may be applied. By applying the
transformation and the conversion to normal form algebraically, one derives
the ILUCG algorithm from the CG one.

The ILUCG algorithm can be viewed as a sequence of dot products of
various sub-vectors. These sub-vectors are portions of the rows, columns,
source vector, solution vector, and other temporary vectors of the
algorithm. TFor the case reported in the ILUCG3 paper, these vectors are
rather short and no attempt was made to vectorize the computer for them.
Here we have generalized those methods by introducing innermost loops to
perform all the dot products. Since we do not store the global matrices we
must use an indirect indexing technique to relate the index of the
innermost loop to the indices of our compressed storage arrangement. Given
the Cray-2 ability to vectorize arrays with indirect indices, we obtain a
code that is fully vectorized.

For the purpose of determining the convergence properties of this
method we have set up matrices corresponding to different numbers of
coupled PDE's. We use a random number generator to specify the elements of
a preliminary matrix which is then forced to possess a given condition
number and skewedness. The test problems are generalizations of the ones
presented in Ref. 3 and used a 9x11x13 grid (with skﬁw = 1.1, diagp = .01,
frlapec = 0.0) and a relative error criterion of 10710, The Table gives
results for runs done with up to five coupled PDE’s. A figure of merit is
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the ratio of solution time to the number of non-zero matrix elements which
we dub "time per term." Note how it improves with more coupling.

To test the ?Eysical correctness of our new field solver, which we
have named CPDES3 (coupled partial differential equation solver for 3D),
we have used it in the particle code to propagate Alfvén waves. It is
compared to our existing explicit field solver. The two field solvers and
the analytical theory are all in good agreement. We realize that the
implicit solver is intended for problems with longer time scales, so for
the wave propagation are one would probably choose the explicit solver. It
is not clear that even the tilting mode simulation will require the
implicit solver over the explicit one, but we intend to use these
simulations as a test bed for CPDES3 to improve it for later applications
on the transport and equilibrium time scales where the explicit solver will
be too expensive.
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TIMINGS FOR CONVERGENT RESULTS

Num. | Num. | Num. of Time | Time
of of Linear | Dec. | Total | per per |CG

PDE’s | Diagls. | Egns. |Time|Time| Egn. | Term | Its.

27 1287 | .462 | 3.78 | 2.93e-3 | 1.08e-4 | 63

63 2574 | 2.18 | 9.39 | 3.65e-3 | 5.79¢-5| 61

135 5148 |10.03 |29.57 | 5.74e-3 | 4.25e-3 | 57

1
2
3 99 3861 5.11 (17.23 | 4.46e-3 | 4.50e-5 | 58
4
5

171 6435 |16.03|41.85|6.50e-3 | 3.80e-3 | 57
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MINIMUM MAGNETIC ENERGY PRINCIPLE FOR A WEAKLY RESISTIVE
TORQOIDAL, FINITE-B PLASMA

J.B.M.M. Eggen and W. Schuurman,
Association Euratom-FOM, FOM-Instituut voor Plasmafysica,
Rijnhuizen, Nieuwegein, The Netherlands

Abstract The cylindrical equilibrium profiles as predicted by a minimum
magnetic energy principle for a relaxed weakly resistive, finite-B plasma
are expressed in terms of measurable quantities. To these relaticns the
first-order toroidal corrections are derived. In a comparison of the the-
oretical profiles with experimental data of the ETA-BETA-II experiment at
Padua, good agreement is found. The F-f-diagram is also given.

Introduction An extended version of Taylor's minimum energy principle min-
imizes the magnetic energy Wg of a relaxed weakly resistive, finite-g
plasma enclosed by a perfectly conducting metal wall for fixed potential
energy E = J{B*/2yy + p/(¥-1)}dr (closed system), magnetic helicity
K = /A*B dt and longitudinal flux ¥. The minimization is Ffurther con-
strained by the force-balance equation Vp = jxB. This model is a special
case of a general model introduced in a previous work [1].

In the present work the resulting equilibrium profiles in a cylindri-
cal plasma are determined in terms of experimental quantities. The
requirement of physically acceptable profiles puts limitations on the
allowed values of the quantities. To improve the comparison with toroidal
experiments, the first-order toroidal corrections to the cylindrical
equilibrium profiles are derived together with a formula for the toroidal
shift of the magnetic axis of the plasma. The resulting theoretiecal
equilibrium profiles are compared with experimental data of the
ETA-BETA-II experiment at Padua.

The model and resulting equilibria

The mathematical formulation of the variational principle reads:
SW = 6Wg - wdE - A/2ug 6K - ¢8¥ - 1/(¥-1) 6 u(x)+(Vp-j=xB)dt = 0 , (1)

where a, A, % are constant Lagrange multipliers and p(x) a space-dependent
one. For a cylindrical plasma of radius a with translational and rotation-
al symmetry, all quantities depend only on the radial coordinate pe[0,a].
The equilibrium profiles are found to be ([1], Bp(p) = 0)

Bz(p) = BColyp) (@) Bglp) = Bolo &Nk ¢ (vp)  (3)
1 1 /

p(p) = [y7 725 g (C8(ve)-11+11pg (W) w (p) = Kan , | (5)
_ i ¥ 2-Y

where By = 2ugPe/B3 v = AMo(1+ca)(1-a)} ik =Dy (6)

and Cp = Jp , 0= +1 if k >0 and (-1/¢) < a <1,
or if k<0 and e <1 ora?>-1/¢,
Ch =1, o= -1 otherwise
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with J, the ordinary, I, the modified Bessel functions of the first kind.
The solutions (2)-(5) depend on the Lagrange multipliers A and w«, and the
normalization constants B, = Bj(o) and py = p(o).

These equilibrium quantities yield the following related quantities:

poloidal current density: longitudinal current density:
B B
Jplp) = v =2 ¢,(vp) €] dated == A e (ve) (8)
9 wo : e Ko 1-a 70

longitudinal current: longitudinal flux:

2maB 2B ma?

[¢] T+, % - o]

Iy = ~ (o) Cilva) (9) ¥ = =7 Cilva) . (10)

The values of the parameters v(A), a, By and py distinguish different
discharge regimes and in order to have a positive pressure, they must
satisfy ([1], Fig. 1):

€2 (vp)-1+(Y-1) (" ~a)Bo/a 2[£] 0 if o/(1-a) >[<] 0, pel0,a] . (11

The Egs. (9) and (10) can be inverted to obtain the parameters a and va
(or Aa) in terms of the longitudinal current and flux:
c,{va) T2-0C%(va) I
1 Y = 1 =
—‘—=m_z‘y (12) o =‘:“"“—“_‘_ ; I:_—
i ¢ I2+K0C?(va)

[(12) is a :ranscendental equation to determine va in terms of ¥; it
may have several roots vha. To each root corresponds an ap. For given By
and I, the total magnetic energy is a function of wpa only; for given
values [vpal we choose the one that minimizes Wg].

Using the expressions for wva and a, Egs. (12) and (13), we can
express the equilibrium quantitities, (2) - (5), in terms of the
experimental quantitities I,, ¥, Bz(o) and p(o). As an example, the
condition of positive pressure, Eq. (11), becomes (see Fig. 1):

(13

oc?(va(®))-1-8  y
T —-9—————:- 2 1% ¢, (vat®)) . (14)
czlval¥))-1
1.0 1.0
0.8 -4
5 98 0.8 -
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£ 0.0
0.4 T 0.2} .
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Fig. 1. Realistiz pressure profiles Fig. 2. F-o-diagram.

as determined by ¥, Ij, B,.
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F-@-diagram: letting the pressure go to zero in the interval [0,a], we

can use Eq. (4) to express By in terms of « and va (or I, and ¥). This
enables us to express both F and © in terms of va for given By, where

B_(a) B (a) Sp/(y=1)dr
F=-2__ 0= el By =
S = TCBgD

This yields the F-©-diagram as given in Fig. 2.

S————— (15)
I(B*/2ug)dt

First-order toroidal corrections to the cylindrical equilibrium profiles

Using the familiar technique of an inverse aspect ratio (e = a/R)
expansion of the Grad-Shafranov equation we determine the first-order
toroidal correction to the cylindrical equilibrium state. In pseudo-toroi-
dal coordinates (p, 8, ¢), defined by:

x = n(1—£ cos@)cosd, Yy = 12(1—32 cos8)sing, z = psing, (16)

the correctiuns for a rotationally (§~ = 0) symmetric plasma equilibrium
of circular cross-section are:
(1) B sin®g aC (va)

(p,8) = & o [427 (p7-2)C, (vp)+(1+ka) (=g 2rogy Cavp)=Colup)}] ,

B cos® an
Bg‘)(p.a) ==— g ;Aa [au 12 i 9 C,(vp)+v(p2-a®)Cqlvp)} +
vaco(ua)-c1(va) acotua)+vpzc1(ua)
+ (1+ca) [————=-—— Cglvp) - Cy(vp)il , (18)
pC, (va)
C,(va) c (va)
B&‘)(p.a) %e3, coso (E Co(vp)+z—_ (p%-a?)c, (vp)+—— C, (vp)}
) € cos0 ) 1351*Kﬂ Sl (19)
p(‘ {p,08) = *;E?HTZ Colvp) —EXIE— [ (p2-a?)C,(vp) +
+ (1*Kﬂ)[m C (\’D) PCO(\’P)}] . (20)

The toroidal shift py of the magnetic axis is determined by

Bglpy,m) = 0.

Combining Egs. (3) and (18) to obtain the total Bg(p,8) and expanding

this expression for small p, we find as an approximate expression for py:
-a ca(va)? vaCo(va)

M= C-T- [2(7_1) = (T*‘Kﬁ)[m = 1}] s (21)

Comparison with ETA-BETA-II
Using the following data [2] of the ETA-BETA-II experiment at Padua

By = 0.56 T I, = 180 kA =9 mWb (e = 0.19) (22)
(the pressure is only very roughly known), we find the parameter values:
BZ
5 8 ;
- = 2 — ——a 2
va = 2.70 a = 0.19 Po 2“0 =T 1 = 43 kN/m (23)
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and the corresponding profiles as predicted by the theory are given in
Fig. 3. This figure also shows measured values of B
The calculated B@(p.ﬂ)—profile is
experimental data; the calculated Bg(p,7)-profile has the correct shift of
the magnetic axis, but there is a growing discrepancy for larger values of
p/a between Bg(p,w)-experimental and Bg(p,m)-theoretical since we calcula-
ted a to obtain the measured current and according to the theory

I; = 2wa Bgla,m)/yy .

in very goo

g(P

,m) and Bglp,7).
agreement with the

(2)

However, it should be noted that this discrepancy can be significant-
ly reduced by allowing a deviation of the order of 10% in the current,
yielding a lower o. This also affects p, very much, Eq. (23):

Po & 12 kN/m?.

1.2 T T T T

B, (o) (r)/B,

T T
By(r)/B,

/4

-

/fﬁ{a } -¥

T T T T
plr)/p,

N

1 1 1 |

= EEC | 1 |

-0

— r/fa

Fig. 3.
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STABILITY OF TAYLOR STATES WITH RESPECT TO THE M = 1 MODE
IN THE PRESENCE OF A VACUUM LAYER

W. Schuurman, FOM-Institute for Plasma Physics, Rijnhuizen,
Nieuwegein, The Netherlands
and
M.P.H. Weenink, Eindhoven University of Technology, Eindhoven,
The Netherlands.

Abstract

The minimum energy principle of Taylor is extended to the case where
a vacuum layer is situated between the weakly resistive plasma and the
perfectly conducting wall. The second variation is investigated for m = 1
perturbations and a necessary and sufficient criterion for stability is
derived. The results are identical to those found by means of the resis-
tive mode analysis.

Introduction

Taylor's variational principle [1] minimizes in the cylindrical
approximation the magnetic energy of a toroidal plasma column enclosed by
an infinitely conducting wall. The minimization is subjected to the con-
straints of constant longitudinal flux and magnetic helicity K = [fA+B d1
{Lagrange multiplier =-A/2). The minimizing magnetic field satisfies the
Euler equaticn V x B = AB and its Bessel solution haas among others the
merit of correctly demonstrating the reversal of the longitudinal field
component, as observed in reversed field pinch experiments.

A minor shortcoming of this theory is its inability to describe
plasma equilibria with a finite B, and equilibria with a current density
that falls off rapidly towards the wall. In order to describe the latter
type of equilibria we introduce a vacuum layer between the plasma and the
wall and minimize the total magnetic energy subject to the plasma
magnetic helicity and other constraints, necessary to let the occurring
boundary terms in the principle vanish.

The first variation, yielding the equilibrium states has been dealt
with in Ref. [2]. In our paper we investigate the stability of the equi-
librium states with respect to m = 1 perturbations by means of minimiza-
tion of the second variation derived previously [3]. As in the case with-
out a vacuum layer the resulting stability criterion turns out to be
identical to the one obtained with a resistive mode analysis.

Calculation

We consider a toroidal plasma column surrounded by a vacuum layer
and a perfectly conducting wall with circular cross-section (radius b).
In the variational principle, both the vector potentials and the position
of the plasma edge are varied and acquire stationary values at minimum
total magnetic energy of the configuration. Necessary constraints are the
conservation of the toroidal fluxes in the plasma and in the vacuum
region, the poloidal vacuum flux (the plasma-vacuum interface is ideally
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conducting), the magnetic helicity of the plasma and the flux through the
hole of the torus. The boundary conditions for this model are the
continuity of the vector potential and of the magnetic pressure across
the plasma boundary, and the magnetic field being tangential at the
surfaces of the plasma and the metal wall. Minimization of the general-

ized energy W = | (B2/2uy = M2ug A*B)dt + [ B?/2y, dt for eylindrically

symmetric equilioria with perturbations 6B etc. = el(mO+kZ) and with the
perturbation 6a of the plasma radius r = a chosen in the radial direction,
leads to a first variation given in Ref. [2] and to the following second
variation [3]:

Ugb2W = J{g(ssp)‘ anp sap}d1+1z(5av)=d1+nzﬁ[B*vz(a) Bpz(a)l(sa)® . (1)
We consider the case without zero-order plasma surface current, so that
the last term in (1) vanishes.

The perturbation é§By in the vacuum follows from Vx§By =0, V+§By = O:
§Byp = -L1{A, I (kr) + A Kn(ke) ],
6Byg = m/kr 8By = m/kr {A,In(kr) + R Ky(ke)] , (2)
where Ip,,Kp denote the modified Bessel functions. A then follows from
8B = = V x SA.

The variations in the plasma being free, we have to minimize &2W. If
we define the Rayleigh ratio

J(Ux&A) »6AdT (Vx8A) +6AdT
P P
Rpi= TUU=6A) 2dt+ T (V=6A) 2dt1 c? A (3)
P v

we have 6*W = Ke?(1-ARp) so that we have to find l , the maximum of Ry,

and the stability criterion becomes a 2 X. Putting SRy = 0 we find the
Euler equation in the plasma:

UxVx6A - aVx6A = O , )
and a surface ccndition on the plasma boundary

I 2 z2 2 .2 AR

Py [S’Apxanp = 8 Apx65p+; §*Ayx6Byl-dS = 0 . (5]
It can be shown that (5) is satisfied because of the continuity at r = a

of the first order part of B2.
The solution of (4) reads:

ikD

A o Tt e
(a2-k2)k

6By = [y il (at-kPr} % ¢

kmD
5Bg = ';i;ﬂm(wrl"%EJh(wr) i
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8B = Diplwr) ,
imD

SAp = =I5 Jplur) + — Jm(m") + ' (r) ,
SAg = ;E@gdm(wr;—uJ'(wr)+~— x(r), (6)

Ay = a- JIplwe)+iky(r) ,

where a®*-k* = w? > 0 and y(r) is a potential function to be determined
from the boundary conditions. For o?-k?<0 an analogous solution is found
with modified Bessel functions.

Application of the boundary conditions and the auxiliary condition

SA = $axBy, following from E+vxB = 0 as discussed in Ref. [2], leads to
the expression for a(A,m,k,By = g):

al, (Aa)
[{do(ra)- —=J,()a) }Jp(wa)- —Jm(wa)]{I‘ (kb)Kp (ka)-1} (ka)Kp (kb) }-

-l Jm(Ha)+%Jh(wa)}[Jo(ka)+%3 J,(2a) HIp(ka)Ky (kb)-14(kb)Ky(ka)] = O.

(7
The marginal form of Eq. (7), where a is replaced by A, is also
found from a resistive mode analysis ("A'-method", see e.g. Ref. [4]).
This stems from the fact that in the marginal state A"+ 0 the boundary
conditions to be applied are the continuity of &Bp and B? at the plasma
edge and 6B, = 0 at the wall, conditions that are also fulfilled by the
minimizing perturbations in the variational apprecach. Thus, it is
satisfactory that the agreement between resistive mode analysis and
Taylor's variational principle, already present without a vacuum layer,
still exists in the presence of such a layer.

8




Numerical results

Equation (7) has been evaluated numerically for m=1. At fixed val-
ues of k and By = g the curves a()A) are determined, exemplified in Fig. 1,

where A = )a and X = na. In view of the stability criterion a 2 A, it is
seen that the marginal value of ) is indicated by points where
a(A)-branches intersect the line a = A. The value of )\, thus found as a
function of ka at fixed By still shows a minimum as in the Taylor case
(By = 1). For instance, for By = 4.0, A reaches a minimum of 2.39 at

ka = 0.4, At growing Bp the minimum in the curve A(k) shifts to lower k
and to lower A, the latter effect expressing the destabilizing influence
of the vacuum layer. Details of the numerical results of this stability
analysis, also in comparison with the ideal MHD predictions, will be
given in forthcoming papers.

Acknowledgement

The authors are indebted to I. Ongers for performing the numerical
calculations.

This work was partly performed under the Euratom-FOM association
agreement with financial support from ZWO and Euratom.
References

[1] J.B. Taylor, Phys. Rev. Lett. 33 (1974) 1139.

[2] P. Centen et al., Proc. 1984 Int. Conf. on Plasma Phys.,
June 27- July 3, 19814, Lausanne, Vol. I, p. 116.

[3] M.A. van Houten et al., Proc. 12th Eur, Conf. on Contr. Fusion and
Plasma Phys. Budapest (1985), Vol. II, p. 382.

[4] R.D. Gibson and K.J. Whiteman, Plasma Phys. 10 (1968) 1101.




364

PLASMA CONFINEMENT PROPERTIES IN REB-RING SPHERATOR

S. Kubo, K. Narihara, Y. Tomita, M. Matsui, T. Tsuzuki and A. Mohri

Institute of Plasma Physics, Nagoya University, Japan

1. INTRODUCTION

In the experimental device SPAC VII, the field configuration like
spherator is formed by injecting a relativistic electron beam (REB) where
the internal solid conductor of spherator is replaced by a slender REB ring
[1,21. This configuration has a currentless region useable for plasma
confinement outside the REB current channel,i.e., 'REB ring core'.
Important features for plasma confinement: high magnetic shear and deep
magnetic well are both present in this currentless region. This attractive
magnetic configuration had been checked in spherator or levitron where the
particle diffusion coefficient was worse by a factor 6 than that predicted
from the classical theory in the temperature range Tg < 100 eV [31.

To confirm these good confinement properties in REB ring core
spherator, a multi-channel HCN Taser interferometer with fast time
resolusion have been used to measure the temporal and spatial electron
density evolution. Here, plasmas were additively supplied with a plasma
gun to see details of particle diffusion for different parameters such as
q-value and poloidal field.

2. EXPERIMENTAL ARRANGEMENT

The toroidal device SPAC-VII { Fig.1 ) has a vacuum chamber of the
inner diameter of 166 cm and the maximum width of 42 cm. The toroidal
magnetic field is generated by a current (500 kA maximum, 80 ms e-folding
time) in a single center conductor. In order to proceed from REB-ring
formation to major radius compression of REB-ring, the time-varying axial
magnetic field is used. The REB injection is performed with the plasma
anode method [1], by the use of a MARX generator: PHOEBUS-III (90 kJ, 2MV,
1.5 us pulse width). To help the REB-ring formation (21, a resistive shell
of 1 ms skin time is installed inside the vacuum chamber. The cocre minor
radius of the REB-ring is inferred from the spatial distribution cf X-ray
emissivity measured with a nine-channel X-ray collimator system. The
multi-channel HCN laser interferometer is composed of five sets of
interferometric lay arrangements and two HCN lasers of slightly different
wave lengths ( Fig.2 ). The main laser beam is splitted into 5 beams.
Then, after making each beam to pass doubly through the plasma , the beam
is combined with another reference laser beam. These combined beams are
rectified with Shottky Barrier diode mixers. The output beat signals are
analized by TTL logic so that direct reading outputs can be obtained.
Thus, fast time evolution of the density profile can be obtained easily with
high reliability.
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3. EXPERIMENTS

In Fig.3 are shown typical time dependences of ring current Ipand the
line integrated electron density ng1. At t=1.0 ms, a coaxial plasma gun
was fired to, satisfy the plasma anode condition in front of the cathodef1].
When an REB was injected at 2 ms, a toroidal REB ring of about 25 kA was
formed within few microseconds and it continued for about 20 ms without
further acceleration. Returp current induced in the setup phase of ring
produced a high density plasma which was immediately confined by the ring.
Initially, the plasma density attained to about 2 x 1013 cm3 at the central
position and had a relatively broad spatial profile. This return current
decayed fast and then the density profile settled to a certain one about 1
msec after the REB injection, while the plasma density decayed slowly with
time. The REB core radius inferred from the spatial distribution of X-ray
emission was about 6 cm at half maximum. This peaked current profile was
held almost the same until the current terminated. Here, the REB ring core
were formed and the currentless region for plasma confinement extencs from 6
to 12 cm.

The REB itself hardly interacts with the neutral gas left unionized
since the ionization cross section is so small in this REB energy range.

The jonization time estimated with measured neutral density and beam
parameter is a few tens of ms. The validity of this estimation was
ascertained from tne experiment that the electron density profile and its
time evolution werz hardly affected by adding neutral gas as much as that
left unicnized. On the other hand, the main electron loss mechanism except
the diffusion may be the recombination, but its characteristic time is so
long ( of the order of sec ) that this effect on the loss is negligible in
this case. Therefore, the global electron confinement time can be roughly
estimated from the observed density decay time. Typical confinement time
is about 2 ms. This value is worse by a factor 4 to 5 than that estimated
from the classical theory.

In such an experimental condition, both the source and the sink terms
in the diffusion equation can be neglected. This simplifies the derivation
of the diffusion coefficient. In cylindrical coordinates the diffusion
equation can be experessed as

A Lwy 1| S
ot r or r 9‘ a1 } ’
where, D,is the transverse diffusion coefficient. The diffusion

coefficient can be expressed in terms of the quantities which are obtained
from the observed density profile and its time evolution as

]r. an g

= at -~
Dy, = . 2N i
ar
assuming the axi-symmetry. Here, the raw data points on the radial

density distribution at each time are smoothly connected with an appropriate
fitting function and then it is Abel-inverted to get n{r,t). Examples of
diffusion coefficients found in this manner are shown in Fig.4(a). The
coefficient D, increases with radius. It is prominent that D. grows up
outside the radius of nearly g=1. The diffusion coefficient estimated from
the classical theory is in the order 103 cmlsecd.

It is important from the view point of confinement to see the diffusion
in higher q region. However, the derivation of diffusion coefficient in
such a region becomes difficult because of low S/N ratio. To avoid this
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difficulty, a plasma gun set at the center conductor was fired 5 ms after
REB injection ( t=7 ms )(Fig.5(a)). The plasma density was built up at the
plasma periphery and decayed in about 2 ms. On the other hand, the
increment of the visible 1ight intensity decreased in about 0.5 ms and
became the same level as that before the gun plasma injection (Fig.5(b)).
This indicates that, once the injected plasma was cooled down, it was no
longer an origin of plasma source. Whence the diffusion coefficient can be
derived in the same manner as before the additive plasma injection. This
method enables the more accurate derivation of the diffusion coefficient in
the high q peripheral region. In Fig.5(c) are shown the Abel-inverted
density profiles. The diffusion coefficient at high q region becomes 104 to
102 em?s-1(Fig.4(b)). There is a clear tendency that the diffusion
increases steeply as q passes over 1. This dependence of Dy on q may be
attributed to MHD-instabilities near the rational surface,
micro-instabilities, or other diffusion mechanisms. The dependence study.of
the diffusion coefficient on Te and field parameters are now on going.

4. CONCLUSION

The plasma confinement properties in the REB ring core spherator have
been studied with the HCN laser interferometer system having fast time
resolution power. The global particle confinement time is 2 ms which is
worse by a factor 4 to 5 than that estimated from the classical theory. The
diffusion coefficients derived from the measurement in both cases without
and with the addtional plasma injection are of an order 103 cm2 s-Ifor q < 1
and 10° cm2 s-1for q > 1.  This diffusion coefficient have a strong
dependence on the safety factor q. The dependence is roughly as qu:qz.
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CONFINEMENT OF MEV IONS IN A DENSE PINCH¥

V. Nardi, C. M. Luo, C. Powell, J. Brzosko
Stevens Institute of Technology, Hoboken, NJ 07030, USA

A. Bortolotti, F. Mezzetti
Universita di Ferrara, FE 44100, Italy

Abstract Pinhole imaging from the ion emission of a deuterium plasma focus
pinch shows a multiplicity of localized sources of S3MeV ioms ("hot spots"with
linear dimensions not greater than the pinhole diameter 100 um) which are
embedded in a diffuse source (the pinch image) of ~ 1 MeV ions. The ion
energy distribution in the pinch image is obtained with a space resolution
better than 50 ym. Data from Thomson spectrometers with a 2 ns time resolu-
tion indicate that low energy ions (E < 1 MeV) are ejected n~ 100 ns earlier
than the high energy ions (E > 1 MeV). The observed characteristics of the
D-D neutron emission [(i) spread of neutron energy spectrum, (ii) neutron
pulse duration, (iii) total neutron yield] are consistent with a novel
mechanism of ion acceleration and ion confinement within localized regions
of smaller dimension than those considered in earlier workl. A method for
increasing the neutron yield by increasing the volume of the "hot spots"
has been tested with a positive result: ~ 4 x 107 D-D neutrons/shot with

a 6 kJ, 16 kV, 6 Torr Dy filling plasma focus discharge. This has been
achieved with the insertion of suitable field-distortion elements in the
interelectrode region.

1. Previous measurementsl have shown that there is a strong correlation
between the D-D neutron yield n in one shot of a plasma focus system (PF;
5=10 kJ capacitor bank at 14-18 kV) and the maximum value En of the
neutron energy E, detected in the same shot. If we plot the’0BEerved n
(measured by silver activation counter) in a series of 102-103 shots as a
function of the corresponding En,max we find that n is uniformly increasing
with By max [E, = (D/At)2 m/2; AT is the neutron time of flight on the
distance D = 1846 cm from the PF source to the NE~102 scintillation detector].
We have additionally found that the intensity of the ion emission from the
PF pinch at 0, 45°, 90° is randomly changing from shot to shot without
correlation with n. The energy spectrum of the D emission in different
directions is determined by (i) compact Thomson spectrometersZ and by (ii)
pinhole images of the PF pinch with differential filtering of the ion
emission. The nonuniform distribution of etched ion tracks on CR-39 targets
forms a sharp-boundary image of the pinch and the typ1c$} parabolic pattern
from deflected ions in the Thomson spectrometer, The D' emission from the
PF pinch in a high-yield shot with n & 3 0 can have such a low intensity that
no pinhole image is formed, and no appreciable amount of tracks is formed

on CR-39 targets of the spectrometer in any direction; the 0°, 45°, 90°
directions are usually monitored in each shot; n is the mean value of n on

a typical series of ~ 100 shots in the same conditions of filling pressure p,
and capacitor veoltage V,. On the other hand, also a shot with n X 0.5n

*Work supported in part by AFOSR (Washington, DC), MPI (Roma, Italy),
ONR (Arlington, VA),.
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can produce a sharp image of the pinch on CR-39 targets in any direction
and a strong parabolic pattern in a Thomson spectrometer, It is generally
true for shots with n < fi - few exceptions - that if we compare two shots
(a,b, say) which have about the same total emission JN(E;)dE; we find
N,(E4 )»> Np(Ey) in the high-energy wing of the spectrum if ny > np. This
is no longer the case in shots with n { 3-4 fi where N(E;) is essentially
undetectable by spectrometers and imaging systems. The increase of n with
E, and the decreasing ion emission N for increasing values of n > 31
1nﬁicata that the pinch self field and the related ion trapping is one of

Fig. 1. Neutron yield n as a function of Ep,max (in MeV) from a series of
120 shots. Each data point is obtained by grouping together the m,
En, max (Tnf) values of all shots with the same En,max* & Eq.  The
vertical coordinate is the mean value %, and the vertical error bar
is the standard deviation of each group of data. Ep may 18 ob-
tained via the neutron time of flight Tpf from the PF source to the
scintillation detector at a distance D=1486 cm. The scintillator/
photomltiplier system was in satuﬁatiun conditions for the neutron
signal; Tpy = Ty + D/c, c = 3x10L i Ty 1s the time between the peak
of the first x-ray pulse - photon energy > 1 MeV - and the time at
which the neutren signal on the oscilloscope display reaches the com—
veniently chosen value of 1 Volt; the NE-102 detector is in a box
with lead walls 6 cm thick (see Ref.3). The horizontal error bar is
determined from the time of flight error * 10 ns.

Fig. 2. (a) Time lag Ty in the emission of p' ions as a function of the ion
energy Ef from a Thomson spectrometer with nanosec time resclution.
The 1 MeV ions are emitted about 100 ns after the 70 keV ions in the
same pulse. (b) Photograph of the CR-39 target (single shot) of the
Thomson spectrometer from which we have derived T;. The vertical
coordinate gives the field induced displacement 8y of the ions.

The pinhole entrance of the spectrometer has a dia. of 50 ym

(= dismeter of the neutral particle spot in the low left cormer of
b). The period of the time dependent component of the electric
field E - which ie superposed to a constant component of about the
same strength - is ~ 17 nanosec.
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Fig. 2. (b) A1 data reported in this paper have been obtained with
& hollow center electrode (anode). Fig.3
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The distribution of the dsta is substantially
conpared to (a), (b) in that the misfiring are
elicinated. Both (b) and (c) indicate a_substantial
of n with & record yield of n ~ 3,8 x 107 /shor.

A1l shots in the same conditions: p - 6 Torr, V_ = 16.5 kV. The

extension in space (inside the pinch image on CK-39 targets) of the
hot spots (with a diamcter smaller than 100 ym) and the quantiry
observed in each shot is increased by using the ke, Each hot spot
is formed of ion tracks with Ef ~ 3 HeV; Nardi et al., in press).
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the factors which control the magnitude of n. The other factor clearly con-
trolling n is the rate of decay of the self-field which determines the ion-
accelerating inductive fields and the observed E « The long ion confine-
ment time inside the self-field-dominated plasma of the PF has been
previously established also from (a) the production of 14 MeV neutrons via
T-D secondary reactions in PF discharge with a pure Dy filling, and (b)

from the contact print - from 2,4 MeV Dt—ion tracks on a screened CR-39
target - of a plasmoid ejected from the PF pinch region”. We have used a
Thomson spectrometer with &~ 2 ns time resolution for determining the rela-
tive time of emission of 0.1-1 MeV D' ions. A periodic electric field Ep

R 2 kV/em, period n 17 ns, has been applied to the pole pieces (8 kG) of the
Thomson spectrometer described in Ref. 2. The relative time of the ion
impact T(E,) on the CR-39 target is determined by the phase difference of
the Ep field. The time of flight from the PF source at the distance dq
from the Thomson target (close to the pole pieces) is Tg(Ei) = do/V(2 Ei/m).
The difference in the time of emission (time lag) for ions of energy E] and
of energy Ep T;(Ej1.Eip) = T(E41) - Tg(Ei1) - [T(Ey,) - Tg(Ei2)] is
reported in Fig, 2 as function of the ion energy [thé time origin in here
arbitrarily chosen at T(Ejp = 65 keV) = 0]. The high-energy components of
the DT ion beam at 3 Torr is detected from the nuclear activation of a Cu
target at 0°, 2.5 cm dia., 11 cm from the anode end £63Cu(d,2n)632n, half
life T = 38 min, threshold Ej ¢h 2 8 MeV; ©Cu(d,p)®°Cu t = 5.1 min, 4
Ei,th Y 5 MeV] in less than one shot every ten, with N(E; & 5MeV) { 10°.

The corresponding fluence d2§/dEdw is only ~ 10 times higher than the
fluence measured with a high-resolution magnetic analyzer“ with an accept-
ance angle dw (=7.Bx10‘5) 50 times smaller than the solid angle dw = 4x%10~3
sr intercepted by the Cu target.

2. The thickness of the current sheath in the interelectrode gap and the
possibility that more than one current sheath may form in thePF breech
region are dominant factors which control n. We affect these factors with
the insertion of field distortion elements (e.g., a knife edge, ke) in the
interelectrode gap. The best results have been obtained with a circular ke
of length L = 7.5 mm inserted at the PF breech on the insulator sleeve

(the outer electrode dia. is 10 cm, the center electrode dia. is 36 mm, the
dia, of the pyrex insulator sleeve is 44 mm). The ke has been tested by us-
ing two locations: (a) In contact with the pyrex surface or (b) by
increasing the ke diameter, at a distance d from the pyrex surface, The
larger diameter ke reduces the emission of impurity ions from the pyrex
surface. This improves the performance of the PF (the misfirings are
eliminated, see fig. 3) because the current density is sharply peaked in a
single sheath. The ke increases by a factor > 2 the volume of the hot spots.
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EXTRAP AS A DYNAMIC SYSTEM
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1. QUALITATIVE DISCUSSION

The most obvious way to build a magnetic fusion reactor is to drive a
strong current along a plasma column. The associated poloidal magnetic field
induced by this current provides then for the plasma confinement, heating
and compression. The configuration based on this idea is called Z-pinch,
which was amain topic of fusion research during its early years in the fif-
ties. Unfortunately, this scheme was found to be extremely unstable. The
suggestion that bounding a Z-pinch by a purely transverse (without toroidal
field at all), octupole magnetic field might strongly enhance the plasma
stability of a Z-pinch was put forward by Lehnert in 1974 /1/. He suggested
to call this configuration EXTRAP. His idea was confirmed by further experi-
ments /2/. Stable discharges were attained in linear EXTRAP configurations
for around 50 psec, which corresponds to around 50 Alfvén transit times.

We turn over to the qualitative discussion of EXTRAP configuration as
compared to the classical Z-pinches. Both configurations have the O-point in
the magnetic field at the axis. Obviously the ideal MHD theory is incapable
in treating it, because some assumptions invoked in this theory are not valid
there. This fact, however, does not prevent the Z-pinch from being unstable.
Besides, linear EXTRAP is non-circular at the periphery and has four well
localized X-points, determining the form of the separatrix. The seperatrix
arises as a result of the pinch current combined with the opposite cirected
octupole field, generated by the parallel currents in the external conduc—
tors. As shown in [3/ the effect of the non-circularity seems to be rather
weak and does not provide for stability. Kinetic effects might be important
in the close vicinity of X-points, as discussed in /4/. However in the pre-
sent study we retain the fluid approach and suggest that X-points affect the
energy outflow in a certain way according te a plausible scaling, given be-
low. This assumption is very likely to be fulfilled in EXTRAP, because of
the high collisionality of EXTRAP plasma. The second important aspect, pe-—
culiar to the EXTRAP configuration, is the enhanced rigidity of this confi-
guration, arising from current rods and the external magnetic field, gene-
rated by them, The excess of the total magnetic field (Z-pinch field plus
the octupole field) over the plasma pressure might be the main reason for
the enhanced stability. The external magnetic field, stored between the
pinch plasma and rods prevent their direct contact. Finally, unlike the
classical Z-pinch equilibrium arises where the magnetic field increases with
distance from the boundary of the pinch. Here, we show how such equilibrium
can be attained. The third important difference between linear EXTRAP and Z-
pinch is how a discharge is initiated and ramped-up during the build-up
phase. The formation of the discharge in EXTRAP starts at the O=-point, where
both the pinch field and the octupole field is zero, and builds up radially
outwardt On the other hand in the classical Z-pinch the initial breakdown
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occurs at the outer surfaces and then the discharge builds up radially in-
wards. This experimental observation proves the fact that the energy loss
mechanism in EXTRAP is drastically different from this in the conventional
Z-pinch. As shown by us before /5/ in EXTRAP the energy loss is small com-
pared to ohmic heating in the initial phase of the discharge and in the
steady state is determined by the scaling governed by the octupole field (see
eqs. (6), (7)). Given the lack of experimental data on the peripheral plasma
confinement, in the present study we suggest a scaling for the net enerpgy
loss with plasma density and temperature. It allows us, by using the self-
similar methods to solve the strongly non-linear system of equations. We also
briefly report some preliminary results on the stability of EXTRAP, consi-
dered as a strongly non-linear dynamic system and conclude with some specu-
lations about the stability properties of it, emphasizing that the dynamic
properties might be responsible for enhanced stability of EXTRAP. Finally
some practical suggestions and implications of this theory for current and
forthcoming experiments are desecribed.

2. TIME-DEPENDENT EQUILIBRIUM IN A PINCH

We consider all parameters to be both time and spatial dependent. In this
part of the study in order to simplify for the reader we list the Maxwell and
transport equations. Besides, we employ cylindrical coordinates and assume
the system to be cylindrically symmetric.

Considering transport equations, we get for the particle balance:
'anfat +9(nrv)/rar =0 (1

The momentum balance reads if viscous effects are neglected:
nmdv/dt = —a[{&' i sz/C (2)

In the present study we consider only fast processes with a typical time

scale much shorteri

B
T << Toos Tae i o+ 55 ¥ (3)
Here & ,B and J are numbers dependent on the type of the resistive insta-
bilities, appearing in this configuration, their timescale, however, is of
the same order of magnitude. In other words we consider the case of the large
magnetic Reynolds number, so that:

aﬁlat + O(vB) /Dr=0 0 (4)
Finally the energy balance in the cylindrical geometry reads:
3w, ¥ n;)dF/2de + pa(rv)/rar +a(rq)/3r = Q (5)

Integrating Eq. (5) over the plasma cross-section and assuming that the
plasma temperature profile is almost flat we got the equation:

3NdT/dt + 4NTdR/Rdt =T 2 /R?E-L (6)
where R is the radius of the pinch and L is the energy loss of a pinch.

In EXTRAP L is very small during the build-up phase of the discharge, un-
til the pinch radius R reaches the separatrix. The energy loss term L then
drastically increases and the expansion of the discharge is terminated. In
the classical Z-pinch just the opposite 1s valid. In the present study we
consider Eq. (5), simplified as follows. The term () scales as

Q = nT/g (7

where T is essentially the energy confinement time of the octupole field. It
is assumed to be & constant. The energy is assumed to be transported primari-
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ly by convection, owing to the X-points at the periphery.

We are looking for the self-similar solutions of Eqs. (1,2,4,5). The self
similar variable is chosen as x=r/R. The pinch radius is also a function of
time, even during the flat-top phase of the discharge. The velocity of con=-
vection is taken as v=rdR/Rdt. Then all physical parameters of the problem
are functions of x and t and the factorization of Egqs. (1,2,4,5) becomes
possible.

Solving Egs. (,4) we obtain

n = NgR"2(£) £n(x); B = BoR™ ' (£)fp(x) (8)
Factorizing also the temperature T=T(t)fr(x) and requiring that:

a(fnfT)Qx —=Aqxfy (x) (9)

fB;kEBx)/xax = Apxfp(x) (10)
we get from the momentum balance:

d2R/dt? = To(AT/Tg - Bg2Ay/4HToNg) /miR an

where Ay and Ap are arbitrary constants. It is important to emphasize that
the number of equations (9,10) is less than the number of profile functions,
therefore one of them is arbitrary and may be chosen either from the experi=-
ment or from some other constraints, for example from the condition of the
increasing magnetic field at the periphery and some other stability consi-
derations. It is worth noting that to fulfill this constraint fh(x) has to
be non-zero at the periphery of the discharge.

Considering now the energy balance we get:
T(t) = TpRo4/3R(t)™4/3 (exp-t/p)2/3 (12)

Substituting now Eq. (12) into Eq. (1) we get the equation describing
strongly non-linear oscillations of the pinch boundary with damping:

d?Rr/dt? = a bR4/3(exp-t/ )2/3-¢ /R (13

Equation (1)) was solved numerically and the result is shown in Fig. 1. If
To>>t, i.e. the confinement time of the octupole field is much longer than
the pulse duration, these oscillations are almost unattenuated and the solu-
tion describes strongly non-linear adiabatic oscillations. They are extremely
strong in amplitude and the maximum and the minimum plasma temperature at a
given observation point can easily vary by factor 3-4, This conclusion seems
consistent with the qualitative experimental observation made by Thomson
scattering diagnostics, where such drastic variations of the plasma tempera-
ture were observed. If ¥ decreases the oscillations are damped more effi-
ciently and the pinch collapsegafter a small number of the oscillation
periods. However, the scaling of the energy losses will probably change as
well and the whole problem has to be reconsidered with some other scaling.
Finally we emphasize that most of the results obtained above are rather sen-
gitive to the form of the scaling of the energy loss. The physical picture
might change drastically if some other loss channels are inserted into the
plasma.

3. STABILITY ANALYSIS

Here we report some preliminary results on the stability of EXTRAP confi=
guration taking into account our previous results described in Sec. 2. First
of all, axisymmetric rods and their magnetic field are "transparent" for per-
turbations, directed parallel to them, but they provide a strong stabilizing
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influence on perturbations, perpendicular to the Z-axis. In order to use this
effect most efficiently the magnetic field pressure outside the current rods
has to exceed the plasma pressure in the pinch, so that the B value is some-
what less than in the classical Z-pinch. On the other hand, the additiomal
octupole magnetic field provides an enhanced stability.

Secondly, it is well known that the sausage instability can be stabilized
in the Z-pinch if the pressure profile fulfills the condition that the
Kadomtsev term rdp/pdr has to be small. However, in the Z-pinch with a sharp
boundary this term goes to infinity at the boundary and the equilibrium be-=
comes grossly unstable. J.R. Drake anticipated that in EXTRAP the situation
should be different and the Kadomtsev term is small at the periphery. This
assumption is consistent with our model, where, owing to the scaling chosen,
density and temperature profiles turn out to fulfill this condition, In other
words we point out the physical mechanism which might provide for the diffe-
rence between EXTRAP and the classical Z-pinch. Furthermore we present the
perturbation analysis of the self similar pinch in the stationary equilibrium,
considering only the simplest example of the axially symmetric mode with
m=0. The growth rate of the fastest growing eigenfunctions, in units of the
Alfvén frequency, is plotted as a function of sausage wave number, normalized
to the pinch radius in Fig. 2. At short wavelengths the growth rate satura-
tes at 2Za1¢ ', unlike the growth calculated from simplified models of the
classical Z-pinch. On the other hand, most dangerous global free boundary
modes with long wavelengths get more stable with decreasing pinch radius.
Owing to the extreme steepness of the curve in Fig. 2, the factor 40 or 50
may be easily obtained if the pinch radius is decreased by a factor 3-4.

Therefore, considering the pinch radius R as a parameter and having the
strongly non-linear oscillations of it in mind, the enhanced stability of
EXTRAP might result from these oscillations. This analysis must be extended
to Lhe kink instability and also higher-order modes. Finally it should be
mentioned that the stability properties of the dynamic system might be dras-
tically different from the static system. Therefore to answer the question
of stability of the dynamic system the sophisticated stability analysis,
according to Lyapunov criterium has to be performed.

4. PRACTICAL IMPLICATIONS

At first we suggest trying experimentally the new scheme. According to our
calculations, thisgcheme will be favourable from the stability point of view
and will also allow the new machine, EXTRAP T1, to run with longer pulses
than is possible with the present transformer. The current in such a system
can be induced by driving the primary current with a certain pulse form in
the conducting vacuum vessel outside the rods.

The second conclusion from results described above, is that the physical
processes taking place in EXTRAP are functions of the energy loss mechanism
and its scaling with the main plasma parameters.

Attained results seem to indicate: the positioning metallic structures in
the close vicinity of the pinch, such as vacuum vessel, sparkplugs for igni-
tion and so on will either devastate the stability properties of EXTRAP or
drastically increase the requirement on the external toroidal field. As it
follows from the present study the decrease of the current rise time leads to
the same effect without deteriorating the octupole field confinement. In-
creasing the energy losses at the periphery and destroying the confinement
properties of the octupole field may lead to the degeneration of EXTRAP into
the classical Z-pinch.
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INTRODUCTION

In recent years, extensive investigations on the spheromak
and the field reversed configuration have been carried out /1l-
3/. The spheromak configuration, in which a compact toroid
plasma is confined by poloidal and internally generated tor-
oidal magnetic fields, has attracted much interest because of
its possible applicability to a fusion reactor /4/.

In our previous study, in order to produce a compact tor-
0id by means of four magnetized T-tubes; a conceptual design
and expected results had been presented /5/.

In this work, it has been demonstrated that a compact tor-
0id may be formed by a single magnetized T-tube.

In the following paragraphs the explanation of the system
and subseguently the results obtained will be submitted and
interpreted.

SYSTEM DESCRIPTION

The system generally consists of the T-tube having a base-
ball coil, the capacitor bank, the controlled spark-gap switch
and the vacuum system.

The base-ball coil has two functions. Firstly, a belt shap-
ed plasma current channel occured between vertical electrodes
is pushed into the horizontal leg of the T-tube by the back-
gtrap line. So it comes to existance of a mutual inductance
between the part of the plasma current channel (time varying
and non-linear properties) entered into horizontal leg and the
base-ball coil itself. In this case, the base-ball coil termi-

nated by a load resistor only generates a magnetic field per-
pendicular to plasma ring. Consequently, reconnecting the plas-
ma current loop produced between the vertical electrodes, it
transforms into a shape similar to the conchoid of Nicomedes

L-(X—a)z(xz+y2) = 1% and (r = b+asece®)7function.

Secondly, this ring formed is pushed into the flux conser-
ver and then the compact toroid with a purely toroidal magne-
tic field is produced inside the flux conserver.

DIAGNOSTICS USED

In this study generally those known diagnostic techniques
used in the high-beta systems are taken into consideration.

In this content, in order to investigate the electrical
characteristics; the diagnostics such as the wvoltage divider,
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the Rogowskl coil and operational integrator are utilized. Be-
sldes pin-hole filter combined with the integrated photographic
technique (with and without post fogging) is also applied. Only
a base-ball coil is used as an external magnetic probe.

The Tektronix 454-A oscilloscope and HP-1744/A storage os-
cilloscope with its own polaroid camera are the recording sys-
tems for transient waveforms.

RESULTS OBTAINED

By means of the calibrated Rogowski coil and the fast inte-
grator, the electrical characteristics have been investigated.
In Fig. 1, the plasma loop current of the T-tube versus
time is shown. In this figure, the time scale is 1.0/us/div

and the vertical axis Ipl(t) is 42.0 kA/div.

On the oscillograms taken from loaded base-ball coil (see
Fig. 1) pushing the plasma loop from T-tube towards the hori-
zontal leg can be observed. As a more detailed results in this
figure; a comparison at the identical sweeping time, between
the initial condition of the plasma loop current which is deter-
mined by the Rogowski coil and the signal taken from base-ball
coil, have been illustrated.

According to this results, the drift velocity of the plasma

losp is about 5x1060ma'1. When the base-ball coll is rotated
90~, as it is also shown in Fig.l, there exist no signal on it.
So it 1s understood that the plasma current loop belt has a de-
finite position and it is possible to evaluate this MHD pro-
perty by the angular rotation of the base-ball coil.

The plasma voltage on the T-tube have been measured by the
voltage divider. In Fig.2, these results have been shown by the
integrated signal and non-integrated plasma voltage waveforms.

By the help of these two oscillograms and the relation of

Vpl(t):—d/dt[_LP{(t)IP!(t)_T (1)

it is possible to evaluate the changing of the plasma inductan-
ce in time. .

On the other hand, calculating the logarithmic decrement
found from the oscillogram, the approximate plasma electron
temperatures have been determined. Combining the Spitzer's re-
sistivity formula by the expression of the LCR circuit's log-
arithmic decrement, for the electron temperature

To= (DT A)/(6.5x1070Cyf ) T "2/ (kev) (2)

may be written, where Tpis the period, A is the cross section
of the plasma current loop (pinched and pushed), C(B) is the
capacitance of the storage bank, [(pf) is the length of the
plasma lgop and the logarithmic decrement is given by D=ILog(e)
[vi/ve 7.

According to the experimental results, the values of the
electron temperature calculated by Eq. (25, have been found
between 5.7 and 10.0 eV,

The electron densities may be calculated by the current
parameters of the plasma loop. So the electron density n_(t)
is given by e

(1) = [ (1.05m0M 1, (8)/arg/2 7 (3)
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where Ipf(t) is the plasma loop current and T, is the electron

temperature in eV, Using the integrated photographs taken from
the plasma loop, the thickness of plasma channel transfered in-
to horizontal leg may be found. Therefore the electron density
may be approximately calculated from Eq. (3) since Ip!(t) and

Te are known. From the experimental results electron densities
of Gx1016 - 10 7em™3 have been determined.

CONCLUSIONS

Without using any complex and programmable magnetic fields,
by using only a base-ball coil, self controlled magnetic fields
on the mode of magnetic flux feed-back by the plasma ring have
been produced in the duration of 10.0 - 15,0,us. Thus the plas-
ma current loop pushed towards the horigzontal leg of the T=tube
have been transformed firstly the conchoid of Nicomedes func-
tion and then reconnecting into o closed elliptical current
ring. This is the main current ring serving as the toreidal
field of the compact toroid in oblate or prolate shapes with
respect to plasma injecting mode to the flux conserver.

Although they change according to the experimental condi-
tions; the plasma voltage, the plasma current, electron tempe-
rature, the electron density and the life time of the toroid
are in the ranges of 5 - 8 kV, 100 - 150 kA, 5 - 10 eV,

1016 - 1017cm'3 and 100 - 150/us respectively. Experiments
have been carried out using a’back ground Argon filling gas in
the pressure range of 50 - 550 mTorr.

(+) This work was performed under a cooperative agreement
between Turkish Atomic Energy Authority and IAEA Vienna,
the Division of Research and Laboratory, under Contract
No.: 3823/RB.
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FIG.1l. Comparison of the plasma loop current (I_,) and vol-
tage of loaded base-ball coil (Vbb) with time (1.0/us/div).
Vertical scale: relative units,
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FIG.2. (A) Time evolution of the plasma voltage (V_, = 2.0 kV

per division) with time (Z.O/us/div). (B) Waveform of the
integrated plasma voltage. Vertical scale: relative unit,
Horizontal scale: 2.0/us/div.
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ABSTRACT

A compact toroid formed by an alternative method and con-
fined by its self generated toroidal magnetic field is submit-
ted. Depending on the operating modes; an electron-plasma ring

at high densities between 1015 and 5x10160m 3, the temperatures
in the range of 25 - 90 eV and life times about 5 - 6 ms with
disruptive instability have been determined. Nevertheless for
the critical values of the gas pressure between 60 - 65 mTorr,
a stable operating regime has been obtained and 1life time of
the toroid at that condition is about 2.5 = 3.5 ms. In addi-
tion, a2t the gas pressures between 100 - 150 mTorr, it is pos-
sible to obtain an ion-plasma ring with the densities of

1015 - 10160m-3, the ion temperatures of 3 - 5 eV and life time
of 2.5 ma, During the experiments, the back-ground filling gas
of Helium has been used.

INTRODUCTION

In view of the recent rapid development of toroidal con-
finement systems towards a break-even plasma state, a serious
question arises as to whether the present tokamak approach
will indeed reach the final goal of a commercially feasible
nuclear fusion reactor. In this sense, the compact toroid re-
search /1/ is complemantary to tokamak research and will im-
prove the understanding of plasma physics in toroidal devices,
as the overall optimization of the toroidal experimental ar-
rangements,

Compact toroid magnetic fusion concepts /2/ are those for
which the confining magnetic field are determined by currents
flowing within the plasma itself and for which no material
structures are required to link the torus.

Concepts in this class, which includes spheromak /%-5/ and
field reversed configuration /6-7/, offer reactor advantages
that result from simplified geometries of the confinement cham-
ber.

The field-reversed configuration is a prolate toroid formed
with no toroidal field. The plasma within the separatrix is
confined by closed poloidal field generated by internal tor-
oidal plasma current.

The spheromak cofiguration has been successfully formed by
three different type of production schemes of: i) the magnet-
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ized co-axial injector; ii) the field reversed & pinch with
center column % discharge and iii) electrodeless guasi-static
scheme /3-5/.

In our previous study, in order to produce a compact tor-
oid by means of four magnetized T-tubes, a conceptual design
and expected results had been presented /8/.

In ghis work,; modifying above mentioned system, four C-guns
with 90~ aparts have been located inside the octagonal float-
ing flux conserver of 40 litres, just like in the conventional
T-tube by the influence of current in opposite direction on the
back-strap which is settled down outside of the flux conserver,
have been used to push the plasma rings towards the centre.

Since the profile of this structure looks like to the
C letter, we will call it as C-gun.

y this purpose, the design and construction of a small
scale system having a storage energy of 2 kJ per C-gun has been
completed. In this experimental set-up generally those known
diagnostic techniques used in conventional high-beta system are
taken into consideration.

Preliminary experiments have been done using a back-ground
filling gas of Helium with a pressure range of 40 - 150 mTorr
in a single C-gun. In this content the main plasma parameters
have been determined as follows: the electron densities be-

tween 1015 and 5x1016cm 3, the electron temperature in the range
of 25 - 90 eV depending on the gas pressure, the life time of
dense toroid generated for 5 - 6 ms with the sawtooth pertur-
bation but in the stable case in the range of 2.5 - 3.0 ms,

the volume averaged total beta, 0.15 - 0.18; the form factor

of elliptical shaped plasma b/a = 1.37; the gafety factor g =
0.6; poloidal current density 200 - 300 A/cm“ and lastly Troyon
- Gruber constant of about 3.

If the results obtained are evaluated with respect to a MHD
theory /9/ developed recently and other studies /10/, then this
system realized takes place in the categories of 'High Beta
Spherical Torus' or 'Spherical Pinch Tokamak',

THE DEVICE

By the main points, the experimental arrangement has an oc-
tagonal 40 litres floating flux conserver which i1s the vacuum
chamber at the same time. The back pressure in the flux con-

server is '53{10—6 Torr. Fous C-guns have been inserted around
the flux conserver with 90~ aparts.

The system consists of 2 kJ cagacitor bank for each C-gun,
the spark-gap switches controlled by self generated UV ring
and other needed diagnostic measuring equipments.

The main diagnostic technigues used are: the Langmuir elec-
trical probes,; the voltage dividers,; the paramagnetic loop in-
cluding a fast integrator, the magnetic probes, the Rogowski
and base=ball coils, the L-R fast operational integrators,; and
visible light spectrum analyzer.

Besides, the fast storage oscilloscope of HP-1744/A and the
other conventional fast oscilloscopes of HP-180/C and Tektronix
454 /A have been used during data recording.
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RESULTS

Preliminary experiments have been carried out by a single
C=-gun alone. Although it depends on gas pressure, the operat-
ing period of C-gun is about 50 - 60,us. On the discharging
circuit of the C-gun, the crowbaring’ technique has not been
used. The current passing through the C-gun is 85 - 120 kA and
damped sinusoidal in shape. During this period, a toroidal
field in the form of damped sinusoidal again has been observed.

According to the oscillograms obtained from the high impe-
dance, current limited Langmuir electrical probe or in other
words the variation of the plasma space potential in time, be-
tween 40 - 60 mTorr gas pressure, just at the ending of C-gun
operation, an electron ring has occured immediately and after
600 jus the microinstabilities due to the density fluctuations
conéinuing 1.0 or 2.0 ms have came into ahead.

Following this phase, the density fluctuations have become
more stable for 6.0 - 8.0 ms and in about 20 ms, the plasma
space potential has approached to rest.

On the other hand, the signals taken by a single turn para-
magnetic loop, have shown the toroidal field variations mod-
ulated by the sawtooth oseillations in the gas pressure range
of 40 - 60 mTorr. Under this condition, the frequency of the
sawtooth oscillations and the duration of toroidal field of
electron ring were about 6.0 - 10.0 kHz and 5.0 - 6.0 ms respec-
tively.

In order to find a correlation between the oscillograms
belong to the different plasma parameters, the time base of
recording oscilloscope has been synchronized by the light pulse
of the photo transistor facing to the discharge.

According to the results obtained, from the visible light
spectral analysis, uesing different optical filters, in the
first 100 - 250 ,us typically, the temperature of the electron
ring has increaéed and evaluating the paramagnetic loop signals,
it has understood that the electron temperature can rise up to
90 eV. Besides, the evaluations made parallelly by the plasma
space potentials have indicated that the electron density can

rise up to leolscm_3.
At that time a fairly high toroidal magnetic fields of
about 15 - 25 kG have been formed., The poloidal current densi-

ties of 200 - 250 A/cmz, corresponding to 15 - 20 k-helical
pitches encircling throughout the flux conserver have been cal-
culated.

An ion ring has produced instead of the electron ring when
the gas pressure approaches to 100 mTorr or higher values. The
lifetime and the maximum temperature of this ion ring are 2.0-
3.0 me and 5.0 eV respectively. In the rather ecritical pressure
limits of 65 - 75 mTorr, a stable and exponentially decreasing
electron ring with a duration of 2.5 - 3.0 ms has been produced.
The electron temperature of this ring is approximately 25 - 30

eV and the density varies between 101~ 6x101%em>.
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CONCLUDING REMARKS

The preliminary experimental findings obtained from a high
beta spherical torus recently realized are being submitted.
Although the C-gun resembles to the conventional T-tube, from
the view point of operational principles, the device submit-
ting in this study has an alternative arrangement.

By means of the C-guns inserted around the octagonal float-
ing flux conserver and background filling gas, they have been
possible to produce the long life (2.5 - 6.0 ms), dense

(1015— 5x1016cm_3) and hot (25 - 90 eV) electron and warm ion
rings.

The plasma rings have been confined by the influence its
self generated toroidal magnetic field and electric field gen-
erated in the flux conserver itself.

The electron-plasma ring formation has determined the spec-
ifications of the aspect ratio and safety factor of the torus.

The flux conserver may also be used as a cavity with some
additions on it. Thus high frequency heating method may become
applied.

Besides, using some external poloidal field, it is possible
to perform the ohmic heating mechanism,

According to the experimental results obtained, the strong
paramagnetism has been observed and it has been understood that
the turbulent heating has become dominate in the toroid at this
situation. Furthermore the MHD instabilities at the compact
toroid has shown a pecularity of the classical tokamak plasmas.

(+) Research is sponsored by IAEA Vienna, under contract No.:
3823/R1/RB with the Turkish Atomic Energy Authority.
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The RFP plasma magnetic confinement system consists of a current distri-
bution which is close to the theoretical force-free minimum energy state de-
seribed by VxB=puB with p=p (J,/B) = const _/— 1 _7, which characterizes
many magnetic configurations found in nature /[ 27. In the laboratory since
the confinement of plasma pressure is the goal and material walls are always
in some contact with the plasma, the configurations depart somewhat from the
theoretical ones, but a continuous process of relaxation acts to limit this
deviation and to maintain the distribution against the resistive diffusion
process. In this way a balance is achieved between diffusion and relaxation
which,in present experiments,allows to confine plasmas with values of £ of
reactor interest obtained by ohmic heating only.

RFP characteristiz parameters

The RFP operates in a region of parameters space which, similarly to a
tokamak, is bounded in terms of plasma density and q values. Three parameters
can be conveniently used to characterize the RFP L3 _7: I/N, O=pIf21a< B, >)
and @ = paJ /2B -a/an . The ratio of plasma current to line density,
I/N, is related to the tokamak Murakami parameter nR/BT by the expression
nR/B, = 107/(2nq » I/N) and describes both a high density limit, which can be
interpreted in terms of a balance between ohmic heating and impurity radia-
tion losses, and a low density limit probably related to an excessive value
of the streaming parameter. In general, although many pinches can easily ope-
rate at low density, it is clear that when operating close to the high densi-
ty limit lower impurities, higher B and longer confinement times are obtai-
ned / 4, 5 /.

The pinch parameter O is related to the parameter I_=1I/aB (MA, m, T),
often used to describe the tokamak B limit, by the relation I _=50; for a
RFP © is theoretically bounded between 1.2 and 1.56 [I _7. This upper limit
would correspond to a total toroidal current limitation as I< 3ma< B¢> Ny s
this limit is not precisely found in experiments and the total current can
exceed this value by 30-507. However the central value of q, which is rela-
ted to the parameter @, as q =a/(RO ), is limited experimentally and
theoretically / 6 / by resistive MHD instabilities as shown in fig. 1 where
the region of operation of a RFP and, for comparison, of a tokamak is repre-
sented. The limit on q can be interpreted in terms of a current density
limit as JOS 3B ./(uoa)D which is however less severe than in tokamaks. In
fact the toroidai current density in the RFP can be typically 3R/(2a) times




386

larger than in a tokamak and, in addition, there is a poloidal current densi-
ty comparable to the toroidal ome.

In practice the boundary for stability to external m=1 modes (i.e. mo-
des resonant outside the toroidal field reversal surface) shown in fig. 1 is
not very significant since it corresponds to configurations with deeper field
reversal and lower g, values than those generally measured. Although the qa,
and q, values for typical experimental mean field profiles lie in the stable
region of fig. 1, resistive diffusion increases O, by peaking the current
distribution on the axis and tends to destabilize the configuration forcing
it across the unstable internal modes boundary. These internal m=1 modes
(resonant inside the toroidal field reversal surface) are probably responsi-
ble for a current redistribution which restores the initial tearing mode sta-
ble configuration and so forth in a cyclic fashion. These periodical oscil-
lations have been observed in experiments [ _7 and show a "sawtheet like"
waveform similarly to tokamaks.

In summary the density limits and the range of possible q values can
be used to represent the RFP operation on a Hugill plot si.milat?'ly to a toka-
mak as shown in fig. 2. The RFP operating region extends up to values of
1/ ]q, | ¥ 50.

B limits and confinement scaling

Although not yet as clearly characterized as for the tokamak, B limits
are becoming apparent also for the RFP, both theroetically and experimental-
1ly.

According to MHD theory average B™30% would be possible for ideal kink
stability and B 20% for tearing modes stability f:?_7 Resistive g-modes
are probably the R limiting instabilities. These modes are characterized by
high toroidal periodicity (n >10) and their resonant surfaces accumulate
near the reversal surface. Their ultimate effect is to generate a large volu-
me in the plasma where the field lines are stochastic leading to enhanced
electron transport. If relaxation is driven by resistive instabilities, both
current driven (in the center) and pressure driven (in the outer region), the
resulting B limit can be seen, more than as an MHD § limit, as the outcome
of competing processes of relaxation and transport against ohmic heating. In
present experiments this balance results in B 10% .

The data from present experiments covers about one order of magnitude
for plasma current, density, I/N and confinement time. Though linear current
scaling of T, has oftenbeen quoted in the past, it is now clear both theoreti-
cally and experimentally that the BB or the T, dependence on I and I/N is
the most suitable description of RFP cunfinemgnt behaviour. A negative depem
dence of By on I/N is found on ETA-BETA II / 4, 5_7. Energy confinement ti-
me and consequently the Lawson parameter, nTg , also display a negative depen
dence on I/N in ETA-BETA II, which is made stronger than that of £y by a mo-
re than linear increase of the resistive anomaly factor Zagf with I/N
/ 5 /. However if one compares the best results of each experiment and more-
over uses the same models and definitions, BB zconst (v 0.1) emerges quite
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clearly as a likely RFP scaling as shown in fig. 3. At the same time, though
complete control of the time behaviour of the density is still difficult on
present experiments, it is proven that if Z is kept reasonably low it is
possible to operate with low I/N. This would allow to foresee a constant
Zogg and an energy confinement time scaling as I or nTg 13/2 |

Assuming that stochastic magnetic fields created by resistive MHD tur-
bulence determine the transport, two theoretical scalings have been sugge-
sted. For turbulence due to resistive g-modes the B is_predicted to remain
constant, i.e. the temperature scales as Tn (I/N) I LB 7. This scaling cor-
responds to a variation of the fluctuation amplitude as b/B=§-1/2 and
is consistent with experimental results. On the other hand, assuming that
teanng modes are respons:.ble for stochasticity leads to a scalmg for T and
B as _[ 9 / B'\va-” (r/N)°~ 1/3 _1/ ; Tva =1/6 (I/N)‘w?l T /3 This sca-
ling may not be ruled out on the basis of the present expermental data and
the corresponding curve is also shown in fig. 3.

REX

Although there are still uncertainties in the exact parameters dependen-
ce of the heating and confinement of a RFP it is clear that the plasma ohmic
heating current must be increased substantially to discriminate between the
various possible scalings. The main unresolved question in terms of physics
is of course the nature of transport, whereas in terms of parameters it will
be crucial whether or not B will remain constant as the current is increa-
sed. Various sets of plasma parameters expected in RFX are listed in table I
according to the different scalings discussed above. The value of f1. which
can be of the vrder of 1 ms in RFX is of particular interest. In fact the
ignition condition and the Lawson criterion can be combiged to give
ntg T, 23 +102% 35 ev which can be written as B T.B°22.4 T°s.
Assuming as technologlcally feasible a value of B, < 77T we find
B 1p25- 1072 s. If however a limit on By/a (i.e. J) is set as B /a <10T/m

it follows that B TEa 22,410 “ms.
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1a Introduction

It has been observed in JET and other tokamaks that the limiters become
contaminated by material from the walls (1) (2) and in JET they are the
main source of impurities in the plasma, although for current plasma
discharges in JET the metals do not contribute significantly to the energy
balance in the plasma centre. The analysis of the metal concentration on
the limiter of JET gives indication on the erosion and redeposition
processes for all impurities. These analyses have been carried out after
the various periods of operation in 1983, 1984 and 1985 and have been
described in detail elsewhere (3). The general features common to each
period of operation are that the concentrations of metals have minima (-
3x102°atoms m~2) near the centre and maxima (some 102'atoms m~2) near the
edges. However the detailed distributions differ significantly for the
three operating periods. In the present paper we discuss the possible
mechanisms of contamination and some of the possible explanations for the
observed spatial distributions.

2. Limiter Contamination and Cleaning Processes

The possible processes by which metals from the wall may be transferred to
the limiter are: (a) Glow discharge cleaning (GDC). (b) Pulse discharge
cleaning (PDC). (ec) Disruptions or runaway electron interactions with the
wall, leading to wall evaporation. (d) Arcing at the wall. (e) Charge
exchange neutral sputtering of the wall. The contamination of the
limiters by metals is clearly the Integral effect of some or all of these:
processes. We have experimental evidence that all of these processes have
occurred during the period of interest on JET.
Processes (a),(b) and (c) are expected to give a fairly uniform deposition
flux onto the surface of the limiter. Process (¢) may also result in
discrete metal splashes and droplets on the limiter. Processes (d) and
(e) would result in a deposition flux on the limiter peaked at the outside
edge where material entering the scrape-off layer from the wall will be
first ionized and swept along field lines onto the limiter.
However, the spatial distributions are modified by subsequent expcsure of
the limiter to tokamak discharges. Because of the limiter geometry in JET
atoms sputtered from the limiter surface have a high probability of being
ionized and entering the plasma. When these impurity ions subsequently
f:r{use out of the plasma they will be redeposited primarily on the

miter.
Direct experimental observations of impurity erosion from the limiter have
been made spectroscopically. Early in the 1985 operating period cne of
the limiters was accidently contaminated by iron when a stainless steel
probe was destroyed by a disruption. During the subsequent series of
discharges the iron influx from this limiter was Initially very high, but
progressively fell to a negligable value after about 1 week. Similar
results have been seen more recently when nickel and chromfum deposited in
discharges with r.f. heating have been removed in subsequent discharges
without r.f.
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3) Modelling of Erosion and Deposition Processes

In this section we examine in more detail the distribution of Ni on the
limiter tiles from the 1983, 1984 and 1985 experimental period. Ni is
chosen because it is the major wall (inconel 600) constituent. We first
discuss empirical fits to the measured distributions and then propcse a
simple model which may explain some of the observed erosion and deposition
phenomena.

Fig. 1 shows the Ni concentration per unit area of the limiter for the
three limiter tiles of interest plotted as a function of the radial
distance into the scrape-off layer X = r-a and divided by cos a to take
into account the geometry of the limiter surface relative to the toroidal
magnetic field lines. Where a is the angle between the surface normal and
the toroidal magnetic field. We assume that the impurity distribution on
the limiter is due to erosion and deposition and that this is composed of
three terms:
(i) a uniform layer of metals C, which represents the accumulated
deposition due to glow and pulse discharge cleaning and to disruptions;
(ii) an erosion fluence C, exp (-x/1;) cos a which represents the removal
of metals from the limiter during tokamak discharges (iii) a redeposition
fluence C, exp (-x/1,) cos a which represents the redeposition of metals
from the plasma. Thus the resulting concentration on the limiter surface
is

C(x) = C, - Cy exp (-x/),) cos a + Cd exp (-x/14) cos a. [1]
For simplicat?on we will assume that he Ad and thus the difference Ce =

represents the net erosion.

Tﬁe date for the 1983 limiter is best fitted (figure 2) by Co =2 19%=
atoms m™? and C, - C, = 2.08 1022 atoms m~?, ie, there is an initial
uniform deposition consistent with the extensive glow clearing during this
period of JET operations and a net erosion during subsequent tokamak
discharges. It contrast the 1984 limiters is best fitted with a very
small uniform deposit, Co = 0, and with net redeposition in tokamak
discharges, C,- Gy = 1.07 10?2 atoms m~?., The difference between the 1983
and 1984 cases is not fully understood. There may have been a lower
ratio of glow cleaning per tokamak discharge in 1984, particularly towards
the end of the operating period resulting in the initial contamination
being completely redeposited. It may also be signifieant that during this
period of operation the limiter surface temperature was raised to around
1500°C compared to ¢ 700°C during earlier operation. A detailed surface
analysis (lU) suggests that diffusion of Ni into the bulk of the limiter to
a depth of several pm took place due to the higher surface temperature.
This would allow Ni to accumulate in the limiter at a depth where it would
be protected against erosion but subsequently measured by the PIXE
analysis technique which measures to a depth of several um. Using the
alternative technique of Rutherford backscattering with which a surface
layer of about 10am can be analysed, the concentrations on the actual
surface have been found to have a distribution similar to that found on
the 1983 limiter.

The 1985 data (figure 1) has a distribution similar to that for 1983 near
to the centre, but increases sharply at x - 20nm and is much higher on the
outer part of the limiter. The step coincides with the radius of the
leading edge of the carbon shield surrounding the RF antenna which had
been installed at the start of 1985. It seems resonable that the carbon
shields which also act as limiters affect the scrape off layer and reduce
the net erosion on the outer part of the limiter.
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To examine these processes further we have developed a more detailed model
of erosion and redposition in the scrape-off layer of a tokamak
discharge.

The model is presented in more detail elsewhere (5) and we only give here
a brief summary. We assume that the Ni distribution on the limiter is
eroded by sputtering due to deuterons, light impurities (carbon) and self
sputtering during plasma discharges. We also assume that the eroded flux
of Ni enters the confined plasma and is then redeposited on the limiter by
diffusion perpendicular to the magnetic flux surfaces. We assume further
that the sputtering coefficients are energy dependent and therefore
decrease with inecreasing radial distance from the leading edge of the
limiter. By using measured data for the relative particle fluxes, the
relative coverage of the limiter surface with metal (described by the
factor f in figure 3) the scrape-off layer decay lengths and the plasma
temperature at the limiter we get the erosion and deposition rates as
indicated in fig. 3.

One result is that the limiter is split into an erosion and deposi:iion
zone the formation of which depends on the plasma boundary parameters. In
our example this deposition zones is at x > 15mm for kT=100eV.

Another result is that erosion rates on the limiter surface are about
10%%atoms/m2.s at x = 10mm. Thus an initial thin film surface coverage of
102'atoms/m? would be eroded off in 10s. This is consistent with
spectroscopic observation of the rate of which a limiter appears to clean
up following contamination.

Erosion of droplets, however, which have been detected with diameter of up
to 100 ym on the limiter will take much longer to erode. They may
represent a more persistent source of Ni.

In view of this model we suggest that the surface concentration on the
limiter does not reach steady state, as long as processes are presant

which contaminate the limiter in its erosion zone. This may occur in

processes as mentioned under (a) - (¢) in section (2).

) Conclusions

A more detailed analysis of the metal distribution found on the JET
limiters from three different operational periods indicates that tne final |
distribution is largely affected by erosion and deposition processes \
caused by the plasma. Contamination of the limiter surface is probably

due to tokamak operational processes as GDC and PDC as well as transfer of |
metal from the walls to the limiter in disruptive discharges. For a I |
complete description the results suggest that the limiter surface i
conditions (temperature) and the positioning of the limiter in the torus
relative to other structures (r.f. antenna) have to be taken into account.
A theoretical model describing the 1983 limiter erosicon and deposition
processes gives results which are qualitatively in agreement with
experimental observations during discharges.




References Fig. 1 Ni concentration
e — - distributions on JET
(1) G M McCracken et al. J.Nucl.Mat. i carhon limiters, fxow
111 & 112 (1982) 159. t three experimental
(2) R Behrisch et al., J.Nucl.Mat. o [y periods.
128 & 129 (1984) 470. \
(3) J Ehrenberg et al., 12th @ -
Europ.Conf.Fus.Plasma Phys. X, 83
Budapest 2-6 ik r"‘-\
September 1985. o LY N e
(4) J Ehrenberg and P Borgesen, . ===
Proceed.7th Int.Conf. Ion Beam g
Analysis E 84
Berlin 7-12 July 1985. ~
(5) G M McCracken et al Proceed. Tth Eonfy o
Int. Conf. Plasma Surface & Vv \.‘-'. N
Interactions, Princeton N.J. USA I LR
5-9 May 1986. 1 o
3] § A
‘-—"---q“.--
n?l 1 1 1 1 i i
T
[ i 85
1022 [y .'r. “\,
o s
& ! ™
',---"\“-" -""-.._‘
Flg. 2 Empirical fits to the e RS

Ni concentration
distributions on JET
limiters from two

Distance inlo SOL (mm)

| experimental periods T
§ of
’"-E\ 0% L]
i
3 § " KT=100aV, =01
P
I
5 — L /
5 § i KT=30eV, 1=01
2 o ¥ ] 2 [ -
Sl g ele T KT=100eV. i =005
sle Q.. F
S, ° s ¥ Radial position
= (mm)
x| gl Eaaia eaqeruimul
imiter lile al pla:
102 | L : L . 4 . v i ptane with
» A erosion - and
; A g 4 deposition zones(for 100ev)
o~ 2 =G
E = 6
o= Q
g NP
=y B4 & § 8 Fig. 3 Calculated erosion and
s [ = (o7e 'm‘cosﬂ)"“‘-‘" :ﬂ' r deposition rates on the
S o |22 : n imi t
2 1 1 L i 1 = ee text
w0 s o 20 ) T T & l 10}- JET limiter (s )

Distanca inte SOL (mm)




395

SPECTROSCOPIC STUDY OF HIGH DENSITY PHENOMENA IN DITE
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Introduction

As the high density 1imit is approached in DITE, there frequently appear a
range of phenomena whose common feature is the formation of a cool extended
region in the boundary of the plasma. These phenomena encompass: (1)
strongly emitting, poloidally asymmetric regions positioned on the midplane,
at the innermost major radius ('MARFE') and (2) the formation of a
poloidally symmetric, weakly emitting layer sheathing a shrunken plasma
column ('detached' plasma). Efforts have heen made to produce these
phenomena repeatably in order to study their properties. The TFTR scheme, in
which the plasma current is reduced whilst simultaneously gas-puffing
strongly, has been applied with some success, as has the simple application
of a strong gas puff. Spectroscopic and holometric studies were made of many
of these discharges.

Instruments

The following instruments were used in the characterisation and measurement
of detached plasmas and MARFES, figure 1 illustrates their positior around
the torus:

A visible/quartz-uv monochromator spatially scanned the plasma in the
vertical direction every 8 mS, via a rotating mirror.

A radially viewing, non-scanning VUV, instrument covering the wavelength
region 10-170 mm [1] was used at the same toroidal position as- the visible
instrument., This was later replaced by another instrument covering the range
30-170 nm [2]. BRoth instruments were equipped with multichannel diode array
detectors.

A CCD camera equipped with interference filters with passhands corresponding
to impurity lines in the visihle had a line of sight tangential to the major
radius, intersecting the inner poloidal limiter,

A Langmuir probe on a reciprocating drive made radial scans of the outer
regions of the plasma once per discharge. It scanned vertically from above
the plasma to 4 on inside the limiter radius. A similar probe mada
measurements in the horizontal plane,
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A 13 channel Bolometer camera gave a full spatial profile of total radiated
power along a major radius.

MARFES

MARFEs are seen in DITE in high current, high density discharges,
particularly in helium. They have been observed in deuterium but tend to be
associated with detachment as mentioned below. MARFEs are seen clearly on
the bolometer (figure 2a) and the CCD limiter viewing camera. They are
characterised by the formation of a bright, radiating region centred on the
median plane near the inner edge. The camera shows the poloidal extent of
this region to be roughly + 45°. Observations of the VUV emission along the
major radius show an increase in radiation from low ion states (C II,III,0
11,IT1,IV) when tha MARFE appears. It is observed that different transitions
of CIII increase by different amounts and from these increases we infer a
lower 1imit temperature of 5 eV for the MARFE. The effect of the MARFE
diminishes at higher ion states (above CIII and OIII) consistent with a upper

Timit temperature of 10 eV. The timescale for MARFE growth is of the order
of 100 ms - many times the energy confinement time. There is no evidence of
any effect on impurity concentration in the centre of the plasma. The
scanning visible instrument and the bolometer show less or no effect of the
MARFE at the outer major radius. There has been no attempt to quantify the
toroidal symmetry of the MARFE, but its effect on diagnostics at greatly
differing toroidal positions is qualitatively the same, suggesting that it is
toroidally symmetric.

Detached P1asmas

Detached plasmas have been produced in Tow current (100 kA, q ~ 8) discharges
near (above 70%) the density 1imit by strong gas puffing in both deuterium
and helium. The bolometer (figure 2b) and the CCD camera show a layer 3 cm
wide around the outside of the discharge with very low radiation losses,
Probe measurements indicate a fall in edge electron temperature (from 10-12
to 6-8 eV) but only a small rise in density as detachment takes place. As
the plasma density is increased over a range that includes both attached and
detached plasmas a reduction in high Z (iron) and an increase in low Z
(carbon) radiation is observed. There is no sudden change in radiation at
the onset of detachment, but a smooth variation with density, implying that
the detachment is not responsible for any change in plasma impurity content.

Detached MARFES

We have experimented with the technique used by the TFTR group [3] for
producing detached plasmas in deuterium. This was found to produce a MARFE,
which detached from the inner limiter. The plasma never recovers poloidal
symmetry, the MARFE persisting to the disruption. This type of discharge was
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studied with the spatially scanning visible spectrometer which recorded
emission profiles from many different ion states of oxygen and carbon. A
simple 1-D transport model was used to describe the outer region of the
plasma. In this model it is assumed that neutral particles enter the plasma
with thermal velocities, undergo ionisation and subsequent recombination and
are transported by convection towards the plasma axis. Ilonisation rates are
given by Bell [4] and recombination rates by Summers [5]; diffusion is not
included. The observed ion state radiation peaks are thus associated with
different temperature regions in the plasma. The spatial profiles are then
interpreted as shrinkage of the plasma temperature profile as shown in figure
3. Also shown on this figure are the largest possible radii for the gq=2 and
g=3 surfaces. As the density increases the temperature in the region outside
the q=2 surface decreases continuously. This implies a corresponding
contraction of the current density profile and a reduction in the current
flowing in the outer region. The cold edge of the discharge approaches the
q=2 surface as the density rises to the disruptive limit.

Conclusions

We have been able to produce detached discharges in NITE in deuterium and in
helium. It has been found much easier to produce MARFES in helium than in
deuterium. Both effects are features of high density plasmas (near the
density 1imit).

Netached plasmas have a boundary temperature of 6-8 eV within 2 cm of the
limiter as compared to 10-12 eV for an attached discharge. The density

in this region in a detached discharge is only slightly (~20%) higher than in
an attached discharge. A layer of cool plasma (less than 7-10 eV), which can
be several centimetres thick and with very low radiation sheaths the main
plasma column.

MARFES have a temperature of between 5 and 10 eV, They are poloidally
asymmetric, usually appearing at the inner minor radius, near the midplane.
MARFES and detachment seem to be independent phenomena, but both being high
density phenomena have been observed in the same discharge.

There is no evidence of any effect of the MARFE or detachment on the central
concentrations of either light or metallic impurities. There is an
underlying trend of 1ight impurity radiation to increase with density and of
metals to fall.
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Introduction:

When ICRF power is applied to tokamak plasmas one observes in general not
only the intended plasma heating but in addition several unintended and
undesired changes in plasma properties /1, 2/. As one consequence of the
rf-pulse a large amount of hydrogen gas is released from the walls or from
the limiter and the plasma density is increased significantly. This is
usually accompanied by an influx of light and heavy impurities, the type
and magnitude of which depend on the experimental arrangements; frequently
the plasma composition is changed considerably and current disruptions are
triggered. It 1is suspected that the release of hydrogen and impurity
fluxes is not only connected with the heating of the plasma core - as
expected and predicted by theory /3/ - but also with a presently not fully
understood transfer of rf-energy to particles in the plasma boundary and,
may be, even directly to the wall.

By measuring the heat flux deposited at the limiter and the fluxes and
densities of all important particle species at interesting parts of the
wall and limiter system, we have tried to localize the particle sources,
to determine their strengths in dependence on the rf-power, and to iden-
tify the underlying physical mechanisms, as far as possible.

Experimental arrangements:

Experiments have been performed in TEXTOR with carbonized walls and gra-
phite limiters /4/ at 1 =480 kA, B,=2T and a plasma radius of r=46 cm. The
parameterslgf e ohmié%lly \ atgﬁ target plasma have been varied in the
range 1+10"“cm™ < fi,<4.5+10""cm™ and 0.5 keV=T,(0)=1 keV. The impurity
concentration was typically 3 £ C, 1.5 % 0 and 1077 % metals. With the
ICRH system on TEXTOR up to 2.25 MW of rf-power could be coupled into the
plasma with two all-metal antennas at r = 48.5 cm which were also
carbonized. The rf-heating experiments performed at 27 MHz, i.e. at the
fundamental cyclotron resonance frequency of the minority ions (H) or
2wy (D) in a deuterium plasma with less than 1 % hydrogen /5/. With 2 MW
of r}-puwer an increase of ﬁ}(u) up to 50 % and of T_(0) up to 50 % was
observed. For the investigation of the plasma edge effects the fluxes of
the D-, 0- and C-atoms from the main limiter and of the D-fluxes from the




400

antenna and from the wall have been measured by emission spectroscopy /6/.
The fluxes from the main limiter and the antenna are measured in atoms per
cm circumference /7/. The line averaged electron densities have been
determined at r = 0 and at r = 40 cm using the HCN interferometer /8/. The
radial profile of n, has been obtained near the edge (46cm-50cm) from the
emission of a thermal Li-beam /9/ and far in the limiter shadow (=50 cm)
by a movable double probe /10, 11/.

Particle fluxes and densities during ICRH:

The temporal behaviour of n, in the center and at r = 40 cm is shown in
fig. 1. With the maximum rf-power of 1.8 MW coupled into the plasma an in-
crease of ng,(0) by a factor of 1.3 and of Mo (40 cm) by 1.7 is observed.
At r = 46 cm and far in the limiter shadow this factor increased up to
2.5-3.0, indicating a broadening of the density profile, A comparable in-
crease is measured for the D-fluxes emitted from the main limiter (factor
2.0), from the antenna (3.0) and from the wall (2.6) taking the mean
values during a sawtooth oscillation at 0.8 s and 1.2 s respectively

(fig. 2). The fluxes of 0 and C, measured at the main limiter, increased
by a factor of 2.3 and 1.8, respectively (fig. 3). The dependence of these
fluxes on the rf-power is shown in fig. 4. Only a slightly different rise
of 0 and C-fluxes was observed over the whole power range. The ratio of C-
fluxes to D-fluxes from the main limiter as well as that of 0-fluxes from
the limiter to D-fluxes from the wall is approximately independent of rf-
power suggesting that the limiter is the main C-source and the wall is the
main 0-source. For the investigated power range the D-and the Tlight
impurity fluxes_did not show a saturation effect. In Fig. 5 the relative
change of the n, in the center and at 40 cm is plotted as a function of
rf-power, showing that the profile broadens with increasing power. This
broadening of the profile is demonstrated also by profiles (cf. fig. 6)
derived from the Li-beam measurements. From the radial density profiles
and from the D-fluxes a degradation of the particle confinement time can
be deduced, which reaches nearly 50 % at 2 MW,

Discussion:

Since the deuterium flux from the limiter as well as the oxygen and carbon
fluxes increases by about a factor of two, the plasma composition does not
change significantly. The plasma had an all carbon surrounding and as a
consequence the metal fluxes were only negligibly small., In order to
investigate also the reaction to be expected from a metal wall, a
stainless steel plate was installed at r = 52.5 cm with the surface almost
parallel to the field lines. The iron flux from this plate was measured by
laser induced fluorescence /12/. As shown in fig. 7 (see also fig, 4) the
iron density in front of the plate increases by about a factor of ten.
Since the signal disappears, when the target is withdrawn to r = 55 cm, it
is obvious that bombardment by ions and not by neutrals is responsible for
the sputtering. At kT, = 5 eV, measured with probes near the wall, the
sheath potential is beTow the threshold energy of 40 eV, and therefore the
sputtering cannot be induced by a thermal plasma. At least a part of the
ions mus 3have supra-thermal energies. In order Eo explain a_flux density
of 2- 10"° Fe atoms/cm®s, a flux of about 1« 10! D—atoms/cmzs with ener-
gies of about 500 eV is sufficiept. This would be only 10 % of the
measured flux of 1+ 1016 D-atoms/cmzs from the wall (cf. fig. 2).

As shown in fig. & the flux of D-atoms from the wall jumps to its final
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value within 1 ms after switching on the rf-power, while the flux at the
limiter {not shown in fig. 8) and n_ (40cm) increase on a much slower
time scale (of the order‘fp). A possible explanation of these observations
is that the D-flux as well as the Fe-fluxes are induced by fast ions. The
short time constant, the bad screening of the wall by the limiter and the
slow response of the limiter suggest that the fast ions are generated in
the limiter shadow or that they have a high v, /v, ratio. Particle fluxes
and densities at the limiter radius increase both by a factor of about
two. From this observation we conclude that the temperatures T; and T, at
the edge are not significantly increased by the rf. Therefore the ﬁeat
load at the limiter is expected to increase only by a factor of about two.
This expectation is in contrast to the preliminary observation that the
limiter load can increase by more than a factor of six (2 MW rf) compared
to the ohmic phase with the scrape-off layer thickness remaining constant.
One explanation for this discrepancy would be the occurrence of large
Til/Tin ratios.
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1.  Introduction

A knowledge of the properties of the plasma boundary layer and their
changes during the application of RF power is of general interest. Measure-
ments of electron temperature and density are needed to understand the
behaviour of impurities in the edge region. Radial profiles of electron
density determine, in addition to other parameters, the coupling resistance
of the ICRH antennae. The energy flux is needed for designing the limiters
which are shaped to homogenize the radially dependent heat load. A very
important parameter for the proper design of a limiter is the e-folding
length for the energy flux. The total flux is also needed to understand the
confinement of particles and energy during ICRH heating and from the density
profile the diffusion coefficient D, in the boundary may be estimated.

2. Experimental

The JET scrape-off layer has been studied with 2 sets of single Langmuir

probes mounted at two different poloidal and toroidal positions.

(i) A movable array of 4 probes (LPT in Fig. 1) introduced through a
vertical port scans the boundary plasma near the top of the machine
from the wall up to a minimum distance of 60 mm from the first
closed flux surface defined by the limiters.

(ii) An additional set of two probes located in a side protection tile l
of an ICRH antenna (LP1 and LP2 in Fig. 1). These two probes
monitor the plasma at distances of 15 mm and 27 mm, respectively,
from the limiter separatrix (magnetic ripple taken into account).

360° 180° 0* |
1
ANTENNA ©-LPT ANTENNA
L L L 68 L E e L 2 28 L i
LP1: I
o- 8 offo ooo Qo
qB i
- —. . . . ] |
I 5m

Fig. 1 Unfolded view of torus wall as seen from inside with B carbon
limiters (L), 3 ICRH antennae (2B, 2D, 6B) and Langmuir probes (LP1,
LP2, LPT).
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Langmuir I-V characteristics (- 100 V <V <+ 10 V) were taken at typically
0.5 second intervals during the plasma pulse, with a resolution of 50 ms for
a single characteristic fl%.

3. Results

Most of the results reported here have been obtained using the 2
antenna probes. The I-V scans have been arranged to determine the boundary
properties before, during and after each 2 to 5 s long RF Heating pulse.

Fig. 2 shows the ion saturation current Ig,., the electron density n s
the electron temperature T_, the edge density I, and the deposited power P d
versus radius For a typical discharge [1_ =135 “Ma, Bp = 2.9 T, fn dl =
(8..10) x 1049 w2} in which up to 6 MW TCRH power was added to the 3 MW
ohmic plasma. The density as calculated from I £ and Te is obtained by
assuming T = T, and the deposited power flux density is derived from
yI T with y ="10.

As a general observation all the parameters increase at both probes as
RF power is applied, with an exponential decay of the parameters toward the
torus wall[3]. The particle flux rises rapidly, with a time constant
between 0.25 and 3 ms. The rise time in the RF power is = 0.25 ms. Rise
times in H_ and CIII light have also been measured, and these are faster than
the sampling rate, (< 5 ms). We find that the e—folding length for I ak
increases from A 6.6 mm (for P =P, = 2.8 MW) to 10.2 mm at P =
8.3 MW (Fig. 2)¥sat ot Q tot

The density behaves similarly: kn increases from 9 mm for the ohmic

target plasma to 13.2 mm at P__ = 8.3 Mi. The temperature rises from an
average of 30 eV in the ohmic gischarge to 45 eV with RF heating, as recorded
by probe LPl. The T_ radial profile also flattens. The heat flux at the
first probe rises frém 1.3 x 108 W m~2 for P = 2.8 MW to 3.3 x 105 W m=2 at
8.3 MW total power.

These profiles for Isat’ n.» T and Pd are consistent with those measured

. F——. with the top Langmuir probe

array at similar discharge

4% 0=613 conditions if one takes into
account that the field lines

#7/ are compressed by a factor of 3

ad 3IMA (mid-plane compared to top)

mrh/ﬂ Q=423 [1-3].

a The observed increase of
all the e-folding lengths is
’/// more pronounced for a 2 MA
©

0 2MA B

.

—~ AIgay (mm) —
\,\-
»
',
» 5

discharge than at higher plasma

pet
currents (as demonstrated for

4 MA

& % A Argar 17 Fig. 3). The curves
° appear to steepen as more RF
B=3.4T power is added to the

SNedl = 16..10)x 10%m? discharge.

L

4. Discussion and Conclusions

H 4 ] 8
It was found that electron

density, temperature and hence
Fig. 3 e-folding length for ion saturation deposited power all increased
current versus total power for 3 during TCRH. The relative
different target plasmas (D with increase is higher towards the
He). wall - leading to a broader

T Piog = By + Py (MwW)
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r boundary plasma during ICRH.
a (The absolute increases at the
radii of LP1 and LP2 are
similar.)

All parameters decay
exponentially towards the torus
wall. This is deduced from
measurements taken between 15
mm and 60 mm from the
separatrix. However one has to
be cautious when extrapolating
the measured data towards the
1 plasma edge (dashed lines in
Fig. 2).

The belt limiters for JET
and the side protection tiles
2 4 € 8 for the second generation ICRH
Piot = Pa+Prf (MW) ——» antennae have been designed

assuming a power flux e-folding
Fig. 4 Fluxes to the antenna limiters (at length A_ = 10 mm. The
B 13 mm) versus P measured” values are in that

-
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°
~
Pant (MW) ——
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Fant (571
o
]
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~

tot”®

range. However, the Iincrease in A  with power, taken in conjunction with
the increases in I and P,, imply that the total particle flow and the
total power flux tu the limgters increase strongly with RF power. The
calculated fluxes to the antenna limiters which are at r - r, = 13 mm are

shown in Fig. 4. About 3% of P is incident on the antennd limiters and up

to 20% on the 8 carbon limiters. The increase of A and P4 in the boundary
with heating power is a matter of some concern. P

The short timescale over which the boundary parameters increase
(0.25-3 ms) is also observed for the CIIT and H_ radiation. (The line
averaged plasma density also increases during ICRH, but more slowly.) This
implies that the plasma boundary is directly heated by the RF, the
responsible mechanisme remain to be investigated.

The observed increase in e-folding lengths suggests an increase of
perpendicular transport (and/or increased heating and/or ionisation in the
$.0.L. [3])

The rise in electron density with the associated flattening of the
density profile should result in little change in antennae coupling
resistance — which indeed has been observed.
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Abstract:

ICRF heating at 2Qcy was investigated for a variety of different target
plasmas and heating regimes. In all cases a significant increase of the
radiated power, caused mainly by a higher iron concentration in the plasma,
is observed. Neither the moderately improved particle confinement nor a
reduction of impurity screening on account of changed plasma edge parameters
is responsible for the high radiation losses, but enhanced wall erosion is
required to explain the experimental data. The impurity production mechan-
isms are not yet fully understood. Impurity sputtering by oxygen and carbon,
however, could be experimentally excluded as possible production processes.
In all experiments a clear anticorrelation between wave absorption and
impurity production was observed. Moreover, we find that suprathermal ioms
are produced in the plasma edge region by the non-absorbed ICRF power. Lt is
assumed that these particles are responsible for the excessive impurity
production.

General statements and features
ICRF heating at the second harmonic of hydrogen has been launched into
different target plasmas (pure H, mixed H/D, and He; OH and NI preheated).
The influence of wall carbonization has also been investigated /[1/. As
already outlined in /2/, in any case a significant increase of the impurity
concentration (Fe, Ti = non-carbonized; C, Ti = carbonized) in the plasma
and a concomitant enhancement of the radiation losses are found. In the non
carbonized case the radiation profiles measured by a bolometer array are
peaked in the plasma centre, whereas with carbonized walls the plasma
radiates mainly in the edge region. Though the volume-integrated radiation
losses are comparable in both cases (~45 % of input power), high-power ICRH
(up to the maximum available level of 2.5 MW) can be launched into ohmic
discharges only under carbonized conditions. Without carbonization the
maximum ICRF power is limited to 1.5 MW owing to disruptions. In NI pre-
heated discharges no power limit is oberved and the radiation losses are
significantly reduced under both circumstances.
These observations underline the importance of impurity radiation in the
case of high-power ICRF heating. An enhancement of the central inpurity
density can have various causes. We first checked the following possib-
ilities:
- The impurity confinement in the core plasma is assessed from the decay of
the TiXX line radiation after Ti injection by means of laser blow-off
techniques into OH, ICRF, NI and combined NI/ICRF-heated plasmas. It is

1Academy of Sciences, Leningrad, USSR; 2CEN Grenoble, France;
Present address: JET Joint Undertaking, England;
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found that the corresponding impurity confinement times (T in the case of
OH: 49 ms, NI: 19 ms, ICRH: 32 ms, NI + ICRH: 33 ms) are increased by a
factor of ~1.5 when ICRH is added (Pyyp = Pyggy = 0.8 MW). This marginal
improvement of central confinement cannot explain on its own the enhance-
ment of the radiation losses.

- Larger changes of the plasma edge parameters, which could result in a
deterioration of the screening efficiency could not be substantiated by
edge diagnostics.

Consequently, enhanced wall erosion is required to explain our findings.
The first hypothesis on impurity production mentioned in /3/ assumed that
vertically drifting ions are accelerated in the resonance layer and
release impurities at structural elements in the vicinity of the upper
stagnation point. This hypothesis, however, had to be discarded on the
basis of more extended investigations including spectroscopic Fe-flux
measurements described below. In the following we present new experimental
results with respect to the impurity production mechanisms.

Fe flux measurements

A double mirror system, specially developed for poloidal scanning, was used
to measure spectroscopically the Fe fluxes originating in the vicinity of
the upper and lower stagnation points, as well as from the inner wall

(Fig. 1). The spectrometer used was a 1.5 m Cerny-Turner visible monochroma-
tor equipped with an OMA diode-array camera providing a high reseclution
(1000 channels, A/AA = 6000). The evaluation of the spectra is rendered
difficult by blending of the weak Fel lines with strong light impurity
lines. For evaluation we used the 3719.9 A and the 3734.9 A Fel resonance
lines. The system allows measurements during NI and combined NI + ICRF
heating phases, but fails because of intensity problems during the OH phase.
As 3een from Fig. 1, no drastic increase of the Fel fluxes with the

onset of ICRH vccurs in contrast to the strong enhancement of the Fe concen-
tration in the core plasma. Furthermore, in striking contradiction to the
hypothesis mentioned in /3/ no up-down asymmetry in the fluxes is found
(Fig. 1).

Sputtering by impurities

The possibility of sputtering by highly ionized light impurity ions, such as
0*8 and C+6, which compared with HY and D* have a much higher sputtering
yield (~20 % instead of ~1 % for '), was checked by puffing oxygen and
methane during the ICRH pulse. According to CX recombination/line intensity
measurements of CVI and OVIII the concentrations of these light impurities
were increased by a factor of 1.5. No change, however, of the Fe density
(deduced from the FeXVI intensity) in the plasma could be seen. Self-
sputtering of iron as a dominating mechanism can also be excluded, since
under these circumstances the Fe signals should increase exponentially
during the ICRF pulse, whereas generally a stationary behaviour is seen.

20cy-heating in pure He plasmas

ICRH at 2Qcy was applied to a pure helium plasma (ng*/ngett ¢ 3 %). In this
case no heating could be established and a low power limit at 200 kW exists.
The FeXVI line intensity, the total radiation losses and the eletron density
rise steadily during the whole ICRF pulse. In accordance with this behaviour
we observe a reduction of the H, divertor radiation, which is representative
of the power flow into the divertor. Puffing hydrogen during the ICRF pulse,
in order to increase the HT concentration to “H+/“He++ ~10 %, results in a
moderate heating of the plasma and the power limit is shifted up to 500 kW.
The radiation losses and the FeXVI line intensity become stationary and are
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reduced by factors of 2 and 4, respectively, at the end of the ICRH period.
In this case the H, divertor intensity does not change when ICRH (200 kW) is
applied, indicating a power flow into the divertor during ICRH comparable to
the OH phase. A similar type of discharge heated by 500 kW ICRF is presented
in Fig. 2. In this case we stop hydrogen blowing 200 ms prior to the end of
the ICRF pulse. As is clearly demonstrated in Fig. 2, all radiation signals
(FeXVI, bolometer, soft X-ray) start to rise immediately after the end of Hp
puffing. A similar increase is found in the H® CX-particle flux at 10 keV
originating from the plasma edge (Fig. 2). These particles are produced by
the wave and can be assumed to be representative of the behaviour of the
non-confined high energy ions.

It is important to note that in contrast to the above-described relations no
changes were observed when puffing deuterium instead of hydrogen into pure
He discharges.

Br-scans

In order to change the position of the resonance layer of the 2{jcy ICRF in
the plasma, the toroidal field Bp was varied in a sequence of discharges. In
all these experiments a minimum of the radiation losses is found when the
resonance layer is located in the vicinity of the plasma centre (Fig. 3).
Furthermore, the HO CX particle flux at 17 keV shows the same tendency. On
the other hand, the heating efficiency (lower insert Fig. 3) is maximum for
the optimum position of the resonance layer. These results also support the
interpretation deduced from the He experiments that the variation of impur-
ity density with the position of the resonance layer /3/ is caused by
changes of the wave absorption.

Conclusions

ICRF heating in He discharges revealed a clear anticorrelation between wave
absorption and impurity production. Consistently with these observations, we
find strong indications that changes of the impurity density as a function
of the resonance layer position can also be explained by a variation of the
absorption conditions. Impurity sputtering as a possible process for en-
hanced wall erosion could be excluded by appropriate puffing experiments.
Spectroscopic Fe-flux measurements did not yield strong poloidal asymmetries
in the accessible range at the top and bottom divertor entrances and inner
wall region. The observed Fe fluxes roughly correlate with the additional
power input but no excessive increase is found in the case of ICRH. There-
fore, it must be assumed that the excessive wall erosion takes place either
at a closer distance to the antennae or at the outer wall regions which
could not be observed. From CX-flux measurements we learned that - particu-
larly in the case of bad ICRH absorption - high-energy ions (>5 keV) are
produced in the plasma boundary region. These particles are likely to move
on purely confined banana orbits and may hit the outer torus wall at grazing
incidence. Under these conditions enhanced sputtering is to be expected.
This effect could possibly explain the discrepancy mentioned in /2/, where
it was pointed out that with a maximum sputtering yield of 1 % (H® - Fe) for
normal incidence the necessary HO/H' fluxes cannot be achieved under reason-
able assumptions.
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PLASMA FLOW IN A COLLISIONAL PRESHEATH REGION
R. Chodura
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D-8046 Garching, Fed. Rep. Germany.

ABSTRACT

Plasma flow from a source to an absorbing wall is studied in an 1-d kinetic particle model
with Fokker-Planck collisions. The sheath forming in front of the wall in order to preserve
ambipolar particle flow affects the heat flux in the upstream presheath region. Flow profiles
and electron velocity distributions in the presheath are calculated for different collisionali-
ties. Electron heat flux for different mean-free-path lengths is compared with values from
classical Braginekii heat conductivity.

1. INTRODUCTION

In most fusion devices the plasma cdge is in contact via magnetic field lines with a material
wall, e.g. limiter or divertor plate. Plasma diffusing outward from the core into or gener-
ated within this scrape-off zone flows predominantly along field lines to the plate and is
neutralized there. A schematic and simplified view of the scrape-off layer is a 1-d stationary
flow between a plasma- and energy-creating source and an absorbing wall. The flow is de-
termined by the properties of the source (which includes interactions with the background
neutral gas), by the transport propertics of the plasma and by the absorption properties
of the wall. If the source generates equal amounts of positive and negative charges, the
flow to the wall is ambipolar. Since ions and electrons have different mobilities, ambipo-
larity must be maintained by an electrostatic sheath in front of the wall which reflects all
incoming electrons whith energies lower than the potential drop to the wall. Thus, the
electron distribution in the sheath is truncated: reflected electrons with energies higher
than the potential difference to the wall are lacking. In a region upstream of the sheath
the untruncated electron distribution is restored by collisions. This region is called the
presheath.

The sheath and presheath regions have characteristic dimensions which are respectively
much smaller and comparable to the mean-free path length of plasma particles. It is,
therefore, necessary to treat these regions by a kinetic model including collisions, i.e. by a
Fokker-Planck model [1, 2].
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2. MODEL

The numerical model consists of an 1-d electrostatic particle code including velocity changes
by collisions. The coefficients of dynamical friction (Av),s and diffusion {(Av)?}ag,
{(Avy)?)ap of a particle o are determined from the local moments of the distribution f5 of the
collision partners f under the assumption of nearly Maxwellian fz. The source is assumed to
be well separated from the wall such that there is no particle and energy production within
the presheath and sheath region. Electrons are generated with a finite temperature T,q,
ions as cold. Additionally, the plane of the symmetry z = 0 within the source is treated as
heat bath: all electrons passing through this plane leave it with a Maxwellian distribution
of temperature T,y, thus simulating electron heat conduction from the core plasma. The
wall at z = L is assumed to be totally particle absorbing. No magnetic field is taken into
account, i.e. the magnetic field is either absent or perpendicular to the wall.

Whereas the sheath has a thickness of only a few Debye lengths the presheath has an
extension of the mean-free path of an electron with energy of about the sheath potential,
which is for realistic cases by 3-4 orders of magnitude larger. In order to treat sheath
and presheath with the same model, the latter had to be reduced to a comparable size by
artificially enlarging the collision rate.

3. RESULTS

Figure 1 shows profiles of particle flux

F:ffe.;vgdai’.

jon flow velocity V; = I'/n;, where n; is the ion density, electron energy flux

Q.= m,fsz,u“uzd”u.

electron heat flux
ge = mcflf felv — Vg)g[ux - EJE)d"’u,

and potential ¢. The space coordinate z is normalized to Ap = Ap(na, Two), the Debye length
at ng and T,; where T, is the temperature of electrons generated in the source and n, =
To/v.0 with Ty the total electron production per time of the source and v,.q = (Tho/m.)/?. Co
is the ion sound speed at T.o, Co = (Tio/m;)'/*. The collisionality of the flow is indicated by
the mean-free path length A for 90° deflection of an electron with energy 3/2T.¢ by collisions
with other electrons of density n, and the same temperature.

Electron flux I'y crossing the sheath and being absorbed at the wall consumes more energy
than that being transported convectively, i.e. §71.,T, 6 = 2 + e(¢, — ¢u)/T., as compared to
5/2T.,To (index s and w for sheath edge and wall respectively). The additional energy flux
demand must be transported conductively from the source, i.e. by heat flux ¢.. Far upstream
from the wall g. is maintained by a twist in the elctron distribution due to the temperature
gradient (Fig. 2a). Less than a relaxation length in front of the wall the electron distribution
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becomes a Maxwellian with a truncated upstream wing due to the lack of the wall-absorbed
electrons (Fig. 2b). This relaxation length is determined by the diffusion length Ap;s; of
reflected electrons into the truncated tail of its velocity distribution,

Apigs = ve(Av) /{(Avy)®).e

with Av the diffusion interval, v? = 2¢($, — $u)/m., and ((Ay))?) the coefficient of parallel
diffusion at v, = v.. In case of Fig. 1,

AD.'“' = 1.9(Au)2/vf¢;\

As shown in Fig. 3, the collisional heat flux g. is nearly independent of x. Figure 4 shows
the collisional heat flux for different ratios of mean-free-path length A to system length
L with ny fixed. For comparison the same relation is plotted for the classical Braginskii
heat conductivity x = koT%/?, £y o« A [3]. Under the assumption of spatially constant g.
determined by the edge value ¢, = (6§ — 2.5)TxT.., § = 4.4, g, is given by

G o, TE__an
ot P S A

The Fokker-Planck curve is shifted toward lower g, values indicating a heat flux limitation
[4] at large mean-free-path lengths.
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COHERERT PLASMA STRUCTURES IN THE UNSTABLE
EDGE REGIONS OF A LINEAR QUADRUPOLE

R. Cherry and J.A. Elliott

UMIST, P O Box 88, Manchester M60 1QD, UK

The UMIST linear quadrupole (Phillips et al, 1978) operates as
a steady state machine. The confining magnetic field is produced by
two parallel conductors each of which carries the equivalent of 26000
amp-turns, creating a maximum field of some 2000 Gauss just above the
conductors. The field null point lies on the separatrix, a figure
of eight which encompasses both conductors and forms the division between
the 'shared' and the 'private' flux (Fig.l).

Plasma from a duoplasmatron, is injected along the separatrix
at one end of the device. The plasma expands, fills the 'shared' and
'private’' flux regions and moves down to the end of the quadrupole
whilst under the influence of various grad B and E/B drifts (Daly and
Elliott, 1982). Plasma density and temperature vary with | /I (the
radial flux coordinate which arises from the magnetic field geometry),
the maximum density being 5 x 109 cm™l with an electron temperature
of up to 15ev (scec Fig.2). In terms of /T we calculated that the
transition between the average stable magnetic field and the unfavourable
curvature occurs at 0.34, the so called 'critical surface'. We define
a second coordinate 'z' which represents longitudinal displacements
in the quadrupole.

A number of fluctuations have been observed in the quadrupole,
notably the 'shallow well flute mode' and the 'drift mode'. Both of
these have received extensive theoretical (Hastie and Taylor, 1971)
and practical (Carter et al, 1981) attention.

One type of fluctuation which is very interesting, but difficult
to interpret occurs at the edge of the confinement region of the device.
These fluctuations (see Fig.3) have a 'spike' like structure and repre-
sent a deviation from the local density of some 500%. The 'spikes'
have been observed to take a number of forms. They can display either
a leading or trailing skirt and seem to be able to travel either towards
or away from the duoplasmatron with a speed of the order of 500 m/s.
Their movement in /I appears to be almost . instantaneous, (i.e.
>105 m/s) if indeed they are moving in W/I: they may be extended struc-
tures in /I. Of all their properties, perhaps the most peculiar
is that of their dependence on residual gas levels. The ambient nitrogen
partial pressure has been shown to be a critical factor in determining
the form and appearance of the phenomenom.

As a consequence of their position in the MHD-unstable region,
the 'spikes' were initially believed to be the non-linear limit of
the interchange mode. This conclusion is attractive as it offers a
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complete picture of plasma escaping across the magnetic field i.e.
the drift mode would pass on plasma to the flute mode, which in turn
would pass it on to the interchange (Rusbridge private communication.)
However, cross-correlations (Bendat and Piersol, 1971) and bispectra
(Kim and Powers, 1979) between the various modes suggests that only
the flute and the drift are intimately related. Furthermore, even
though the frequency of occurence of the 'spikes' is broadly similar
to the 'flute' frequency, there seems to be no phase relationship between
the two.

Models other than those which depend solely on the interchange instabil-
ity concepts have been propounded (e.g. the 'vacuum cleaner model’
(Williamson, 1985) and it was ideas such as these which suggested that
an external source for the 'spikes' was increasingly likely.

Further investigation closer te the duoplasmatron reveals that
the 'spikes' are in fact the result of the steepening of a relatively
low frequency (300 Hz) oscillation. The purity of this oscillation
immediately suggests that it is electromagnetic 1in origin, arising
in the plasma source. The 'spikes' are then seen to be the result
of a simple wave, the amplitude of which becomes large compzared with
the background plasma once it has moved into the more tenuous regionms,
the steepening effect being the essential non-linearity (c.f. long
waves on a sloping beach). We note at this point that although the
steepening effect is quite clear, the temporal progression is such
that there is an apparent reversal to that usually predicted (e.g.
Chen). The 'spikes' have exhibited leading steepened edges as well
as the more common trailing edge, although the type of 'spike' observed
does not appear to correlate with the apparent direction of the
z-velocity. This may well have far reaching implications on the plasma
flow in the outer regions. We believe intuitively that the steepened
edge will be the leading edge in the plasma frame, and the apparent
reversal may then be caused by convection of the plasma past the station-
ary probe.

Considering that the low frequency wave is propagating perpendicular
to B, has the ion-acoustic velocity near the separatrix (a low field
region) and seems able to steepen, one is tempted to identify it as
a magnetosonic (or compressive Alfven) wave. However, this interpreta-
tion is inconsistent with that which is observed in the outer regions
where the magnetic field is comparatively large and the plasma density

small. Under these conditions the magnetoacoustic wave (which is a
composite of the Alfven and acoustic wave) should assume the Alfven
velocity (about 107 m/s) in 'z'. 1In fact, as mentioned, we observe

a velocity of only some 500 m/s (which is the same order as the acoustic
velocity with the same plasma conditions but in the absence of the
magnetic field). Furthermore the frequency of an Alfven wave in the
quadrupole is of the order of megaherz, many orders greater than that
of the observed oscillation.

The velocity profile with §/I of the 'spikes' and the initial
waveform is imprecise, even to the extent of ambiguous direction of
the 'spikes' in 'z'. We know that the wave is subject to very variable

conditions. We observe large velocity, magnetic field, temperature
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and density gradients in the quadrupole not forgetting the all important
turblence caused by the drift wave and the, flute fluctuations. These
conditions seem to combine, rendering the wavemotion complex even though
the geometry of the system is comparatively simple.

In conclusion, we have discussed the properties of highly structured
fluctuations found in the MHD unstable regions of a linear quadrupole.
These were previously thought to represent some form of the interchange
instability (Williamson, Hewitt, Daly et al, 1985), but have been shown
to be an independently generated waveform, extending through the shared
flux and finally reaching its nonlinear limit in the tenuous plasma
in the edge of the device. These 'spikes' may be a contributory loss
mechanism in these outer edge regions, but it has yet to be determined
whether or not they are signifcant when compared to other loss mechanisms
operating.
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DENSITY PROFILE FROM MICROWAVE REFLECTOMETRY AND CONFINEMENT PROPERTIES
OF A LOWER HYBRID CURRENT DRIVE SUSTAINED TOKAMAK DISCHARGE

G. ICHTCHENKO - H. BOTTOLLIER-CURTET - M. GONICHE
and the PETULA Group

Association EURATOM-CEA - Département de
Rechenches sun £a Fusdion Contrdfée
CENG-§5X - 35041 Gnenobfe Cedex (France)

Two millimeter wave reflectometers using the extraordinary mode of propaga-
tion , have been installed on Petula in order to investigate their potentia-—
lities for application to larger tokamaks /1/.

By sweeping the frequency range 75-110 GHz, it was possible to measure the
central part of the density profile. Both sides of this profile ars accessi-
ble to the measurement if the density does not exceed a certain limit, which
in our case is about 2.5 10'? cm™® on the axis.(The exact condition applies
on the density gradient and requires that :

d(wp?)

dR

The addition of a second reflectometer working in the range 60-90 GHz allo-
wed the determination of the external part of the profile (R > 10 cm).

< w we/R everywhere) (2)

The detector output results from the beat between a reference wave and the
wave reflected by a cut-off layer in the plasma. It exhibits a number of
"fringes" which can be as large as 200 for each range of swept frequencies.
The profile calculation is a step by step procedure using the frequency dif-
ference between two successive fringes. For a given frequency w, the locus
of the possible reflection points on a diagram N.(R) is determined by the
cut-off condition :

2
_M_Pé. =1 - .L_”ﬁ (Fig. 1)

To start the calculation, it is necessary to determine for the starting
frequency the intersection of this locus with a density curve determined
with another method. The particular case of a zero density can be also con-—
sidered, but a threshold density certainly exists, under which the evanes-
cence of the layer between the cut-off and the resonance is not large enough
to ensure a proper reflection of the waves. It may be calculated by integra-
ting the refractive index between cut-off and resonance. The result is in our’
case of the order of 10! cm™?.However, a movable multichannel grill interfe-
rometer gives us a profile of the scrape-off plasma which can be used in
conjunction with the reflectometer measurements.

The resulting profile is presented on Fig. 1 with and without L.H. current
drive application. The peaking which is observed at a low central density and
for a moderate RF input power, is consistent with the observed increase of the
internal inductance.

The effect of L.H. current drive application is particularly marked on the
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scrape—off layer plasma, whose density can be decreased by more than an
order of magnitude.

It is generally otserved that in these conditions of moderate R.F. level,
the scrape-off density has the same temporal and parametric dependence

than the loop voltage, but when the input R.F. power is further increased,
this effects saturates while the loop voltage continue to decrease (Fig. 2).

If one considers that the drop of the scrape—off layer density corresponds
to a steepening of the profile near the limiter radius, and that this
scrape-off plasma is dus to the competition between the parallel particle
diffusion and a transport of mass parallel to the magnetic field, such a
steepening can be due either to an enhauced transport along the magnetic
lines or to a reduced diffusion flux across the last closed magnetic surface
just touching the limiter.

Both mechanisms do probably exist, since Langmuir probe measurements, made
in comparable experimental conditions have shown that the electron tempera-
ture increased by about 20 % under RF application. Assuming that the parti-
cle drift towards the limiter has the sound velocity, the heating of the
electrons can account only for 10 % in the steepening of the density gra-
dient which then can be explained only by a reduction of about a factor of
2 of the particle flux escaping the central plasma.

Note that the total particle content of the plasma remains approximately
constant or slightly increases like does the total enmergy content, while

the total input power decreases under the shert-circuiting of the induced
voltage. Similar observations has been made also on Versator /4/ and the
improvement of the particle confienement attributed to a stabilization of
the anomalous Ddppler instability. The reflectometry method provides also

a mean for studying the turbulence with an enhauced sensitivity to a reflec-
tion zone.

For this purpose a sine-cosine arrangement has been added on the 75-110 GHz
reflectometer in order to determine unambigously the phase of the reflected
wave when working at a fixed incident frequency. A fast Fourier transform
procedure can be applied in order to determine a fluctuatiom spectrum.

Fig. 3 represents the recorded phase versus time in a situation where a
m = 2 mode is crossed by the probing millimeter wave beam, and Fig. 4 a
typical drift wave turbulence spectrum obtained by averaging 4 spectra
recorded during 4 comparable shots.
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PROFILES FROM X.MODE REFLECTOMETRY
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Fig.1: Density profiles with ( ) and without (****) lower hybrid current drive application.
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Fig.4: A spectrum of drift wave turbulence deduced from the reflectometry measurement.
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DEUTERIUM AND IMPURITY FLUXES IN SCRAPE-OFF LAYER OF TOKAMAK
STUDIED BY COLIECTING PROBES

5,A,GRASHIN, Yu.A.SOKOLOV

KURCHATOV INSTITUTE OF ATOMIC ENERGY, MOSCOW, USSR
V.H.ALIMOV, I.I.ARHIPOV, A.E.GORODETSKY, A.P,ZAKHAROV
INSTITUTE OF PHYSICAL CHEMISTRY, MOSCOW, USSR

G.A, TVARDAUSKAS

INSTITUTE OF SEMICONDUCTORS, VILNUS, USSR

Deuterium (hydrogen) and impurity fluxes in toroidal and
poloidal directions and ions (D and H) energy in the scrape-off
layer (SOL) of TI~4 and T-10 were defined by collecting probes
method.

Monocrystalline Si-prohes fixed to a special holder were
exposed without time resolution at different radial positions
for 1 shot on ™10 (Fig.1) or for manyshots (from 5 fo 500) on
TH-4. Toroidal fluxes in e- and i-directions were defined.
Transversal flux was defined as the flux on the poloidal side
of the holder on T-10 (Fig.1.) and as the flux perpendicular
to the chamber wall on TM-4. The main tokamak and plasma para-
meters are%Bth4: R=530m,rw=100m,rL=8,5cm, E§1Sk0e, I=22-25kA,
Ne= 2=-3*10 -cm j, tpu1=0,035.

T=10: R=150cm,r_=39,5 cm,r =26,5cm, H=25k0ec, I=200kA, 1T =4x

3 -3, t_ .50, 8s. x "
x10 “em -? “pul”?

TM-4 was operated with hydrogen, T-10 - with deuterium.

The surface study of exposed probes was fulfilled by the
secondary ion mass-spectroscopy (SIMS) and by the reflected
high energy electron difraction (RHEED). SIMS allows to obtain ‘
the depth distribution of implanted hydrogen, deuterium, and i
impurity atoms. The implentation depth is IVHM of the profiles. {
Calibration for the absolute measurements of deuterium was done.
A S5IMS-signal from the monolayer of deuterium absorbed on the
surface of a reference probe under exposure *2 molecular deute=
rium at room temperature corresponds to 810'%em™<, Tre absolu-
te calibration for impurities was not done. The depth distribu-
tion of D, Li, Cr-atoms in the probes exposed on T-10 for three
radial positions are in FMg.2. The refrence signal is also given
there. Implantation depth and trapping vs. fluence predicted by
the code /2/ were used for definition of the ions energy. Ve
also used data on ranges H and D in 5i from /1/. Implantetion
depth varied from 4A to 224 in our experiment.

RHEED was used for the determination of atom displacement
amount in the lattice of Si-probe under plasme bombardment.
Changing the engle © between the analysing electron beam and the
surfece of Si-probe we scanned the probe in depth. The angle 6
et which the diffraction piciure from the non-disturbed lattice
was registered, gave us the number of amorphisied layers n=n06,

where n0=400310"3,$ e g1 0"1/3/. The number of atom displace-
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ments in the lattice Pi= 1-10'2n em 2, In our case, from 20 to
1 atomic layers were orphisied. To produce an atom displace-
ment in the lattice the implanted ion/atom must have the energy
higher than the threshold energy E h/4/. The thresgholg enersy
is different for different kinds of implanted ions: ¥y = 150-

2008V ¢or hydrogen, Bb, =80-100eV for deuterium, BiO = 25-30eV
for impurity /llo or Féulike/. Heving determined ., one can
estimate the flux of the incident ions/atoms with“the energy
higher than the threshold one.

The date on the energyof deuterium, E, on the amount of

trapped deuterium, ., and on the number of atom displacements,
ED’ in the SOL of I—EO are given in Teble,

N |r,em B,eV T 10'°at/cm? Ty 101 Oom2
i~gide, e~ s D- i- y&= P i-, e-, ,p-
1. [32,7]40-100 30-80 1-20 | 1,6 2,6 1,1 3,0 2,0 1,6

II. [34,0[10-40 10-50 1-10{1,6 1,5 0,6
IITJ36,4[10-20 10-20 1-10[1,6 1,2 0,25 | 1,5 0,6 0,3

The electron temperature T_ determined at the same radii with
Langmuir probes is changedefrom 2eV (r=36,4cm) to 10 eV (r=32cm)
Thus, the longitudinal energy of deuterium is a few times high-
er than T .

on -4 the energy of hydrogen ions, defined with the
probes collected *transversal flux at the well radius, was T =
=20-70 eV thet is elso a few times higher than T_ al the same
radiuve, The t;ansversal hydrogen flux on Tk-4 wa.

(D= (1-2)-101’cm'25'2, that is in agreement with the flux ob-
tained from the particle balance.

As the toroidal fluxes are much greater than the transver—
sal ones and due to the long pulse duretion on T-10 the probes
have been saturated by deuterium even for 1 shot. In this case,
the amount of trapped deuterium slightly depends on the fluence
and one can only roushly estimate the toroidal flux value. These
fluxes wers independently defined with Langmuir probes: q):
= 2 10%on™%s™1 at ra32om, O = 2-10' 825" at r=34em, ¢ =
= 3,5-1017cm'25-1 at r=36Gem.

The flux of ions with the energy higher than the threshold
one is about 102 of the total flux incident on the probe. This
ratio ig true for both toroidal and transversal fluxes. In our
case, the atom displacements in the Si-lattice can be provided
by the fast ions/atoms with energy E~ 150-200eV, related to the
tail of ion distribution function. However, the same effect
can be caused by the atoms of impurities (Te-like, Mo) for which
the B,, is noticeably lower. The transversal flux of the Cr ions
on TlﬁE estimated by their deposition on the probe, was about

pil - - . . Py o
2 101’cm 25 1 thet coincides with the high energy part of hydro-
cen Tlux, Thus, we can'i point out the mein reason of §i amor-
phisation and,therefore the main reason of the sputtering.

?
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An asymmetry in destruction of the lattice on i- and e-
sides was clearly observed on T-10 and TI~4, The number of
displacements on i-side (7-10) and on e-side (TM-4) exceeded
a few times that one on the opposite gides at eny radial posi-
tion. It can be explained by the enhanced hvdrogén fiux, for
example, due to the plasme rotation or by the enhanced rlux of
impurities from one side due to the local source of such impu~
rity. An enhanced concentration of Cr on the i-side of the
probe (T-10) is consistent with the second version.

Conclusions: 1. The ion energy is of the order of 10=100eV
and some %imes higher than Te at the same redii in the SOL of
T-10 and TM-4.

160m~2 ~1

2., The particls fluxes are (1=2)-10 g ' and 1017_101%f25—1'
for transversel and toroidal directions correspondingly.

3. The gtudy of the collectinzg probes by RHEED pmave additional
estimation of the flux with the energy higher than the threshold
energy., This flux is about 102 of the total particle flux. Tow
we can't say which of the plasma component (high energy part of
D/H distribution or heavy impurities? play the decisive role

in the displacement emergence and, therefore, is the main source
of the gputtering.

4. An agsymetry in distruction of the laitice of Si-probe were
observed. It could be botk due to the plasma rotation and the
presence of a local impurity source.
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ERGODIC MAGNETIC LIMITER ON TEXTOR

G.Fuchs, K.H.Dippel, B.Giesen, F.Schingen, G.H.Wolf
and the TEXTOR Team
Institut fiir Plasmaphysik, Kernforschungsanlage Jillich GmbH,
Association EURATOM - KFA, P.O.B. 1913, D-517 Jiilich, FRG

INTRODUCTION

"Ergodic magnetic limiters" have been proposed as an instrument to further reduce
the particle confinement in the boundary, in particular to achieve some cooling
effect, to enhance the fluxes into the pump limiter, and, perhaps, to obtain some
impurity shielding. Generally speaking this method might help to approach the fa-
vorable regime of high recycling localized in the boundary under non-divertor con-
ditions /1,2,3/. The proposed method is to destroy the containment by superimposing
small radial magnetic fields (on the average a few 1073 of the main field) which are
resonant along those field lines where the containment is to be broken. The over-
lapping of magnetic islands resulting from such fields leads to a stochastic field line
pattern; the appearance in a Poincaré plot is shown in fig.l. For some special cases
Liapunov coefficients /4/ have been calculated to test the field for stochasticity.
For experimental convenience the perturbation field coil system on TEXTOR is a
compact and localized magnet, which excites a multitude of helical modes and thus
allows to study both, effects in the plasma boundary and in the core.

PERTURBATION FIELD COILS

The perturbation field coil system mounted on TEXTOR (cf. fig.2) is a magnetic
octupole, which is plugged into a rectangular porthole (80 cm x 65 cm) without
breaking the vacuum. The four 16 turn coils are capable to carry 8 kA for 5 s.
They are bolted together using distance slices to produce the desired gap width. The
net force to the system is almost zero. The 250 kW power supply is controlled by a
programmable function generator. The perturbation field and its Fourier coefficients
have been calculated, the results have been published /5,6/.

EXPERIMENTAL RESULTS

Experiments have been performed for plasma densities n=1..4x103%cm™® (line aver-
aged), plasma currents 1=200..480 kA and with a main field of 2 T. (for the machine
parameters see /7/)

Plasma Boundary

The most obvious effect in the plasma boundary is the appearance of a luminescent
pattern being more clearly pronounced in the thick luminous layer which is usually
found in high density discharges (cf. fig.3). Although the interpretation of the pic-
tures is impeded by the tangential viewing, the pattern strongly suggests the forma-
tion of magnetic islands. Similar patterns are also reported in /8/, where they are
explained as being due to excitation of the backstreaming neutrals by plasma
streaming along the island rims. The regions between the x-points of the islands
and the wall appear dark, most likely because the field lines there are connected on
both sides to the wall over short distances. The interior of islands cutting the wall
or a limiter is supposed to appear dark for the same reason. When the plasma cur-
rent is varied, we observe that islands move along the minor radius just as expected
from field line tracing calculations. These “optical islands" persist even in those
cases where strong perturbation fields have been applied and stochasticity is expec-
ted to exist. A structure in the boundary layer is also found from Langmuir probe
measurements and from H, and impurity (O%+,C**) luminescence. Depending on
machine settings and plasma position, the above mentioned signals increase or de
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crease under the application of the perturbation field. There is a general tendency
for Hgluminescence to increase and for impurity luminescence to decrease.

Ergodization in the boundary layer has been used together with the pump limiter
ALT-I. Again depending on specific discharge conditions, increases or decreases of
the gas pressure in the pumping chamber have been observed. An example is given
in fig.4, where an instantaneous rise of the gas flow into the pumping chamber is
followed by a delayed but more pronounced increase; the latter can be attributed to
a change of the density profiles and the particle confinement time.

Plasma Core

Not only for the boundary layer but also for the core plasma rather intriguing but
yet no clear-cut results have been obtained at this early stage. Depending on dis-
charge conditions in a rather subtle way both deterioration and improvement of
core confinement have been found. Discharges with high plasma densities
(>3x10"%cm™3) are less sensitive to confinement deterioration at a given level of the
perturbation field than those of the low density regime. The most pronounced effect
observed in the plasma core is a turnover to new discharge conditions which are
characterized by a flattening of the density profiles in such a way that the total
number of particles is reduced (factor<2) whereas the density in the boundary is
increased, (cf. fig.5) Whether or not this turnover occurs depends on the plasma
parameters and on the perturbance field strength. The dependence on the strength
of the disturbance field is very sensitive: a variation of only 2% can lead to a
changeover from one case to the other. The drastic change of the plasmz conditions
is delayed up to 0.3 s with respect to the application of the perturbation field.

Occasionally, the plasma shows pronounced MHD-activity before the perturbation
field is energized. In such cases the MHD oscillations are instantaneously stopped
probably due to mode blocking; alternatively the onset of such modes has been
observed during the ramp-down phase of the perturbation field (cf. fig.6 and /9/).
During the turnover the density and current density profiles develop shoulders in
the gradient region /10/. This observation coincides with a shifting of the helical
m=2 n=1 mode signal derived from the Mirnov coils and indicates that a stationary
m=2 n=l mode is established. (Note that for a broken symmetry there is an uncer-
tainty in the Abel inversion of the profiles.)

In a few experiments perturbation fields have been also applied together with ICR
heating at power levels of up to 2 MW at I=480 kA. For the higher density regime
investigated there, no negative effect of the perturbation field on global plasma
confinement has been observed.

CONCLUSIONS

First "ergodic limiter" experiments on TEXTOR have shown, that the external per-
turbation fields effect both, the boundary region and the core. In particular, pro-
nounced and stationary island structures in the boundary layer are observed. Inter-
nal MHD oscillations have been suppressed by rather low amplitudes of the magnetic
perturbation field, an effect which may be desirable for extending the stability
range of the plasma. In case that larger amplitudes of the perturbation field are
applied, however, the global confinement is negatively affected. These negative side
-effects can be reduced or suppressed by a more elaborate arrangement of the ex-
ternal magnetic field coils; in any case larger devices permit a better separation
between the desired perturbation of the plasma boundary and the undesired large
amplitude perturbation of the plasma core.

Both, boundary and core effects will be subject of further experiments on TEXTOR.

REFERENCES

/1/ W. Engelhardt and W. Feneberg, J. Nucl. Mat. 76&77, 518,
(1978)

/2/ W. Feneberg and G.H. Wolf, Nucl. Fusion, 21, 669 (1981)

i il




429

/3/ A. Samain, A. Grosman, T. Blenski, G.Fuchs and B. Steffen,
J. Nucl. Mat. 128&129, 395 (1984)

/4/ A.J. Lichtenberg and M.A. Liebermann, Regular and Stochastic Motion,
Appl. Math. Sci. 38 Chap. 5, Springer (1983),
see also literature referenced therein.

/5/ H. Belitz, K.H. Dippel, G. Fuchs and G.H. Wolf, EURATOM
Programme Workshop, Schliersee 8-10 Nov (1982)

/6/ A. Nicolai, D. Reiter and F, Schéngen, Plasma Physics 27
1479 (1985)

/7/ G. Fuchs and G. Waidmann, these proceedings

/8/ N. Ohyabu et al., Nucl. Fusion 25 1684 (1985)

/9/ F. Karger et al.,, Nucl., Fusion Suppl. ¥ I 267 Vienna (1976)

/10/ W. Stodiek, K.Bol, H. Eubank, S. von Goeler and D.J. Grove,
Plasmaphy. and Contr. Nucl. Fusion V I 465 Vienna (1971)

rc=62cm| Ro=175cm
u

-
Fig. 1 Poincaré plot made for TEXTOR Fig. 2 Schematic of the perturbation
using the values R=1.75m, a=0.46m, field coils (total current up to
lp=360kA, B =2T, [z=6.6kA and the 128 kA turns) on TEXTOR. The coils
ansatz L=0.3[1-(1-£%)*3)/#2, f=r/a. can be tilted by +15° towards the

The machine axis is to the right. horizontal plane.




Fig. 3 Tangential view into TEXTOR
with the perturbation field energized.
The picture was taken before the onset
of profile flattening. Discharge
parameters as in fig.l.
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Fig. 5 Plasma density profiles derived
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ments for the same discharge as fig 4.
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Fig, 4 Effect of the perturbation
field on pump limiter performance. ‘
I is the perturbation coil current ‘
(90 kA at flat top). The upper solid |
line is the pressure in the pump I
limiter chamber, the lower solid

line is the derived particle flux '
into the chamber.
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Fig. 6 Blocking and unblocking of
MHD modes with m=2, n=1 (different
discharge for the left and right

hand side of the figure). The two
growing MHD oscillations to the right
are separated by a minor disruption;
they coincide with the pressure rises
seen after turnoff of the pertur-
bation field in fig. 4.
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EDGE PLASMA AND RADIAL ANTENNA CURRENT EFFECTS ON ALFVEN WAVE HEATING
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fSchool of Physics, University of Sydney, NSW 2006, Australia

1. INTRODUCTION

In Alfvén wave heating calculations the antenna is usually modelled by
a helical current sheet situated in a vacuum region surrounding the plasma.
Actual antennas have radial feeds, and many plasmas have a significant den-
sity in the scrape-off-layer around the antenna. We include both of these
effects in a kinetic theory analysis using a cylindrical plasma model.

Fourier decomposition of a typical antenna current configuration
results in a helical current sheet plus a radial volume current. For given
toroidal and poloidal wavenumbers, the ratio of radial to toroidzl antenna
currents can be expressed as a function of a parameter A. We evaluate the
dependence on X of the antenna resistance, and the energy deposition pro-
file in the plasma, both with and without a low density plasma around the
antenna.

2. PLASMA AND ANTENNA MODELS
The plasma parameters are typical of the TORTUS tokamak.

r.=1lem v. =12 em; ¥ =14 ¢m, R = 44 cm
a w 0

'3
T = 1, B¢ 0.7 T, 2, = 6.7 x 107 rad s-!

L
- 1 = 9 -
Ny = 2 x T0*" ™y TEo 2Fi° 400 eV, H plasmas
The following density and temperature distributions are considered.
They are parabelic for r < ry, with an exponential tail.

(i) Vacuum around the antenna - the plasma ends at Toi
ng(ry)/ng, = 0.05.
(ii) Plasma around the antenna - the plasma extends to ry.
(iii) Standard temperature profile - the temperature when
r > Ty is about 20 eV.
(iv) Anomalous temperature profile - the temperature in the
region r > vy is very low (chosen so that vg; = w).
This is an attempt to simulate possible anomalous
absorption of wave energy in the edge plasma.
Discrete antenna configurations can be Fourier decomposed into a sum
of modes which have the form

(8+22) ; (m+Aknra} | i(me+k z-ut)
J = [d[r-r Y e o H(r)T|e
~mn a (1+11]2 r (1+12)z

where k, = n/Ry, H(r) = 1, ry < r < r, (otherwise 0) and tan~' A is the pitch
angle of the helical current in the discrete antenna. We consider cases
with wavenumbers given by (m = -1, n = 2) and (m = -3, n = 2).
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The wavefields in the plasma and vacuum, generated by the antenna
current, are calculated using kinetic theory'.
The antenna impedance is defined as

= = - *
Zin J L Jon 2k

3. DISCUSSION

In Figs. 1 and 2 the antenna resistance is plotted as a function of w
for various cases. The peaks in these diagrams correspond to eigenmodes
of the surface electrostatic wavels>?»? (SEW) .

The position-dependent power deposition P(r) is calculated from the
divergence of the energy flux. In order to assess the edge heating it is
appropriate to consider the radial profile of the power deposition/electron
[F“(r) = P(r)/ne(r]]. Figs. 3 and 4 show P" vs r; the top and bottom graphs
are for w = 2.5 x 107 and w = 4.5 x 107 respectively.

We make the following observations:

(i) When the antenna is in vacuum then, for any specified wavemode
(m,n), the amplitude (but not the shape) of the energy deposi-
tion profile depends on the orientation of the antenna (1).

(ii) When the antenna is surrounded by plasma the energy deposition
profile depends slightly on X, especially when ry 3 1.

(iii) Incorporating an anomalously high resistivity in the edge plasma
damps out the SEW eigenmodes, and leads to a large energy
deposition in the edge plasma when rj 3 T,.

(iv) The percentage energy deposition near the antenna increases with
increasing |m|. Therefore, discrete antennas which have a small
poloidal extent (and therefore have Fourier modes with large [m|
values) may give large edge heating, as suggested by Borg et al."

4, REFERENCES

1. Donnelly, I. J. et al. [1986] - J. Plasma Phys. (in press).

2. Stix, T. H. [1980] - Proc. 2nd Joint Varenna-Grenoble Int.
Symp. Heating in Toroidal Plasmas, Como, p. 631.

3. Ross, D. W. et al. [1985] - Uni. of Texas report FRCR/274.
4. Borg, G. G. et al, [1985] - Plasma Phys. Contr. Fusion 27, 1125.




433

PLASMA AND ANTENNA CONFIGURATIONS

Label Antenna A rp (cm) Te (r>1,)
-IN2.POL Poloidal (JZ:G) 0 14 standard
-IN2.POL.ANOM " 0 14 anomalous
-IN2,POL.VAC " 0 11 -
-IN2,.HEL Helical [Jr=0] —m/(knra) 14 standard
-IN2,HEL. ANOM " L 14 anomalous
-IN2.HEL.VAC i 0 11 =~ 7

g

16 ‘e

ﬁ,

w (107 rad 1)
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The Alfvén resonance position (ry) is denoted by *
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