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The l4th European Conference on Controlled Fusion and Plasma Physics was
held in Madrid, Spain from 22 to 26 June 1987. It was organized by Centro
de lnvestigaciones Energéticas Medioambientales y Tecnologicas (CLEMAT),
Madrid, Spain on behalf of the Plasma Division of the European Physical
Society (EPS).

The following topics for poster sessions were taken into consideration:

Tokamaks

Stellarators

Alternative Magnetic Confinement Systems
Inertial Confinement

Plasma Edge Physics

Plasma Heating and Current Drive
Tokamak and Basic Fusion Plasma Theory

. Diagnostics

f==Rp oo B o Bl B e B - -
P

The orally presented contributed papers were grouped into four sessions
covering:

Confinement and Heating in Toroidal Plasmas
Plasma Edge Physics
Inertial Confinement

The Conference Programme included 18 invited lectures, 19 orally presented
contributed papers and more than 400 papers presented in poster sessions.
In addition, an evening lecture on the Status of Fusion Research was given
by R.S. Pease.

The contributed papers of this 3-volume publication are photographically
reduced in size from the originals provided by the authors.

Programme Commitee/Paper Selection Committee

F. Engelmann (Chairman), FOM (The Netherlands), NET (German Fed., Rep.)
J.L. Alvarez Rivas, CIEMAT (Spain)

K. Appert, CRPP (Switzerland)

R. Behrisch, IPP (German Fed. Republic)

G. Briffod, CEN (France)

A. Gibson, JET (United Kingdom)

M. Key, Chilton Lab. (United Kingdom)

D.D. Ryutov, Inst. Novosibirsk (USSR)

The invited papers will be published by Pergamon Press in the journal
"Plasma Physics and Controlled Fusion" and sent free of charge to each
registered participant.
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TRANSPORT IN TOKAMAK EDGE PLASMAS
H.P. Furth

Princeton University, Plasma Physics Laboratory

1. Architectural Optimization

Toroidal-confinement experiments prior to the id-60's were
chiracterized by Bohm diffusion’ [D = cT,/16 eB ~ 6 x 10 ey (ev)/B(kI)

cm /sec; ¥ ashm '™ 3 D] or worse. In the US, the search for improved
confinement took the direction of architectural optimization. The
levitron (Fig. 1a) offered axisymmetry and high shear, along with

stability against current-driven modes. The spherator™ (Fig., 1b) added
minimum-average-B stability, and/or the ability to localize trapped
particles in a region of favorable VB,, on the small-R side of the
plasma. Experimentally,aconfinement was found to improve with rising
n/J, (up t ~ 10°) and with rising® isionali

3 p to Vipe/Vg and wi rising” T, (up to a collisionality
“ce/"’be ~ 1). For higher Ty, transport was found to increase according
to a Bohmlike scaling 7

Xe = (G/30) Xgohm (1)
= G 600 T,/B (cm?/sec) ,
where architectural features determine G:

1. Configuration 1a has the highest fluctuation levels and the
worst confinement.

2., The best confinement, corresponding to G ~ 1/3, is obtained in
configuration 1c when By ¢ B, ~ B -- even though configuration 1b has
better theoretical minimum-average-B properties.

3. In configuration 1¢, reduction of Bt/B weakens the shear and
removes the magnetic well, yielding G + BP/Bt in the range By << BP ~ B.

4. In the "tokamak limit" B, << By ~ B, which implies particle
trapping of the form 1b, the reduction in shear gives G » Elt/BP.

On the basis of (4), one would expect tokamaks te follow a Bohmlike
scaling

X*p ~ 600 T./B, (cm®/sec) . (2)

In applying =2Zq. (2), one should note, however, that it is not based on
direct local measurements of Xar but on measurements of the gross Tgat
together with the assumption of no strong extraneous spatial dependences

of Xe*

2. Edge Effects

In the edge region of a repregentzéltive large l:okarnak,s where
Bp ~ 5 kI, Ty ~ 300 eV and ¥, ~ 3 % 10 cm /sec, the magnitude given by
Eq. (2) is about right -- but the observed radial dependence is quite
different, with ¥ increasing strongly towards the limiter. Remarkably,
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the plasma core region is characterized by x_, < 10 x¥%,. In other

words, a plasma configuration of the type B_ << Et’ which 1s known to be
architecturally inferior, nonetheless exhiblts greatly superior confine-
ment. The clear implication is that non-architectural features must
play a dominant role in determining the quality of plasma confinement.

Since both plasma fluctuations and transport increase so strongly

towards the edge of the tokamak plasma, it is natural to suppose that
surface effects may be the main source of trouble (analogous to fluid
flow through a rough pipe”). There is also a general experimental
observation that tokamak T_(r)-profiles are ripid against modification
by local heating (or cooling) and tend to be fairly well determined by
the edge value of d log T /dr, within the A'-constraints set by the MHD
safety factors q(o) and q(a). These observations suggest a model of the
tokamak where transport on the plasma interior adjusts itself for the
maintenance of certain profile shapes (i.e., architectural self-
optimization), while '"edge transport coefficients”" at some radius
Todpn = BT 8r control the global energy confinement time.
If profile consistency is invoked to give T « (8r/L) T{o), and
Eq. (2) is used to estimate the magnitude of Xedge® ©P€ arrives at a
fair approximation of experimental = -valuesg ﬁ%ting that the total
plasma energy is proportional to n(o) T(o) L°, while the heat outflow
through r is proportional to

edge

agge 5
L Nedge Xedge "Tedge © Medge O Te(o)in'

one finds
-l

g = n(o) i By 77'0) (n §r)” . (3)

edge




This equation can bg made to approximate the neo-Alcator formula by
assuming that §r = n_ (as in the case of neutral-gas penetration) and
noting that for ohmic™ heating, B_/T is roughly constant. This model
for 6r conforms with the prejudice that "atomic effects" may be damaging
to confinement. A main reason for the historic advance of the tokamak
relative to other toroidal experiments of the 60's (including the
spheromak, which had superior architecture) may have been its ability to
banish edge-related problems -- such as "atomic effects" -- to a
relatively thin surface layer.

3. Bohm and Goldston

For sufficiently high density (small &r), one might expect the
favorable TE—dependence of Eg. (3) to saturate, so that

2
Ty (& Bp L /T{o) [n{o)L/n érl, (4)

E edge
with the term in brackets depending on the gross profile,1O rather than
the magnitude of n. In terms of the heating power Pyr the Bohmlike

scaling of Eq. (4) corresponds to
1/2 /2 =172 1/2

X*p = Py L By n ¥ (5)
which does not differ drastically from the Goldston Eormula12
1/2 N2 1 6)
Xg = Py b BT . (

There seems to be a certain historical parallel between the reigns
of Bohm and Goldston scaling. During the first part of the 1960's, Bohm
scaling was so commonly found in stellarator experiments that it came to
be regarded as a "universal" lower limit on anomalous transport. Before
long, however, toroidal-confinement experiments in multipoles and
levitron/spherators”” demonstrated that architectural improvements
could reduce transport well below the simple Bohm rate, and the T-3
tokamak discovered the possibility of large non-architectural improve-
ment factors. In hindsight, it seems that the Bohm formula really gave
a kind of upper limit on anomalous transport, peculiar to MHD-stable
plasmas with little shielding against edge,effects and with such small
values of average B /B. (typically <107 ) that Eg. (2) would have
prescribed worse confinement than the Bohm formula.

puring the latter part of the 1980's, when strong auxiliary heating
began to be available, tokamak confinement appeared to deteriorate
sharply relative to ohmic heating. The accumulating evidence pointed to
the, presence of a "universal" Ttp-scaling proportional to a factor
/Py (or B_/T) that had remained concealed in the ohmic-heating
regime, where Py and I are tied together. During subsequent years,
substantial improvements in confinement have once more emergedé even
within the architectural constraints of tokamak geometry.' # At
first, the tokamak enhanced-confinement regimes were simply character-
ized as giving some numerical multiple of Goldston low-mode confinement,
but present evidence suggests that the scaling of confinement in these
regimes may be altogether different -- with the adverse dependence of 1g
on Py being much weaker or even entirely absent.




The recent advances relative to the Goldston low-mode scaling
provide strong additional evidence that anomalous transport is
stimulated by surface phenomena. Surprisingly large improvements in the
global 1., arise from techniques that might be expected to affect only
the outer plasma edge: introduction of a poloidal-field separatrix with
strong shear in its immediate vicinity; minimization of plasma density
in the edge region relative to the core; alteration of the edge plasma
potential by various means, including beam-driven rotation.

The "universality" of the Goldston scaling, like that of the Bohm
scaling, seems to consist in setting an upper limit for anomalous
transport. In the case of Goldston scaling, this limit governs tokamak
plasmas with sufficient edge-shielding and B /Bt to do much better than
Bohm, but with a lack of special edge-control features.
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ABSTRACT An  enhanced confinement mode, H-mode, was observed on JFT-2M
during NBI or ICRF heating under the material limiter discharge conditions
within a wide range of plasma parameter regime. Operational regime and
confinement characteristics of this H-mode were studied.

1. INTRODUCTION

On JFT-2M, an enhanced confinement mode, H-mode can be observed in
both limiter and open divertor(l,2]) configurations. With the limiter case,
a duration of the H-mode is shorter and the rate of improvement in energy
confinement is smaller than the divertor H-mode case. Hovever there are no
essential differences in the nature of the phenomena between them. We also
observe H-mode by NBI heating or by ICRF heating which is mainly a electron
heating through Landau damping of the mode converted wave(3]. In the
limiter operation, there are more freedom in the plasma shaping parameters
compared with the divertor case. In this study, this operational regime of
the H-mode in the limiter configuration will be surveyed. In this study,
our definition of H-mode includes all the transition phenomena, no matter
how small the improvement of the energy confinement is. Since, the study
of this transition phenomena should be very important to understand the
physics of the enhanced confinement.

2.EXPERIMENTAL CONDITIONS AND OPERATIONAL REGIME OF LIMITER H-MODE

The vacuum vessel of JFT-2M has a D shaped cross section with a minor
radius of 0.415 m in the horizontal and 0.59% m in the vertical direction.
Carbon fixed limiters are installed on the inner side wall in six toroidal
positions. Almost toroidally continuos carbon divertor plates are mounted
on the bottom and the top of the vessel. We also have movable carbon
limiters from the top and from the side. Magnetic flux surfaces of the
plasma in the typical H-mode case are shown in Lhe Fig.l. 1n this case the
outermost plasma surface is decided by the inner fixed limiter, although
the top and bottom tips of the plasma are almost touching to the divertor
plates. Time evolutions of plasma parameters in this shot are shown in
Fig.2. Vertically measured line averaged electron densily are shown in the
top box. The upper trace is measured at R=1.24 m and the lower trace is at
R=1.1 m whereas the plasma center is usually at R=1.28 - 1.29 m. The second
box from the top is the stored energy from the diamagnetic measurement.
Total radiation loss, loop voltage. Hu /D emission intensity, and Lhe
neutral beam injected pover are shown from the third to the bottom. With
the sudden depression of the H /D emission, electron density, the
radiation loss and the stored energy all start increasing rapidly.
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Especially, the line averaged electron density in the outer region
increases more quickly than the central cord density, and shows the
broadening of the density profile. This H-mode is terminated suddenly, and
electron density or the radiation loss start decreasing sharply. In this
shot ,H-mode phase is repeated twice. Central electron temperature measured
by soft x-ray pulse hight analyzer, and the ion temperature measured by the
charge exchange neutrals do not increase during the H-mode.

There are several experimental requirements for the transition. The
first is the inside limiter operation. With less than 2 cm of the gap
between the outer limiter and the plasma surface, ve have never seen the
transition. Insertion of the movable limiter from the top does not hinder
the transition, even when it 1is touching the plasma. A contact of the
plasma with the inner wall limiter is not a necessary condition. We still
observe the transition when the plasma outermost surface is decided by the
top or the bottom carbon divertor plates.

The second is the threshold values in the additional heating pover and
the electron density. The transition happens above the certain threshold
pover and the electron density. These threshold values have dependences on
the plasma parameters. The threshold density is also dependent on the
additional heating power. Figure 3 shows the operational regime of H-mode
in the neutral beam heating power and the line averaged electron density.
The minimum electron density needed for the transition decreases with the
increase of the NB heating pover. With the increase of the electron
density, deposition power to the periphery increases in NBI heating case.
However, the same dependence of the threshold power on the electron density
can be seen with the 1CRF heating case where the pover deposition profile
should not change as much as NBI heating.

The threshold pover is also dependent on the safety factcr q, as shown
in Fig.4. The solid line is the boundary of H-mode and l.-moce data points
with 1.21¢B.{1.26 T, and the dashed line with 275(I {295 kA. The nature of
humps between g =4 and 5 is not very clear. In the single null divertor
case, these humps are not seen and the both lines agrees well. Plasma
shaping parameters are also important for the Lransition phenomena. The
solid line in Fig. 5 shows the dependence of the thresholc power on the
ellipticity ¥. 1t becomes high when the plasma comes close to the circular
shape, k=], 1t also slightly increases when it become strongly
noncircular. However, vhen ¥ and & is high (typically ¥}1.4, and &'0.6) the
outermost plasma surface is decided by the upper or the lover divertor
plate. Then.the configuration 1is very close to that of the double null
divertor, and the duration of the H-mode becomes much longer Lhan the case
when plasma is only limited by the inner limiter. Typically the duration of
H-mode is H0-70 ms in low ¥ case, and it is sometimes limited by the
heating pulse (close to 200 ms)in high « case. In JFT-2ZM, « and the
triangularity & can not be changed independently,and ¥ changes almost in
proportion to &. This proportionality can be changed by changing the
poloidal field coil configuration. Keeping ¥ within |.37 and 1.45. 6 was

changed from (.24 to 0.5 with 3.9vq¢3.8. Within Lhis range. the threshold
pover was constant and was around 350 kW.

Uther condilions are Lthe cleanliness of Lhe plasma and Lhe ion
species. Titanium gettering reduces the threshold power. For example, il

vas reduced from 1.3 MV Lo U.9M¥ in LCRF heating case by the gelLtering.




In NBI heating case., the H-mode threshold power of hydrogen plasma is more
than twvo timesas high as that of deutlerium plasma.

3.CONFINEMENT CHARACTERISTICS OF LIMITER H-MODE

During the H-mode phase,density pedestal is always clearly formed ,and
the improvement of the particle confinement is quite certain. However the
improvement of the energy confinement is not always clear,and the formation
of electron Lemperature pedestal is sometimes very weak. Also the central
temperatures do not increase appreciably during the transition. In Fig.5,
dependence of the maximum global energy confinement time during the H-mode
on the ellipticity » with the plasma current around ¥50 kA, and the NBI
heating power of 700 kW &s also shown. Here, the global energy confinement
time is defined by 1. =W / (P - dW/dt), vhere W is the plasma stored
energy determined from Fhe diamagﬁgéic measurement, and P is the sum of
the ohmic and the additional heating pover. Kaye=061dston L-mode
confinement times(4] which well represent JFT-2M NBI L-mode confinement are
plotted by open circles for the comparison. When the ¥ is close to unity,
improvement of energy confinement is very small. The rate of improvement
increases in proportion to ¥ up to x=1.3 and it decreases at higher «.

Density dependence of the energy confinement can be seen in Fig.6,
vhere 280 ( I_ ¢ 300 kA, and 3 {( q  (3.5. Ohmic values are represented by
the solid link. Closed circles show the H-mode value and the open circles
are of L-mode. In both cases, the total heating powver was from 870 k¥ to
940 kW. In H-mode case, Tt1° continues to increase with the electron
density, and finally becomes as comparable as the ohmic value in the high
density region. However the global energy confinement Lime decreases with
the increase of the heating power as the L-mode case shown in Fig.7.
Closed circles show the H-mode confinement time and the open circles show
the L-mode data. For the comparison, Kaye-Goldston confinement times are
represented by the dashed line. Below BO0 kW, incremental confinement time
: A defined by v, =d W /dP is almost twice as large as that of L-
wéld& which is around"f5 ms. Above “Blin k¥,the incremental energy confinement
time of H-mode become as low as the L-mode value. [t seems that the gain
of the stored energy by the transition is almost constant in high pover
region. This way suggest that the merit of the H-mode in JFT-2M limiter
operation case is Jjust the addition of the pedestal part due to the
improvement of the particle confinement in that region.

4 .CONCLUSION
On JFT-2M, H-mode was observed in a wide operational regime, x = 1.03
to 1.55, 6 = 0 toe 0.57,and q,=2.4 to 5.5 by NBI heating or by ICRF heating.
When « is close to |, the lmprovement of energy confinement during H-mode
is small and the threshold power for the transition is large. The global
energy cofinement time improves about 30 ¥ during H-mode. However it
decreases with the total heating power as L-mode.
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INTRODUCTION

DII-D is a large tokamak (major radius R = 1.67m, minor radius a = 0.67m), capable of
producing vertically elongated limiter and divertor plasmas with high plasma current at modest
toroidal field (By = 2.2T on axis). To date, maximum plasma currents achieved are 3.0 MA
in limiter plasmas (elongation in excess of 2.0), 2.0 MA in divertor plasmas (elengation 1.9).
The DIII-D divertor is a reactor-compatible open divertor design, with no separate divertor
chamber and no coils in vacuum. The divertor plates are two toroidal bands of carbon tiles on
the bottom of the vacuum vessel. Deuterium plasmas are heated by hydrogen neutral beams
(75 keV, coinjection only) and electron cyclotron heating /1/. Power levels to date are 6 MW
(beam) and 1.0 MW (ECH).
PHENOMENOLOGY OF H-MODE DISCHARGES

Neutral beam heated divertor discharges in DIII-D /2/ have shown a clear transition to the
H-mode (Fig. 1) which occurs after a 50-100 ms long L-mode phase. At this point, D, radiation
drops precipitously, density increases and energy confinement time improves significantly. Edge
Localized Modes (ELM) limit total energy content in some discharges. During ELM-free phases,
continuous rise in density and central electron and ion temperatures for periods up to 0.3 sec
were observed, limited only by beam pulse length.

H-MODE THRESHOLD

The H-mode transition has a threshold in density and beam power (Fig. 2). At I, =1 MA
Br = 2.1T, density threshold must exceed 2 x 10'? m~2 and power threshold is about 2.8 MW,
Below the density threshold, the discharges are not sawtoothing, whereas all the shots above the
density threshold have sawteeth before the beam. Therefore, the presence of sawteeth before the
beam injection might be one of the prerequisites of L-H transition. In the discharges documented
in Ref. 2, the ion VB drift was toward the divertor x-point. Discharges with inverted Br shown
in Fig. 2 are L-mode, although they have density and input power well above the threshold
values with the normal By direction. This agrees qualitatively with ASDEX experimental
results /3/ and the theoretical prediction by Hinton /4/. These discharges do have sawteeth
before the beam injection, and the levels of D, emission from the inside separatrix hit point
were lower by a factor of 2 - 5 with reversed By, whereas levels of D, from outside hit point
did not change by reversing Br.
EDGE LOCALIZED MODES

Repetitive bursts during the H-mode expel energy and particles from the main plasma.
There are giant bursts like those indicated in Fig. 1 and also much smaller, more frequent mini-
bursts. The giant bursts are observed in D,/H, signals, SX emission, VUV line intensities,
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diamagnetic loop signals and line average density. Diamagnetic loop signals and infrared camera
measurements of the divertor plate indicate that 10-20% of plasma energy is lost to the divertor
during the ELM burst. Many minibursts appear in discharges with low beam power. Radiation
from impurity jons saturates quickly for discharges with mini-bursts. During the burst-free
phase, continuous increase in impurity radiation was observed. For H-mode discharges with
mini-bursts, precursor fluctuations were observed in the magnetic probe signals located on the
large major radius side of the torus. The toroidal mode number was identified as n ~ 6, and
the mode was rotating toroidally in the direction opposite to the plasma current. The infrared
camera measurements /7/ indicate that the heat pulse hits the outside separatrix 0.5-0.6 msec
earlier than the inside separatrix, which suggests that the burst originates from the large major
radius side.

PARTICLE RECYCLING

Particle recycling flux measured by D, photodiode array is plotted in Fig. 3 versus line
average density of the main plasma for ohmic, L and H cases. In H-mode cases, values away
from the bursts are plotted. This figure shows that the particle recycling flux increases non-
linearly with an increase of density for ohmic and L-mode cases, and only small increase during
H-mode. L-mode recycling levels are enhanced over ohmic values by a factor of two, and H-
mode recycling levels are reduced by a factor of 5-10 from L-mode levels. Particle recycling
flux at the divertor is a weak function of input power and toroidal field. Wall recycling flux is
lower by a factor of & 30 than divertor recycling flux, and the ratio does not vary strongly with
ohmic, L, and H cases.

ENERGY CONFINEMENT SCALING /5/

As discussed previously, the confinement characteristics of H-mode discharges are strongly
influenced by the presence of ELM's. The interval between ELM’s (50 msec to 300 msec for
giant ELM's and 10 msec for mini-ELM’s) is so short that the discharge tends not to reach
steady state before the next ELM. Furthermore, the beam pulse length available for this study
(0.3 - 0.4 sec) was not long enough for ELM-free H-mode discharges to reach steady state.
Therefore, for the ELM-free transport study, the dW/dt corrections were important. The
confinement times with and without the dW/dt correction are shown in Fig. 4, plotted against
total input power. For the discharges with input power marginally above the threshold, the
discharges are dominated by many mini-ELM’s so that the dW/dt correction is small. Energy
confinement in H-mode discharges show a factor of three improvement over Kaye-Goldston L-
mode confinement scaling /6/ (with dW /dt correction: without dW/dt correction, improvement
is factor of two). Up to 6 MW of neutral beam power available, the H-mode discharges show
no apparent deterioration of energy confinement. In Fig. 5, energy confinement time is shown
as a function of line average density of the main plasma. Again, g values with and without
the dW/dt corrections are shown. Neither of these values show a strong change for the density
range investigated. H-mode 75 also shows little variation with By (Fig. 6). 7g scaling with
plasma current is being investigated. With high power long pulse beam sources (14 MW, 3 sec),
confinement studies of ELM-free transport without a large influence from ELM’s, as well as
effects of radiation loss will be possible in the near future.
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STABILITY OF THE TOKAMAK IN THE g(o) < 1 REGIME".

J. Manickam, C. Z. Cheng, P. H. Rutherford, W. Stodiek and A. M. M. Toddt
Princeton Plasma Physics Laboratory, Princeton, New Jersey, U. S. A.

Tokamak operation in the g(o) < 1, regime would provide several
advantages: i) it would allow higher plasma current, thus providing
improved confinament ; ii) it would promote stabilization of the external
kink mode by permitting increased shear associated with central peaking
of the j{r) profile; iii) it would provide for enhanced <B> limits to the
ballooning mode by reducing both g(o) and g(a); and iv) it would enhance the
maximum ohmic heating power. However this regime is generally
considered to be inaccessible due to various MHD instabilities. Princinal
amongst these is the resisitive m=1, n=1 mode associated with
"sawteeth”. Other instabilities of concern include the ideal internal kink,
Mercier and ballooning modes. Several techniques are known to exist which
can provide stability against the latter set of instabilities. The
suppression of the resistive m=1 mode has been more problematic. Recent
studies [1,2] have shown that feedback stabilization by rf heating and/or
current drive is a viable technique for islands of modest size. Further,
experimental evidence, corroborated by theoretical analysis [3], now
exists for the existence of current profiles with q(0) substantially below
unity ( = 0.85 ) through many cycles of (weak) sawtooth activity. It is in
this context that we consider the MHD stability, both ideal and resistive of
tokamak plasmas in the g(o) < 1 regime.

The ideal-MHD stability of a conventional INTOR-like DC-shaped
tokamak (ellipticty = 1.6, triangularity = 0.3 , R/a = 3.2) with g(o) = 0.6
and g(a) = 1.8 has been examined using a code that adjusts the pressure
gradient locally to provide marginal stability against the  Mercier or
ballooning mode, depending on which one is more restrictive. The orofile in
the region near the axis is determined by the Mercier criterion and further
out the ballooning mode sets the limit on the gradient ( see Fig. 1). It is
interesting to note that even in the region where the Mercier criterion
dictates the limit on the gradient, a finite pressure gradient can be
supported. This is due to the shear stabilization as well as the
triangularity, which is also responsible for stabilizing the internal kink
mode. The overall (stable) <B> value is 10.0%, which exceed the
Troyon-Gruber limit [ <B>7% = 3.5 [(MA) / a(m)B(T)] by a factor of 1.35. The

n=1 external kink mode, dominated by an m=2 component, requires a
conducting wall at r,/a = 1.15, and would otherwise be strongly unstable.
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It should be noted that this requirement of a nearby conducting wall
is imposed by the low g(a) rather than the low g(o), and is shared by many
other designs which have g(o) > 1, and low g(a).

1.0 : : . ; %
Fig. 1. Profiles of p and q versus o.al.  Mercier _’Ba”onning |
poloidal flux, v, for a D-shaped
tokamak, R/a = 3.2, k=1.6,8=03 _ B Jdi.a
, that is marginally stable to =] P q
Io_callzed pressure-driven modes g | 7]
with q(0)=0.6 and g(a)=1.8. The 8 i
values is 10% and exceeds the ;
"Troyon limit', by a factor of 1.35. 920~ i

0 | | 1 0.6

0 0.2 0.4 0.6 0.8 1.0
(AR

Resisti ili |

Tokamaks with q(o) < 1 generally exhibit sawtcoth activity
associated with a strongly-growing m = 1 resistive mode in the central
region of the plasma. The successful suppression of this mode and the
associated sawteeth would have substantial benefits for tokamak
performance as outlined above. However, even if it is suppressed, and
possibly as a consequence, higher order modes ( m/n = 4/5, 3/4, 2/3 ...)
with resonant surfaces in the plasma may be destabilized. We start first
by addressing these modes. These modes have been studied in the
cylindrical low-beta approximation and also with toroidal and finite-beta
effects included. The principal mechanism for stabilizing the resistive
modes is to reduce the gradient near the rational surface. This is
demonstrated in Figure 2, which shows a profile which has

2.0 7 T T
Fig. 2 q(r) profile (solid curve) e 7
optimized to be stable to all m/n g T —
resistive modes, with the 1.2 / -
exception of the 1/1, in V4
cylindrical geometry . The broken | Stable 7 ‘
curve shows a nearby profile 0.8f -
unstable to m/n = 2/3 and 3/5. L /,/ =

0.4 1 I ] |
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been optimized to be stable to all the resistive modes, with the exception
of the 1/1 in a cylindrical low beta tokamak. The sensitivity to the profile
is indicated by the nearby profile (broken curve) which is unstable to the
2/3 and 3/5 modes. We note that this stabilization was achieved without a
nearby conducting shell. Optimized profiles with g(o) = 0.5 and g(1) as low
as 1.1 have also been obtained. As indicated earlier the 1/1 remains
unstable in the cylindrical limit regardless of the profile modification. To
stabilize this mecde, we must invoke the aid of toroidal coupling. When the
aspect-ratio is sufficiently low, then a suitable flattening of the
current-profile expressed through a flattening of the g-profile can achieve |
stabilization of the 1/1 resistive mode. This is consistent with .
experimental observation as indicated in Figure 3, which shows a

TEXTOR-like profile with g(o) = 0.66 and qg(a) = 1.96. The substantial

plateau near the q = 1 surface is responsible for stabilizing the 1/1 mode.

o

(010,686 \
1

20—1——1—

Fig. 3 TEXTOR-like J(r) profile
which has been modified to
stabilize the 1/1 mode. The
difference between the
theoretical model and the
measured profile lies well within
the experimental error bars.

aa)+1.96

Jglrd (AU

The significance of toroidicity is observed in Figure 4, which shows the
poloidal harmonic components of the radial field B, . The substantial

1t et 0 |

Fig. 4. Fourier decomposition of
the resistive n=1 tearing mode.
The m=1 component dominates, (C
but a substantial m=2 is observed. L
Superposed is the qg-profile
showing the flattening of the
g-profile near the q=1 surface. 1.0
Note, that the shear is reduced ‘
but is not zero. g(o) = 0.66 and oy S
q(a) =i 196. [+] 0.02 0.04 0.06 0.08
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contribution of the m=2 enhances the stabilization achieved through
flattening g(r). We also note here that the gradient is reduced but not to
zero. When the aspect-ratio is increased keeping the gradient fixed, we
observe that the relative contribution of the m=2 decreases, and the

1/1 is destabilized. As the aspect-ratio is increased the shear at the
rational surface must be reduced further to achieve stability. This sets a
limit on the largest aspect-ratio at which complete stabilization can be

achieved. Beyond that, we find that while instability persists, rq4', the

usual measure of tearing mode growth, remains small, opening the
possibility of feedback stabilization through rf heating and/or current
drive in the island. In reality, we must allow for all the possible modes to
exist, and any scheme for stabilizing them must stabilize all of them
simultaneously. As indicated earlier the 1/1 mode is the dominant
resistive mode when g(o) < 1, and requires a substantial plateau near the q
= 1, surface to stabilize it. This necessarily modifies the gradients at the
other rational surfaces as well, possibly destabilizing the previous stable
higher order modes. This may play a role in the sawtooth oscillations
observed in low q(o) discharges, and may also provide a mechanism for
MHD to determine the current profile, if we equate the profile flattening
in the theoretical model with island growth and saturation and subsequent
axisymmetric transport in the experiment.

In summary, we have presented the possibility of stable tokamak
operation in the q(o) < 1 regime, where ideal modes are stabilized by
pressure profile optimization and by a nearby conducting shell. Resistive
modes are either stabilized or have their growth-rate sharply reduced by
current profile modification, specifically through flattening q(r). Residual
instabilities may be susceptible to feedback control, allowing for the
possibility of tokamak operation in a "sawtooth-suppressed regime".

*Work supported by U.S. Department of Energy Contract No.
DE-AC02-76-CHI-3073.
tGrumman Aerospace Corporation, Plainsboro, New Jersey, U.S.A.
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NEUTRAL BEAM AND EDGE FUELLING EFFECTS IN JET DISCHARGES

T T C Jones, E Thompson, A Gondhalekar, P J Lomas, P D Morgan,
J O'Rourke, D Stork.

JET Joint Undertaking, Abingdon, UK.
1 INTRODUCTION

Understanding recycling is of considerable importance for Neutral Beam
Heating (NBH) since there is strong additional edge fuelling from the
limiter, Significant density increase is also observed during RF heating
[1]. Density control during NBH depends on the ability of the limiter to
pump (recycling coefficient R < 1) and low recycling may also help in
obtaining favourable edge plasma conditions necessary for good energy
confinement. The density behaviour of high power (< 10 MW) NBH (JET
plasmas has been compared with the predictions of a simple model
describing the beam fuelling, and recycling at the various graphite
surfaces of the machine (conventional outer limiters, inner wall and
X-point protection tiles). The comparison supports the validity of the
model, and the consequences for the material properties are described.
Since, in principle, it should be possible to derive the parameters of the
model rigorously from particle transport within graphite (and in the
plasma) the results may provide a useful constraint for the more
materialsioriented recycling modelling in tokamaks currently in progress,
e.g. 12,3].

24 DENSITY BUILD UP WITH NBH FOR OUTER LIMITER DISCHARGES

Figure 1 shows the typical behaviour of volume averaged electron density
(ne>, edge recycling fluxes ¢L and @w at the limiter and vessel wall
respectively (from Ha measurements), and recycling coefficient R for an
outer limiter NBH plasma. Figure 1 defines the asymptotic beam fuelling
efficiency e; the gas and beam fluxes ¢_and ¢, are alsc shown. The
principal features are: (i) recycling %akes place mainly at the limiter;

(ii) there is a transient increase in recycling flux on application of
NBH (R>1) resulting in an initial beam fuelling efficiency >1; ({iii) an
asymptotic fuelling efficiency € < 1 which implies R must-tend to a value
< 1, but since ¢b<< ¢Lthe asymptotic value of R must remain close to 1.
The behaviour suggested applying a model based on dynamic equilibrium
between the plasma particles and particles retained on the limiter for
some finite time before being re-emitted. The initial transient influx
from the limiter can be explained by a disturbance of equilibrium
established prior to application of NBH, towards a new equilibrium
favouring the plasma. Ignoring losses, the equations describing this
exchange can be written:

Ry = ~a(1=FIN, + BNg + 4y (1
NS + Np = NO + 'ybt

where Np = plasma electron content; Ns= H + D content of limiter surfaces

| g
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No = (Ns + Np) (t=0); ¢y, = beam atom Flux;
a”! = TP = plasma particle confinement time;
g™t = Ty limiter surface residence time;

r = limiter surface prompt reflection coefficient.

The solution of (1) subject to the boundary condition Np(t=0) = Ng is:
N = N2 + aN" (1-exp-t/q) + eo, ¢ (2)

where e = 8/(B +« (1-P)); <t =1/(8 +a (1-r));
o 2
and AN = eN ¢ a(1-r)o, /(a(1-r) + B) - N;

The function (2) was fitted to the experimentally measured N_ for many
outer limiter-:discharges and hence best-fit values for a(1-r) and B
obtained. The fits were generally very good (eg. fig 2). The total
recycling flux can be written:

¢ = aer + 8N (3)
The first term is the prompt reflected flux and the second the re-emitted
particle flux. The initial increase in $y, as measured (eg. fig 1) is not
instantaneous at t=0, but typically has a rise time of - 200 ms; if power
flux into the scrape-off layer is responsible for enhanced re-emittance,
the finite beam slowing down time (- 100 ms) has to be taken into account.
The fitted values of 1 are typically ~ 0.8 s and during the main transient
characterized by 1, oL always 'turns over' as the density ie. the second
time derivatives of N, and ¢; are of the same sign. If can be proved
using (3) that necessary and sufficient conditions for the latter are that
ar > B and r > €. Figure 3 shows plots of 1 ¥ = 1/a{l-r) and Ty, = 1/8
versus e obtained by fitting (2) to the measured N_(t). The asymptote for
1.*¥ as e»1 supports the fact that r > g, as expecngd. Also, when r was
calculated using values of 1, from the standard global particle balance
equation, using 1. * = 1_/(1-r), it was again found that r » ¢, Thus the
variations in e aBe largely explained by changes in r.

3. DENSITY RISE AT ONSET OF H-MODE

Equation (2) well describes the density increase observed at the onset at
t = 0 of the H-mode [NJ. The initial fuelling rate is typleally -~ 2-3
times Pp1 asymptotically approaching a value of ¢ ¢ 1. Here, the initial
increase is considered to be due to an instantaneous increase in 1., and
bg measured at the X-point tiles instantaneously drops, consiztent’ with
the drop in the reflected flux uer |5

. DENSITY CONTROL USING He CONDITIONED INNER LIMITER

The foregoing discussion assumes thakt the limiters are 100% saturated,
i.e. all the strongly binding traps {- 4 eV) are occupied. Such strongly
bound H or D atoms can only be displaced by incident ions and the
displaced atoms repopulate all available traps, including those of lower
binding energies, on a statistical basis. A model based on this process
l6] prediets an inversely temperature dependent saturation H + D content
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Ngprfor graphite; at saturation for each incident ion exactly one H or D
atom is promoted from the trapped population (NT) to a weaker trap from
which thermal detrapping is possible, and adds to the mobile, diffusing
population (N ). Assuming the build-up to saturation is approximately
exponential with total fluence the probability of an incident ion adding
to NT is:

Pipap = 1 = Np/Ngpp = 1 = (Ng-Npnge)/Ngar )
and a modified set of particle balance equations may be written:
¥ = - +
= aél rjgp JNfree = ¢b
s © NT 5 Nfree & ¢bt - Np 5)

free G!(l_r‘)Np(lmpt’.rap) = ﬁNrree

T Nfree refer to t =0

0 2. =
o

where N

Integratlng equations (5) shows that (i) for sufficiently depleted
surfaces (NT/NSAT<1) the asymptotic beam fuelling efficiency e+0; (ii)

] /¢ > 1 for small t, depending on the value of Nfree established by the
target plasma; (iii) for 100% saturation (NS /NSAT = 1) this model reduces
to that described in section 1. These featurea are observed in the
density behaviour of NBH discharges run on the inner wall tiles after He
discharge conditioning, and in L-mode X-point discharges (figure 4).

5. CONCLUSIONS

The density rise observed with NBH and at the onset of the H-mode can be
satisfactorily described using a simple particle balance model. The
fitted parameters show that H or D atoms retained on graphite plasma
limiters have a characteristic residence time 2 1 s. The magnitude of the
density increase is largely dependent on the transient influx from the
limiter, and not simply on the beam fuelling rate. Density control can be
obtained by sufficient depletion of the H + D content of the limiters and
other surfaces interacting with the plasma, e.g. by He discharge
conditioning. This method has been successfully employed in JET for the
inner wall tiles which present a larger area and operate cooler than the
outer limiters.

REFERENCES
[1] M Bures et al, contributed paper, this conference.

[ J Ehrenberg, S A Cohen, L deKock et al, contributed paper, this
conference.
[3] D Heifetz, private communication.

A Tanga, XI IAEA Conference on Plasma Physics and Controlled Nuclear
Fusion Research, Kyoto, Japan, 1986.

[5] P D Morgan and J 0'Rourke, this conference.
6] DK Brice, B L Doyle and W R Wampler, J.Nucl.Mater. 111/112 p.598.




=, Asymglolc skoe

! =Boy [ Vi /
T wd
"
=t
v
x . &
B
e o
R oh

e

mivEs)
Figure 1 Input fluxes and

evolution of plasma density for
5.2 MW H° irnjection into a 4 MA,

3.4 T D plasma, and definition of

asymptotic beam fuelling
efficiency e, where “PLASMA =
plasma volume.

(=10?')

Figure 2 Time evolution of
measured plasma electron content
during NBH with function (2)
fitted for an outer limiter
discharge.

_'%‘ T

10"m~7)
= ron
= om
=R=-N-]
|\\\\‘\

Volume Average Densily (

50 —
75 ( E\ !
40+ Peligl -OH -~ Prasma
JD:‘ ‘
|
20t " '
'uf‘ '“'n-‘{;:-:- ‘.
I T meoE e
100-
The | .
B0k at
60 . |
h |
|
a0k . |
| P‘n‘“ol -.r |
20+ @
! . “u'l-,Ll" I,
' U‘Z o4 06 [.1] 10 |£’
Fualing Ellciency (1)
Figure 3 Dependence of best fit

values of 1.* and 1, on £ for

outer limiter NBH discharges, plus

one pellet injection case,
calculated setting ¢, = 0 in (2)

and assuming a,B,r do not change

after the pellet,

mow
53
T

=
@
T

£ Inner-wall
after He conditioning

e o
~ ®
e

oo |
gm

1.50

H
1.40F /

1.30 ey

(T

1
7.0 8.0 9.0 100 1.0

Time (s)
Figure U Density response for

an unconditioned inner wall, He

discharge conditioned inner wall,
and double null separatrix plasma
on application of NBH at t = 8.0 s

in each case,

T



21

TRANSIENT STABILIZATION OF SAWTEETH BY ADDITIONAL HEATING IN JET

D J Campbell, D V Bartlett, V P Bhatnagar', M Bures, G A Cottrell,
P A Duperrex”, C D Challis, J G Cordey, A W Edwards, C Gormezano,
C W CGowers, R S Granetz, J H Hamnen®, T Hellsten, J Jacquinot,
E Lazzaro, P J Lomas, N Lopes Cardozo®, P Mantica®, ] A Snipes,
D F H Start, D Stork, P E Stott, P R Thomas, E Thompson,

K Thomsen, G Tonetti® and ] A Wesson

JET JOINT UNDERTAKING, ABINGDON, OXON 0X14 3EA, UK.
! EUR-EB Association, LPP-ERM/KMS, B-1040 Brussels, Belgium.
? CRPP/EPRL, 21 Avenue des Bains, CHIOO7 Lausanne, Switzerland.
? Swedish Energy Research Commission, $-10072 Stockholm, Sweden.
FOM Instituut voor Plasmafysica, 3430 Be Nieuwegein, The Netherlands.
® ZURATOM-CNR Fusion Association, Milan, Italy.

4

1 Introduction

During additional heating in JET, sawtooth activity normally dominates the
evolution of the plasma core, limiting plasma temperature and density.
However, in some experiments with auxiliary powers of above 5 MW (ICRH
plus NBI, ICRH alone, or NBI alone), the plasma undergoes a transition to
a new regime in which the sawtooth instability is suppressed for periods
of up to 1.6 s and the level of long wavelength coherent mhd activity is
very low. The long quiescent period (3-5 energy replacement times) allows
plasma transport and confinement to be studied in a regime free from
mixing due to sawteeth, and permits an evaluation of the possible benefits
of sawtooth stabilization for near-ignition conditions.

2 Experimental Observations

Experiments with additional heating have been carried out in JET at total
power levels of up to 19 MW, using an NBI system capable of delivering up
to 10 MW of 80 keV deuterons into the torus, and an ICRH system which has
injected up to 8 MW into the plasma [1]. The experiments reported here
utilised NBI co-injection and on-axis ICRF resonance heating. Under such
conditions, the sawtooth and mhd activity exhibit two distinct types of
behaviour. In the more usual [2,3], the sawtooth period increases by a
factor of 2-3 relative to the ohmic phase of the discharge, ie up to ~0.56
s, and the relative modulation Te{max}/Te[min) increases to ~2 compared to

1.1-1.2 during ohmic heating. A variety of mhd activity accompanies the
sawteeth.

The second, newly observed and significantly different type of behaviour
is illustrated in fig 1. The rise of the 'sawtooth’ beginning at 9.6 s
exhibits weak mhd activity. In a number of cases, a small partial sawtooth
also occurs. However, after 300-400 ms the mhd activity becomes quiescent

(EG/BB
rise continuously until the sawtooth collapse occurs, although the central

electron temperature saturates. This saturation lasts for ~0.7 s (and can
last for up to 1.4 s), during which no low m,n number mhd activity is

¢ 5.107°).In many cases both the density and stored plasma energy
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in which sawtooth stabilization before (A) and after (B) an ohmic

occurred. sawtooth,and before (C) and afcter (D)
the collapse terminating a stable
period such as that in Fig 1.

observed by ECE, soft X-ray diagnostics, or magnetic pick-up coils.
Throughout this period, therefore, the m=1 mode appears to be stabilized.
A significant consequence is that the global energy confinement time can
improve by up to 20% relative to the normal sawtoothing regime.

The stable period is terminated by an m=n=1 instability which exhibits the
dynamics of the normal sawtooth collapse in JET [4]. but, in addition, an
m=3,n=2 mode is often destabilized, as shown in fig 1. This may be due to
changes in the current profile during the stable period which could lead
to a steep current gradient at the q=3/2 surface at the sawtooth collapse
(note that the edge value of q remains virtually constant). The observed
expansion of the sawtooth inversion radius r;, from ~40 cm during the
normal sawtoothing regime to 50-60 cm at the collapse terminating the
quiescent period, provides further evidence for changes in the current
profile during this time. Fig 2 illustrates the expansion of the inversion
radius as observed in the electron temperature profiles. More precise
measurements with an ECE polychromator and soft X-ray tomography confirm
this result. In discharges where the (3,2) mode is quenched during the
auxiliary heating phase, or is not excited, subsequent long stable periods
can occur (up to 1.6 s in duration). However, a mode with n=1 (usually
m=2) may also be destabilized [5]. In these cases, the mode locks after
~50 ms, leading to a significant deterioration in central temperatures,
and a degradation of ~25% in global energy confinement time.

The quiescent regime has been obtained under a wide range of conditions in
JET (Ip:2—5 MA, B(P:2—3.L1 T, q‘pzs.q-e. 58:1.5-4.101%—“). but no crucial

parameter has yet been identified. The regime occurs in plasmas limited on
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the outer limiter, the torus inner wall, or by a magnetic separatrix. It
was first observed during combined heating (NBI plus ICRH), but has
subsequently been attained with ICRH alone, in He®(H), D(H), and D(He®)
minority heating schemes, and with NBI alone. Sawtooth stabilization has
also been observed following pellet injection into ICRF heated discharges,
and such a case is shown in fig 3a. Significantly, in similar discharges
where stabilization did not occur (fig 3b) a locked n=1 mode was observed
accompanied by substantially degraded confinement.

3 Analysis

Detailed measurements of the current profile j(r) in ASDEX have shown that
sawtooth stabilization by lower hybrid current drive is due to a
broadening of the current profile which raises ¢(0) above 1 [6]. We have
investigated the evolution of j(r) during the quiescent period in JET by
analysis of magnetic measurements using the JET equilibrium codes [7].
While the analysis indicates that q(0) lies in the range 0.9-1.0 during
this time, the systematic uncertainty (~20%) in the derived value of g(0)
makes it impossible to determine unambiguously whether q(0) is above or
below 1. The most significant result obtained is that the plasma
inductance l1 remains constant, or decreases slightly (fig 4), indicating

that j(r) is not peaking, in spite of the strong peaking of Te.

The good agreement between observations of the sawtooth collapse in JET
[4]. and the predictions of an ideal instability model [8] suggests that a

|-
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mechanism involving a broadening of j(r), so that q(0)>1, is the most
likely explanation of the sawtooth suppression. The substantial mhd
activity which follows the quiescent period, in particular the
destabilization of the (3,2) and (2.1) modes, further suggests that a
current profile modification is occuring. However, since the calculated
beam-driven current profile is too peaked to maintain q(0)>1, and since
ICRH is not expected to drive currents, explanations involving
non-inductive current drive seem to be excluded. Calculations of the
bootstrap current profile using the measured temperature and density
profiles in JET predict that the total bootstrap current should increase,
from ~50 kA during the ohmic phase of the discharge, to over 100 kA during
the quiescent period. However, resistive diffusion calculations show that
this would be insufficient to maintain q(0)>1 for the required period. As
yet, therefore, there is no mechanism for curent profile broadening which
would quantitatively explain the stabilization.

Alternative explanations involving energetic particles cannot be
eliminated conclusively, but the density of such particles appears
insufficient to produce stabilization on the basis of current theoretical
understanding. A further possibility is that a change in the impurity
profile could directly affect the rate of current diffusion. However, the
extreme peaking of the temperature profile would necessitate a substantial
change in the central impurity density of, perhaps, a factor of 3, which
is far greater than actually observed.

The most significant aspect of these results is that it may be possible to
suppress sawteeth without active stabilization measures. However, the
present transient stabilization, can be followed by a deterioration of the
plasma behaviour at the sawtooth collapse. A further important point is
that the long stable period (3-5 energy confinement times) allows
potential advantages of full sawtooth stabilization to be evaluated. It is
found that the energy confinement time can be 15-20% higher than in the
normal sawtoothing regime, but this appears to be the result of allowing
the plasma to approach equilibrium rather than an improvement in
transport. The major advantage is expected to be a significant enhancement
of the D-T fusion yield which, in the near-ignition regime, is
approximately proportional to n?T?. Our calculations predict a substantial

gain in fusion power production if the appropriate profiles can be
achieved.
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DENSITY PERTURBATIONS AT RATIONAL ¢-SURFACES
FOLLOWING PELLET INJECTION IN JET
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Introduction — The ablation of pellets injected in JET ! produces a pronounced resonance effect at
rational ¢ — values of 1 and 3/2. After ablation, m = 1,n = land m = 3,n = 2 structures are observed
as compact snake-like perturbations 2 by the soft x-ray cameras. The “snake” oscillation is caused by a
rotating localised region of higher density, which can persist for = 2 5 . The observed effect can be
used to measure the dynamic behaviour of the ¢ =1 and ¢ = 3/2 surfaces. In particular, new
information on the evolution of the g — profile during sawtooth collapses is obtained. The
characteristics of these perturbations, their relationship to rational ¢ — surfaces, and possible
explanations for the existence of the “snake™ are presented.

Observation of the snake oscillation — Two soft x-ray cameras™ containing 100 detectors view the
plasma with a spatial resolution of = 7 em in orthogonal directions at the same toroidal position as the
D, pellet injector. Pellets of 2.2x10%" or 4.5%10% atoms are injected in the horizontal plane into
ohmically heated JET plasmas (2 < B,(T) <3.3 = 1,(MA) = 3.6) with velocities of ~ 1 kmjs .
Their penetration and ablation is deduced by observing the intense bremsstrahlung emission from
interactions of plasma electrons with pellet particles, using the vertically mounted soft x-ray camera
(fig. 1).

9537 VERTICAL CAMERA

Fig. 1 :  Soft X-ray flux (vertical camera, 140 um Be — filter) around the time of pellet
injection showing the initial peak from ablation and the subsequent “snake”
oscillation.

Immediately after pellet ablation, the x-ray emission decreases due to the cooling of the plasma.
The most striking remaining effect is the observation of a snake-like modulation superimposed on a
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symmetric emission profile. The snake is caused by the rotation of a small region of plusma with
usually enhanced x-ray emission. The dimensions of this region and its position in the plasma can be
accurately determined both directly from the experimental data, and also by tomographic
reconstruction techniques. A typical snake has dimensions of of — 15 em (FWHM) in radial and of
- 25 ¢m in poloidal direction.

Plasma parameters in the snake region — The temperature and density in the snake region are
determined from an ECE polychrometer and a 2 pun microwave transmission interferometer (fig. 2).
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Fig. 2 :  Correlation of soft X-ray signal (top, non central channel) with line density and 7, at

the snake radius. Different signal phases are due to different measuring locations.

Large density perturbations én,/n, = 1 are deduced from the line integral measurements of the
density using the dimensions of the snake region. The corresponding temperature drop is smaller,
indicating increased pressure in the snake region. The temperature perturbation reduces after
~ 100 s, although the density perturbation remains unchanged.

The interferometer is displaced toroidally with respect to the x-ray cameras by 135° and the phase
between the signals of the line density and the soft X-ray emission show that the snake has a
topologically m = 1.n =1 structure.

Relation to rational g—values — The snake oscillation seen in fig. 1is clearly an effect associated with
the g = 1 surface because of its m = 1.n =1 topology and because its radial location coincides with
the sawtooth inversion radius (derived from tomographically inverted signals). Moreover, at this same
radius a characteristic dip in the D emission from the ablating pellet is seen. At the g = | radius the
ablation rate is expected to drop, because only the plasma particles in a narrow flux tube, which
intersects the ablating pellet, can contribute to the ablation.

Another observation is that the snake oscillation is more frequently seen, when the pellet is injected
just before a sawtooth collapse. At this time the ¢ = 1 radius has probably grown to its maximum
value and the ¢ = 1 surface is more easily accessible to the injected pellet, as shown later.

Occasionally, in addition to the snake at ¢ = 1. a perturbation of higher symmetry is also seen.
Analysis of the complicated soft X-ray signal patterns reveal a m = 3, n =2 structure. A clear
correlation with m =3, n = 2 magnetic signals is also found, and the location of the perturbation
¢oincides with the calculated position of g =3/2.




Lifetime of the snake — The local density enhancement at g = 1 can persist for = 2 5 without a
significant decay or spreading during that time. This is even seen after several sawteeth which leave
the structure unaffected. Fig. 3 shows the snake modulation during two 100 ms time intervals of the
same discharge. Generally, the rotation slows down after some 100 ms and the snake is locked
between sawtooth collapes (fig. 3 b, ~ 0.9 s after pellet ablation). During the sawtooth collapse a
rotation is initiated for a short time.
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Fig. 3 : X —ray emission (vertical camera) showing a long lasting snake. In the later phase

(b) the oscillation has locked. The sawtooth does not change the snake.

The long lifetime of the snake can be used to make a continuous determination of the position of
g = 1. In particular, a large rapid inward shift of the g = 1 radius is seen during the sawtooth collapse
phase followed by a slow expansion of the ¢ = 1 surface after the collapse (fig. 4).
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Fig. 4 : X - ray signals during a sawtooth crash, which shows the inward shift of ¢ =1
derived from the snake oscillation.




Discussion — In the case of an axisymmetric equilibrium, perturbations of temperature 87 and
density on are expected to spread out poloidally by collisional diffusion along the magnetic field lines.
Around g = |, the spreading times scale like :

b
(1 —q:l:

L

Given the plasma parameters in the “snake™ region, these values are found to be

f —= 00 ps for 6T  and (| ~ 10 my for om

spread sprowd

These are times for the perturbations to fall below a 10 % level outside a very narrow region with
3
| 1—g | < 107",

The observed long persistence ol the density perturbation therefore implies the formation of a
magnetic island at g = 1 due to the local cooling and the associated current perturbation along a
helical flux tube, We estimate that a magnetic island of several centimeters width would grow within a
time of ~ 100 us due to the initial temperature perturbation 87/7 = 0.2. During this time ablated
particles are continuously deposited at ¢ = 1, which later are confined effectively in the island.

The persistence of the particles in the magnetic island, however, is difficult to understand. First,
neoclassical (banana diffusion regime) particle confinement times in the snake region are only ~ 0.3 s;
and second, the toroidal precession of trapped particles would lead to drift of the particles out of the
snake region on a time scale of only — 15 ms . A plausible explanation for the persistence of the snake
may then be given in terms of a new non-axisymmetric stationary equilibrium, which has been
accessed by the pellet injection. The higher density in the snake region could be maintained by inward
convection, in a similar but not understood manner to the inward convection of particles in the bulk of
the tokamak plasma.

Another observation is that the temperature perturbations become very small after —~ 100 ms.
However, calculations show, that an island with the dimensions of the snuke can be maintained by
ST/T = 107 — 107" . which is too small to be detected. The required current perturbation could also
be produced by a local change of Z 4y due to the electric potential associated with the locally enhanced

deuteron pressure.

The observed effect gives information about the ¢ — profile : First, the radial position of ¢ = 1 (and
¢ = 32)are derived, and secondly estimates of the central g value can be made from the radial shift of
q = 1 during a sawtooth collapse. Because the change in ¢ caused by sawteeth in JET is Ag ~ 0.02
only® | a smooth ¢ - profile has to be very flat inside ¢ = 1 with g(0) ~ 0,97 before the sawtooth
crash in order to produce the large observed shift of v, ( Ar,_\/r,_, = =1/3 . fig. 4). For the
discussion of sawtooth models it is also important to note. that ¢ = 1 exists throughout the sawtooth
cycle, and that a sawtooth collapse does not seem to cause a large rearrangement of the magnetic
topology (eg. complete reconnection at ¢ = 1).
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PELLET INJECTION EXPERIMENTS ON THE TFR TOKAMAK
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ABSTRACT :

The essential results of the pellet injection experiments
carried out on the TFR Tokamak from 1983 until the shut-down of the
machine in June 1986, are summarized. Hydrogen and deuterium pellets,
occasionally doped with neon, were injected into ohmically and also
additionally NB and ECR heated plasmas. Direct observation of the
pellet trajectories yields insight in the properties of the ablation
clouds. Measurements of the bulk plasma show a rapid temperature
evolution during and just after the ablation process. The electron
density changes radially on a much longer time scale. Transport
simulations in particular for multi-pellet injection leads to the
conclusion that the transport coefficients for the density transport
are not drastically modified during the density relaxation phase.

THE PELLET INJECTORS

The pellets ‘were injected pneumatically using either a
single-shot extrusion device built by the RIS@ National Laboratory or
a multi-pellet injector (6 pellets at maximum) developed by the SBT,
CEA ﬁfcnoble. In both cases, the average number of atoms was N~

8.1077-1.5.10" " per pellet, the velocity range was v_ ~ 600 - 700 RI/;.

Injection was radially into the TFR plasmas (major radius R_ = 98 cm,
minor plasma radius a = 18 - 20 cm, toroidal induction B, = 1.9 to
4.8 T, plasma currents I = 100 - 300 kA). The plasma dgnsity was
increased by 25 - 50 % by dne pellet.

THE ABLATION CLOUDS, PELLET PENETRATION

The pellet trajectories were viewed under an oblique angle
with respect to the injection plane, and independently by a photo-
multiplier equipped with an interference filter (HU'HB} and connected
to a rapid acquisition device.

Injection into ohmically heated plasmas : Pellets were injected into
pure ohmically heated plasmas under very different conditions. The
photographies show very different ablation feztures depending on the
plasma parameters [1].

Above some critical value of n and T , the visible part of
the pellet trajectory degenerates into a sequence of altermating
bright and dark zones corresponding to maxima and minima of the
photomultiplier signal. One observes nearly straight lines extending
toroidally with a weak poloidal inclination, lines crossing each
other under angles up to 18 degrees [1,2], small crescents or a kind
of ellipse [3]. The trajectories are always bent in the electron
current direction.
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Reversal of the toroidal magnetic field direction reverses
the weak poloidal inclination of the striations. Assuming the stria-
tions to extend along the actual magnetic field lines has allowed to
determine the safety factor q(r) as a function of radius [4] from
"well-behaved" ablation clouds.

From the Stark-broadened IdFute_%ium lines follow a time-
averaged electron density of ~ 10 cm and L.T.E. temperatures
ranging from 1.6 eV to appr. 20 eV. These values are in broad
agreement with the neutral shielding model [1,4].

Injection into neutral-beam-heated plasmas : The experimen.f.g Hexe
made at moderate plasma densities (line density n 1 ~ 2.10 cm T,
I~ 205 kA at B = 4.7 T, ohmic power 230 kW). The neutral beam
pgwer injected into the plasma was 250 kW. There was practically no
difference in the ablation between the ohmic and NB heated plasmas.
As the pellets penetrate only until a radius of ~ 12 - 13 cm whereas
the fast neutrals are captured and slowed down within r £ 8 cm, there
is no direct interaction between pellet and beam-originating par-
ticles. This also holds for larger radii where the beam particle

density is extremely low.

Injection_into_ electron-cyclotron resonance (ECR)-heated plasmas : A
drastic change of the ablation process is seen during ECR heating
[3]. In almost all cases the pellets were abllaited _ijn the very outer
part of the plasma of mean density n_~ 1.2.10°" cm ~. The striations
disappeared, a broad ablation cloud extends toroidally over the whole
observable region (~ 25 cm toroidally). The H, emission shows a sharp
maximum without any particular structure. Pcr further details see

Ref. [3].

FAST EVOLUTION OF PLASMA PARAMETERS

A common feature of pellet injection experiments is the
very fast drop of T and a very fast evolution of the radial T
profile. This responsg of the bulk plasma te single pellet injection
has been studied fof35t39§ard TFR ohmic discharges (B = 4 Ty 1
~ 180kA, n_~ 4.10"7 cm ) together with magnetic activity anll small
scale fluctuations.

1. Electron _temperature : The time-dependent temperature profile
T (r,t) was obtained from ECE measurements at 6 different plasma
radii. The temperature decrease occurs simultaneously at all radii,
although the pellet reaches only after an ablation time of appr.
120 ps the radius r = 11 cm corresponding to a penetration depth of
L ~8cm. A cold front (CF) propagates towards Lhe center with
iRcrcasing velocity which finally exceeds the pellet velocity. There-
fore, cooling of a given magnetic surface must be due to radial heat
transport rather tham due to deposition of cold matter. The tempera-
ture decrease stops abruptly at all radii at the end of the ablation
process. There exist cases for which the quasi-instantaneous tempera-
ture drop ends at the q = 1 surface. Inside the q = 1 surface the
temperature decrease is slower and lasts between 200 and 500 ps. It
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seems that the q = 1 surface acts as a thermal barrier. Temperature
differences as large as 300 eV have been observed between radii
inside and outside the q = 1 surface during more than 100 ps. The
T (r,t) profile recovers almost its self-similar initial shape within
a fraction of a millisecond fellowing pellet injection. The absolute
values, however, increase on a longer time scale (see below).

2, Ion temperature : The ion temperature first decreases and than
rises to values higher than the pre-injection temperatures because
equipartitioning between electrons and ions is better due to the
higher density after pellet injection. Insufficient time resoclution
did not allow conclusions concerning an eventual fast ion temperature

transport.

i Electron density : The time-dependent electron density profiles
n (r,t) are obtained from Abel inversion of HCN laser interferometric
data along 8 chords. Limited time resolution (~ 400 ps) did not allow
conclusions concerning an eventual fast matter transport during and

immediately after pellet injection.

4. Magnetic and electron density fluctuations : The fluctuations
6B/B. of the poloidal magnetic induction B, (poleoidal mode numbers
m = 2,3 ; toroidal mode numbers n = 1,2) have been measured by means

of Mirnov coils. Short bursts of m = 2,3 oscillations are seen during
pellet injectien. The m = 1, n = 1 oscillation (island at q = 1) has
been observed using X-ray detectors viewing along 32 chords. The fast
temperature drop during injection is also seen on the soft X-rays and

exhibits a large m = 1 oscillation on chords viewing the g = 1 region.

When the m = 1, n = 1 oscillation (island at q = 1) is already seen
before pellet injection it continues without perturbation after
pellet injection. The m = 1 oscillation has a frequency close to but
different from the m = 2 oscillation. This behaviour is different
from the one after minor disruptions (without pellet injection) for
which the m = 2 mode is always phase locked to the m = 1 oscillation.
The strong similarity of the fast heat transport during minor disrup-
tions and during pellet injection suggests that the same physical
effect (the global fast heat transport) can be triggered by different
phenomena. For further details, see Ref. []].

Electron density fluctuations &n have been measured using
active microwave (A = 2.2 mm) and CO, infra-red laser (A = 10.6 pm)
diffusion techniques. During and some 50,ps after pellet ablation the
scatterred power (proportional to (6n)”) increases by a factor of
ten. The signals appear as a series of bursts similar to the H_ (H,)
signals. However, at present no correlation has been found betweEn
the two types of signals, neither in time nor in amplitude. The
scattered signals resemble those observed during minor disruptions,
however in the latter case the scattered power is roughly three times
smaller.
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SLOW EVOLUTION OF PLASMA PARAMETERS ; TRANSPORT SIMULATIONS FOR
MULTI-PELLET INJECTION o

After the ablation has finished and the (self-similar)
temperature profile been recovered a much slower evolution of all
plasma parameters occurs on a time scale of some milliseconds to tens
of milliseconds. After single pellet injection, the initial tempera-
ture values T are reestablished after appr. 5 to 10 ms. Since matter
is only depoéited in the outer part of the discharge (r > 8 cm) the
n_(r,t) profile is hollow at the end of the ablation -process and
stays hollow during a few milliseconds.

Successive injection of 4 pellets in time intervals of
appr. 40 ms (standard case) yields moderate central peaking of n (o)
which increases with the n® of injected pellet. In one (special) case
peaking is more pronounced. Sawtooth activity is in all cases weak
before and remains in general weak after pellet injection. The evolu-
tion of n (r,t) has been simulated by means of the transport code
Makokot , for details see Ref. [6].

It seems that the stronger peaking in the "special case" is
not only a consequence of a modification of the transpor: coeffi=-
cients but rather due to either a deeper pellet penetration or to
matter deposition in a plasma whose central particle confinement
time is higher immediatly after deposition of a pellet.
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Introduction :

An intensive campaign to study the consequences of repetitive pellet injection was
carried out on ASDEX. It was possible to improve by pellet injection considerably
the plasma confinement compared to earlier investigations /1/. In addition we could
advance considerably the understanding of the relevant mechanisms. The dominant
difference between the earlier and the recent experiments was different recycling in the
plasma boundary and the divertor. While the earlier campaign aimed at low-recycling
pellet injection (LRP) to study the genuine pellet fuelling, the second campaign aimed
at an improvement of the density limit.

Experimental parameter :

The investigation concentrated on ohmically heated doulble null discharges in deu-
terium but discharges with additional neutral beam heating are considered as well.
The ASDEX device was run typically at By = 2.2 tesla, I, = 380 kA, ¢, = 2.7. The
density range was extended from 7, = 0.1 x 10*° m—2 to 7, = 1.2 x 10%° m~3, The
pellets with about 4.5 x 10'? deuterium atoms each were accelerated by a centrifuge
to a velocity of 620 ® /2/ and yield penetration depths of roughly half the plasma
radius. Normally up to 20 pellets were injected with a repetition rate of 30 ms. In
typical cases of good confinement ASDEX was carbonized.

In a first campaign discharges were performed to demonstrate the potential of very low
recycling at the plasma boundary by combining divertor operation and pellet fuelling.
The pellet injection started at low density. Only a poor density build-up could be
attained under these conditions. Figure 1 shows the successful density build-up in
a typical high-recycling pellet injection (HRP) discharge beyond the gas puff (GP)
density limit. The flat electron density profile starts to peak strongly with pellet
injection whereas the temperature drops somewhat but the profile stays nearly self-
similar.

The increase of the energy content and the improvement of the averaged energy con-
finement time is clearly seen in fig. 1; 75 = 1.9 x W, /(Pox — 1.9W,). W, : energy
content of the electrons; Poy : ohmic heating power without correction for radiation.
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In the pure GP phase the radiation profile is strongly peaked at the edge. During and
after pellet injection when sawtooth activity is reduced the central radiation increases
exponentially to a value comparable to the local power input without indication of
saturation. Spectroscopic observation indicates Fe and/or Ti to be responsible for the
rise of central radiation. Often nearly stationary density phases up to 230 ms dura-
tion could be observed after the last pellet. This phase is characterized by a very
peaked pressure profile coinciding with a relatively flat temperature profile. The final
breakdown seems therefore correlated to a violation of the ballooning criterion in the
plasma centre. HRP discharges with neutral beam injcction below ~ 1 MW behave
like ohmically heated discharges. The unsuccessful density build-up at higher neutral
injection power seems to be correlated with a more peaked electron temperature profile
and a specific MHD-activity triggered by the pellet.

Improved energy confinement with pellet injection was always correlated to a successful
density build-up. The improvement of 7z in HRP discharges compared to standard
ohmically heated GP discharges by about a factor of 2 is demonstrated in fig. 2. The
increase of 7p starts with the first pellet and the enhancement lasts for times long
compared with 7z . The data may suggest that the pellets remove the reason for the 75
roll-over because the peaked density profile in HRP discharges seems to establish a new
type of discharge. This improvement of 7z might be explained either by a local heat
transport model or the profile consistency model of Furth /3/.

Discharges with proper edge conditioning (HRP) show distinct changes in bulk plasma
particle transport with pellet injection. The observed peaking of the density profile
can not be attributed to central deposition of pellets because the penetration depth
is approximately half the minor radius and the peaking lasts up to 230 ms after the
last pellet. Assuming that the particle transport i.e. the electron flux I' may be
interpreted by a diffusive and convective driving term with a diffusion coefficient D
and an inward velocity V,

I'(r) = =D(r) x n'(r) = V(r) x n(r),

nearly stationary phases are analyzed neglecting Bartic}e sources. Figure 3 shows
typical electron density profiles and deduced ratios 5 before and after pellet injection.
In the inner two-thirds of the minor radius % has increased by a factor of about 3
or more demonstrating the change in particle transport. During density build-up the
following transport coefficients fit the observed electron flux in the inner region :

D(r) =01m?/s and V(r)=1x - m/s
a
(a: minor radius)

Reduced sawtooth activity and the correlated decreased outward flow of particles dur-
ing a sawtooth disruption - compared to GP discharges - seems also to be a condition
for the profile peaking. GP discharges without sawteeth show a similar peaking /4/.
A macroscopic vertical electric field of the order of 10 V/m might explain an enlarged
inward velocity. Calculation of the neoclassical current profiles show a small but sig-
nificant increase of q on axis which reflects the increase of the collisionality with pellet
injection.
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In typical GP discharges there is a strict relation between the bulk plasma density and
the edge density n, = 0.3 X @;. n, is the density at the separatrix and 7n, is the
line-averaged bulk density /5/. The relative exponential density decay length in the
scrape-off layer is practically independent of ;. In LRP discharges the particle density
in the boundary exhibits large variation during pellet injection because the divertor
walls are far from saturation and the neutral flux density in the divertor is low. This
lack of saturation leads to a continuous outflow of the injected particles as seen in
fig. 4a . In HRP discharges the high neutral flux density prevent loss of particles.
The edge density stays nearly constant during the build-up of bulk density (fig. 4b)
and the very small modulation of the edge density during pellet cycle indicate that
the particle density in the boundary seems to be in equilibrium with the bulk density
and the recycling. While the edge density behaviour is similar to GP discharges the
ratio n,/m.; decreases from its standard GP value consistent with the peaking of the
bulk profile.
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Figure Captions :

1: The electron particle content N, and the energy content W, are shown together
with the global energy confinement time 7g as function of time. The density
and temperature profile development can be seen from the ﬁ-(i and the T‘é%

traces.

2 : Energy confinement time 7g as function of the line averaged density n. for
LRP, HRP and standard ASDEX GP discharges. All discharges are with ohmic
heating only.

n!

3 : The ratio of the inward drift velocity to the particle diffusion coefﬁment =g

together with density profiles (dotted lines) is given before (a) and after pellet
injection (b).

4 : Electron density profiles at the plasma boundary for LRP (a) and HRP (b) dis-
charges. In case (a) one pellet cycle is shown. The profile steepens by the pellet
and flattens afterwords again. Rgs : radius of the separatrix, t; : pellet injection
time.
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ELECTRON TEMPERATURE PROFILES IN HIGH POWER NEUTRAL
BEAM HEATED TFTR PLASMAS
G. Taylor, B. Grek, F.J. Slauffer*, R.J. Goldston, E.D. Fredrickson,
R.M. Wieland and M.C. Zamnstorff.
Princeton Plasma Physics Laboratory, Princeton N.J. 08544, USA
*University of Maryland, College Park, Maryland, USA

Introduction

In 1986, the maximum neutral beam injection (NBI) power in TFTR was increased to
20MW, with three beams co-parallel and one counter-parallel to I [1]. TFTR was operated
over a wide range of plasma parameters; 2. 5<qcyl<m and 2x1019<n <7x10"9m3,
Databases have been constructed with over 600 measured electron temperature profiles from
multi-point TV Thomson scattering (TVTS) which span much of this parameter space. We
have also examined electron temperature profile shapes from electron cyclotron emission
(ECE) at the fundamental ordinary mode and second harmonic extraordinary mode for a
subset of these discharges.

In the light of recent work [2,3] on "profile consistency” (or "resiliency”) we have

analysed these temperature profiles in the range 0.3<(r/a)<0.9 to determine if a profile shape
exists which is insensitive to eyl and beam heating profile.

Analvsis of-Electron T Profile_SI

Three techniques have been employed to map TVTS and ECE Tg(R) data to a normalized
radial coordinate, Tg(r/a). In all cases, the ECE profiles are first mapped from frequency
space to physical space, taking into account the effects of the plasma diamagnetism and
poloidal field [4], using a code based on the measured 5pdi“ and A. After smoothing T¢(R)
with 8r=a/10, we then map to Tg(1/a). In the first, "simple-one-sided" mapping Te(R) is
mapped to Ta(P) where p =(R-R, W( Ripax- R ) [5]. Ry, is the position of the magnetic
axis as determined from the peak of the T, data and Ry, is the major radius at the outer
edge of the plasma, as determined from magnetics. In the second, "slice-and-stack" method,
Te(R) is sliced on isotherms to produce a 2r versus T, dependence; Te(r/a) is then generated
by inverting this dependence.(This technique cannot be used with second harmonic ECE due
to harmonic overlap.) No account is taken of the slight ellipticity (= -10%) observed at the
surface of TFTR plasmas at the highest values of B p:Z and A=3. A third,
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"lMux-surface-integral” approach was also employed where a simple algorithm for the
separation between two shifted, circular cross-section, toroidal flux surfaces wis derived.
For two such toroidal flux surfaces with major and minor radii (R, aj ) and ( Ry, ap ), the
average separation, <Ar> is approximately given by : <Ar>=(as-ay)-(a/2)(1-(
Ro/Ry ) ) and Ty(r/a) = f{ATc/<Ar>)dr, where AT, is the temperature increment between
isotherms. We have examined 40 profiles using these three different mapping algorithms,
and both ECE and TVTS Tg(R) measurements. These profiles were chosen to span the full
available range in Geyls ﬁp, ne and beam power. We find the "slice-and-stack™ and
"flux-surface-integral” methods yield similar results. However the "simple-one-sided"
method can disagree by as much as 30% on Tg(r/a).

_OmpAris iagnostic M men

At the highest central temperatures (T,g), we find that the central ECE measurements
exceed the TVTS measurements to a degree which is outside the range of experimental error,
The extraordinary mode second harmonic and ordinary mode fundamental ECE
measurements begin to diverge from TVTS data when the TVTS Ty >4 keV and >6keV,
respectively. For example, when Tg, from TVTS reaches 6.5 keV, the extraordinary mode
second harmonic result is typically 8.5 keV . Soft X-ray pulse height analysis measurements
agree fairly well with the TVTS results. Since optical depths in the core exceed 70 for the
second harmonic extraordinary mode and outside the plasma core (r/a>0.3) ECE and TVTS
results generally agree well, it is difficult to explain these observations as being simply due to
suprathermals. These disagreements are currently under study.

Resulfs

The electron temperature profile shape in low eyl NBI discharges is flattened in the core
by sawteeth, and we believe convection losses associated with cold electron deposition may
be the cause of the flattening in the core of high eyl NBI plasmas. At the highest ,Bp's
obtained, =2, the calculated Shafranov shift and the distance of T, from the center of the
plasma is >30 cm. These effects are clearly seen in figure 1, where TVTS T (R) shapes seem
to violate any concept of "consistency" or "resiliency”. However, figure 2 shows the result
of remapping the profiles of figure 1 to Ty(r/a) with the "flux-surface-integral” method, and
normalizing the temperatures to T, at 1/a=0.5. These four discharges appear to have very
similar Ty(r/a) profiles away from the core. (TVTS data is typically subject to random
measurement errors of 5-10% with the largest errors occuring in the low density region well
away from the core.)
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In figure 3 a slice-and-stack remapping of TVTS data reveals a weak dependence of
profile shape on eyl Here two sets of profiles were averaged with 7<qcyl<8 and
2.5<qcy1<3.5, the data are plotted on a semi-log plot to emphasize variations of the profile in
the region 0.3<(r/a)<0.9. NBI powers for these discharges were greater than 8MW. The
error bars indicate the standard deviation of the data set. There is a slight tendency of the low
eyl plasmas to be broader, with T¢(0.4a)/T4(0.8a) approximately 10% smaller in the lower
Gey] Cases. In order to study the effect of heating profiles on the T.(R) profile, we overlay in
figure 4 profile shapes from L-mode discharges at Ih= 1.4 and 2.2 MA, with ij>8 MW,
sorted by density. In the higher density dataset, the beam heating profile is modestly hollow
in the center, with 1/3 of the central beam heating power density of the lower density
discharges, but the electron temperature profiles show at most a 5% difference. Although
there was some indication on individual profiles of a dependence on 5P or the fraction of
NBI power co-parallel to Ip a statistical study with the full database did not reveal any
systematic dependencies.

Conclusions

We have found that a "slice-and-stack™ method for mapping To(R) from TVTS and ECE
data to flux surfaces provides a reliable measurement of Tg(r/a), with results similar to a
more sophisticated "flux-surface-integral” method. We have studied over 600 :emperature
profiles for NBI discharges which span a broad range in eyl and heating power profiles.
There is a systematic trend towards slightly broader profiles at lower deyls with
To(0.4a)/T(0.8a) approximately 10% higher at qc-y1:'3 than at L]C),127.5. Telr/a), in the
region 0.3<r/a<0.9 is found to be remarkably insensitive to heating profiles going from
peaked on axis, to hollow,
Acknowledgement This work was supported by DoE contract #DE-AC02-76-CHO03073.
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Abstract: The internal disruptions are found to play an important role in
preventing impurity accumulation. We describe several situations where
strong peaking of metallic impurities in the plasma center is observed
after suppression of the sawtooth activity.

I. Introduction

The possibility of high level impurity accumulation in tokamaks and
stellarators was already recognized in the early days of these devices.
From a theoretical point of view the principle mechanisms leading to
accumulation became quite evident: The friectional forces between impurity
(z) and background ions (i) should result in radial ambipolar interchange
fluxes (2Tz=-Ti}, such that the high Z impurities are rapidly driven
towards the plasma center.

In the experiments, on the other hand, such a dramatic accumulation was
generally not observed. During the last years, however, a number of ob-
servations showed clear evidence that, at least under certain conditions,
strong impurity accumulation ecan occur /1, 2/, and in the following we will
discuss the various observations made on ASDEX.

II. Impurity accumulation and counteracting mechanisms
Impurity accumulation was observed in ASDEX for the first time during the
quiescent H-phase achieved by NI heating. As reported in /3/ these dis-
charges collapse because of tremendous radiation losses in the plasma
center. The quiescent H-mode differs from the normal one by the lack of
bursts caused by edge localized modes (ELMs). It was originally assumed
that accumulaticn can be prevented in the normal H-phase due to
counterating mechanisms being correlated with the ELMs. A more detailed
analysis, however, revealed that also in this case a quite similer
accumulation of metalliec impurities takes place /4/. The main difference
between normal and quiescent H-phase is found in the Fe-impurity
concentration (and hence the Fe influxes) during the preceding L-phase.
This concentration is typically three times higher for the guiescent case.
T University of Stuttgart; € Ioffe Institute; 5 University of Heidelberg;
University of Washington, Seattle, USA; 5 N.R.C.N.S. "Democritaos",
Athens, Greece; b Inst. for Nuclear Research, Swierk, Poland;
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It is still unclear whether during the H-mode the ELMs effectively improve
the screening efficiency of the plasma or if they are rather an indication
of low metallic influxes.
Comparing ASDEX with other tokamaks /2/, we have to realize that in our
experiments sawteeth do not occur during the H-phase. Therefore, the above
accumulation is presumably more pronounced in ASDEX since the counteracting
effect of the internal disruption is missing. The dispersing effect of
sawteeth (st) has already been shown in a number of investigations /1, 5/.
In ASDEX we have studied this effect by means of: a) current ramp-up to
increasing plateaus, b) Kr gas puffing, c¢) pellet injection.
In addition, we have investigated sawtooth initiation during the early cur-
rent build-up phase. Frequently, the first sawtooth is a very pronounced
event (the so-called "Ereignis", further discussed in /6/). By comparison
with discharges where the sawteeth grow continuously from noise level, some
information on the transport induced by sawteeth can be obtained. Such a
comparison is shown in Fig. 1. It is seen that the discharge exhibiting the
"Ereignis" shcws a substantial increase in the central soft X-ray (SX) in-
tensities pricr to the st-crash. After the crash, the SX-signal (dominated
by Fe) approaches rapidly the trace of the reference shot. We also note
that there is practically no effect to be seen on other spectroscopic
signals (FeXVI, OVIII) emitted from outside half the minor radius. Taking
further into account that central temperatures differ only by ¢1% in the
two cases, we conclude: Sawteeth expell in short pulses impurities out of
the central region but do not lead to a net loss of particles from the
plasma volume.
The effect of sawtooth suppression by current ramp-up has been described in
/T/. Here it suffices to repeat the essential findings: Firstly, the pro-
cedure is not successful in any case. Depending on small changes of some
unknown parameters, st may be suppressed or sustain with marked amplitude
for the residual part (-2s) of the discharge. In case of suppression, only
two changes are observed: 1) the ng-profile is becoming more peaked, and 2)
the central rzdiation losses are considerably increased (- factor 10 for
Q353) and become comparable to the input power of -0.2 W/em3, although the
Zgpp determined by resistivity is as low as $1.5. Moreover, inspite of the
high radiation losses, both the total energy content and the central energy
density remain unchanged in comparison with the st case. Thus, a concomi-
tant substantial reduction of the thermal conductivity is to be inferred.
Similar effects can be observed by applying Kr-puffing as demonstrated
in Fig. 2. Shot #19691 is a discharge following a shot into which Kr had
been blown. The SX-rays (as well as Kr-lines of highly ionized ions) are
seen to increase monotonously. As to be seen from the st-ampli:ude A=(ng -
<ng »)/<ng > (with <ng > being the averaged line-density) plotted on top of
Fig.2, there are no sawteeth developped in this discharge. The following
shot had even less Kr and this time st occur after t=0.72 s. The reduction
in the central soft X-rays is evident (whereas the non-central OVIII-
radiation is nearly uneffected).
As mentioned zbove, another method for st-suppression is the injection of
pellets with the centrifuge system. This has been done in ohmie discharges
and also under carbonized conditions during ecounter-NI heating (see Ref.
/8/ for more detail). The salient features to be observed during the post
pellet phase, when the st activity is reduced or even quenched are as de-
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scribed before: Peaking of the ng-profile, accumulation of metal impurities
and improvement of energy confinement.

In the following, we concentrate on the accumulation aspects of two dis-
charges with Pyy=0.45 MW (3#20032) and 0.9 MW (4#20033) counter NI (t=0.9 -
1.5s8) into which 5 pellets have been injected (t=1.1 - 1.3s). In Fig. 3 we
show the SX-signal of the second shot. The times of pellet injection are to
be recognized from the ﬁe -trace depicted on top of Fig. 3. After the last
pellet the sawteeth _vanish (with one large exception) and the SX and TiXX
intensities (A=256 A, peaking approximately at r=10 cm) are seen to rise
exponentially. In Fig. 4 we compare the SX and TiXX radiation on log-scale
for the two cited discharges. Each of the two signals is seen to rise very
similar with a multiplier of -2 for the shot with doubled NI power. This
proportionality to Pyy is also found from bolometer array measurements
yielding verg peaked profiles with central radiation losses as high as 0.5
and 0.9 W/em? for the two discharges. Despite these large losses the cen=
tral Te drop is only about 10 % (Tg may=1.4 keV). Assuming Ti being the
most abundant metallic impurity in these discharges (Fe being strongly re-
duced by carbonization) we need a central density of npj(0)/ng(0)=1 - 2%.
Invoking the collision parameter u=22nz/ni>4, we conclude that the inter-
action of the impurity ions among themselves is much larger than with the
background ions - a situation imposing greatest difficulties in theory.
However, the parallel development of the signals shown in Fig. Y4 demon-
strates that nonlinear impurity transport processes, with the possibility
of enhanced impurity accumulation on account of the high impurity density
(as discussed in /2/), are probably unimportant.

ITI. Transport simulation
Our observations suggest the following ansatz for the impurity fluxes:
Dl 8) = Dulee) + Taale) # Dnaglzde)

with
s = JAkP(t-ty) Vs(ring
Tan = Daplr) n'y - viplrin,
Fneo = ~Di(riny +2(r)D(r)[n;'/n; - (0.5+1/2)T;'/T;]

I's represents the expelling effect of the sawteeth with P(t) being a pulse
like-function Ty, describes the underlying anomalous transport which is
assumed equal for all particles, and finally T, is the neoclassical term
/9/ (notation: '=3/3r).

We have simulated our experimental results using an impurity transport code
applying measured Tg(r,t) and ng(r,t). Particular emphasis has been devoted
to the accumulation phase of #20033. In Fig. 3 we have included our results
for the SX and TiXX chord integrals. All sawteeth were modelled in the same
way: Tg,=Vsoexp{~Kt-ty)/11%} (r/ry)exp(-r/ry)? with ro=15 cm, 1=1ms, Vgo=

1 000 cm/s. Most remarkably, these pulses control the peaking of the pro-
files very effectively at the beginning when the repetition time is still
high. Assuming D5,=500 cmzfs. Vin= 70 r/a cm/s, the peaking of the ng-
profiles could be roughly simulated by treating hydrogen in the code.
Finally, in order to attain at least approximately the strong Ti peaking
observed from the radiation profiles, we had to double the neoclassical
drift term and dropping the outward T;'/Tj term therein.
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1. Introduction

Ohmically (OH) and additionally heated "L-mode" Tokamak discharges exhibit
an electron temperature Tg profile invariance against changes in power de-
position profiles and plasma density and are only influenced by the safety
factor qz. This has led to the concept of "profile consistency" where the
local transport coefficients are not only a function of local plasma
parameters but might also depend on non-local processes adjusting the Tg
profiles, At present, there exists no coinvincing model for this profile
consistency, first introduced by B. Coppi to describe the current density
behaviour and the connected T, profiles of Ohmic heated plasmas. But if the
thermal transport is governed, for instance, by electromagnetic modes, not
only the current density should show a canonical profile, but also the
pressure (p) gradient profiles. Moreover, these profiles can adjust after
changes of the heating deposition much faster than the current density, and
any deviation from the canonical profile might then result in an additional
heat transport which can be expected to act complementory on ion and
electrons.

According to Kadomtsev /1/, a pressure profile consistency arises from the
existence of relaxed states with thermal and poleoidal field minimized sub-
jeet to a single (constant current) or two constraints (constant current
and helicity of the magnetic field). With such a strong principle the re-
sulting pressure and current density profiles depend on the ratio qy/qq
only and, depending on the constraint, are finite or zero, respectively, at
the plasma boundary r=a. Profiles for both cases approach each cther at
high gy/qp. In this paper we examine the total pressure profile shapes in
all phases of ASDEX discharges (OH, L and H mode) and compare them with the
Tg profiles.

2. Te and pressure profiles in OH and L mode discharges

There is no commonly agreed format of the T, profile normalization showing

an_invariance for different operating conditions. With increasing order of
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the profile consistency quality, the possibilities proposed are:

T(0)/<T>, T(r)/T(a/2) or In(T(r)/T(a/2))and 1/T-dT/dr. Using the
normalizaiton T(r)/T(a/2) ASDEX Tg-profiles coincide within ths error bars
and discharge to discharge variations outside the q=1 surfaces (rg.1=a/qy)
for all OH- and L-mode discharge conditions as is shown in Fig. 1 (Thomson
scattering measurements). Data from discharges are used for which transport
analyses with the TRANSP code have been carried cut including stationary
and unstationary discharge phases and the following parameter variations:
I,=300+440 KA, ng=1 #11-10'9073; P,<3.8 MW; strong on- and off-axis heating
deposition profiles /2/ and pellet refuelled discharges /3/.

For different qz-values deviations can be seen at radii r<rq=1, but dif-
ferences exist also in the confinement zone between q=1 and q=2 (which is
roughly at rq,2=a/an/2). This is more clearly demonstrated in Fig. 2
showing for the same discharges the radial profiles of the upper and lower
bounds of the normalized Te scale length rye given by the inverse
logarithmic derivative rpo/a = -(Tg/dTg/dr)/a. Part of the gy-dependence is
certainly due to the Ty-flattening inside the sawtooth region. At fixed g,
there is a weak T, profile response to changes in the heating profile
yielding broader profiles, i.e. higher rr,, with increasing off-axis heat
deposition. The latter is obtained by using a lower energy/nucleon of the
injected fast neutrals or an increasing density (beam deposition at larger
radii, broader resistivity profile due to higher collisionality and reduced
To(0)).

The total kinetic pressure profiles are obtained by using the TRANSP
analyses code. Input data are the ng(r,t) and Te(r,t) profiles measured by
a 16-spatial channel multi-pulse Thomson scattering system and supplemented
by a HCN-laser interferometer and ECE diagnostic (4 channels both), the
bolometrically measured profiles of the radiation losses and zlobal para-
meters like the loop voltage Vi, Ip, ﬂpx from diamagnetic lux measurements
and Bp, *1i/2 as deduced from poloidal fields and fluxes. Lacking a measure-
ment of the full ion temperature T; profiles for all dischargss we assume a
spatially constant enhancement factor a of about 2 to 3 of the ion heat
diffusivity x; over the neoclassical value as calculated by Chang and
Hinton, checking the resulting Tj profiles for their compatibility with the
available neutron production and T; measurements (passive and active CX
diagnostic, Doppler broadening of impurity lines). The calculated kinetic
pressures include also the contributions due to the anisotropic fast beam
ions (using Monte Carlo calculations for the deposition and slowing-down of
the beam particles) and are in good agreement with the magnetically measur-
ed ones. Fig. 3 shows the pressure scale length r, for the discharges of
Fig. 1 and 2 exhibiting a somewhat stronger separation of the two g, data
sets, which are not in disagreement with the Kadomtsev p{a)=0 pressure
profiles. The influence of the y{ assumption was estimated by taking a-
values between 1 and 5, yielding rp variations below 10%.

3. H-mode profiles

The invariance of the pressure profiles is even more impressive if we look
at their time development during single discharges as is shown for a g-
limit discharge in Fig. 4. Fig. 4a demonstrates the strong T, profile
variation at the L/H mode transition where the Ty profile flattens in the




center (higher rro) and develops shoulders towards the boundary. After
reaching Bmayx the Tg profiles flatten even more in the center due to
inereasing central radiation losses /4, 5/. As also the density profiles
form shoulders in the H-mode, the electron pressure (pg) profiles do the
same (see Fig. Yb) but are by far not comparable to the second class of
Kadomtsev-profiles with p(a)$0 which would have nearly constant rp for
0.5a<r<a. Contrary to pg, the total pressure profile is nearly time in-
dependent. In this discharge, the fast ions contribute up to 40 % of the
pressure and a comparable amount to the pressure gradient and the ion tem-
perature is well above Tg. The universality of the p profile shape is also
demonstrated by comparing H-mode discharges both with H® and D© injection,
i.e. different deposition profiles (see Fig. 5). The disappearance of the
ga-dependence might be partly caused by the lack of sawteeth.

4, Conclusions

The total pressure profiles of ASDEX discharges exhibit a canonical shape
which is preserved also in the H-mode contrary to a changing Te profile
shape. There exists one exception namely the high confinement pellet re-
fuelled discharges revealing a steeper pressure gradient and smaller scale
lengths /3/. For instances in a q3=2.5 ohmic pellet discharge the r./a
profile is about at the lower bound of the gas fuelled discharges shown in
Fig. 3. This might be related to the process limiting the pressure shape
yielding a lower bound for the rp profile which is nearly reached in these
pellet discharges. It is interesting that only in the pellet discharges
nj-values below 1 are observed over a large part of the plasma column.
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BEAM-PLASMA FUSION YIELD IN ROTATING TOKAMAK PLASMAS

W.G.F. Core, P. van Belle, G. Sadler

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

1. Introduction

In the neutral injection heating of tokamak plasmas, fast ions are
initially injected as neutrals, which after ionisation, slow down on the
background plasma to thermal energy. During this relaxation process, the
fast ions, in addition to heating the plasma directly, can undergo
thermonuclear reactions, and even in the case of balanced injection, impart
momentum to the system. This input of momentum gives rise to plasma
rotation preferentially in the toroidal direction, and for uni-directional
injection, velocities in excess of the sound speed have been predicted [1].
These bulk plasma rotational velocities may have important consequences for
the beam heating efficiency, the thermonuclear reactivity of the system,
and in the interpretation of the measured fusion yields.

In this paper we [irst consider the effect of bulk plasma toroidal
rotation on the beam-plasma reactivity rates, and in particular, the
thermonuclear power amplification factor Q of systems close to ignition
[2]. Then the modification to the fusion charged particle birth profiles
due to the combined effects of rotation and orbit trajectory is examined.
Finally, results of calculations done using actual measured plasma
parameters for the JET D+D injection experiments in which large rotational
velocities nave been observed are compared with the measured neutron
fluxes.

2. Preliminary Considerations

Some cbvious points regarding the injected ions as viewed in the
laboratory and plasma frames are worth mentioning. Fast ions deposited in
passing orbits moving in a co-rotational direction in the laboratory frame
will in the rotating plasma frame suffer an apparent reduction in energy,
and conversely, passing ions moving in a counter-rotational direction will
have their energy increased. Accordingly, the fast ion slowing down time
and consequently their density is then either reduced or increased. The
transformation of particle veloeity v, and pitch variable g (=v,/v), from
the laboratory to the plasma frame (Vri)’(VR-ER) is: VR=VE-2VEV, *Vi,,
ER= (vg-v"o)/va, where v, Is the component of the bulk plasma ion velocity
along the magnetic field. If, under this transformation, orbit distortions
are small, and f£(v,g£)+f(vg,Ex), where f(v,£) is the flux surface averaged
fast ion distribution funetion, then the relaxation of the injected ions
can be most conveniently described by the Fokker-Planck egquation,

3T o g(r) + .8, v, 1)
at

where C(f) is the usual Coulomb scattering operator valid in the velocity
range vi<<v<<vp, where now Vis Vs and Ve are the thermal ion, fast ion, and
electron velocities in the plasma frame respectively. S is the number of
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fast lons produced per unit phase space volume per second with initial
velocity Vg on a particular magnetic surface.

The thermonuclear reactivity <ev> is then
<gv>» = Uy [ wvidv ao(v) (gv),
o

where (gv) 1s the reaction rate for fast ions interacting with a warm
Maxwellian target plasma, and a solution to Eq.(1) has been obtained in the
form of an expansion in Legendre polynomials Pn, viz f(v,g) = zan(v)Pn(g).
Similarly, the "figure of merit", or amplification factor for such a system

is defined by Eo
:EV’

5 g,

where Y is the total fusion energy release per reaction, S is the number of
fast ion produced per unit volume per sec., and EO is the injection
energy.

Using these model simplifications the effects under consideration here
can now be examined by invoking the well developed techniques appropriate
to the study of injection into stationary plasma systems [3L

3. Effect of Rotation on Local <gv> and Q-Factor

For this purpose, and in view of its importance in achieving ignition
in present and future tokamaks, we consider the beam-plasma system
T(D,n)"He, and in particular the two limiting cases of co-and
counter-rotational injection. 1In the former, and for the range of
injection energies Ey< 120keV, the rotation of the plasma gives rise to a
reduction in the beam-target interaction energy, leading to a reduced
reactivity rate and Q-value. 1In the latter, an increase in the fusion
yield will occur. For fast ions in trapped orbits, and due to the increase
in thermonuclear cross section with energy, there will be a net gain in
yield for these particles.

The results for typical values of electron temperature and injection
energies are shown in Figs.2,3. The asymmetry in <gv>» and Q are clearly
indicated, Unbalanced injection leads Lo a decay in the neutron production
during the heating phase. For 8C'eV deuterium injection into a
Tg=T;=10keV, n, = 3x10*%cm™? triti.m plasma rotating with veloeity v, =
0.5C4, where Cg is the ion sound spe2d, a decay in the neutron produgtion
due to the fast ions in passing orbits of 10% is predicted. However, this
loss in neutron production will be partially compensated by the trapped ion
contribution. This point will be discussed in the next section.

4, Modifications to the Fusion Product Birth Profiles

As previously mentioned, for trapped beam ions, the effect of plasma
rotation leads for this class of particle, to a net gain in the thermo-
nuclear reactivity and local Q of the system. Since the fraction of fast
ions in trapped orbits increases with distance from the toroidal axis, the
occurrence of hollow fusion yield profiles in beam-plasma configurations
where the fast ion deposition is broad is then expected.
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In order to examine this situation we again consider the aforementioned
system of 80keV deuterium injeection into the Te=T;= 10keV, ng= 3x10**em™?
tritium plasma rotating at various toroidal velocities. In addition we
assume a small aspect ratio (E=r/RO<<1) cylindrical plasma with minor
radius a = 1.25m, major radius R, = 2.96m, and a flat fast ion deposition
profile. The effective fusion reaction rate <ogv> = <gv>, + /2e(<gv>_ -
<gv>,)/2, where the subscripts (+,-) are the calculated, Fig.1, co- and
counter-rotation reaction rates respectively. The results of these
calculations are shown in Fig.3. It is to be noted that everywhere within
the plasma volume the reactivity is reduced. This reduction, which is
typically 10% when v = CS, is greatest on or near the toroidal axis where
the fraction of fast ions in trapped orbits is least. However, current
large tokamaks (JET, TFTR) have measured v¢< Cq-

5. Comparison with Measured Neutron Yields during D+D Injection Heating

Experiments

We consider #8902 of the current JET database. The decay of the
neutron production during the neutral beam heating phase, represented by
the bold straight line, is shown in Fig.4. The plasma rotatioral velocity
was observed to be v,= 1.5x107ems™* after 2 seconds of beam heating alone.
for these particular plasma parameters of Te= 3.63keV, ng= 2x10* %em™ 3,
injection energy Eo= 65keV, and assuming that the principle contribution to
the measured neutron yield is from the centre of the discharge, where the
fast ions are in passing orbits we obtain a<gv>/<gv> = 6%. However, Fig.l
gives, for constant deuterium density, a<gv>/<gv> = 9%. This discrepancy
between measurement and theoretical prediction is probably due to the
uncertainty in deuterium density.

6. Concluding Remarks

The build-up of toroidal momentum during uni-directional neutral
injection heating of tokamak plasmas leads to:

i) A reduction in the beam-plasma reactivity and local thermcnuclear
Q-value.

ii) For the T(D,n)"He system considered this reduction which is greatest
at the centre of the discharge is typically 10% for rotation
velocities at or near the icn sound speed.

iii) The effect of plasma rotation on fusion reactivity rates can be
reduced by increasing the fraction of fast ions in trapped orbits
which will be the case during ICRF heating of the beam ions.

iv) Finally, it is worth mentioning that measurements of plasma rotational
velocities in current large tokamaks (JET, TFTR) are less than the ion
sound speed.

Results of calculations done using actual measured plasma parameters
for the JET D»D experiments in which large rotational velccities have been
observed are in reasonably good agreement. The possibility of deducing the
plasma rotational velocity from the neutron yield measurements should not
be excluded.
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REDUCTIOR IN TFTR FUSLON REACTLON RATE BY
UNBALANCED BEAM INJECTION AND ROTATION

H.W. Hendel, D.L. Jassby, M.L. Bitter, G. Taylor

Plasma Physics Laboratory, Princeton University
Princeton, NJ 08544 USA

Abstract. In TFTR plasmas at low to moderate density, the highest fusion
energy gain Qgg (D-D fusion power/injected power Py) is obtained with
nearly balanced co- & counter neutral-beam injection. For a given Py,
significantly unbalanced injection reduces Qygq because the accompanying
plasma rotation reduces the beam-target fusion reactivity and the fast-
ion slowing-down time, the beam-beam reaction rate is reduced, and <T>
and <T;{> decrease from their maximum values.

Introduction. Neutral-beam injection (NBI) into, tokamak plasmas can
be an efficient heating method, but it may also supply torque to the
plasma, resulting in bulk-plasma rotation. This rotation in the direc-
tion of the beams decreases the relative energy of the beam ions and
thermal ions, thereby reducing the beam-target fusion reactivity.
Rotation also shortens the slowing-down time of the beam ions into the
thermal distribution, resulting in a further reduction of the fusion
probability per beam ion [1]. However, in previous tokamak experiments
the measured rotation velocity was generally small, 2 1x10° m/s [2].
Thus simultaneous co and counter injection (defined relative to the
plasma current direction) showed only modest advantages in fusion neutron
source strength, S, over unidirectional (ie, solely co- or counter-)

injection, for the same total beam power, P [3]. Counter-injection also
seemed to pgenerate a higher impurity level in the plasma than did co-
injection. Based on such results, the present generation of large

tokamaks was equipped with either co-injection only, or with substantial-
ly preater amounts of co than counter power.

TFTR Experimental Conditions. In TFTR during 1985, the neutral beam
power was entirely co-injected [1]. During 1986 up to & MW counter and up
to 14 MW co-injected power were used [4], so that balanced injection (Pco
= Pctr) at up to 12 MW of total beam power could be studied. The plasma
and fusion parameters could be compared with unbalanced co-only injection
at similar total Py. At the largest Py, rotational velocity up to 10° m/s
was measured from the Doppler shift of the Fe XXV resonance line [4,5].

S was measured with a set of seven 235U and 238y fission detectors,
which have been calibrated 5 times over a period of 2.5 years, using D-D
and D-T neutron generators located inside the TFTR vacuum vessel [1].

Measurements of Q4q4. Measurements of § and fusion power gain Qg (D-D
fusion power/injected beam power) have been made over a wide range of
densities n, plasma current I, = 0.6 to 2.2 MA, Py = O to 20 MW, beam
energy up to 100 keV, and various proportions of co and counter beam
power., Figure 1(a) shows the measured S with D beam injection into D
plasmas as a function of I,, over most of the range of P,. 1In TFIR,
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higher I, results in higher n, even with well-conditioned limiter
surfaces. S and Qgq maximize at I, = 1 MA, which is associated with low
initial target density. Figure 1(b) shows the electron temperature T, vs
Ph, indicating a genmeral trend similar to that of the § behavior. The
beam-target (Sp¢) and beam-beam (Sp,) reaction rates [6] increase
strongly with the beam slowing-down time, which is proportional to
(Te)P/n, where p = 1 for the present conditions [1]. Thus one of the
reasons that S (and Qgq) maximize at I, near 1 MA is the maximum in Ty
and (importantly for Spj) the relatively low n that pertain to this Ip.

Figure 2 shows Qgq vs Py near the optimum I, = 1 MA, both for unidirec-
tional and bidirectional (cot+counter) injection. At a given P}, there is
a distinetly higher Qgq for bidirectional injection, compared with
unidirectional injection., This result is due to 3 effeets: (1) Plasma
rotation is much smaller under balanced conditions than for unidirec-
tional injection. (2) Beam-beam reactions are greatly enhanced with
bidirectional injection. (3) At higher Py, bidirectional injection gives
rise to the so-called "supershot" conditions, which pgensrate better
confinement and therefore higher T, and T; [7]. Simulations using the
SNAP (8] and TRANSP (9] codes that include these effects predict values
of 5 in generally good agreement with the experimental values.

The improved Qyq for bidirectional injection is observed at I, up to
about 1.4 MA. However, for still higher Ip, which is associated with
higher density, wunidirectional injection produces results similar to
those of bidirectional injection at the same total Py. This result is
due to the facts that, at high density, plasma rotation is negligible,
Spp = l/rl2 is small, and the enhanced-confinement "supershot" regime has
not been accessible to date under high-n, high-I, conditions. Hence
little is gained by using balanced injection at high density.

Figure 3 shows the behavior of Qyq as a function of the power balance
parameter, defined as BAL = (Pco - Pctr)/P,, for the optimal range of I.
As evident from both Figs. 2 and 3, Qgq = §5/Pp with bidirectional
injection exceeds Qgq with co-injection alone by a factor up to 4.8, and
with ctr-injection alone by a factor up to 12. The smallest Q-values
occur at BAL = *1 because: (1) The largest torque and rotational veloc-
ity, v4, occur at BAL = 1, with smaller but still substantial v, at BAL =
-1 for the same P,. (2) The beam-beam reaction rate is relatively small
with unidirectional injection. (3) For a given Py, the highest T, and Tj
occur at BAL - 0.1. The enhanced-confinement "supershot" conditions are
inaccessible with completely unbalanced injection. (It is not clear
whether the magnitude of rotation affects the ability to obtain supershot
conditions. v, is still significant at BAL = 0.1, where Qgq is maximum.)

Computer Sinulations. The contributions of various physical phenomena to
the increase in S in geoing from unidirectional injection to nearly
balanced injection have been investigated with computer simulations. The
measurements of S near the end of the beam pulse have been compared with
results calculated by the SNAP time-independent radial profile analysis
code [B8], which accounts for rotation and the 3 sources of fusion
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reactions. For "supershot" conditions, agreement of the code predictions
with experimental § is rather pgood, with a typical discrepancy - 25%,
which is within the experimental and modeling uncertainties. The code
results show that, near the end of the NBI pulse, Sy/S is generally
close to 0.55, but there is considerable variation in SyL/S¢, from one
set of plasma and beam conditions to another.

Table 1 shows the variation of the S;; values for 2 shots with BAL=0 and
BAL=1, both for I, = 0.9 MA, total "Pp:= 10.4 MW and Z.gf ~ 4. The
balanced case has g.B times the Qgq of the BAL=1 case (a smaller factor
than usual), and the S calculated by SNAP is in reasonable agreement with
the measured value in both cases. If rotation is eliminated in the SNAP
simulation for the BAL=l case, Sy increases by a factor of 1.65, Sy
increases by a factor of 4, and total S§ and Qggq increase by a factor of
1.8. (The large increase in Sy}, is due mainly to a substantial increase
in beam-ion slowing-down time when rotation = 0.) The remaining factor
of 1.5 difference in the Q's between the BAL = 0 case and the BAL = 1
case without rotation is due to a further increase in Syp with bidirec-
tional dinjection, and to the 20% higher T, and somewhat broader T,
profile obtained when BAL - 0.1 [4,7]. Other pairs of shots show
significantly larger Si,/S at BAL=0, which in those cases is due to a
substantial increase in T; with balanced injection [4,7].

This work was supported by the U.S. Dept. of Energy. We acknowledge
useful discussions with H.H. Towner and M.C. Zarnstorff,
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Table 1.
Variation of Neutron Source Strength with Injection Mode and Rotation

SNAP Calculations

Shot # Case  Rotat. Tg(0) (1013 n/s) Total  Expt. S
(m/s) (keV)  Sbh  Sbt  Stn s (1012 nsed

25915  BAL=0 0
25916 BAL=1 5,2x10°
25916  BAL-1 0

.6 1.57 2.60 0.67 4.84 4.50
il 0.25 222 048  L.95 1.65
s 1.16 2.00 0.38 3.54 1.65

s PEw
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ENERGY AND PARTICLE CONFINEMENTS OF COMBINED HEATING DISCHARGES IN JT-60

S. Tsuji and JT-60 Team
Naka Fusion Research Establishment
Japan Atomic Energy Research Institute
Naka-machi, Naka-gun, Ibaraki 311-02, Japan

Introduction: Combined heating with NB and LHCD (current drive by lower
hybrid range of frequency waves) produces an improvement in energy confine-
ment, while NB heating alone suffers degradation with puwer/l,Zf. This
mode of operation may have possibility to decouple current profile from
electron temperature profile and to be free of a constraint on energy con-
finement by "profile consistency'.

JT-60 1is equipped with three units of LH system with total generator
power of 24 MW. One unit of the LH system is designed for current drive and
the other two for heating experiments/3/. We tried to extend the improved
confinement regime to higher plasma current and/or higher electron density
with the help of LH power of the heating units in 1987. The effect of com-
bined heating was explored applying the LH power up to 6 MW. Consequently
suppression of internal MHD modes by LHCD was found to be essential to get
the improved energy confinement.

Global particle confinement time was examined in relation to the
degradation and improvement in energy confinement by beam heating and by
the combined heating with LHCD, respectively.

Improved Energy Confinement by LHCD + NB: The incremental energy confinement
time tfnc (5AWg/P4q) evaluated from magnetics is plotted against Bp+ii/2
just before beam injections into LHCD plasmas in Fig. 1. When the LH wave
reduced Ep+2j/2, the incremental energy confinement time increased up to

90 ms. Since the variation of sp+mi/2 mostly reflects the change in inter-
nal inductance, target plasmas with broader current profiles tend to have
better energy confinement. As the plasma current increases, the improve-
ment curve shifts to left-hand side since qgff decreases.

100 ; - r The improvement in energy con-—
finement is well correlated with the
% suppression of internal MHD modes.
While beam injections often excite
- internal m=l oscillations and
enhance sawteeth, the combined
heating with LHCD suppresses the m=1
oscillation as shown in Fig. 2. 1In
=1 this case, a mild MHD mode at outer
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oscillations and sawteeth. The scatters
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levels of the central MHD activities.
should be noted that no improved energy
confinement is observed in low q dis-
charges, which have broad current profile
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approximation in divertor discharges. Figure 4(a) shows the particle con-
finement time as a function of line averaged electron density. LHCD plasmas
have longer particle confinement time with lower recycling coefficient.
Although Tp of OH plasmas is about 0.15 s at low electron density, it drops
sharply around nen3x10*°m-3, where energy confinement time begins to satu-
rate departing from neo-Alcator scaling in JT-60/5/. Electron density
profile becomes very flat at higher density and the recycling coefficient
approaches to unity. Thus Tp has strong correlation with peakedness of
electron density profile as plotted in Fig. 4(b).

Beam heated plasmas have shorter particle confinement time than ohmi-
cally heated plasmas by a factor of about one third when compared with the
same peakedness. Data points with ne(0)/<ne>v1.25 are collected in Fig. 5
to see the dependence of T, on heating power. The result indicates that
the particle confinement time decreases with nearly inverse square root of
heating power similarly to the energy confinement time. Considering that
beam fueling is deep inside the plasma compared with gas fueling, the dete-
rioration in particle confinement should be severer than it appears to be.

There is no apparent difference between LHCD + NB and XB in terms of
Tp- Regrettably we cannot estimate Tp of He discharges, by which most of
the good energy confinement data were obtained. Among the data points in
Fig. 4, improvement was only observed when 1p>0.08 s. The discharges with
improved energy confinement have peaked electron density profile including
He shots.

Discussion: Both in ohmically and beam heated plasmas, the degradation in
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Fig. 4: (a) Particle confinement time (b) Particle confinement time
against line averaged electron density. against electron density peakedness.
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Conclusion: Modification of plasma current to broader profile to suppress
the m=1 mode is crucial to achieve the improved energy confinement by LHCD.
Decrease in Tp with electron density in OH plasmas and with heating power
in NB plasmas is associated with degradation in energy confinement.
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CONFINEMENT OF OHMICALLY HEATED PLASMA
F. Alladio, F. De Marco, L. Pieroni

Associazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 - 00044 Frascati, Rome, Italy

INTRODUCTION

Ohmically heated tokamaks have recently attracted renewed interest he-
cause of the complexities of auxiliary heating systems and the degradation
of confinement in L regimes. Moreover [l,2] it has been found in JET and
TFTR that the ignition parameter n.(o) T.(o) T, is quite similar in both
purely ohmic plasmas and those with ﬁarge additidnal power.

Paradoxically this fact has produced two opposite trends to reach
ignition: one toward very high field compact tokamaks (HFT), such as
Ignitor and Ignitex [3,4], the other toward very large devices [5].

With respect to HFTs valuable information can be derived from existing
high field devices such as FT and Alcator C.

In FT a detailed study of ohmic confinement was performed both with
the global power balance and with the heat pulse propagation method [6].
The two methods are in good agreement with each other and also confirm our
previously published data [7]. The global confinement T turns out to be
lower than that _calculated with Neo Alcator - TFIR scgiing (NAT), i.e.,
1(s) = 7x10-2% nR%aq, . This is shown in Fig. 1 by FT data for B, > 4T.

This result led s to make a comparison with published daga on ohmic
confinement from other experiments and to attempt an assessment on this
subject.

METHOD OF INVESTIGATION

We perform this assessment comparing global confinement times T,
with NAT.
This method is open to the following criticisms:

a) There is some debate as to whether T, is a meaningful parameter. If, for
example, confinement is determined by profile consistency plus edge con-
ditions, T, does not depend essentially on the characteristics of the
main plasma.

b) There is a large degree of arbitrarinmess in choosing a scaling law.

Regarding point a), due to the heat pulse propagation results, we be-
lieve that, at least in ohmic discharges, g is a meaningful parameter and
depends on bulk plasma parameters.

Concerning point b), we decided to compare the experimental results
with NAT for the following reasons:

1) There is a growing consensus on the R2a factor which is also derived by
a number of theoretical models [8].

2) FT shows a T, « I-! dependence (Fig. 1). In addition most of the machi-
nes show T CEqﬂ whth 0.5 £oel; b,

It results that the actual values for T, derived from NAT are in sa-
tisfactory agreement with the experimental ones obtained in a number of
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Fig. 1: FT electron energy replacement time (t“ o IEIZ) normalized to line
average intensity vs g, at different values of toroidal field. The full
line represents the Neo Alcator TFTR scaling.

low or medium field tokamaks. On the other hand HFTs appear to have confi-
nement results below those predicted by NAT. It must be noted that the
analysis refers to experimental points away from density saturation, run-
away regimes and strong transient conditions.

RESULTS OF THE ANALYSIS

_ Figures 2 and 3 show the experimental energy confinement times vs
nR2aq for the labelled devices. Among the large experimental devices, re-
sults of ohmic confinement in JT-60 are not represented since the density
saturation occurs at very low linear average density and the density pro-
files, especially in divertor discharges, are very flat and cannot be assi-
milated to a parabolic shape as in all the other tokamaks [9].

Alcator C results refer to discharges at 7.5 < B, < 8.5T [10] and
3.5 < g; < 4.5, while those of Alcator A [11] refer to By 6T and 0.16 <
I <0.¥8MA. -

The trend of ohmic energy confinement in HFTs (Fig. 3) shows a lower
value with respect to NAT scaling.

In Table I some characteristics of HFTs and low field large tokamaks
are indicated.

It is to be noted that the main difference, apart of course from the
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TABLE I
By (MW) Vol(m3) POH/V(Wcma) P, ix (W) PTOT/V(W/cm3)

FT i 0.6 17 0.5 2.5

ALC A 0.35 0.1 3.5

ALC C 1 0.34 3 2 >5

ASDEX 0.4 5.2 8x10-2 <5 o

TFTR 2 32 6x10-2 20 0.6

JET 3 150 2x10-2 30 0.2

size of the device, is in the power demsity that is obtained in all HFTs
with respect to the low medium field devices, even when the maximum addi-

tional power is taken into account.
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The result of this analysis seems to in-
dicate that either the size scaling of the
quoted scaling law is different from a 1°
dependence (an 1%°% dependence could explain
the difference), or that a degradation of
ohmic confinement with power density is pre-
sent.

This 1last fact suggests thalt energy
confinement in  tokamaks has the same
features both in ohmic and auxiliary heated
plasmas. In fact, in FT, the epergy confine-
ment time derived from the Goldston combina-
tion, i.e.

=

(IE)_ - (TGH)'2 ! “aux)-2
represents reasonably well the behavior of
experimental data if 1., is derived from NAT,
and assuming for T gﬂe Kaye-Goldston scal-
ing [12] where ngmis substituted for Ppo.
(Fig. 4).
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MEAUSUREMENTS OF TOROIDAL ROTATION ON TFTR

S. D. Scott, M. Bitter, H. Hsuan, K. W. Hill,
R. J. Goldston, S. von Goeler, M. Zarnstorfl
Princeton Plasma Physics Laboratory

Abstract Toroidal rotation measurements during a beam power scan at constant final
density on TFTR show a offset-linear increase in rotation speed with increasing power.
Rotation measurements during edge and central beam heating experiments suggest
that momentum transport is governed by a diffusive mechanism and that momentum
diffusivity is considerably larger during central heating.

To supplement a large database survey of rotation speed during neutral beam
injection in TFTR[1], we consider a dedicated scan in which only the beam power
was varied from zero to 5.6 MW. Beam power from two co-tangential beamlines was
injected for 500 ms into the current flattop of a 2.2 MA, 4.7 T plasma resting on
the outer blade limiter at R = 2.58 m, a = 0.82 m. The pre-injection density (7. =
4.2 to 3.2 x 10""m~*) was adjusted to provide nearly the same density at the end of
injection (. = 4.3 to 4.9 10" m?) for all shots. The plasma heating and confinement
scaling derived from this scan has been discussed by Murakami et al. [2]. As shown
in Fig. 1, the global energy confinement time decreased with beam power according
to Tg o Py %% or by an offset linear form, TR = @ + 3/ P eat, with the incremental
confinement time, a, equal to 100 ms.

Figure 2 shows the central rotation speed versus time measured from the Doppler
shift of Ti XXT Ka line radiation for several representative shots in the scan. Anal-
ysis of the velocity time history just following beam turn-on (first 60 ms) shows that
the product of the pre-injection plasma density and the initial velocity time derivative
increases linearly with beam power, confirming that deposited torque increases propor-
tionately to incident beam power. As observed on PDX [3], the exponential decay-time
for central velocity following beam turn-off (500 ms, decreasing to 325 ms at higher
power) is substantially larger than the steady-state momentum confinement time. The
maximum velocity attained during neutral injection increases in an offset-linear fash-
ion to the applied power or torque, vg(m/s) = 3.0 x 10" + 2.35 x 10* x B,(MW) , or
va(m/s) = 3.0 x 10" + 4.7 x 10? x T(N - m)/n.(m~?), where 7" is the incident beam
torque. The velocity can be fit equally well by a power-law form, v, o (T/7, )" 7512,

To derive quantatative estimates of the global momentum confinement time from
the central rotation speed measurements, we solve the global angular momentum
balance, 2 = Ty(1) — T%, where L is the total angular momentum stored in the
plasma, 7, is a global momentum time, and Ty(t) is the beam torque delivered to
the thermal plasma. This equation is solved assuming (1) A fixed radial profile for
vy(r) o (1 = (r/a)*)"%; (2) Equal rotation speeds for all ions; (3) No beam-ion losses;
and (4) Deposited torque calculated numerically using standard Fokker-Planck op-
erators for slowing-down and pitch-angle scattering. Figure 1 shows the global mo-
mentum confinement times derived from this analysis that are consistent with the
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measured central rotation speeds. The inferred 7; decreases modestly with increasing
torque (7, = 123 — 95 ms at high power) and is substantially less than the global
energy confinement time. The assumed profile shape is broader than measured by
Burrell et al. [6] in D-III limiter discharges (which were slightly more peaked than
parabolic) but it matches the early rise of vg(t) just following beam turn-on better
than a parabolic profile. The experimental values for 7, are considerably larger than
rough theoretical estimates based on neoclassical viscosity [4,5] (14 o R*Z.;;Br/T3),
using Z.j; values measured from visible bremsstrahlung and central ion temperatures
derived from Doppler broadening of Ti XXI Ke line radiation, which lie in the range
T4(theory) = 30 — 45 ms. The measured central rotation speeds would be consistent
with 74(theory) only for rather peaked radial profiles of velocity, vg o (1 — (r/a)?)*.

Goldston et al. [7] compare the plasma heating obtained with edge-weighted and
centrally-weighted neutral injection by injecting beams that either miss the magnetic
axis or that pass through the plasma core in a slightly reduced-bore plasma with R =
2.36m,a = 0.70m, I, = 1.2MA, By = 4.6T,7.(OH) = 2.6 x10"*m™3, and P, ~ 2.3MW.
The beams were modulated in three 100 ms pulses separated by 100 ms off-periods.
Differences in time response of the observed central rotation speed in these experi-
ments allow us to identify the dominant momentum transport process as diffusive or
non-diffusive, and to determine the relative magnitude of momentum transport dur-
ing edge and central heating. The central rotation speed during centrally-weighted
heating shows a clear modulation which is correlated with the beam timing (Fig. 3a).
By contrast, the rotation speed during edge-heating rises more or less monotonically
throughout the entire 500 ms of modulated beam injection to a final speed approxi-
mately 2/3 of the speed attained with central-heating. This is the qualitative behavior
one would expect if momentum transport were predominantly diffusive in character,
allowing an inverted rotation speed profile (vg(edge) > vg(central)) to relax to a flat-
ter profile during the beam-off periods. To quantify this observation, we compare the
mean central rotation speed to the results of a 1-D transport simulation.

The transport simulation [8) solves the momentum balance equation [9],

n Ry, 1

;g(rﬁmnxd.‘%v,,,) - mf‘ﬁf:‘h - ;%(mrﬂv,ﬁl"p)

(1)
where Ta(r,1) is the deposited beam torque density, [p(r,t) is the jon flux, myex(r)
is the charge-exchange loss time for toroidal momentum, and x4(r) is the momen-
tum diffusivity. The deposited torque is calculated from collisional slowing-down and
pitch-angle scattering of the energetic beam ions, plus a small contribution (O(e)) due
to first-orhit effects [9]. For computational efficiency, the particle flux is calculated
crudely through the continuity equation (8n/8t + V - n = sources), using only beam
ionization as a particle source.” Simulations were performed for y(r) = constant and
for x4(r) = constant - (1 + 2r/a), where the magnitude of the constant was chosen

a an 1
mnﬁavqs - mRv,,va = Ta(r,t) +

!This treetment obviously underestimates convective transport at the plasma edge where ionization
by wall neutrals is a significant source of ions, but it captures an essential process in that it cancels




to best reproduce the measured velocity time history. Fig. 3b shows the calculated
velocity time history for edge-heating, using x5 = 3.0 m?/s. It confirms that a difl-
fusive transport mechanism gives rise to a monotonically increasing or very gently
modulated central velocity. The agreement between measured and calculated velocity
is excellent, with the exception of the calculated bulge following final beam turn-off
that is not present in the measurements. Similarly, the simulation for central heat-
ing (Fig. 3a) reproduces the modulated velocity observed in that experiment, using
xe= 1.0 m?/s. Thus, momentum transport appears to be considerably faster when
the beam heating is centrally weighted, similar to the behavior of energy transport.
This conclusion is not altered if a radially-dependent form of y, is utilized; rotation
during edge-heating is adequately fit by x4(r) = 1.4(1 + 2r/a)m?/s, while rotation
during central heating is fit by x4(r) = 3.1(1 + 2r/a)m?/s.

We remark that the inward diffusion of momentum implied by the edge-heating
experiment is inconsisent with the recent gyroviscous model of momentum damping
[4], which without further development appears to allow for only an outward-directed
flow of momentum. Inward diffusion of momentum is also inconsistent with local
damping mechanisms such as ripple-damping. Also, even without measurements of
radial profiles of rotation speed, the edge-heating experiments establish some bounds
on the radial dependence of x4(r). The momentum diffusivity cannot be too strongly
peaked near the plasma edge, because an excessively edge-weighted x4(r) causes the
deposited torque to dissipate to the wall before it can diffuse to the plasma center.
Thus, profiles of x,(r) more peaked than x4(r) o (1+2r/a) are unable to reproduce the
measured central rotation speed, irrespective of the magnitude of x4. Small multipliers
on the magnitude of y, generate large edge rotation speeds, but then the time scale
for diffusion of the edge momentum to the plasma center exceeds the duration of beam
injection, and thus the calculated central velocity remains smaller than the observed
value.

This work was supported by U.S. DOE contract No. DE-AC02-76-CHO-3073.
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the An/8t term in Eq. 1 following beam turn-off, which would otherwise lead to an unphysical global
increase in velocity (neglecting momentum diffusion) as the density falls.
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LOCKED n=1 MODES IN JET
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Introduction MHD oscillations in JET are often observed to slow down as
they grow and lock when the amplitude exceeds Se(wall) n, 10 G, then
continue to grow to large amplitude (ETIBetwall) n0.6 - 1.2 x 1072). Such
locked modes occur before all density limit disruptions and most current
rise disruptions and can also develop after pellet injection, as well as
after 'monster' [1] sawteeth and remain at a large amplitude throughout the
discharge. They have a dominant toroidal mode number of n=1 and poloidal
mode numbers of m=2, 3, or 4. These large amplitude modes can have
profound effects on the plasma affecting sawteeth, the electron temperature
profile, plasma rotation, particle losses and in some cases may be
responsible for a decrease in the plasma stored energy.

Calculations with two MHD codes [2,3] indicate that interaction of the
growing oscillating mode with a resistive wall or a small (n 10 G at the
wall) external field asymmetry may be responsible for mode locking.

Detection of Locked Modes Integrating the difference of signals from saddle
coils about the outer midplane from the same signals 180° apart toroidally
measures the odd n component of the radial field perturbations in the
plasma. Two of these predominantly n=1 signals, at toroidal angles of 45°
and 135° (relative to Octant 1) provide the sin and cos components of the
mode so that the amplitude and phase of the locked mode can be determined.

Location of Locked Mode O and X Points Under most conditions, the mode
locks in the same position and remains in that position throughout the
discharge. Figure 1 shows a view of Octant 3 ($ = 90°) of JET for the
standard locked mode position as calculated by an MHD code [2]. The

X point of the m=2, n=1 mode lies in the midplane. This corresponds to
having the 45° locked mode signal negative and equal and opposite to the
135° signal. In some cases, especially after the plasma current and
toroidal field were reversed for counter injection operation, the mode
locks in other locations or changes phase after it has locked, suggesting
that if a field asymmetry is responsible, it changes with conditions.

Pre-disruptive Locked Modes Oscillating growing MHD precursors with
predominantly m=2, n=1 (or sometimes m=3) are observed before most
disruptions. The frequency of oscillation usually lies between 200 Hz and
1 kHz, but increases with NB power to > 5 kHz. The oscillations may last
for only a few msec or for as long as 200 msec before the mode locks. When
locking occurs, the tangential field amplitude at the wall is &4 - 20 G and
the radial field is 0.25 - 1.5 G. After locking, the mode grows to &n
amplitude of Er {By(wall)™ 0.6 - 1.2 x 10-2 just before disruption. The
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Figure 1. Simulation of locked mode Figure 2. Early locked mode unlocks
just before disruption (bg/Bg= 11). during NB, then locks again after a
sawtooth collapse.

duration of the locked mode phase before disruption is normally about 100
msec, but can be shorter than 10 msec at very low q or longer than 1.5 sec
at intermediate or high g. At very low g, the usual precursor oscillations
are absent leaving only a rapidly growing n=1 displacement about 20 msec
before the disruption.

Current Rise Locked Modes Locked modes often develop during the current
rise even as early as 400 msec into the discharge reaching an amplitude of
Br /B,y (wall) v2 - 6 x 10-?. Depending on the evolution of gy(a), the
lockeg mode can decay after 0.5 - 2 sec, continue to grow until disruption,
or persist throughout the length of the discharge. It is observed that the
chance of having a disruption following a current rise locked mode is
greatly enhanced when (a) lies between 3 and 4.. By modifying the
evolution of q (a) throligh changing the plasma aperture, ths current rise
rate, the toroidal field, or indirectly through changing the density,
current rise locked modes can be reduced in amplitude or even eliminated.
Skin current effects may play a role in mode locking during the current
rise. Figure 2 shows a locked mode that begins in the current rise, then
unlocks with the NB and oscillates for several seconds before it locks
again after a sawtooth collapse and remains locked throughout the remainder
of the discharge. The top trace is a rectified and smoothed n=1 combination
of poloidal field pick-up coils. The second and third signals are the
locked mode monitor signals. Poloidal analysis of the mode structure of
current rise locked modes indicates that the dominant mode number can be at
least as high as m=4, n=1. It is possible that the driving mode is still
m=2, n=1 through toroidal mode coupling.
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Locked Modes After Monster Sawteeth Figure 3 shows a locked mode induced by
a monster sawtooth ccllapse during combined ICRH and NB heating. The
expanded time traces show the mode locking on both the ECE and n=1 poloidal
pick-up coil combination signals. Normally, after a combined heated monster
sawtooth there is a large (bg /[Bg 7 x 107* ) oscillating m=3, n=2 mede
that persists for several seconds [1], but when the oscillating mode locks,
the m=2, n=1 can be dominant and oscillate for only 60 msec before locking.

Locked Modes After Pellet Injection In many cases, just after the
injection of a pellet there arises a large locked mode that can persist for
several seconds or result in a disruption. Figure 4 shows such a pellet
induced locked mode that eventually leads to a disruption. The pellet was
fired at 7.0 sec into the discharge. The density decays much more rapidly
if the pellet induces a locked mode, suggesting that such large MHD modes
can increase particle losses. The 'snake’ oscillations [4] often observed
after pellet injection can persist in the presence or absence of
oscillating and locked MHD activity observed on the magnetic diagnostics.

Discussion Large MHD modes can have profound effects on the plasma.
Figures 3 and 5 show that sawteeth during such large modes are reduced in
amplitude by more than a factor of two and saturate much faster. Before
density limit disruptions, the electron temperature profile about the q, =2
surface is rapidly flattened over a region of 10-15 cm just after the mode
locks [1]. The spatial distribution of the neutral influx due to recycling
can also be affected during large MHD modes near the density limit.

A very prominent effect of locked modes is that they can actually stop
the observed central plasma ion toroidal rotation despite intense input
momentum from the NB [5]. This follows the general trend that the central
ion velocity compares well with that calculated from the frequency of edge
MHD oscillations. The strong effects on sawteeth and the central plasma
rotation suggest that magnetic perturbations measured at the wall can
affect the center of the plasma when they reach sufficient amplitude.

In some cases, particularly after monster sawteeth, the onset of a
large MHD mode (b,./Bg ™v2.4 x 1073 ) coincides with a 20 - 257 drop in the
stored energy (Figure 6). In the previous shot, which was similar but
without a locked mode, the temperature reached 5.5 keV at the sawtooth
peaks (Figure 5), suggesting that the large MHD mode may have kept the
temperature low perhaps by increasing plasma losses.

Since large amplitude MHD modes can affect the plasma momentum,
particle balance, and in some cases, appear to affect the energy content
their effects need to be better understood and taken into account when
these basic plasma properties are analyzed.
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SAWTOOTH PERIOD AND THE POSSTBLE EVIDENCES OF A MAGNETIC TRIGGER FOR
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CHARACTERISTICS OF THE SAWTOOTH RELAXATION

An extensive study of the sawtooth period and of the MHD activity con-
nected with the sawtooth crash has been performed in the deuterium ohmic
plasmas of FT at a toroidal field B,= 6 T. The sawtooth inversion radius
r , as desumed by the SXR emission H%el inverted using the Cormack method
[] (with m=0 poloidal number), scales with the safety factor at the edge
q; as: rs/a= ]/qL (where a is the minor radius of the plasma) (Fig. 1).
Siuch dependence, dlready observed in other machines [2], is well verified
in the whole range of discharges considered, with 2.5 < qp < #.50 T?e
empirical scaling of the sawtooth period is found to be T (ms) 3.9 !
(with the electron density n_ in units of 10%9/m3), without any signifi-
cant dependence on gq,. The céntral sawtooth electron temperature modula-
tion, as measured by electron cyclotron emission (ECE) ranges between 3%
and 15% in all these shots, with a
scaling that is ,not far away from
aT,(0)/T,(0)~1/n_ a3'2.

04 THE SAWTOOTH TRANSPORT STMULATION CODE
o | ok ® : A full transport simulation code l
E? A [3] which solves the system of coupled

- non-linear diffusive eguations for the
0.2 . electron temperature Te and poloidal
) field Be perturbations has been used in ‘
order to simulate the sawtooth activity.
|- We use the boundary conditions of |
T (a,t)=B.(a,t)= 0 and as initial condi-
tions the perturbations of the quanti- w
1 L L 1 ties T and B, as predicted by the |
0 02 04 Kadomtsév recondection model [4]. Elec-
/ﬁL tron thermal conduction as desumed by _
the (steady state) power balance [5] |
Fig. 1: Inversion radius as de- and neoclassical electric conductivity [
sumed by the Abel inverted have been used. In performing the power
SXR emission (using the Cormack balance, purely neoclassical ion losses
method with m=0) vs lqu. [6] have been assumed: this figure is |
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Fig. 2: i (r,t) versus time for different

radii as measured by ECE (solid lines) and

calculated by the diffusive code (dashed

lines). Discharge parameters are: qlrz .39,
n,=1.88x10%° rg~7.4 cm.
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Fig. 3: Ratio between the calculated elec-
tron temperature fluctuation and the ob-
one versus the minor radius, for
the same discharge of Fig. 2.
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compatible with T (0) and T.(0) measure-
ments in the centre. In the region O(rsrs
the value of the electron thermal conduc-
tivity can not be desumed by the power
balance: we have selected it by a best fit
of T (0,t). Very good agreement between
experimentally observed heat pulse dif-
fusion in the region of "good confinement"
1<q<2 and simulation has been found. In
particular, agreement regarding the delay
of the pulse peak and absolute amplitude
of the oscillations has been found, except
near the sawtooth inversion radius r

(Figs 2 and 3). This suggests that the
Kadomtsev model provides a fairly good de-
scription of the heat source released by
the sawtooth crash, whereas it could be
inadequate in accounting the details of
the magnetic reconnection.

THE CALCULATED q(r) PROFILE

In the central region of the plasma
(r<r_) the calculation predicts hollow q(r)

just after the Kadomtsev reconnection the q in the centre is cal-

culated to rise above unity. Then the q profile evolves in a non-momotic
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Fig. 4: Typical behavior of the q(r,t) profile: t = just after the crash;

ty=Tp/b; La=Tp/2;

t3=3/41R; t4=IR, just before the Trash.
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profile with an off-axis minimum (Fig. 4).

off-axis minimum
the external one
move towards the
to the sawtooth
calculated values
lq=1]~0.02.

inverted amplitude of the MHD activity (using the Cormack

versus radius for different times before the sawtooth
and after e) f) g) h). Discharge parameters are: qL:3.13,
IR=3.5 ms. ’

In a time t~(0.650.7)t, the
falls below unity and two q=1 resonant radii appear:
is almost fixed in time, the innermost is calculated to
centre and to reach it in a time that is very near
repetition time for all the discharges. However the
of g in the central region are always very close to unity
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THE MHD ACTIVITY ASSOCIATED WITH THE SAWTOOTH

This picture is supported by the observation of an m=1 MHD precursor
activity phase of the sawtcoth (t~(0.7+0.8)t,) on the SXR signals. The
amplitude of the m=1 Cormak inverted signafi reveal that the observed
before the end of the rising time reaching the centre just before the and
that its radial extension increases in mode starts near the inversion
radius r_ crash (Fig. 5). This suggests the possibility of a magnetic
trigger condition [7] q(0)=1 for the sawtooth crash.

A preliminary analysis of the linear stability of such hollow q(r)
profiles with a complete MHD resistive toroidal code [8] has shown that a
radial displacement eigenfunction localized between the two q=1 resonances
is obtained, as far as a resistive mode is excited. This happens for values
of the magnetic Lundquist number 55107, comparable with thcso obtained in
FT.

As far as an ideal mode is excited (e.g. rising the value of S or in-
creasing the pressure gradient) a two steps radial displacement eigenfunc-
tion appears with the discontinuities localized around the two q=1 resonant
surfaces, the amplitude being higher in the centre, as expected by an
analytic minimisation of &W for two q=1 radii [9]. Thus the experimental
evidence of the localized MHD activity in FT seems to be in agreement with
the onset of a resistive m=1 mode. In almost all the discharges an m=1
successor MHD activity (Fig. 5) is also observed which is radially flat
between the centre and r_, persisting up to t~0.3 T,. Again such behavior
suggests that the details of the magnetic reconnection are not well de-
scribed by the Kadomtsev model.
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The sawtooth heat pulse diffusion has been systematically studied in
the FT ohmic discharges in deuterium plasmas at a toroidal field BT =6T.
The operating Huglll -Murakami dlagram [1] has been explored in the range
2.4 < q.< 4.5; 1.0 n_R/B.< 3.7-10!

The electrun temperature profiles T (r), as measured by a single shot
multi-point Thomson scattering system aré shown in Fig. 2, the profile for
each series being ordered in the figure according to its Hugill-Murakami
parameters.
compelling the gq=1 resonance to correspond to the SXR inversion radius r,

[2].

Also marked in Fig. 2 are the q=1 and ¢=2 resonant radii, that bound
the so called confinement region of the discharge, and the shaded area be-
low each profile corresponds to the radial extent over which the sawtooth
heat pulse diffusion is observed; such region corresponds in all cases to
the inflection of the Te(r) profile.

SAWTOOTH HEAT PULSE DIFFUSION IN THE FRASCATI TOKAMAK

C.P. 65 - 00044 Frascati, Rome (Italy) E

1. THE OPERATION PARAMETERS It

Wb-1 (Fig. 1).

The fits to the profiles shown in Fig. 2 have been obtained
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24 XoPR FROM THE POWER BALANCE

. r:‘j- In order to derive the electron

° thermal conductivity ¥ a power balance

a in steady state must 7 performed [3],
° ’//

taking into account the local ohmic power

° input calculated from T (r), the measured

radiation loss, the computed charge ex-
change loss, and the electron-ion power
exchange. The latter comes from the solu-
tien of the ion power balance equation,

| 1 |

Fig. 1:
ing
studied

1

ﬁeﬁ/BT{]U19VUh‘1} classical multiplier @=1 (the available

2 with neoclassical thermal transport assum-
3 4 5 ed in the Chang-Hinton form [4] with a neo

data of T (0)-T.(0) are not in conflict
with 1<a<3)” The™ electron equation is

Hugill plot of sawtooth solved for the heat conducLlon loss P__and
discharges parameters the resulting ¥

dv/a4r2rRn VT*€can

in this paper. be estimated. Tﬁree Examples of® ridial



behavior of
are shown in Fig. 3.

XePB for a low density, a high density and a low qr, discharge

3. Xy FROM THE SAWTOOTH HEAT PULSE DELAY

The average X in the plasma region through which the temperature
perturbation diffuses can be directly deduced from the radial observation
of the time elapsed t (r) until the heat pulse induced by the sawtooth ac-
tivity reaches its maXimum amplitude. This method can be summarized by the
formula [5]

= 279y
AtP = Ar !gerP (1)

In Figure 4 X a5 deduced from electron cyclotron emission is com=
pared to X po, the cylindrical volume average of X P in the heat pulse
observation région [5]. For all g values and n R/By Safues, one can summa-
rize the result as 1 < X P/xe B 2. £

In order to check this result a more complete comparison of the 2w
emission measured electron temperature fluctuations has been performed wi
a diffusion-reconnection code. The detailed comparison is presented in the
companion paper [2] in this Conference and confirms that a single electron

thermal conductivity
yGL ¥ (r) determines both
04

the steady state T_(r)
4 e
profiles and rules  as
well the transient modifi
cations of such profiles
(as far as the sawtooth
induced perturbations are

considered).

4. TNFERENCE ON THE ION
THERMAL TRANSPORT

=) The electron energy
confinement time can be
written as

= 20S
Tge = Kap/Xeyp @

where a,, is the effective
discharge radius obtained
extrapolating linearly at
the T (r) inflection to-

UQ{}D 0 ;(m) 02 ward the edge of the dis-
i%- z1m L | A charge.

1.6
Telkv)

=1=|2==

On the other hand,
1 2 3 4 as the radial profile of

T-R/B ‘1019 ~4 the total energy confige—

2 / T we) ment time T is quite

Fig. 2: Electron temperature profiles order constant over the radius,
ed in the Hugill-Murakami diagram. the comparison should re




Fig. 3: Radial behavior of the thermal conductivity Xap (r) as desumed
from the power balance for a) low density discharge, bf l?igll density dis-
charge, c) ]‘Ow-(LL discharge.
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XepR deduced from power balance. measurements) versus 2T, = 0.?(3%/

XEHP) (from sawtooth dlg'?usmn).

veal whether the electron thermal transport dominates the plasma energy
balance in the confinement region or whether the ion thermal conduction
plays in this region any significant role. Considering, as in all the
present cases, approximately equal total thermal energy in the electron
and ion species one gets the link with the jon energy confinement time
TEi’ as:

2/tE - lftEE + 1/rE1. (3)
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So, if the ions do not play a significant

i o e L 2
role in the energy transport, g 2k(a /XEHP)'

1f, instead, the ions play a  significant

role, the deviation of the dependence of T

on (a2/x ) from a linear one should give
T

the ratio

- 245 o
Tpe/Tgy = 2kap/Xoyp Tg 7 1 (%)

Figure 5 shows that at large values of T,
the ion effect seems quite relevant (wi%ﬁ
k=0.35 to fit reasonably well the linear
portion of the data in expression (2)).

Figure 6 compares the estimates of T,./
/1. coming from equation (4) applied to %ﬁe
dafs of Fig. 5 with the value of Ty \./T
as deduced from the power balance. & ?irgﬁ
observation is that the comparison in Fig. 6
seems to indicate that the ion thermal
transport in  the confinement region has
roughly neoclassical values X. ~ (1%2) X.yr-
A second observation is thatlalready at1§9#
of the high density limit (see Fig. 1)
Fig. 6 seems to suggest that the ion thermal
transport is almost equal to the electron
thermal transport.
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MAGNETIC FLUCTUATIONS AND THEIR CORRELATION
WITH DENSITY FLUCTUATIONS IN TEXT*

K. W. Gentle, Y. J. Kim, Ch. P. Ritz, and T. L. Rhodes
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Introduction

Magnetic fluctuations and turbulence are of particular interest in tokamaks as
a possible mechanism for anomalous transport in the plasma interior and as an
elucidator of the mechanisms of edge turbulence. Although there is good evi-
dence implicating magnetic turbulence with degradation of confinement in some
high-beta, beam-heated plasmas,'? the situation for ochmic discharges is not re-
solved. Extensive observations of magnetic fluctuations on TEXT,® a tokamak
with & = 1m, a = 0.26m, and operated with 1.5 < By < 3T, 100 < I, < 400 kA,
and 1 x 10" < n < 8 x 1019/-m3, illustrate the complexity of the phenomena.
A ubiquitous spectrum of magnetic turbulence can be observed from outside the
plasma extending to several hundred kiloHertz. The spectrum extends from coher-
ent, discrete modes of m = 2 or 3 through a broad turbulent range which includes
both moderate-m components (m < 10) from the interior and high-m components
(m < 40) which are associated with the electrostatic edge turbulence. The spec-
tral properties (frequency, wavenumber, coherency) of these components will be
described, as well as their association with transport. The first measurement of k
for edge turbulence will be described.

Experimental Technique

The magnetic fluctuations are measured with small loops inside a thin stainless
steel jacket. Their sensitivity extends to 1 MHz and k < 3ecm™! (m < 80); they
may be placed as close as | cm to the limiter radius. Ordinary Langmuir probes
penetrating just inside the limiter radius are used to measure the properties of
the electrostatic edge turbulence. Conventional FFT techniques are used to obtain
frequency spectra, but more modern, powerful statistical techniques* are used to
extract the coherency and phase as a function of frequency for signal pairs.

Characteristics of Magnetic Turbulence

A typical power spectrum for B is shown in Fig. 1. The largest power is in discrete
(narrow-band) low-frequency modes found to be m = 2 — 4. Above that, the spec-
trum is featureless and monotonically decreasing. (The apparent peak sometimes
appearing near 100 kHz is significant, but the power curve for B, obtained by divid-
ing by w?, never has maxima.) The spectra extend to a few hundred kiloHertz, but

* Work supported by the U. 5. Department of Energy.
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with negligible power in the higher frequencies. Even excluding the discrete modes,
significant magnetic turbulence does not extend much beyond 100 kHz. The signals
have the properties expected: they are primarily radial and poloidal with at most
a small toroidal component, radial and poloidal components at one point are highly
correlated and 90° apart in phase, and a single component at points separated only
in minor radius maintains perfect correlation and no phase difference.

To test for a gross correlation of magnetic turbulence with energy transport, a
survey of Bims, excluding the discrete modes, over discharge parameters was com-
piled. (For this survey, the coil was kept 0.03m behind the limiter, but the values
of B were extrapolated to the limiter radius from the measured radial dependence,
although the correction was never large.) The magnetic turbulence shows a strong
dependence on g and little on density, whereas energy confinement scales with den-
sity over this range and has little ¢ dependence. There is no simple or direct
relation between measured magnetic turbulence and energy confinement time for
these ohmic discharges.

To obtain information on the k; or m spectrum of the turbulence, an array
of coils with poloidal separations of 6°, 20°, and 27° at the same toroidal angle
was 0.03m outside the limiter radius. The coherency and phase difference as a
function of frequency for a typical discharge are shown in Fig. 2. The low-frequency
components are highly coherent and correspond to m = 3 — 7 as labelled. At
higher frequencies, the coherence decreases rapidly with poloidal angle. The lack of
coherency merely implies a range of m present at each frequency. From the slope of
the phase with frequency, an average dispersion relation can be obtained. For the
data shown, these are approximately linear, consistent with phase velocities in the
range of 6 — 12 x 10*m/s. These results are generally compatible with a model of
various (m,n) modes on rational surfaces which appear with a [requency driven by
poloidal rotation. The rotation cannot be rigid-body, however, for that would not
produce a spread in m-values for a given frequency. A similar result emerges from
comparison of two loops separated both poloidally and toroidally.

Relation Between Magnetic and Density Fluctuations

To determine if some portion of the magnetic turbulence were associated with edge
electrostatic turbulence, correlations between magnetic and Langmuir probes were
sought. Significant correlations were found only if the Langmuir probe were inside
the limiter radius, the magnetic probe were near the limiter, and the two were on
nearly the same field line. Representative data are shown in Fig. 3 for probes with a
toroidal separation of 90° and g,.. = 3. Both coherence and phase are shown. The
properties of the electrostatic turbulence, in both spectra and ccherence, are well
established.® The phase angle between density and magnetic field is determined by
numerous instrumental and physical effects, but if the difference is the same for
all m, the frequency dependence of the phase difference will arise solely from the
frequency dependence of the component of k along the path between the probes.
The condition of constant phase implies k = 0 along the path for that g. Since this




occurs at a ¢ diferent from that for which the two probes are on a field line, ky # 0.
The phase dependences at the various ¢ shown are all consistent with A‘"/kJ_ =01 -
At a frequency of 100 kHz, where m =~ 40, Ay = 4m. For the edge electrostatic
turbulence, the parallel wavelength is remarkably short.

Although the coherence between density and magnetic field is significantly
large, it never comprises the largest part ol the magnetic turbulence at any [re-
quency, and it is a small portion of the total magnetic power. This probably
explains why the eflect has not been previously reported. However, these mea-
surements clearly establish that the edge electrostatic turbulence has a physically
significant magnetic component. (One would never expect complete coherence be-
tween density and magnetic field because the density measurement is local and has a
short radial coherence length, whereas the magnetic field is an integral over current
perturbations at all radii.)

Conclusions

Magnetic fluctuations arise from several processes. High-m turbulence arises in as-
sociation with edge electrostatic turbulence, whereas lower-m effects are associated
with MHD effects from further into the interior. This has the direct consequence
ol implicaling resistivity-gradient driven modes (or similar modes with current per-
turbations) as the mechanism responsible for edge turbulence as opposed to drift or
density-gradient driven modes with no such effects. It has the indirect consequence
of complicating any analysis based on the radial dependence of the magnetic sig-
nal outside the limiter, which would generally be r=™. Given the combination of
processes and m-values present, one can only conclude that near the limiter, both
low-m and high-m from the edge will be seen, whereas well outside the limiter, only
the low-m would be detectable. High-m turbulence from the interior, if present,
would never be detectable outside the plasma. The edge electrostatic modes of
high-m are certainly associated with particle transport at the edge. They have
many of the properties of resistivity-gradient driven modes, but have rather large
m values and surprisingly large k for such modes.®

The magnetic turbulence of lower m-values arising from the interior does not
have a clear association with transport or confinement. The observed amplitudes
are certainly not sufficient to produce significant flux through stochastic magnetic
transport. Whether high-m turbulence in the interior is responsible for anomalous
transport cannot be determined from external measurements.
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SAWTOOTH OSCILLATION: MECHANISMS AND STABILIZATION

W. Park, K. McGuire, D. A. Monticello, W. Morris
Plasma Physics Laboratory, Princeton University
P.O. Box 451, Princeton, NJ, USA

SAWTOOTH MECHANISMS

Different iypes of sawteeth observed on TFTR have been studied. Most
of them «can be described by using reconnection models. Sawtooth
oscillations can be classified as “slow” or “fast” by the time scale of the
crash, or as “simple” or ‘compound” by the structure of their diagnostic
signals. The simple slow crash sawteeth which are the “classical
sawteeth” examined years ago, agree very well with the usual Kadomtsev
type reconnection model in simulation studies. The crash time in a
reconnection model is the full reconnection time tcr:A‘P/\P. where AV is

the total helical flux inside the g=1 surface, and V¥ the reconnection rate.

From the modified Sweet-Parker scaling1. \P~F3/4n1/2 where F is the

driving energy of the ideal nonlinear instability, and n the resistivity.
Since AY=~Ag=1-q,, we obtain tcr~(Aq/F3/4)n']/2. Using a procedure in

Ref.1, one can then estimate z_.. to be on the order of msec for a typical

cr
low B TFTR equilibrium with q,=0.97, which agrees with the slow crash

time. (It is noted that slow crashes as well as fast crashes are driven by
an ideal mode. A typical low B tokamak equilibrium with qp<1 s linearly

unstable to the m=1 resistive mode but stable to the ideal mode. However
the ideal mode gets destabilized nonlinearly, in most cases. When this does
not happen as in the case of the nonlinear m=2 mode, the reconnection time
is on the extremely slow skin time which is on the order of seconds. Any
reconnection process faster than the skin time needs a singular current
sheet maintained as a result of an ideal mode.)
The fast crash of a sawtooth could occur in three different ways:

1) When F is large and Aq small with combined enhancement of factor 10
in the above T.- formula, a fast crash time of ~100usec can occur. This

condition can be satisfied when the driving pressure is large and the shear
small. In such a case, the reconnection process proceeds with a crescent
shaped hot core as shown in Fig.1 (¥ contours). This shape is similar to
the results reported by the JET group (but given a different interpretation
using a non-reconnection picture).?

2) The equilibrium can be somewhat similar to the slow crash case and




the reconnection is triggered (the first trigger) by the current sheet
formed due to a nonlinear ideal instability as usual. If this current sheet
develops strong microinstabilities (the second trigger) which enhance m by
a factor of 100, then the crash time will be shortened by a factor of 10.
Such a sudden speed up of crash process can be found in some of TFTR shots
as shown in Fig.2(c). This figure shows an example of a slow and a fast
crash, and an example of a sudden transition between a slow and fast
crash. (The anomalous m for this process may also come from the electron
viscosity cue to stochastic field line in the x-line region.)

3) It is still possible that a Petschek type reconnection(\i’~tA']) may

cccur under certain conditions, although numerical simulations have not yet
found such a case. The crash time then will be as fast as ~10usec.

As the shear inside the q=1 surface becomes even lower and the
temperaturz profile before the crash becomes relatively more peaked, the
reconnection model gives a hollow temperature profile after the crash.
This causes multiple g=1 surfaces to form off axis, and compound sawteeth
can occur in the simulation. Fig.3 shows contours of helical flux ¥ during
the main crash process of a compound sawtooth. One unique character we
can discern from this picture is that the crash occurs in two distinctive
steps of similar time scales. The hot core become a semi-hot core after
the first full reconnection step, and then this semi-hot core disappears
during the next full reconnection step. It should be possible to check this
two step crash in the experiment if the time resolution of the
measurement during the crash is good enough or a slow crash compound
sawtooth can be found.

SAWTOOTH STABILIZATICN
Most types of sawteeth manifest themselves as a fast local drop of
electron temperature and flattening of the g-profile. Since it is local,

the adverse effect of sawteeth are usually not critical in present-day
tokamaks. However, as plasma beta and shaping factor increase as in the
proposed CIT device, a sawtooth crash will also generate large stochastic
regions thus becoming more dangerous. A method for sawtooth
stabilization has been found theoreticallg.3 The basic nonlinear
stabilizing effect comes from the increased plasma pressure in the m=1
magnetic island. The stability condition is

AB > 8¢ (AQ)?,
p q=1

where Abp represents the enhanced pressure in the island, and Ag=1-q,.




and sq:] ls the inverse aspect ratio at the g=1 surface. This stabilizing

effect can explain the saturation of sawteeth observed in lower-hybrid
wave-driven experiments in PLT, where the ECE signals showed that the
island was heated effectively. This stabilizing effect could also explain
the “snake” phenomenon seen in JET experiments, which has a helical high
pressure structure lasting for seconds. The confinement of this local high
pressure region suggests that this region is a magnetic island, and that a
saturated equilibrium has been reached due to the high pressire in the
island. To intentionally generate such a snake, one would inject a pellet
near g=1 surface. This will cause a local depression of current density to
form a magnetic island. The high pressure in the island then can stabilize
the helical structure to last on the time scale of particle confinement in
the island.

"This work supported by U.S. DoE Contract No. DE-AC02-76-CHO-3073.
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Fig. 1. Helical flux v
contours during a fast
reconnection process. The
hot core {s crescent shaped
in this case, where the ,Bp

difference between the g=1
surface and the center is
0.2, and Aq=0.03.




Fig 2. TFTR soft x-ray data
from the central channel for;
(a) a slow crash, (b) a fast
crash and (¢) a  sudden
transition between a slow and
fast crash. All three disharges
have neutral beam heating: (a)
g.5MW with S55MW in the
counter direction, (b) B.5MW
co-only and (c) 7MW co-only.
Hence (b) and (c) rotate
faster than (a) because of
the more unbalanced neutral
beam injection.

|

N—

Fig. 3. Helical flux ¥ contours during the main crash process of a
compound sawtooth. Two g=1 surfaces are present in this example. The
crash occurs in two distinctive steps of similar time scele, which could
be detected in experiment in principle.
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Summary

The particle transport in ASDEX discharges with sawtooth oscillations is investigated
on time scales comparable to and smaller than the sawtooth period. The net particle
flux is calculated using time dependent electron density measurements both from 16-
point Thomson scattering [1,2] and 4-chord FIR interferometer [3] diagnostics. The
inward flux during the sawtooth build-up phase at #, =~ 5 -10'%m =2 is found to be of
the order 10'®m~2s~! around the radius of the g=1 surface and extends considerably
to the outside. This relatively large inward flux is balanced by disruptive outward
particle transport during the sawtooth collapse phases, resulting in a quasi-stationary
flat denstiy profile.

Method

At ASDEX there is no direct measurement of the particle flux in the bulk plasma. The
electron density, however, is measured. It is related to the radial electron flux by the
continuity equation

i)
n(r,t) + 7~a—[r -T(r,t)) = S(r,1)
r o,
(I': radial electron flux, n: electron density change, S: electron sources, r: minor radius)
The radial particle flux (n; = n.) is then

1 r

T(r,t) = 7f PIS( 1) — ae', 8)]dr’
r

o
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With the density n(r,t) known, the flux is then
1 r
L(r,t) = —7/ r'a(r’,t)dr’
r o

Density profiles are derived from YAG (laser Thomson scattering) measurements and
HCN (laser interferometric) measurements. The YAG data are available for 16 points
with minor radius from 0.055 ...0.39 m every 0.017 s, with a resolution Ay g =
5-10'®m~2, HCN data (line integrated densities) are available for 4 horizontal chords
with minor radius 0, -+0.21, -0.21, -0.30 m every 0.001 s, with a resolution Angcoy =
2-10"m~2. Although the density profiles from the 16 direct YAG measurements are
more detailed, and hence better suited for flux calculations than profiles from the 4
inverted line integrals, the higher sensitivity and sampling rate of the HCN density
profiles make them better suited for investigations of small and fast density changes
characteristic for sawtooth oscillations. To find out whether the inverted HCN line
integrals result in the same flux profiles as the direct YAG measurements do, both
kinds of evaluation were done for a neutral beam-heated discharge, where the sawteeth
are large enough to show up on the YAG density data. Since the sawtooth period in
ASDEX discharges is of the order of a few times 10~ 2s, there are generally not enough
YAG measurements between two consecutive sawtooth collapses to allow a direct flux
calculation. Therefore, during the stationary phase of the discharge, i.e. when the
density profile does not change significantly over many sawteeth, the YAG profiles are
reordered in time according to their phase within a sawtooth. In this way an average
sawtooth is reconstructed with enough sample profiles for calculation of the sawtooth
build-up flux. The resulting flux profile is shown in Fig. 1a. The maximum inward
flux is about 1-109m 2571,

For a cross-check the flux profile was calculated from the HCN measurements that were
reordered in the same manner as the YAG profiles, and then straightforwardly from
consecutive HCN profiles during one sawtooth (Fig. 1b and ¢). The YAG flux agrees
well with the HCN fluxes, although the HCN profiles themselves do not match exactly
the YAG profiles. The flux values found should be higher than the real flux, because
the assumption of zero particle sources is not true for neutral beam heated discharges
(10%° ions/s injected for Pyp; =2 10°W), but the error introduced is systematic and
the same in both YAG and HCN measurements.

The good agreement lends confidence to the calculation of sawtooth build-up fluxes
from HCN cata alone in an ohmic discharge with sawteeth too small to be detected
in the YAG data. In this case, the plasma is source-free. The inward flux is found
to be on the order of ~ 10'®m~2%s around the radius of the g=1 surface and extends
considerably to the outside (see fig. 2).
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Conclusions

Since the density profile is generally quasi-stationary in the presence of sawteeth, we
must conclude that the inward flux is compensated for by the violent, disruptive particle
transport in the opposite direction which takes place in the sawtooth collapses. This
ensures that the net particle flux, averaged over times long compared to the sawtooth
period, is zero, and the density profile remains unchanged as long as the sawteeth
continue.

The inward flux seen during the sawtooth build-up phases is not marginal. A simple
estimate shows that the observed inward flux could double the central density within
0.1 ... 0.2 s, if there were no opposing mechanism. There are indeed some cases,
when the balancing effect of the sawtooth collapses is obviously absent. This is found,
for example, in the early stages of a discharge, before sawteeth have started (5], or
during successful pellet refuelling [6]. The observed peaking of the density profile in
these cases is of a magnitude that is compatible with the profile peaking during the
sawtooth build-up.
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ABSTRACT

Fluctuation measurements in JET are presented and their correlation with
the confinement is discussed for limiter and X-point discharges.

L INTRODUCTION

Measurement of turbulence 1in tokamak 1is motivated by the fact that
anomalous transport is often attributed to micro-instabilities, The
results presented here concern fluctuations analysis in JET using
different diagnostics: edge located pick-up coils for poloidal magnetic
fluctuations (BU), dicdes for fluctuations of soft X-ray and visible
light emission, a reflecvomelter for density [luctuations and Langmuir
probes for elecurostatic fluctuations.

LT LIMITER DISCHARGES

Magnetic pick-up coils in JET detect the usual Mirnov activity (f - 0.3 =+
T kHz) ll], events linked with the internal disruption (the so-called

gong |2]) and fluctuations {3]. The signal is either recorded with
relatively fast ADC (sampling frequency: N0 kHz) or monitored by 8
hardware band-pass filters (from 5 to 506 killz). The amplitude decreases
with frequency: B“d r"‘5 t above 2 kHz. The total normalised
amplitude is typically: By/B, - 107* - 107*. Cross correlation

techniques have been used to determine the spatial characteristics of
these fluctuations. Two different types of activity can be observed in
Lthe frequency range 0 toe 20 kHz. The [irst, dominant at [requencies up
Lo 10 kHz, is observed Lo propagate in Lhe electron diagmagnetic drift
velocily direction (also with Neutral Beam Injection). On the contrary,
the second Lype (dominant from 10 kHz) appears Lo be stationary even
during NBI with n=1 and m equal to the outermost integral q, value. Both
Lypes are strengly correlated along a direction parallel to the
equilibrium magnetic field (B,) (fig. 1). The corresponding correlation
length is larger Lhan the major radius (H). Ihe phase shift between 2
magnetic probes along this direction is very close to zero for all
frequencies indicating k - By -~ 0 for the broadband spectrum.
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The 50 level depends strongly on the plasma-probe distance and increases
when additional heating is applied. This enhancement i3 observed for all
pick-up coils and therefore is not due to a simple shift of the plasma.
It also increases with I, and decreases with By though it is not possible
to determine if it 1is 'a genuine enhancement or is due to the closer
location of the resconant layer at lower q,(a). However, taking these
effects into account by multiplying bO by q,(a) (or BT/B ) the normalised
level is shown in Fig. 2 (for £ = U0 kHz in this example) Lo increase
with tg" (1g = energy confinement time}.

Fluctuations from visible light emission were measured by 2 arrays of
soft X-ray diodes without foils. Tomographic reconstruction confirms
that the measured emission is essentially located at the plasma edge,
Cross-correlation analysis shows the presence of high m wave numbers. In
the frequency range 15-20 kHz the measured m numbers are about 25 ~ 35
and for the frequency range U0-60 kHz the corresponding m numbers are m -
70=100.

Density fluctuations have been measured with a reflectometer. Coherent
oscillations are sometimes sSeen which correlate well with the magnetic
signals. However no correlation between broadband density and magnetic
fluctuations has yet been found. Langmuir probes in the scrape-off layer
can also detect fluctuations in the range 0 to 20 kHz. Preliminary
results indicate that the correlation length is shorter than the distance
(10 cm) between the 2 probes. No correlation has been obtained either
with the magnetic or the reflectometer data as far as the broadband
spectrum is concerned. "

I1I FLUCTUATIONS DURING X-POINT DISCHARGES

During X-point discharges, visible 1light fluctuations are seen to
correlate with the first type of magnetic activity (the propagating type)
measured with a coil which is near the X-point and very close to the
plasma for this configuration, whereas the n=1 low m magnetic standing
fluctuations do not have any visible counterpart.

A new type of edge activity in JET has also been observed. Perturbations
appear to dominate in the phase preceding the transition from a low
confinement regime (L-mode) to a high confinement regime (H-mode) (fig.
3): regular spikes are observed on the magnetic, reflectometry (when
probing the edgs density) and visible light emission signals. They are
correlated with a sudden flattening of the soft X-ray emissicn at the
edge. The repetition frequency of these spikes 1is slowed down _by
sawtooth disruptions, one of which often marks the final transition to
the H-mode. In contrast H-L transitions (which are preceded by a large
increase of edge radiation) are characterised by a sudden burst of
broadband (turbulent) activity with m 2 6-8 and n 2 1, (fig U4a).
Coherent oscillations resonant on surfaces deeper inside the plasma are
apparently unaffected by the transitions (fig U4b). The X-ray emission
drops at the edge ‘and Haradiation from the single X-point region shows a




large increase; very often spikes reappear after Lhis initial burst.
During the H-mode, edge turbulent fluctuations are still present, though
al a much lower level.

IV DISCUSSION AND CONCLUSION

Turbulence up to 50 kHz has been observed with different diagnostics.
Magnetic [luctuations have a very long correlation length (2 R). This
could confirm that the magnetic connection length is of the order of -
qR.

No correlation has yet been found between the broad-band fluctuations of
the different diagnostics for limiter discharges. During X-point
discharges the light emission exhibits some correlation with a magnetic
coil near the X-point for which edge fluctuations dominate the signal.
The enhancement of EU during addjtional heating proportionally to tp'
points out a possible link between bo and the anomalous transport. Edge
perturbations appear to play an important role in the phygics of the high
confinement regime (H-mode).
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SIMULATION OF TRANSIENTS IN JET BY MEANS OF PREDICTIVE TRANSPORT CODES
A. Taroni and F. Tibone

JET Joint Undertaking, Abingdon, Oxon., OX14 3EA, UK

Introduction

An empirical electron heat conduction coefficient Xe constraining the
electron temperature profile to asymptotically reach observed "consistent
profiles" was proposed in [1]. 1In this paper we summarise the results of
simulations of several JET discharges in a variety of situations. The
cases considered are felt to be particularly significant and to constitute
a much more demanding test for a transport model than standard steady state H
or slowly evolving cases. They allow to assess clearly merits and limit- ‘
ations of our model that has to be modified in order to take into account
fast time scale phenomena such as the heat pulse propagation after a saw-
tooth crash.

Computational Results

We have used the expression for the electron heat diffusivity first
derived in [1]

r
I [p

st = P drd] ear

(r) = F(r).
Sl g (r) To(r)

where Pin(Pout,) represents all of the source (sink) terms in the electron
energy balance, while F(r) is a shape factor which determines the detailed
shape of the exponential temperature profile that will be reached in
steady-state (e.g. for a Gaussian profile Te(r‘) = Teoexp(JaTrZ/az) one will
have F(r) = azf’(EuTr")).

This model has been used to simulate, by means of a 14D predictive
transport code, the following plasma regimes experimentally observed in
JET.

Localised off-axis heating experiments - RF heating experiments have been
performed in JET by shifting the minority resonance layer position away
from the plasma centre. Ray tracing calculations predict that heating
occurs in a narrow radial range (ar ~ 20cm), and that electron heating is
largely dominant in the H-minority cases we have studied [21

During off-axis heating, the shape of the electron temperature profile
remains essentially unchanged, with its magnitude increased (Fig.1).

While the Ohmic profile can be reproduced acceptably using various
different models (Fig.la), we find that during RF heating onsz has to
prescribe Ie(RF) > XE(OH) in the external region, while y,(RF) < y,(OH) in
the inner core, where no auxiliary power 1is deposited (Fig.1b). This
behaviour is a natural outcome of the definition of y .

The result is similar to that reported in [3] for TFTR edge heating
exzperiments with neutral beam injection.
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"Monster" sawtooth eveclution - The "monster" sawtooth regime, with up to
1.5 sec long sawtooth-free intervals, offers an opportunity to study the
evolution of the central portion of the electron temperature profile
towards a steady-state configuration without the effect of sawtoothing.

In JET, such transition is observed to occur on a relatively fast time
scale (0.2-0.3sec), and is characterised by a sudden saturation of the
central temperature (Fig.2).

When trying to simulate this behaviour, we find that a transport model
is needed that predicts a strong increase of heat diffusion when Te gets
close to the steady-state, "limit" profile.

One way of doing this is provided by y,pps» by virtue of its implicit
profile constraint (Fig. 2).

Heat pulse propagation - Full transport code simulations where the
Kadomtsev model is used to simulate sawteeth (with the sawtooth period
prescribed from experiment) give realistic predictions as to the sawtooth
amplitude and to the size of the "mixing" region, and can therefore also be
used to follow the time evolution of the computed sawtooth-induced heat
pulses.

We have compared computed and measured results for one representative
discharge for which heat pulse propagation measurements were available
during both the Ohmic and a strong auxiliary heating (Ptot> 10MW) phase.
During the latter, computed and measured times required for the heat pulse
to reach the boundary region are in reasonable agreement. For the Ohmic
plasma the experimental time is about three times faster, Here, it does
not seem to be possible to make the agreement any better by using a purely
diffusive model, if this is bound to reproduce the global confinement and
the steady-state temperature profile.

One effective way of tackling the problem seems to be the introduction
of a substantial "heat pinch" along the lines suggested In [H,S]. We have
added to the electron thermal flux Qe an inward term linear in the minor
radius, Thus one has:

Qg = ~ Mg Xepc VT * Qgyy ~ rh.

Here q,,, 1s the usual convective term and h is a constant such that the
total heat pinch related source in the plasma volume Vp is J’V th=(l-2)POH.

Notice that one can interpret rh/y.pc as a "ecritical gradientP [6.7].

This modification of the model, as shown in Fig.3, actually provides
the required speeding up of heat pulses, while leaving the global confine-
ment unchanged. The effect i3 small during the auxiliary heated phase, and
does not change the previous picture significantly there.

Discussion and Conclusions
Results obtained so far show the following:

= The tendency of Te profiles to relax in steady state to the same shape
independent of the power deposition profiles is consistent with an
empirical electron heat diffusion coefficient increasing locally with the
power deposited inside a given radius. This dependence of y pp and its
local inverse dependence on Ng and Te also provide an automatic improvement
of the confinement in the central region of the plasma when off axis
auxiliary heating is applied, as experimentally observed. However, this
does not imply that the electron heat flux must really be dependent on non




Figure Captions

Fig 1:

Fig 2:

Fig 3:

Experimental and computed T,_-profiles plotted versus a normal ised
flux surface coordinate p for a JET discharge with off- axis RF

heating (#8961, B =2.5Tm I =2.5M4A, N day=1.7+10*>m" 3,
ng?gp=2.2+10'"m™*, Ppr=4.8MW). Figure la refers to the ohmie
phase, Fig 10 to the RF-heated phase. Full ecircles reprzsent the
experimental profiles. The computed ones are obtained using

Ye(Alcator-Intor) [solid lines] and y,po [dotted lines]. During RF

heating, the power deposition profile is peaked around p = 0.6 with
a width ap = 0.1. y is increased in order to reprcduce the
degradation in global confinement, by 50% over the whole plasma

cross-sectlon.

Results of the simulation of the time evolution of T RIP during a
monster sawtooth (solid curve) with yx.pe (dotted curve) and y 51
(dashed curve). In both computations the experimental confinement
time is reproduced.

Heat pulse propagation as computed without (dashed) and with (solid
line) a heat pinch term included in the electron energy balance, as
discussed in the text.

The plasma is ohmically heated, and fhdV - 3.5MW The experimental
time for the heat pulse to travel from p = 0.4 to p = 0.7 is 30
msec.
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local quantities. Most probably, it simply shows that one must look for a
plausible physical mechanism that can provide effects equivalent to the
ones produced by Xepc in our computations. We notice that a coefficient Ya
with a suitable non linear dependence on VT, and other local quantities
could in practice produce steady-state results non distinguishable from
those obtained with ygpr [8].

= Results with Xep based on Gaussian or other exponential profiles are
sensitive to the value of T, at the boundary of the region where y p. is
applied [1]. Thus the scaling of the electron energy content is strongly
coupled teo the power handling capability of the plasma boundary region.
However this is not the only possible way to "normalise" Yapoe An
alternative way is to provide the required normalisation through a proper
internal microinstability, as proposed in [9]. The same microinstability
should provide the correct radial dependence of y,, which remains
unexplained in [9].

i Xepc Seems to be consistent with the time evolution of the central
value of T, in "monster" sawteeth.

= The main features of the heat pulse propagation following a sawtooth
crash cannot be simulated by a transport model including YepC alone. A
simple modification eof the transport model including a so-called "heat
pinch" does allow simulation of heat pulse diffusion. However the "heat
pinch" prescription, while having some theoretical basis in the critiecal
gradient approach [?}, is far from being uniquely defined at present.
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COMPARISON BETWEEN MODEL CALCULATIONS AND EXPERIMENTAL OBSERVATIONS OF
INJECTED IMPURITY ION PROFILES IN THE DITE TOKAMAK

N C Hawkes, N J Peacock, R Barnsley*, S J Fielding,
J Hugill and P C Johnson

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

* Department of Physics, University of Leicester, Leicester, UK.

Introduction

We have observed a long impurity confinement mode in DITE when
operating with high density helium plasmas at low rates of change of
density |1, 2]. Typical results are shown in figure la for aluminium
injected by laser ablation. For discharges with near constant density
[}ane/at|<2x10”m‘3.s'l) the confinement time, 1, increases with density.

In contrast, discharges with rising density (ane/Dt:lo—ZOxlﬁl‘«‘mﬂ,s'l)
depart from this trend at n,>4.5x101%m 3 with I_=100kA and Ne>6x1019m3 at

1 _=150kA. For these conditions, ¢ falls with increasing density. Energy
cBnfinement and other global parameters of the discharge are apparently
not influenced by these changes.

Time Dependence
he time histories of emission lines (A1 XII 1s2-1s2p 7.7574 and Al

XITI 1s-2p 7.1764) are measured with a Bragg rotor spectrometer [3] and
compared with the results of a transport code developed for ASDEX and JET
[4], where the impurity flux Ty (of species k) is given by the equation:

rg = D arad my - 25 By, (1)
where ny is the impurity density, r the radial coordinate, a the limiter
radius, D the diffusion coefficient and S a dimensionless parameter
representing the magnitude of the inwards convection. The code accepts
the measured temperature and density profiles and calculates chordal
emission intensity by the van-Regemorter prescription. The values of
D and S are adjusted to achieve the best fit to the measured rise and fall
characteristics of the Al XII and Al XIII emission lines.

The procedure is to vary D and S simultaneously so as to match the
measured decay time making use of the approximation [ 5],

< = 0.173 3_ exp (- 0.345) (2)

while at the same time achieving as close a match as possible to the
detailed rise time behaviour of the experimental line emission. Probable
errors are estimated from the sensitivity of the fit to changes in S and
D, the results of this procedure are shown in figs lb and lc. In general
the values S and D can be determined within 0.5 and 0.05 (20% over most of
the range) respectively. Figures 2a and 2b illustrate the quality of
agreement often found in this fitting procedure. The results indicate
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that changes in t are accounted for predominantly by changes in 5. The
predictions of the code are in agreement with the ratio of the
experimental intensities from Al XII and XIII at particular values of §
and D. This gives us confidence in our adopted Te profile, the
Al XII/A1 XIII line intensities being particularly sensitive to Te(r).
The model fails, however, to predict the abundances of aluminium ions in
the discharge. These should increase as S is increased whereas in
experiments there is no change in aluminium abundance in long and short
confinement regimes. This is consistent, however, with the idea that the
observed changes are due to changes in central confinement and that the
amount of aluminium entering the discharge is strongly dependent on the
plasma edge physics, which is not altered between long and short
confinement regimes. It should be noted that in all cases the estimated
fraction of aluminium that actually appears in the plasma is of order 1%
of the total ablated off the target.

Observations of Al XI (2s-2p, 5508) emission made with a grazing
incidence diffraction grating instrument are in agreement with the model
predictions of the time dependence of emission for the decay phase (figure
2c). The rise time of Al XI emission is faster than that of Al XII or
XIII, due to its greater emitting shell radius and lower ionisation
energy. The grating instrument time response is slower than the Bragg
instrument due to a lower 1ight throughput so a detailed comparison of the
risetime with the model is not possible. A comparison of the magnitude of
the emission of Al XI with the model is not possible since the instrument
is not calibrated at this wavelength.

In a series of discharges with aluminium injection into a density
plateau followed by a strong gas puff the discharge is made to change from
a long to short confinement mode. At the transition to short confinement,
aluminium held in the core of the plasma is released as the impurity
profile broadens and the Al X Tine intensity is seen to increase,
transiently to be followed by diffusion losses from the plasma as a whole
(figure 3).

Spatial Profiles
he Bragq spectrometer is capable of spatially scanning the plasma

allowing Abel inversion of the chordal line brightness. The spatial form
of these Abel inverted profiles was compared to the model predictions and
close agreement found (figure 4a). The major influence on the width of
the spatial profiles 1is, however, the temperature profile. In the
discharges produced with the long to short confinement transition the
model predicts a rapid readjustment of profile halfwidth by 0.44cm. Such
a change ought to be just detectable in the experimental data (fiqure 4b),
even above fluctuations in the Abel inverted profiles, but is not
observed. A possible explanation for this 1ies in small changes in the
temperature profile as the confinement changes. The outer chords of the
uninverted spatial profile, where signal levels are around 1% of axial, do
show a marked increase in the shorter confinement phase. This is expected
on the basis of our model, but quantitative interpretation is impossible
due to the sensitivity of this emission to immeasurably small changes in
the temperature profile, as well as to the gross changes in confinement.
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Conclusions

njected aluminium impurity confinement in DITE in a helium plasma is
well modelled by an anomalous transport equation of the form of equation 1
where D is approximately 0.3m2s-! and S varies from 1 to 6 depending upon
confinement regime.
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Figure 1: Deperdence of (a) injected aluminium impurity confinement time
v, (b) diffusion coefficient D, and (C) pinch term S, upon density.
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Figure 2: Example of fit of model predictions (dashed lines) to
experimental data (solid lines) for (a)Al XII, (c)A1 XI and (b)blow-up of
rise portion of Al XII. Data taken from a long confinement shot: #29865.
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Figure 3: Example of a shot (# 29940) where the confinement was changed
from long to short at 460ms by gas puffing., After the transition an
increase in Al X is seen as aluminium is released from the core and
subsequently a decay as it escapes from the plasma. Dashed line shows
model predictions with D = 0.3m2s™! and S = 5.5 in the long and 2.5 in the
short confinement regimes.
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Figure 4: (a) Comparison of model predicted Al XII emission profile
(dashed) with experimental observations (after Abel inversion - hatched
area). (b) Time dependence of measured half width.
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TRANSPORT ANALYSIS OF TEXTOR DISCHARGES WITH RF-IHTEATING
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1. Introduction

Tokomak plasma diagnostics yield data sets (Tlevel T data®) from which - among other important

quantities concerning c.g, the current density, the neutral gas and the impurities - the radial profiles

of the plasma parameters (“level 11 data”) may be derived.  We concentrate here on the transport

analysis which resorts to the radial profiles and the power deposition due to ohmic and additional
heating and yields the diffusion coefficient, the clectron- and ion heatdiffusivities, D, y,, and y; re-
spectively (“level T data”) and consequently the local and global power balances.  Essential pre-
requisites for this are the computation of the deposition profiles due to RE-heating and the

numerical method yielding the trnsport coefficients.

2. Power deposition due to RF-heating.

To estimate the deposition profiles the cikonal expansion of the the wave equation is used as in

geometric oplics /1/. The resulting hyperbolic equation for the phase is solved by the method of

characteristics, i.c. by tracing rays in the threedimensional tokamak geometry thereby employing the
dispersion relation of the warm plasma /1/. The rays are started at a surface surrounding the an-
tenna, as indicated in Fig 15 the power allotted to cach ray is proportional to the respective surface
clement and to the Poynting flux, e, the square of the antenna current, which has its maximum
at the high field side (HESY of TEXTOR (Fig.1). In Fig. 1 all rays have been luunched with the same
mitial power; as a consequence the majority is started at HES. All rays are started on the
magnetosonic branch; the ones coming from HES reach the confluent layer and are converted to
ion Bernstein waves /2/.Due to a strong increase of the parallel wavevector component (k”‘]' re-

sulting from its self-consistent evolution along a ray in the total tokamak magnetic lield, these waves

normally transfer their power to the electrons via Laundau damping,.  However, for some rays only
minor increments of 1.“ oceur in the central hot region allowing most ol the power 1o eseape to-
wards the edgethis power can be efficiently absorbed by harmonie damping of the impurity ions
(at /= foy6+ in Fig 1 fpa4 denotes the cyclotron frequency of O%F), The rays started at the low
field side mainly heat the minority species (protons) during many transits between the confluent

POoREC grantee at the Tostitut (ur Plasmaphysik, KIFA Julich
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layer and the cutoff at the boundary. The deposition profiles of ref./2/ are approximated by spline
fits; the power deposited in the impurity ions is assumed to be transferred to the electrons. Fig 2
shows the resulting profiles for the electrons (broken line) and for the ions (full line). The peak in

the eletron absorption at large radius is partly due to impurity heating.

3. Transport analysis

The aim of the transport analysis is to calculate the transport coefficients and thus to obtain the
local and global power balances. The computational tool is an extended version of an | 1/2 d code
/3/ in which a feedback loop connecting the transportcoefficients and the measured profiles is used.
During an artificial time evolution which is started - as in predictive calculations /3/ - from pre-
scribed intial profiles, this feedback effects corrections of the y, —, x;— and D - profiles at cach time
step such that in stationary limit the experimental profiles are reproduced approximately. One ad-
vantage of this procedure, as compared 1o a direct inversion, is that the code can be run partly also
in the predictive mode, i.e. that it can reconstruct missing data e.g. concerning the impunty- and
the neutral gas transport from model assumptions; another is that unrealistic (negative) cocfficients
are avoided which might otherwise arisc because of incompatible profile data. The initial coeffi-
cicnts are those of the empirical ALCATOR-model /3 in which the diffusion cocllicient is given
by Dyre = 1.25‘10”,'(97:3 np) szf:icc . To obtain the corrections for x,, 7; and D, the system
of transport equations is evolved with respect to time thereby requiring the computed profiles
H{p) to converge within prescribed accuracy limits to experimental ones (££p)); i=1 stands for
T, i=2for T;and i=3 for the density n. The method described below effects that the accuracy
limits agree with the experimental error bars. As long as the deviation between the profiles Efp)
and H(p) are to large, particle- and power source are applicd which reflect the mismatch between

the experimental and the simulated data; they read

Pip) = Po, [OFKR)-H{R)) - OyHfp)-GioN ] (1

P"i is a constant source density for power (i=1,2) or particles (i = 3); this density can be prescribed
almost arbitrarily; its upper limit is given by the maximum allowable stilfness of the the transport
equations, The auxiliary profiles G{p) and Fﬂ'ﬁ’) enclose £{p) ; the difference G-y is of the order
of the error bars and thus determines the accuracy of the procedure. @y(x) is the smoothed step
functions with transition width b. If inserted direetly into the transport equations, the source den-
sities j(p) would tend to shift the computed profiles Hfp) between F;and G; . However, to obtain
the equivalent change of e.g. the clectron heat diffusivity, Ay, , the respective source density is to

be transformed into a conductive source density reading

ta
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Similar equations hold for AD and Ayz;. < [Vp|=> is a metric quantity accounting for the shape
of the flux surfaces /3/. On the corrected diffusion coefficient upper and lower bounds given by
01 Dyp <D< 10D 4y ¢~ are imposed. Analogous relations are used for 7, and 7;. These con-
straints may sometimes prevent the simulation profiles to reach the experimental ones but the cal-
culations (scct, 4) show that this margn is in general sufficient. Finally we note that as in predictive
calculations the Engelhardt-inward flow term /3/ is applicd to reproduce experimental density pro-

files.

4. Results
The calculations resort to the data of shot Nr. 19161, which is characterized by the plasma current
!

/
and the total RF-power deposited in the plasma Ppp = 1.94 MW. Fig.3 shows the plasma pa-

, = 480kA (flat top value) a line averaged density reaching 4.7 x 1013¢m=3 during the RF-pulse

rameters during the flat top of the RF-puls between 1000 ms and 1400 ms. The maximum electron
and ion temperatures are 1140 eV and 1000 eV respectively. The maximum electron density is
6.3 % 1013¢m=3 and the density profile is approximated by a fourth order parabola. The maximum
of T, follows from ECE - and the profile shape from current density measurements thereby pre-
supposing neoclassical resistivity. The profile parameters of 7} are the same as those for T, except
for the maximum taken from neutron yield. The transport coefficients computed from the profiles
in Fig.3 are displayed in Fig.4 (full line) together with those of the ohmic heating phase (broken
line). In this phase the maximum values of T, 7; and n, are 870 ¢V, 740 eV and 5.4 « 1013¢m—3
respectively, Fig.4 demonstrates the ability of the plasma to adjust the transport coefficients to the
deposition /4/. In case of RF-heating y, at r=0.9a is around 4 times larger than y,, in the ohmic
heating phase at the same radius; at the plasma center, however, y, is during the ohmic heating
phase larger than during the RF-phase because the ohmic heating power density peaks at the
plasma center. Due to the assumed inward flow term the diffusion coefficient has its maximum
value at the plasma center as well so that the particles deposited there are removed. However, the
diffusion coefficient turns out to be limited by the upper bound mentioned before. In spite of this
the computed density profile is still flat. The clectron and ion power balances which resort also to
the deposition profiles of Fig.2 as an essential input, reveal that the dominant unloading process is
heat conduction (87%). Radiation (6%), convection (5%) and charge exchange (2%) are less im-

portant.
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IMPURITY BEHAVIOUR IN X-POINT PLASMAS ON JET
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INTRODUCTION

The magnetic separatrix (X-point) configuration has been
successfully established in JET /1/. Spectroscopic diagnostics (XUV,
VUV, visible and Charge Exchange Recombination Spectroscopy (CXRS)] have
been used for studying impurity behaviour in these discharges.

The main impurities in JET plasmas are carbon (from carbon limiters
and protection plates) and oxygen. Metals (nickel and chromium from
Inconel walls and antenna screens) generally contribute little to Z of f
and radiated power. Typical 1mpur1ty concentrations (in % of the
electron density, ne) are /2/: 2-4% C, =1% 0, and 0.02%, or less, metals.
During the period in which most of the X-point operation was carried out,
the oxygen concentraticn in the plasma was, however, somewhat higher
(=2%) due to occasional leaks.

X-POINT PLASMAS WITH OHMIC HEATING

During ohmic X-point operation, the carbon concentration was
observed to be only 1-2% n,, a reduction compared to similar limiter
discharges, implying that less carbon was produced at the X-point
graphite target plates than at the limiters. Metal concentrations were
reduced, too, although the plates were most likely covered by wall
material. During previous operation with Inconel target plates no
increase was observed in metal concentrations in the plasma when changing
from carbon inner-wall to X-point operation. These observations indicate
a low plasma temperature (=20 eV) in front of the plates, resulting in a
low sputtering yield. The oxygen concentration, oxygen most likely
originating from the vessel walls, was 1-2% Ng, similar to limiter
plasmas for the same plasma conditions. As a result, for glven n y
was somewhat lower in X-point as compared to limiter plasmas (see Flg ¥§
The total power radiated, P,,4, was =40% of the input power at the lowest
electron densities, increas?ng with n, and approaching 100% at “e =
2x10'® m™?. This includes the power radlated from the X-point region
which was 30-40% of the total power radiated in all cases.

ADDITIONAL HEATING (L-MODE)

During additional heating a modest increase in n, was observed.
With Neutral Beam Injection (NBI) both carbon and metal concentrations
were higher than in the ohmic case, which is consistent with an observed
increase in the edge electron temperature, although the metals might also
have originated from CX sputtering. The C/0 ratio increased during NBI,
in contrast to what was observed in limiter plasmas, where oxygen was the
dominant impurity during NBI at high n,. Somewhat higher Zeff values
were found in X-point plasmas with additional heating - the general
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falling trend with increasing n,, observed in ohmic cases, being
maintained. During Ion Cyclotron Resonance Heating (ICRH) and combined
heating, increased levels of screen material (Ni and Cr) were found in
the plasma as in the limiter cases /2/. The total power radiated from
the bulk of the plasma was typically -25% of the total input power,

H-MODE

During H-mode, n, increased steeply (Fig.2). The electron density
profile was quite fla% Langmuiir-probe data /3/ showed that ng in the
scrape-of f layer was approximately constant throughout the duration of
the H-mode despite -3x increase in bulk density. The electron
temperature profile became broader and the edge temperature was high (a
few 100 eV). Radiation emitted from peripheral carbon and oxygen ions
(CIII -CVand O IV -0 VII lines) was essentially unchanged (or even
decreased) after the L»H transition, whereas C VI and O VIII radiation,
emitted from radial locaticns further in, increased, reflecting the
increasing bulk electron density. The behaviour of the lowly-ionised C
and O is consistent with the observed change in edge parameters, and
results in less total radiation per ion for these light impurities.
After the H-mode was established, the total power radiated from the bulk
plasma increased approximately as ﬁé /4/, except when ICHF was applied,
in which case it increased more steeply due to some metal contribution.
Eventually the radiation losses lead to the termination of the H-mode. -
No ASDEX-type edge-localised-modes (ELM's) (see e.g./5/) were observed,
prcbably because of the high radiation levels.

The bulk particle confinement increased by a factor -3 /6/ in the
L»H transition. The impurity confinement increased similarly. For
carbon the improved confinement can be seen in Fig.2: the carbon
concentration is essentially constant, or increases slightly in the
H-mode, although the carbon influx (represented by the C III-line
brightness) remains unchanged with respect to the hydrogen flux, by
(carbon production yield ¢, /¢H=5%) Towards the end of the H-mode the
impurity confinement deteriorated as 1p (deduced from the decay of the
nickel concentration). There is no indication of impurity accumulation
in the neoclassical sense. Analysis of several metal ionisation stages
as well as the soft X-ray emission profiles and bolometer profiles show
that the metal density profile is not peaked. The absence of impurity
accumulation might be explained by the presence of sawteeth in the H-mode
discharges.

The bolometer profiles are hollow with a broad radiating shell /U4/.
Transport code modelling for carbon and oxygen reproduces the measured
peak radiated power, but the measured radiating shell extends further in
radially than predicted by the code. This discrepancy is presently not
understood.

During the H-mode, Z_rr did not decrease as normal at high ne (see
Fig.1), but remained 51mllar to the lower- ne values of 3-4. The high
Zapp values could be accounted for by the measured central concentrations
of light impurities. The C/0 ratio during H-mode was 1-2:1. An observed
increase in metal density can be explained either by sputtering by CX
neutrals or by the increased edge temperature. The metal concentration
is rather independent of n, for H-mode plasmas which contrasts with the

falling trend with increasing ﬁe seen in all other types of discharges.
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However, the metal concentration is still low: its contribution to Zafrp
is £0.2, and 210% of Ppag 18 due to metals according to transport code )
calculations. For the discharge shown in Fig.2, e.g., the metal
concentration at the end of the H-mode was 0.002%.

SUMMARY AND CONCLUSIONS

In ohmic X-point plasmas Z,pr is reduced somewhat compared to
similar limiter discharges as a result of lower carbon and metal
concentrations. This indicates a low plasma temperature in front of the
neutraliser plates.

In additionally heated, L-mode, X-point plasmas, carbon and metal
concentrations are higher, consistent with the observed increase in edge
temperature. ICRH and combined heating results in higher levels of
screen material (Ni and Cr) in the plasma like in the limiter cases.

During H-mode, particle confinement improves by a factor of ~3;
impurity confinement improves similarly. No impurity accumulation, in
the neoclassical sense, has been observed.

During H-mode, Z,pp does not decrease as normal with higher ﬁe, but
remains at values of 3-4, typical of lower-ng plasmas. Measured carbon
and oxygen concentrations (from CXRS) can account for the measured bulk
radiated power and Z_r., metals contributing only little.

No ASDEX-type EE&ES have been observed. ELM's could allow control
of the plasma density and impurity contamination. It might be possible
to achieve lorger H-modes in JET by reducing the impurity content of the
plasma, in order to obtain ELM's, or to provide some efficient density
pumping mechanism.
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FIG.1 Zgpp VS ﬁe for X-point plasmas with ohmic heating (e), NB-heating
(A) and combined heating (O) (filled symbols denoting H-mode). For
comparison the typical behaviour of limiter plasmas with ohmic heating
( ) and with RF/combined heating (----) are shown.
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FIG.2. Behaviour of line average electron density (ﬁe}, carbon and oxygen
concentrations (from CXRS), hydrogen flux (¢y), and carbon influx,
represented by the brightness of a C III-line (vertical viewing) during
L- and H-mode in a NB-heated (5MW) X-point discharge. The L»H transition
takes place at -12.5 s.
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CONFINEMENT OF IMPURITIES INJECTED BY LASER BLOW OFF IN THE TJ-1 TOKAMAK
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INTRODUCTION

Confinement studies of impurities introduced in the plasma by either laser
blow off or pellet injection have been performed during the last years in
several devices (1) (2) and (3). A non generally accepted picture emerges

from these results, that justifies additional work.

In ohmically heated tokamak discharges, many of the experimental
confinement time data can be fitted by the Alcator scaling (1); plasma
expells the particles independently of their charge and mass, while the
type of background ions determines the particle transport. A slight
decrease in the impurity confinement with increasing toroidal field has
also been found. No clear dependence with plasma density has been reported,
except close to the density limit where long confinement times have been

observed (2) (3).

In this paper the confinement of iron injected by laser desorption in the
TJ-1 tokamak has been studied as a function of the plasma density and of
the toroidal field, This experiment has been performed in a lower range of

toroidal fields than in previous experiments.

EXPERIMENTAL

The laser ablation technique was used to inject iron into ohmically heated
discharges in the TJ-1, a small tokamak (major radius 30 ecm, minor radius
9,5 cm), operated at CIEMAT, at toroidal fields between .8 and 1.5 T and
plasma currents between 35 and 45 KA. The stainless steel wvacuum chamber,
conditioned by Taylor discharge cleaning, is the only limiter. Hydrogen is

puffed in the discharge with a piezoelectric valve started at a base
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pressure of 2.10_4 torr. A Q switched ruby laser, delivering pulses of 2 J
in 30 ns. was focalized on an 1 pm iron film deposited on a pyrex plate. A
vacuum manipulator permits a fine orientation of the plate within an
auxiliary chamber, maintained at a pressure of 10_7 torr. and coupled to
the tokamak through a 75 cm long tube, perpendicular to the torus axis and
contained in the equatorial plane. The alignement of the whole system was
initially made wusing an He-Ne laser, and subsequently optimized by
monitoring the Fel emission at 3581;\, both at the injection point and at

the plasma edge.

Impurity injection takes place once the plasma current reeches its plateau
value. The time behaviour of the injected iron in the hot plasma core has
been monitored with a pyroelectric detector and a vacuum ultraviolet
monochromator provided with a channelectron, both collimated along the
central chord. The decay time of the perturbations in the signatures of

both detectors is then used to deduce the impurity confinement time.

RESULTS AND DISCUSSION

Wooton et al (4) have shown that
the confinement time for energy ]

and particles is dependent on the r J’T i
wall conditien and on the radia-

tion losses. All the measurements

T, Ims)
~

presented here have been performed
under well controlled conditions /
as indicated by the stationary 1k /?

value of Zeff, /

The deperdence of ", on the 0 : :
toroidal field has been studied at B, (T)
values of .8, 1., 1.2 and 1.5 T, FIGURE 1

at a fixed line averaged electron

density of 2.5};1013 cm_3. Fig. 1

Variation of the iron confinement

time with toroidal field
shows the results obtained, the -
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dashed line corresponding to a

parabolic dependence. The observed

increase in Ty is that predicted
by the neoclassical theory (4), r 1
contrasting with the results
obtained at higher toroidal fields
in other tokamaks (1), (6) where L A
the confinement time decreases as L 7

the toroidal field increases. In

Tytms)
T

Table 1 we compare our

experimental confinement times for 2+

LONG TIME CONF

iron with the values calculated

from the Alcator scaling, and from

the neoclassical expression due to o N L : L 3
Rozhanskii (4). Note that Alcator Hela.u.)
scaling fails to give account for

the observed dependence on BT' FIGURE 2

while Rozhanskii expression ariatiie Af Wie Tieh contienmi
predicts fairly well the data

time with the puffing level
trend and the numerical values.

This latter expression was applied toc the TJ-1 case assuming parabolic
profiles for the density and temperature and the Artsimovich ion
temperature. The dependence of with the plasma density has been studied
varying the amount of gas puffed into the chamber. The density was
quantified with an Hg monitor coupled to the same toroidal sector than
the piezoelectric valve. The confinement time is plotted versus the Hg
signal in Fig. 2. At very low density, actually without puffing any
additional gas into the discharge, the pyroelectric detector and the vuv
spectrometer data show the same behaviour, a long confinement time, that
disrupts the discharge in few milliseconds. This point is represented by an
arrow in Fig. 2. With increasing plasma density, the iron is expelled
faster. This behaviour is not predicted neither by the Alcator Scaling nor

by the Rozhanskii theory.

The observed variation of the confinement time with BT is that one would
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expect form a simple picture of the plasma. However, it has not been
observed for impurities in other tokamaks. It must be remarked that the
impurity experiments in the literature have been carried out at higher
toroidal fields than in our case. Our measurements are not in contradiction
with previous results, they rather suggest that Z& improves with increasing
BT‘ reaches a saturation and tends to decrease at higher toroidal fields.
This dependence on the density has not been observed, for _impurities,
although recent experiments show similar results for ?:P (7). In TJ-1, this
behaviour can be interpreted as an effect due to the plasma collisionality,

though a Ze variation with n, or an electric field effect cannot be

discarded asf;ossihle causes. We are indebted to Dr. J. Tagle (JET) for his
contribution to the design of the experiment.

TABLE 1
Comparison between TJ-1 confinement times,

Alcator scaling and Rozhanskii theory

EXP ROZ ALC

B(T) 1 (KA) a, _CI (ms) CI —CI
1.5 46 4.9 3.0t.5 2.1 3.7
1.0 35 4.4 it 1.2 5.7
0.8 a7 9.2 0.8%:1 0.8 a.1
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EXPERIMENTS IN THE TEXAS EXPERIMENTAL TOKAMAK *

William L. Rowan, Roger D. Durst, S.-P. Fan*, J. C. Forstert,

A. G. Meigs, S. C. McCool, P. E. Phillips, B. Richards, P. M. Schoch**,
James C. Wiley, A. J. Wootton, X.-H. Yu*++, and S.-B. Zheng*+++
The Fusion Research Center, The University of Texas at Austin
Austin, TX 78712, U.S.A.

J. S. deGrassie, T. E. Evans, and G. L. Jackson

GA Technologies
San Diego, CA 92138, U.S.A.

INTRODUCTION

A resonant magnetic perturbation applied in the TEXT edge reduces the central
impurity concentration by modifying the edge impurity transport and by reducing the
impurity source. Generated by a toroidally discrete set of poloidal coils, the radial
component of the perturbative field, 8By, is small with respect to the toroidal field, By, and

decreases approximately exponentially from the plasma surface toward the center. 8By has
a principal component which is resonant with a magnetic flux surface near the plasma edge
and additional sideband components that are resonant with neighboring surfaces!.
Computation of the total magnetic field? (for example, figure 1) suggests that as the
perturbation is increased, islands form at each surface resonant with the principal
component or a sideband, increase in width, and eventually overlap inducing ergodicity in
the region of overlap.

EXPERIMENTAL RESULTS
The perturbation is applied to a TEXT? discharge with a resonant surface (m/n=7/2
or 7/3 for this coil set) sufficiently close to the plasma surface that 8B/Bg = 10-3, For

p(=r/a)< 0.8, Te(r) and ne(r) are unaffected by the perturbation so there is no reason to
expect that the perturbation modifies either central electron energy transport or central
particle transport . In response to the perturbation, the emission from all central impurties
is reduced by the same factor, and the reduction occurs on an impurity transport time scale
(figure 2). In addition, the central impurity confinement time as determined from the
temporal behavior of injected impurities is not changed. Since itis thus unlikely that central
impurity transport is affected by the perturbation, the central impurity reduction must
follow from changes in edge processes, either in transport or in the impurity source.

The perturbation causes a substantial modification in some edge impurity
distributions. On a time scale comparable to that of the perturbation, light impurity ion

concentrations for p < 0.95 tend to decrease while for larger radii they tend to increase.
Some edge impurity distributions develop well-localized, strong increases near the field line

*Supported by U. S. DOE Contract DE-AC05-78ET-53043
+IPP, Hefei, PRC

++RPI, Troy, NY 12181, USA

+++IPP, Chinese Academy of Sciences, Beijing, PRC



X-points for induced islands (figure 3), but their shapes are otherwise unaltered. The
strength of the distribution perturbation increases as 8By increases, and those impurity ion
distributions which are most perturbed are also the most localized radially. Thus far, this
distribution phenomenon is the most robust indication for the presence of a poloidally
varying perturbation.

The edge electron temperature, the edge radial electric field, Er, and the edge
particle transport are all substantially affected by the perturbation. Te is reduced in the

range 0.8<p<1.0 suggesting that the impurity variations are at least partially due to changes
in source. The inward-directed Er is substantially reduced over the perturbed region. Edge

particle transport is increased for a limited range of 8By thus demonstrating that the
perturbation can affect at least this aspect of transport.
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Figure 1. A Poincare plot showing the intersection of perturbed field lines with a
poloidal cross section. For this case, the m/n=7/2 perturbation produces both

islands and ergodic regions for r>18 cm (p > 0.7), but its effect does not penetrate
nearer the center.

DISCUSSION

While the supporting data (¢ and Te, for example) indicate that both edge transport
and source contribute to the reduction of the central impurity concentration, simple
inspection of the observations does not conclusively select one over the other. One
dimensional impurity transport simulation? does suggest the most likely mechanism. The
simulation is limited to the edge plasma since there is no experimental evidence for

transport variation for p < 0.8 and since computations (for example, figure 1) predict that

the effects of the perturbation are limited to p > 0.7. In the simulation, the effect of
reducing the impurity source is to reduce the concentration for every edge impurity
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ionization stage on an impurity transport time scale. This clearly disagrees with
observations for the edge impurities. The effect of a well localized transport feature, as
might be expected for an island’ is in good qualitative agreement both with time scales for
changes and with the increase of some impurity ionization stage concentrations and
decrease for others. With a broader stochastic featuref (e (5By/B)2) extending over the
entire perturbed plasma region, the simulation predicts the observed changes in impurity
concentration, but also suggests that equilibrium is established over a time scale that is
longer than observed. Radially limited stochastic layers might be a more realistic
description for the type of stochasticity present in this experiment.

T T T T

relative brightness

1 1 | 1

0 100 200 300 400 500
time (ms)
Figure 2. Typical emission from a central impurity ion (Fe*19). In the interval
(A), the perturbation is increasing and the impurity emission begins to decrease on a
transport time scale. Over (B), the perturbation is constant. In interval (C), the
perturbation decreases to zero, and the impurity emission responds by returning to
the preperturbation level.

CONCLUSION

The resonant magnetic perturbation reduces central impurity concentration without
affecting central transport. The reduction is caused by direct modification of the edge
transport and by indirect modification of the impurity source via changes in the edge Te.
Impurity reduction is a significant result, but its usefulness -- the degree to which it can be
optimized as a plasma purification tool in fusion applications or exploited as a means for
better physical understanding of plasma processes -- depends on identification of the cause.
Here, the major perturbative effect seems to be the production of a well localized transport
feature. An island is most likely, but an ergodic layer more localized than that used in the
simulation is also a candidate. This experiment confirms predictions’ that a resonant
magnetic perturbation can be used to control impurities although the specific mechanism is
not yet fully understood.
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Figure 3. Tomographic reconstruction of the emission contours for a Cc+3 spectral
line. This poloidal cross section demonstrates enhancement of emission near the X-
points for interior islands. The field line configuration predicted is that of figure 1.
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IMPURITY PENETRATION INTO A ROTATING PLASMA -- THEORY AND EXPERIMENT
K.L. Wong, C.Z. Cheng, B. Stratton, A. Ramsey
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ABSTRACT

Guiding center orbits of impurity ions in a rotating tokamak plasma
are calculated for TFTR parameters. The calculation is carried out in a
coordinate system which rotates with the plasma. It is found that the
centrifugal force and the Coriolis force play a dominant role; as a
result, the banana width can be significantly larger when the plasma is
rotating at high speed due to neutral heam injection., The banana width is
approximately proportional to the rotational speed and inversely
proportional to the plasma current. The orbit characteristics are
sengsitive to the direction of injection. In the case of co-beam
injection, freshly ionized impurity ions, essentially stationary in the
laboratory frame, are counter-rotating in the plasma frame. Thus, their
first banana orbits move outward in minor radius and are much enhanced in
width, This makes it difficult for the impurity ions to penetrate through
the plasma edge. This calculation offers a qualitative explanation for
the experimental data from PLT and TFTR.

It was found in pLT! impurity injection experiments with neutral beam
heating that the impurity 1line-radiation profiles and their temporal
evolution are not sensitive to the direction of plasma rotation. This
apparently disagrees with existing theory.®’ However, a given injected
amount of impurity results in a factor of two to three less impurity
concentration in the co-beam case. Similar behavior was observed in TFTR
recently. Figure 1 shows the 127.8% MoXXXII line intensity evolution
after molybdenum was injected into a rotating TFTR plasma. The amount of
injection was kept to a minimum so that the increase in total radiated
power from the injected impurity was negligible. During counter-beam
injection, the line intensity was more than a factor of two stronger than
during co-beam injection. 1In this paper, we attempt to explain this from
the orbits of the impurity ions.

Let us assume that each magnetic surface in the plasma rotates as a
rigid shell about the axis of symmetry with angular velocity w which can
vary among different magnetic surfaces. @ usually peaks at the plasma
center with values € 3 x 10° rad/sec for TFTR experiments. In order to
avoid complications associated with moving magnetic field lines, we carry
out the orhit caleulation in a coordinate system which rotates with the
plasma. The equation of motion for an impurity ion is

d-:r > > > > + * > > +
m=—=q (E+VxB) - 2nw xV-mw=x[wxI (R +r)]. {1)
dt o
The last two terms on the right hand side are the Coriolis force and the
centrifugal force, respectively, The centrifugal force pushes the plasma
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Fig. 1 Evolution of the 127.8% 1line intensity from MoXXXII after
molybdenum injection into TFTR at 4.5 sec. (a) 5 M4 of counter-
beam power (b) 6 MW of co~beam power. Ip = 900 kA for both cases.

#ETX0330

/
[~— Flux

\ Surface
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Fig. 2 Schematic drawing for a banana orbit of an impurity ion in a
plasma with (a) co-beam injection, (b) counter-b2am injection.
For w = B x 104 rad/sec, I_ = 1 MA, a 1 keV ?"eva ion trapped
between 8 = + 2 radians has a banana width of 5 cm.
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ions towards the large major-radius side and causes an electrostatic
potential to build up:

- T 4> .5 2
b o= -
o A 3 (R <R">) (2)
i i'e N >
where < > denotes averaging over the magnetic surface. Putting E = -V
and solving Eg. (1) with the guiding center approximation, we ohtain the

guiding center drift velocity in the rotating frame:

4 AT M
o= (14 ) BB+ B A
gB Vl B

+ - > + + + +

2m (w x V) x B mw x (w x R)] x B
2
qBZ qB

’ (3)

where g4 = 1/2 mV 2/B is the magnetic moment. The first term is the drift
velocity due to Jrlae.:moa-t:i.c: field gradient and field line curvature, and the
other three terms are the consequence of plasma rotation. For TFTR
parameters, the first term is small compared with the other terms and we
find that the banana widths of impurity ions can be several times larger
in a rotating plasma. The orbits are obtained by integrating Eq. (3)
together with the parallel component of Eg. (1). For simplicity, we
assume circular concentric magnetic surfaces and Fig. 2 schematically
shows the banana orbits for the two directions of plasma rotation. 1In the
co-injection case, the orbit shifts towards the plasma edge, and in the
counter-injection case, the orbit shifts towards the plasma center.

In order to explain the impurity injection experiment, 1let us
consider a neutral impurity atom near the plasma edge. Since the atom is
almost stationary in the laboratory frame, it will be a passing particle
in a rotating plasma after it is ionized and collisions will scatter the
particle into a banana orbit, In the case of co-beam injection, the
impurity ion stationary in the laboratory frame is counter rotating in the
plasma frame; the first banana orbit moves outward in minor radius, and it
can be scraped off by the limiter as shown in Fig. 3a. In the counter
injection case, the first banana orbit moves away from the liniter and
inboard in minor radius and therefore has a better chance to penetrate
into the plasma interior. Numerical particle simulation based on this
orbit theory is being carried out. Pitch-angle scattering and energy
equilibration with the bulk plasma are included. Preliminary results show
that it is indeed true that more impurity ions can penetrate into the
interior of a plasma with counter-injection, in qualitative agreement with
experimental observations.
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Fig. 3 First banana orbit of a freshly ionized impurity ion in a plasma
with (a) co-beam injection, (b) counter-beam injection.
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The' experiments on the study of Ohmie, lower hybrid current drive
and. clectron cyclotron resonence heating regimes have been con=-
tinued on T-T.

In fthe Ohmic regimes of the discharge with various currents and to-
roidal fields an evolution of the plasma density and temperature
profiles at variation of ﬁé has been measured. The comparison be-
Ne/7 but with various Zl has
been done. A particular attention in the discussion of the results
is given to the profiles formed in the discharges with the limi-
ting ﬁé/{z end in the discharges close to them. The main depen—
dences of plesma parameters in these regimes are formulated.

Iue siuuy or sumU-plasme 1nstability with respect to the m=2, af

its sponteneous development and under the avedrupole magnetic fi-
eld ﬁroduced with a special coil, has been done. The m=2 magnetic
island width has been measured with the synchronous detection of
the sygnal from the scemming sensor of soft X-ray radiation with
respect to the sygnal from Iirnov probes. The studies have been
done in the Chmic end Li-regimes.

In the experiments on current drive simultereously with the Lll-po-
wersthe Power from two gyrotrons, opereting at different frequenci-
es, was launched into the plasma. One of the gyrotrons generated
the power at the ECR-frequency, at the plasma column axis. The fre-
quency of the sscond gyrotron was chosen from the condition of Che-
renkov resonance for fast electrons in the beam produced by the
lH-waves. The main attention in the experiments has been given to
the problem of current drive efficiency and to the study of heating
of the electron component.

The experiments were carried out at the following LH and ECR pa-
rameters: power launched in the LH-range (900 IHz) was 500 kW, to=
tal power of two gyrotrons was 60O LW, their frequencies were 63
GHz gnd 81 CHz

tween the discharges with the same
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Rensselaer Polytechnic Institute, Troy, NY 12180; *Fusion Research Center, The
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INTRODUCTION

Simultaneous measurements of the turbulent fluctuations in both n and @ have
been obtained on the TEXT tokamak with a heavy ion beam probe(1). These
measurements show that in the plasma interior $IkTe is greater than n/n. The
measurements also permit the evaluation of the S(k,w) spectra and the local particle
flux due to the electrostatic fluctuations as a function of radius. The total flux is
estimated by assuming poloidal and toroidal symmetry and integrating over the magnetic
surface. The results are compared fo the total particle flux evaluated from both Lyman
alpha measurements of neutral hydrogen and from Langmuir probe measurements(2).

EXPERIMENTAL RESULTS
A 500 keV Cs* ion beam HIBP was used to study the turbulent fluctuation spectra
in TEXT. The ohmicaly healed plasma discharge condilions were By =2.0 T, ‘p =200 kA

and ng =3 x 101%m=3. For these operating conditions, measurements could be obtained
over the range 0.6 < r/a < 1.1. The bandwidth for both the density fluctuations, n, and
potential fluctuations, &, was 500 kHz. Separation between the two simultaneous
sample points varied with the radial location of the measurements but was of the order
of 2 em. The orientation of the separation could be varied from strictly poloidal to
strictly radial but only one fixed orientation was available at a gf}'e" plasnrpa location,
Signal to noise ratios in excess of 100:1 have been obtained for n but for ¢ the typical
value was 3:1.

Typical auto power spectra for n/n and & are shown in Fig. 1a for data from one
sample volume. The system is sensitive to poloidal wavenumbers (kg) values up to 10
cm™!, and the spike in the & spectra below 50kHz is due to MHD effects. Fig.1b shows
the coherance, (y), and phase difference, (o),between 0 and . The phase is nearly
constant with a value of ~m/4 and the coherance is greater than 0.4 for 50kHz to
400kHz. A plot of A/n and <“ﬂkTe as a function of radius is shown in Fig. 2. The plotted
points are rms values for frequencies above 50kHz so as to avoid MHD effects. A typical
value for $is 10 volts. For all radii except r/a= .88 n/n is greater than aikTE. which

is in disagreement with the simple Bolizman condition. n/n and & have the same
spectral shape in the frequency range of 50kHz to 150kHz, (these are the frequencies
which contribute to turbulent transport), so the disagreement with the Boltzman
condition occurs over this entire frequency range.
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The coherence and phase between simultaneous measurements of n/n at two
separate points in the plasma are shown in Fig. 3. The & measurements showed the
same phase shift as the n/n in the spectral range of 50kHz to 150kHz, showing that the
nand & have the same k values. For this particular measurement r/a was equal to 0.9
and the separation between the two peints was 1.5 cm in the poloidal direction. The 2n
phase shift at 120 kHz indicates spatial aliasing (half the wavelength becomes equal to
the sample point separation). The well defined phase shift permits evaluation of kg

and yields an experimental dispersion relation of w/k= constant. It also indicates that
the poloidal correlation length is greater than 1.5 cm. Similar measurements with a
radial separation between the two points shows very small coherence, indicating that the
radial correlation length is measureably smaller than the poloidal correlation length, in
agreement with Langmuir probe measurements in the outer region of the plasma.

The two point measurements indicate that the fluctuations are propagating in the
electron diamagnetic drift direction. The associated poloidal electric field is kg® and the

radial E x B flux (which is in the outward direction) Is given by

1"|=<ﬁ' Vs = (1IB)k@ﬁ5ysinu

where o in the phase angle between the density and potential fluctuations. T is the local

particle flux: assuming poloidal and toroidal symmetry it is possible to estimate the
total outward particle flux (I') due to the turbulent fluctuations. This is shown in Fig. 4
as a function of plasma radius. The HIBP measures a nonzero flux of 1-4 x
1018m 251 at 1/a=0.65. Also shown is the total particle flux,derived from
spectroscopic H, measurements. To within experimental error the fluxes are in
agreement over the radial range measured with the HIBP. At larger radii the results can
be compared to Langmuir probe measurements.

Thus the measured electrostatic turbulance accounts for the total particle flux for
r/a>0.6. The convective energy flow to the limiter (J5/2kTgI'ds), is ~140kw for this

discharge. Charge exchange and radiated power measurements by bolometry accounts
for ~125kw. Combine these account for all but 55kw of the 320 kw ohmic healing input
power for this discharge.

CONCLUSIONS

Simultaneous n-& measurements on TEXT have shown that &kTe is
approximately 2 times larger than n/n over most of the plasma radius, for all
frequencies in the 50khz to150khz range. The poloidal correlation length is larger than
the radial correlation length and the dominate direction of propagetion in in the electron
diamagnetic drift direction. The net outward particle flux from electrostatic
fluctuations (for r/a>0.6) is equal to the total flux to within experimental errors, and
for this discharge convective energy loss is significantly greater than conductive.
Additional measurements are needed to evaluate the validity of the assumed poloidal and
toroidal symmetry.
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FAST CURRLUT=RISE STUDIES ON THE TULAII=3 TOKAIAK

DURING STATIONARY STAGE OF OHINICALLY HEATED PLASINA DISCIIARGE
L

Asgkinasi L.G.,Bogdanova N.E.,Golant V.E.,Goncharov S.G.,
Gryasnevich M.P.,Izvozchikov A.B.,Lebedev S.V.,Razdobarin G.T.,
Rozhdestvenskij V.V.,Sakharov IM.V.,Khalilov M.A.,Chernyshev FoV.,
Shahovetz K.G.

A.FP.Ioffe Physical~Technical Institute,Academy of Science,
Leningrad, USSR

ABSTRACT

The experiments on fast current-rise after major radiua come
pression have been performed /1/.Initial plesma parameters were:
I, = 10 kAR =62 cn,q, =2.5-4.0,T, =0.8°103ea™, 2; = 110 eV.
After compression and plasma currcnt-iice these valuec becames

I, = 100=120 kAR =53 om,q, =2.0-3.5,1, =1,5°10"en™,1, = 350~

P
500 eV,T; =130-~200 eV.Plasma current density diptributions have
been obtained from externnl magnetic neasurecncents in peversl dige-
charges.Prelininary data shows fast relaxation of the j=profiles.
Time behaviour of the plasms current dengity and eclecciron tem=
perature profilec have been studied by tronsport code simulationse.
Ilumerical resulte have been compared with the experimental data.
Hagnetic islands on the plasma periphery seems to be responsible
for MHD-activity spikes during current-rise period.Fast increase

of T has been obperved in the regime with low q values.

1.Bender S.lie,Golant V.L.,Gornostacv S.Ve.et 0l.XI Tur.Coni. on

Contr.Fusion and Plas.Phys.,hachen,1983,ve1,pa111.
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WULERICAL SIIULATION OF DISCHARGES IN TORAIAK OM THE BASIS
0F 4 SULP-CQISISTEIT Li0DBL FOR ANOIALOUS TRASPORT PROCESSES

Parail V.V., Tarasyan K.
I.V.Xurchatov Institute of Atomic Energy, lioscow, USSR

A self-consistent model of encrgy and particle balance in tolkamalk
in both Ohmic and suxiliary-high power-heating regimes on the ba-
sis’ of an snalysis of stokhastic processcs in the transport of
charged particles at their interaction with the vigorously-non-li-
near electromagnetic fluctuations has been built. It is conside-
red thet an anomalous transport in Olmic regimes is mainly rele-
ted with the stokhastic diffusion of banana electrons in the regu-
lar convective cells, resulting in a well-lnown relationship for
the electron diffusivity coefficient: X :‘Eﬁﬂ TTE?' e The
inclusion of an auxiliary-high pOWer—heatlnb’rééultﬁ in a destabi=-
lization of the drift-~type cells, when an inequality VNVHC#Z Vﬁﬁ@
is soiisfied. The presence of a finite life time for the cella re-
sults in the emergence of enomalous heet fluxes for both electron
ond icn coi..onluus as weil as in the plasma daifrusion, as a whole,
with a charwacteristic transport coefficicent Xﬁf“’f%‘t /iﬁe i‘%%zf
The proposed set of equetions for the energy and particle balence
has been integrated numericelly. The results of calculations have
shovn that the proposed model allows to describe both the Ohmic
discharges and the discharges with awdliary-hignh power-heating
on =10, D-III, TFTR, including the super shots, by the same
approach. This model gives a good agreement with the resulis of
dynamic experiments on heat pulse propegation.
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ELECTRON DENSITY PROFILES

IN NEUTRAL BEAM HEATED PLASMAS

Grek B., Park H., Goldston R.J., Johnson D.W. , Mansfield D.K., Schivell J.
Princeton University Plasma Physics Laboratory, Princeton N.J., 08544, USA

INTRODUCTICN

In this paper we present data on electron densi-
ty profiles measured with a 76 spatial channe!
Thomson scattering system and a 10 channel in-
frared interfercmeter during neutral beam
heating experiments on TFTR. For the data pre-
sented here the carbon tiled inner wall was used
as the plasma limiter. Depending on operating
conditions the electron density profiles exhibit-
ed a variety of shapes, as waell asymmetries
with respect to the electron temperature pro-
files. Differences between the line integrals of
the Thomson scattering density data and the in-
terferometer data are interpreted as being
caused by cold plasma located between the last
closed magnetic flux surface of the plasma and
the vacuum vessel walls. All the profiles shown
here were taken near the end of the neutral
beam pulse, so as to be as near steady state as
possible.

Electron density profiles on TFTR during neutral
beam heating ‘all into two general categories.
The first is a generally broad density prefile
which is characteristic of the L-mode operation
with significan:ly reduced energy confinement
compared with purely chmically heated dis-
charges. The second category consists of
peaked profiles which are observed at lower
plasma curren's (.8 to 1.1 MA), in a well condi-
tioned machine, with confinement times much
greater than given by traditional L-mode scal-
ings. Although a continuum of electron density
profiles between these categories has been ob-
served depending on vacuum vessel condition-
ing and machine operation, we will consider
these two regimes independently.

L-MODE REGIME

Electron dansity profiles characteristic of this
mode of operation, for two different densities,
are shown in Fig. 1. For reference purposes
density profiles of ohmic discharges, for simi-

lar density ranges, are also shown. As can be
seen the beam heated plasmas differ in overall
profile shape as well as edge characteristics
from the ohmically heated ones. The ehmic plas-
mas have a generally parabolic shape that goes
to a density that is usually of the order of
10'3/6m? or less at the wall. The second de-
rivative of the density with the minor radius is
negative everywhera. Depending on the form
and magnitude of the pinch velocity assumed,
particle diffusivities from 103 to 104 cm?/
sec are calculated from this ohmic plasma over
the bulk of the profile (using particle source
terms as calculated by the SNAP code). The
higher density beam plasma has a much higher
edge densily at the inner wall that is the limit-
er, and also has very steep density gradients at
the outer edge. The lower density beam shot
was obtained with a well conditioned inner wall,
whereas the higher density discharge was gen-
erated before wall conditioning. Comparison of
the two profiles show that the major difference
between them is an apparent pedestal of about
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2x1013/¢m3. Very high density gradients are
therefore generated at the plasma edge for this
mode of operation. Particle diffusivities for the
beam shets are of the order of 10% cmz.fsac,
over most of the inner plasma. It is also of in-
terest to note that the interior density gra-
dients are nearly identical in these two shots,
since the major difference between these two
beam shols is a pedestal in the density. The
second derivative of the density with respect
the minor radius is gsnerally positive on the in-
side of the plasma and negative on the outside.
Since purely radial diffusive flow cannot ac-
count for this, one might assume that poloidal
flows must exist in the plasma.

Line integrals of the Thomson scattering data
were calculated assuming that flux surfaces are
shifted circles with constant electron tempera-
tures, but with densities that have a poloidally
varying component with a cosine dependence on
the poloidal angle. The ratio of line integrals of
the Thomson scattering data thus obtained and
the interferometer data are shown in Fig. 2. As
is evident from the figure a significant contri-
bution of cold plasma to the interferometer sig-
nal must be assumed at the plasma periphery.
This plasma is either outside the range of tem-

FIGURE-2
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peratures that is detectable by the Thomson
scattering system (<30 e.V.) andlor is located
out of the machine mid-plane.. Taking account of
geometry of the TFTR inner limiter implies that
a cold plasma with a density in excess of 1014
cm* must exist near the inner edge for the high
density case. For the lower density beam heated
case and for ohmic plasmas, a cold edge plasma
with a density in the range of 10!3fcm is suf-
ficient to account for the differences between
the Thomson line integrals and the interferome-
ter data.

The above general characteristics do not seem
o change with either beam power or beam or-
lentation. Fig 3 shows density profiles obtained
in somewhat smaller plasmas using beams
(about 2.5 MW.) that were more perpendicular
in order to penetrate deeper into the plasma
(tangency radii of 1.9m) or for beams that were
more tangential with the outside of the plasma
(tangency radii of 2.75m), so as to heat and fuel
the outside.! Although the calculated particle
source terms were considerably different in tha
two cases, particularly in the plasma center,
the two density profiles are remarkably simi-
lar.
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The two density profiles do however show some
differences in asymmetry with respect to the
temperature profile. The edge heating case has
a higher outward asymmetry at the outer plas-
ma edge. If this density asymmetries are inter-
preted in terms of a toroidal rotaﬂiorm.3 and as-
suming that the ion temperature profile is the
same as the electron temperature profile (with
a central ion temperature as calculated by
SNAP), the toroidal rotation profiles shown in
Fig. 4 are obtained.

SUPERSHOT MODE

Electron density profiles characteristic of this
mode of operation are shown in Fig. 5. The pro-
files in this mode differs in two major respects
from those in the L-mode.? First the density
profile is highly peaked, with negative second
derivatives over the bulk of the discharge. A
larger part of the density difference is now
supported in the bulk of the plasma. Peak 1o
edge density differences of up to 6x1013/cm?3
have been observed to be supported by the in-
terior of the plasma, with edge pedestals of
about 1.5x10137cm? or less. Second, the
character of the cold edge plasma is different.
The ratio of the line integrated density from
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Thomson scatlering to that from the interfe-
rometer is generally close to one over the full
profile, and deviates from unity only near the
inner wall. This implies that a colder plasma re-
gion exisls primarily near the inner wall with
line averaged densities of significantly less than
1013/cm3. The main difference between the
two profiles shown in Fig. 5 is the neutral beam
orientation. The central densities for the case of
near balanced beam injection are considreably
higher than those obtained for the all co-
injection cases. The peak electron temperatures
obtained with balanced injection are often
greater than 6 KeV. whereas the peak electron
temperatures for the co-injecton case is of the
order of 4.5 KeV.

Another differance between the two discharges
shown in Fig. 5 becomes apparent whan the den-
sity asymmetry with respect to the tempera-
ture is examined. This is shown in Fig. 6 where
the normalized density asymmetry [(outer den-
sity-inner densily)/(mean density)] at a given
temperature is plotted vs. minor radius. As is
characteristic of all disharges limited by the in-
ner wall, the density is significantly higher on
the inner side of the plasma ‘or large minor ra-
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dii. The slight negative asymmetry, that is
present over the central regions of the profile,
for the balanced beam injection cases is also of-
ten seen in ohmic discharges. If the positive
daensity asymmetry over the remainder of the
discharge, for the co-injection case, is inter-
preted as being caused by a toroidal rotation,3
the toroidal rotation profile shown in Fig. 7 is
obtained. If the difference in asymmetry be-
tween the co-injection case and the balanced in-
jection case is used to calculate a toroidal rota-
tion velocity the rotaticn profiles obtained are
considerably broader. The central rotation ve-
locities thus calculated are usually comparable
to those obtained from doppler shifts of impuri-
ty lines although significant differences are
sometimes observed.It is expected that in these
case other mechanisms such as poloidal rotation
or convective flows might be active.

CONCLUSIONS

There are two general type of density profiles
observed on TFTR. The first is a generally
broad profile with a significant fraction of the
density supported by the plasma edges where a
cold plasma blanket exists. These profiles are
usually associated with reduced energy confine-
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ment times. The second type is a much more
peaked density profile with the bulk of the plas-
ma supporting the density differences. This lat-
ter type of discharge also has a more tenuous
edge plasma blanket than the L-mode plasmas.
Finally the density asymmetries observed on
TFTR are generally small and are usually com-
parable 1o those expected from torcidal plasma
rotation, except near the plasma periphery
where large negalive asymmelries exist.
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RECENT CONFINEMENT STUDIES OF OHMICALLY-HEATED HELIUM PLASMAS

F.C. Efthimion, D.W. Johnson, N.L. Bretz, M. Bitter, C.E, Bush, B. Grek,
K.W. Hill, R.J. Goldsteon, H. Park, A.T. Ramsey, B.C. Stratton,
Fids Stauffpra, Y. Takase”, G. Taylor and R.M. Wieland

Princeton Uriversity Plasma Physics Laboratory, Princeton, NJ 08544 USA
ABSTRACT

A series of density scans at different currents for helium plasmas
has been completed to study the energy confinement in the linear and
saturated regimes of ohmic heating. The linear regime characteristics are
identical to those obtained previously for deuterium plasmas. In the
saturated regime confinement becomes essentially independent of density
and current,

A set of recent confinement experiments of ohmically-heated plasmas
on TFTR have focused upon gas fueled helium discharges. Helium plasmas
are particuarly useful because high electron density discharges are eagil§
achieved in TFTR. A maximum line average electron density of 9 x 10 9~
was reached for 2.2 MA full-size a = 0.81 m minor radius plasmas. Equally
important, line-average densities as low as 1 x 10'’m 2 were obtained.
This large density range enabled both the linear and saturated regimes of
ohmic confinement to be studied for a single species in TFTR. The limited
density range for deuterium plasmas on TFTR is not sufficient to study the
saturated regime for these full-size plasmas.

The majority of the helium plasmas were formed on the graphite inner-
wall limiter at a major radius of R = 2.46 m and a minor radius of a =
0.81 m. Systematic density scans at currents of 1.0, 1.4, 1.8 and 2.2 MA
were conducted to observe the confinement dependence on these
parameters. However, a limited number of scans were conducted on the
outer movable graphite limiter (R = 2.57 m) to allow for a comparison with
experiments conducted before 1986. Recently, discharges on the movable
limiter have been constrained to currents of 1.4 MA due to structural
limitations.

Figure 1 shows a plot of the total energy confinement time of the
helium plasmas as a function of density for different currents (1.0, 1.4,
1.8, and 2.2, MA) at a toroidal magnetic field of 4.78 T. All of these
discharges have a major radius of R = 2.46 m and a minor radius of a =
0.81 m. The total energy confinement time is defined here as the stored
energy in the electrons and ions divided by the ohmic heating input
power. For this figure the ion energy content was calculated assuming 1x
neoclassiczl ion transport [1]. There is a linear regime of confinement
at each current that obeys the scaling of the previous deuterium plasma
results of 1T « ngq, [2]. The lines in the figure are the actual TFTR

3permanent address: University of Maryland, College Park, MD
Permanent address: MIT, Plasma Fusion Center, Cambridge, MA
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scaling t = 6.5 X 10_225ER2aqc which is the best fit to the previous TFTR
deuterium data [2]. At these low densities of plasma operation, the
impurity content is very high, resulting in a low helium ion content.

This point will ©be later illustrated in Fig. 2. These same
characteristics were exhibited in previous experiments for deuterium
plasmas. In the saturated regime, the current dependence essentially

disappears and the saturated confinement time is approximately 0.33 s on
the inner wall graphite limiter. Note that there is no indication of the
confinement time decreasing with density, as observed in some experiments
[3]. The density disruption limit at each current coincides with the
observation of MARFE behavior.

The central ion temperatures for some of the discharges were measured
by Doppler broadening of impurity nickel K lines. These temperatures are
found to be consistent with 0-6 times neoclasslcal ion transport (X neo)
and using them to determine multipliers on ned  yould cnange the
resultant global confinement times by 5% or less. With the assumption
that the enhancement in the ion transport determined by the central
electron and ion temperatures is modelled as a fixed multiplicative factor
applied to neoclassical ion conduction across the entire profile, the ion
and electron conductivities (xe and xi) are calculated at a radius of 0.66
of the plasma minor radius. At this radius, the net input power is not
obscured by edge radiation, or sawtooth effects as in the plasmas core,
and the temperature gradient is accurately measured. The calculations
show that xi/xe is in the range of 0.1 - 0.75 with the ratio at 0.75 when
the multiplier is near 6. However, for the electron conduction to depend
inversely with density in the saturated regime, this multiplier must be in
the range of 15-20. Therefore, if we model x; = « xineo the power loss is
still dominated by the electrons. However, we cannot exclude models in
which ion transport dominates in the outer region because of a strongly
radially rising 11(")-

There is a large variation in the Z ey of these plasmas in going from
low to high density (Fig. 2). The Zgpp was determined primarily by the
visible bremsstrzhlung measurements, but there were some measurements from
the horizontal X-ray pulse height analyzer. The very large Z,pp at low
density is a concern in the confinement studies because of the low helium
ion content. At densities of ﬁe > 6 x 10°m 2, 2, apprcaches 2.
Furthermore, there is a linear current and inverse density dependency in
the Z,pp at low density, which has been observed previously in TFTR [2].

In 1985 helium discharges were studied on the outer movable limiter
(I, = 1.8 MA and B = 4.71 T), and it is interesting to compare those
results with the recent ones (1987). The data indicates that the 1985
plasmas have 25-30% more stored energy, due to higher electron
temperatures although the Zeff' determined from the visible
bremsstrahlung, and the ohmic input power are the same. A comparison of
electron temperature profiles from Thomson scattering and electron
cyclotron emission show that the laser temperature was 10-12% higher than
the electron cyclotron emission measurement in 1985, while the two
measurements agree to within 5% for recent helium plasmas. A calculation
of the total energy confinement times with either electron temperature
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measurement, could only produce less than a 10% variation in the
confinement time value. szf deduced from neoclassical resistivity agreed
well with the measured Z,cp from visible bremsstrahlung for the 1985 data,
while in the recent data the neoclassical and Spitzer Z,ep's bracket the
visible bremsstrahlung value as is often the case in TFTR. While there
are significant variations in diagnostic calibrations, resulting in a 10-
12% uncertainty in Ty the differences in the saturated confinement times
appear to be real, In addition, the peaking factor of the temperature,
profile are slightly different (<T9>/Te(0) = 0.4 for R = 2.57 M and 0.4
for R = 2.46 M) and may be due to small differences in R. The current and
magnetic field scans to study the peaking factor do not explain the
variation ir the factor in going from the inner to the outer wall limiter.

To help clarify the differences in the saturated confinesment data for
the movable and axisymmetric inner wall bumper limiter, a comparison of
confinement on the inner and outer limiters was recently completed at a
current of I_ = 1,4 MA and a toroidal field of B = 4.0 T (Fig. 3). The
data shows the saturation levels are similar. However, the temperature
peaking factors are slightly different (<Te>/Te(0) = 0.35 for R = 2.5T m
and 0.3 for R = 2,46 m) - a result observed in the 1985 data.

In conclusion, helium discharges offer a convenient means of
examining the saturated confinement regime for ohmically-heated plasmas in
TFTR. There is no indication of a turning over of the confinement times
or a current dependence in the saturated regime. Based on measurements of
the central ion temperature, we deduce that ion transport can be a
siggéficant part of the overall power balance, but if we assume y; = «
X » the y, does not vary as n in the saturated regime. Differences
in the saturated confinement level for data in 1985 and recent data cannot
be completely explained by diagnostic uncertainties. In the linear
regime, the confinement results are identical to those previously reported
for deuterium TFTR plasmas. Further experiments will continue to examine
the effect of the toroidal field, gas programming, and limiter
conditioning on the saturation level., Modelling the data with different
electron and ion transport models is also planned.

This work was supported by U.S. DOE Contract No. DE-AC02-CHO-3073.
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Fig. 2 Zggp from X-ray
PHA and visible bremsstrah-
lung as a function of
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Fig. 3 Recent comparison
of confinement on the
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current of 1.4 MA,
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Edge and Center Heating Experiments on TFTR

R.J. Goldston, Y. Takasen. D.C. McCune, M.G. Bell, M. Bitter, C.E. Bush, P.H.
Diamond®, P.C. Efthimion, E.D. Fredrickson, B. Grek, H. Hendel, K.W. Hill, D.W.
Johnson, D. Mansfield, K. McGuire, E. Nieschmidt, H. Park, M.H. Redi, J. Schivell,
S. Sesnic, G. Taylor
Plasma Physics Laboratory, Princeton University
P.O. Box 451, Princeton, N.J. 08544

Introduction In order to investigate the mechanism(s) contributing to. the
apparent resiliency of the electron temperature profile shape in tokamaks, in
the face of perturbing forces such as auxiliary heating or current-ramping, we
have performed a series of experiments In which we strongly modified the
neutral-beam heating profiles applied to a fixed TFTR target plasma. The
experiments were carried out in deuterium plasmas with Ry = 2.36m, 2 = 0.7m,
Br = 4.9T, and I, = 1.2MA. In one series of discharges 2.BMW of neutral beams
were aimed at aP tangency radius of R = 1.9m to provide heating of the plasma
center, and in 2 second series the same beam power was aimed at F = 2.75m to
heat the outer region of the plasma predominantly. The heating power profiles’
for these two conditions are shown in figure 1. At the end of the 0,5sec beam
pulse, the electron density had increased from an initial value of ng = 2.6 x
10'%m3 to 3.4 x 10'9m® in both cases. The central ion temperature as
measured by x-ray crystal spectroscopy increased from an initial value of 2.2
keV up to 3.5 keV in the central heating case, but only to 2.9 keV in the edge
heating case. lon temperature profile measurements were not available.

Sawtooth Behavior The time evolution of the central electron temperature,
as measured by fundamental O-mode electron cyclotron emission (calibrated for
these shots to Thomson scattering profiles) is shown in figure 2 for the two
cases. The sawtooth behavior is markedly different during the early part of the
beam pulse, but becomes more similar later. For the central heating case the
sawtcoth amplitude becomes larger and the period becomes longer scon after
the beam power is applied. This effect takes longer to develop in the edge
heating case. Because the electron temperature profiles differ by very little
in the two cases (see figure 3), and this sawtooth behavior is a highly
reproducible phznomenon, (for example it also occurred in the shots reported
in ref. [2].) it seems possible that the difference is associated with
beam-driven currents, rather than with detailed differences in resistivity
profiles. In the central heating case calculations, the total curreat profile is
unaffected by the beam-driven current, since it has essentially the same
profile as the ohmic current. However 8% of the inductively driven current
within r = 0.4a is replaced with beam-driven current on a2 time scale of S0
msec, at the beginning of beam injection. In the edge heating case, the
beam-driven current is located off-axis, so only 1.5% of the inductively driven
current within 0.4a is replaced rapidly, and approximately 400 msec is
required for that core current to drop by a further 3% in response to the
off-axis current drive. This is consistent with the more modest effect of
injection on the sawteeth, and with the observed time delay. These results
suggest, albeit indirectly, that the sawtooth cycle is rather delicately
controlled by the inductively-driven current density profile, and is sensitive to
the presence of beam-driven current because it serves to replace destabilizing
inductivelu-driven current.

* M.I.T. Plasma Fusion Center, Cambridge, Massachusetts USA

+ U.T.A, Institute for Fusion Studies, Austin, Texas USA
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The direct electron heat transport across r = 0.2m (just outside the q = 1
surface) due to the sawteeth, determined from fast time resolution ECE
of f-axis measurements, was found to be small (< 40 kW for both cases)
compared to 250 kW (edge heating) and 400 kW (central heating) of electron
conduction losses (assuming X; neoclassical). The sawtooth transport at r =
0.35m is completely negligible.

Transport Analysis The electron power balance in these discharges was
also analyzed using the TRANSP code. A sawtooth model keyed to the measured
sawtooth times was used to account for the observed direct sawtooth transport
in the electron power balance, and to impose ion sawtooth transport in the
calculation of Ti(r,t). Anomalous ion thermal transport due to mj modes was
included in some calculations, using Xi{m;) as derived by Lee and Diamond [1].
A cubic threshold function which graduallg “turns on” Xi(ni) was used. This
function initiates ¥i(ni) at mj = 1.5 and reaches full strength at mni = 2.5
Steepening the threshold function so that it reached full strength at m; = 2
yielded very similar results.

In figure 4, Xg(r) deduced assuming X; = X{"™° is shown by the dashed
lines, for central and edge heating. For central \neating. Xelr) is everywhere
enhanced beyond its ohmic counterpart. For edge heating, X(r) is comparable
to (or even lower than) ohmic values in the plasma core, but is significantly
enhanced in the outer half-radius. |In order to test the robustness of the result
that the transport coefficients are different in the two cases, the calculated
}(e(r,t) from the TRANSP analysis of a central heating case was used as input
for another run of TRANSP, operated in a mode to predict Tg(r,t) based on
Xelr.t), using edge heating beams. The result was that edge heating, given the
same Xg(r.t) as deduced for central heating (and with X; neoclassical), caused
no central electron temperature rise at all, but did induce a significant
broadening of the electron temperature profile. Since the experimental
observation is that T,y rises with edge heating, and that the electron
temperature profile shape if anything shrinks slightly (figure 3), we deduce
that there must be real differences in the transpert mechanisms in these two
cases. On the other hand, the major difference need not be in the electron
channel, as pointed out in our previous work [3]. The calculated central ion
temperature agrees well with the measured value in the case of edge heating,
but is much higher (4.5 keV vs. 3.6 keV) in the case of central heating. This
suggests that anomalous ion thermal transport may play a role, and 7; modes
are a natural candidate for this situation where, on the basis of neoclassical
ion thermal transport, we calculate much more peaked T;(r) profiles with
central than with edge heating. X(r) calculated assuming Xj = %i™° + Xj(n;)
is shown by the solid lines in figure 4. (In the low density ohmic phase of
this discharge including m; effects is unimportant for the electron power
balance.) Xelr) is now more similar for the edge and central heating
experiments, and the calculated T;(0) agrees well with the measured value.
Inclusion of Xi(ni) had no effect on Xe in the core region of the edge heating
case, because the hollow heating profile did not drive m; past threshold in this
region.

It is interesting to note that the nonlinear dependence of Xi(nj) on m;.
and its large absolute value h?gond threshold, ensures that approximate
marginal stability (i.e. = 1) i{s maintained in these calculations over
most of the profile, in the presence of strong central ion heating. An
exception to this occurs near the edge, where the temperature dependence of
Xi(nj) o T{%2 allows m; to significantly exceed threshold. As a result the
marginal stability “link™ from the plasma surface to the core confinement
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region is broken. However recent theoretical studies [3] indicate that a proper
treatment of the effects of n = 0 radial eigenmodes will further enhance the
absolute value of Xi(m;) (particularly near the edge) thus broadenirg the extent
of marginally stable pﬂasma This may help to explam the strongly enhanced
transport in the outer regions of the plasma seen in figure 4, as well as the
apparent strong sensitivity of tokamak energy confinement in general to edge
recycling conditions and particle confinement. Preliminary calculations using
Xi(ni) from [3] show a strong sensitivity of core ion temperature to the
assumed edge ion temperature and neutral recycling conditions. A task which
remains is to test if other predictions of mi-driven transport, particularly
particle flows and electron thermal dl!fusw:tg. can be correlated
quantitativelu with experimental observations. The remaining difference in Xg
seen in figure 4 may itself be correlated with mj-driven turbulence. The 1ssue
of momentum diffusion in these edge and center heated plasmas is addressed in
the paper by Scott et al., at this conference [4]. Another topic of possible
importance is the role of beam ions in the stability of 7 modes, and any beam
ion radial transport caused by them.

Conclusions Central and edge heated TFTR plasmas were analyzed using the
transport analysis code TRANSP. When the effects of anomalous ion transport
due to 1; modes were included, the agreement between measured and predicted
T;(0) with central heating was significantly improved. Moreover the observed
resmencg of the measured electron temperature prohle in the face of very
different heating profiles could then at least in part be explained by a
theoretically predicted marginal stability mechanism in the ion channel.
Finally, the differences in sawtooth behavior between edge and central heating
suggest the possibility that the sawtooth cycle is sensitively controlled by the
inductively-driven current density in the inner region of the plasma, and is not
sensitive to beam-driven current, except insofar as it replaces destabilizing
inductively-driven current.
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Figure Captions

1. Beam and ohmic heating profiles in edge and central heating cases.

2. Time evolution of central electron temperature for edge and central heating.
T, offset by -0.5 keV for edge heating case, to separate traces.

3. Electron temperature profiles for edge and central heating, as well as_ohmic
target plasma. Note that the auxiliary-heated plasmas have 30% higher ng than
the ohmic plasma.

4. Electron thermal diffusivity deduced in ohmic phase, and for ecge and central
heating. Dashed lines correspond to assuming necclassical ion thermal
transport, white solid line indicate inclusion of Xi(m;). For each line type the
higher curve corresponds to central heating, and the }ower curve corresponds to
edge heating.
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DRIVEN CURRENTS IN TFTR

M.C. Zarnstorfl, M.G. Bell, M. Bitter, R.J. Goldston, B. Grek, R.J. Hawryluk, G. Hammett,
H. Hendel, D. Johnsan, D). McCune, H. Park, A. Ramsey, G. Taylor, R. Wieland

Princeton University, Plasma Physics Laboratory, Princeton NJ 08544 USA

Introduction: Recent high-confinement neutral-beam heated plasmas in TFTR. [1] show evi-
dence of substantial non-Ohmically-driven toroidal current, even for balanced beam momentum
input. The observations are inconsistent with calculations including only Ohmic and beam-
driven currents, but are consistent with models including the neoclassical bootstrap current.
The bootstrap current, which has not previously been detected in tokamaks, has the potential
for generating a steady-state tokamak and driving MHD instabilities[2,3], and enhancing other
current drive techniques|4].

Observations: TFTR is heated by one counter- and three co-tangential neutral-beam lines,
providing ~ 20 MW of ~100 keV D° for up to 2 seconds, and allowing the input angular
momentum to be varied by choice of operating beams. Feedback loops control and stabilize the
plasma current and the location of the cutermost flux surface. The plasmas discussed here are
of the enhanced confinement “supershot” type obtained recently, and have /p = 0.8 — 1.1 MA,
Br =48-52T, R = 245 m, and a = 0.8 m. With neutral-beam heating power Pg from 10 to
15 MW, but relatively low net injected momentum (near balanced co- and counter-injection},
they typically have T, (0) ~ 6 keV, T;(0) = 1520 keV, Z.5 = 2—4, moderate toroidal rotation
velocity vy ~ 10° m/sec, and very peaked density profiles n,(0)/7, ~ 2.5. These plasmas are in
the collisionless regime with v.; < 5 x 107%, »., < 107! at the half-radius, and have very long
resistive equilibration times (~ 5 sec). The measured diamagnetic 8p; ~ 2, fpeq + Li/2 ~ 3,
and Shafranov shift~ 0.35 m (from Thomson scattering density and temperature profiles). The
vertical elongation of the outermost flux surface (as inferred from measurements of the poloidal
field outside the plasma) decreases from 1.05 in the Ohmic phase to ~ 0.9 at the end of beam
heating. Non-balanced momentum injection into similar plasmas produces very high toroidal
rotation velocities (up to 10% m/sec), but lower n,.(0), T.(0), and T:(0).

The surface-voltage V,,, is negative for these plasmas during beam heating, even with balanced
injection for sufficiently large Ap, as shown in Figs. 1 and 2. This has remained true for recent
plasmas where the balanced beam-injection lasted up to 2 seconds. The surface voltage is
calculated from six voltage loops arranged poloidally about the plasma, correcting for the time
derivative of the flux between the loops and the plasma and the time derivative of the toroidal
flux in the plasma. This voltage is in agreement with that calculated from the numerical time
derivatives of the poloidal flux contained in the plasma, as inferred from the external poloidal
field measurements. There is no evidence of disruptive MHD activity, which has previously
been found to transiently force V., < 0. Since I, is held constant, in the later portion of the
heating pulse when the shape is stable the continued expulsion of poloidal flux (Ve < 0)is a
direct indication of non-Ohmic currents, from the diffusion equation for the electric field.

Analysis: To quantitatively understand these driven currents, the poloidal flux diffusion in
these plasmas has been modeled by the time-dependent 1% dimensional transport analysis
code TRANSP[5]. The code calculates the time evolution of the surface voltage for vari-
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ous assumptions of plasma transport and driven currents, using measured time-dependent
plasma parameters. The T, and n, profiles are measured at two times in each discharge by a
seventy-six point Thomson scattering system. The T, profile is also measured by first-harmonic
electron-cyclotron-emission radiometry, and the n, profile by an array of infrared interferom-
eters. Central and near-central values of T; and v, are measured spectroscopically, using
Doppler-broadening of Fe XXV, and Fe XXIV lines. Z.g is determined by tangential mea-
surements of visible bremsstrahlung emission and radial x-ray spectroscopy. Z.g is assumed to
be uniform for most of the calculations. The analyses presented assume that the flux surfaces
are circular, though subjected to the Shafranov shift. The effects of the measured flux surface
deformation are currently being analyzed. The measured profiles of n. and 7T, are mapped onto
the calculated flux surfaces by shifting the respective iso-contours to the flux surfaces with the
same minor diameter. This shift is typically < 10 cm, indicating good agreement between the
calculated and experimental flux surfaces.

Neutral-beam deposition, orbiting, and thermalization is simulated by a Monte-Carlo
technique[6]. The T; profile is not measured, but is calculated from the ion energy-balance
equation, assuming neoclassical[7] ion heat conduction, classical electron-ion temperature equi-
libration, and a gl‘T convective heat flow. The cross-field particle flow I' is calculated from
the continuity equaticn, the measured density and Z.g, and the calculated beam and neutral
particle source rates. For an assumed global ion particle confinement time 7, of 0.15 sec, con-
sistent with limiter D, measurements for similar plasmas, the beam-particle-source is larger
than the wall source inside Za. In the ion power-balance calculation, the ion convective power
loss is dominant inside %a, and is larger than the the neoclassical conductive loss by a factor of
~ 30 inside ga. This analysis has been restricted to plasmas with near-balanced momentum in-
Jjection, avoiding the complications[8] introduced by the large rotation velocities obtained with
unbalanced injection. For near-balanced injection, these simulations are in good agreement
with the measured central impurity temperatures, the measured neutron flux, and magnetic
measurements of stored energy.

Viur for the pre-beam Ohmic plasma is lower than the value calculated using the other measure-
ments and neoclassical theory[9], but not as low as predicted using Spitzer resistivity (without
trapped particle corrections). To account for this, the conductivity has been increased by a
factor of 1.5 to match the pre-beam V,,,. Calculations with the standard conductivity, or
an initially parabolic Z.g profile to match Vy,, do not show significant differences during the
beam-heating phase. The electron shielding of the beam-ion current is calculated including
trapped particle effects[9], increasing the calculated net beam-driven current. The calculated
shielding of the beam-driven current is small, due to the strength of the electron trapping and
relatively large Z.;z. Uncertainties in Z.g do not significantly affect the calculated net beam-
driven current, due to the electron trapping. The neoclassical bootstrap current calculation[9]
includes the effects of impurity ions and finite aspect ratio, but does not include the unther-
malized beam ions. The calculated bootstrap current has a relatively large uncertainty, due to
its sensitivity to the unmeasured Z,5 and T; profiles.

Results: As shown in Fig. 3, the measured V,,, is well matched during the beam-heating
pulse when the model includes both the neoclassical bootstrap current and the beam driven
current, but does not agree without the bootstrap current. This is the case for all eight plasmas
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analyzed in detail. The disagreement between the experimental Vy,, and all the models for the
first (.2 seconds of beam heating may be due to the initially rapid flux surface shape change,
which is currently not included in the analysis. The calculated beam-driven-current is non-
zero, even for near-balanced injection, due to the orientation of the counter-injected beams
being closer to perpendicular to the magnetic field than for the co-injected beams. The sum of
the calculated beam (~250 kA) and bootstrap (~ 350 kA) currents does not exceed the total
current in the discharge (850 kA). The negative surface voltage is due to the broadening of the
current profile by the bootstrap current while the total current remains constant. The toroidal
voltage remains positive on axis. The calculations also indicate that during the 0.7 sec heating
pulse, the surface voltage is only sensitive to changes in the current in the outer 0.3 m of the
plasma, due to the high electrical conductivity.

No satisfactory alternate explanations of these observations, not involving the bootstrap cur-
rent, have been found. In particular, variation of the value of Z.g, or its profile, does not
significantly increase the amount of beam-driven current, due to the calculated lack of sig-
nificant electron shielding current. To replace the calculated broad-profile bootstrap current,
whose evolution matches the observed surface voltage, by beam-driven current would require
that some 70% of the calculated beam-driven current flow in the outer 0.3 m. Since the beam-
driven current is dominated by fast ions that have not slowed down or pitch-angle scattered
significantly, such a spatial rearrangement of the beam-driven current by fast-ion transport
is incompatible with the observed plasma heating and d(d,n)He® neutron emission. The sur-
face voltage can be roughly matched, without the bootstrap current, by assuming that the
atomic cross-sections used in the calculation of beam deposition (primarily impact ionization
and charge exchange with impurities[10]) are too small in the 50 keV /nucleon region by a factor
of 3 to 5, well outside the accepted range[11].

Summary: Substantial non-Ohmic currents have been found in high-3p neutral-beam-heated
TFTR plasmas, even for near-balanced injection. Modelling of the plasma V,, requires inclu-
sion of the neoclassical bootstrap current.

We are grateful for discussions with J.D. Callen, H.P. Furth, D. Meade, P. Rutherford, and J.D.
Strachan. This work was supported by the US DOE, contract number DE-AC02-76-CHO-3073.
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HIGH-RESOLUTION INTERFEROMETRY ON THE TEXT TOKAMAK
S.K. Kam, D.L. Brower, W.A. Peebles, N.C. Luhmenn. Jr

Institute of Plasma and Fusion Research
University of California, Los Angeles
Los Angeles, Califormia 90024 U.S.A.

u
A multichannel, heterodyne, far—infrared laser interferomeler system
with high spatial (Ax = 1.5 cm) and high phase (4n g 10 cm Y) resolution
hes been employed on the TEXT tokamak to study; (1) the temporal evolution
of the density profile (with ges puffing end pellet injection); (2) density
profile scaling wilth plasme parameters such as the current (lD)‘ loroidal
field (BT) and density (ﬁe); and (3) propegation of dehsity pulses
introduced by either an oscilleting gas puff or by MHD sawtooth activity.
The latter has resulted i1n the first density pulse propegation investigation
of interferometrically-measured, Abel-inverted sawicoth perturbations
providing & measure of the associated diffusion coefficient

The twin—frequenc¥ laser source operates at 432 um (= 60 m¥) with an IF
frequency of =750 kHz A schematic of Lhe interferomelry system is shown 1in

Fig. 1. Both the probe and local oscillator beams are expanded in one
dimension via parsbolic cylindrical mirrors 1n order to view the entire
plasme cross seclion. High spatial sampling 1is &achieved by arranging

corner—cube Gais Scholtky-diode mixers in @ linear array (the array has
slots for 29 mixers with minimum spacing of 1.5 cm). The system 1s
typically operated with £ 15 mixers which are spaced across the plasma
profile as the experiment dictates TEXT is an ohmically-heated tokamak of
major radius R=lm and mipor radius &=0.27m operasting &t 100 < 1_ g 400 kA,
10 ¢ By < 2.8 T, and 1019 ¢ 7 < 10 e P

GRATING TUNED HIGH POWER COp LASER

b - SRS,
TWIN FREQUENCY
FR R SY M
LASER SYSTE “ . 1
i ¥
1-—' T
N e I_‘ weBw
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REFERENCE BEAM EXPANSION
DETECTOR oPTICS
POLYETHYLENE LENS ARRAY
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J SHOBE DETECTION SYSTEM
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Figure 1. Schematic of the multichannel, heterodyne, far—-infrared laser
interferometer sysiem
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A typical time history of the plasme density profile 1s shown in Fig.
2. During the start-up phase of the discharge Lthe profile is hollow,
eventually becoming centrally peaked. The first 100 ms are wusually
sccompenied by considerable MHD activily (Mirnov oscilletions) as the
discharge esteblishes itself. The large gas puff at = 100 ms is used to
bring the plesme to the desired density. At this time the profile becomes
somewhat fletter due to edge fueling but soon reaches {he normal
parebola-like pesked profile. By fixing the ceniral chord averaged density
end verying 1 and BT' the profile scaling with q, is studied. Achieving
higher q, by changing 1, or BT results in & more narrowly peaked density
profile as shown 1n "Fig. 3. At low g,. the density profile becomes very
flat at the center. In addition, for a fixed 9y: increasing the plasma
density serves to broaden ne(r) (see Fig. 3). The associated changes in
density scale lengths at high n, &re thought to be responsible for the
appearance of an ion feature, possibly related to
iun—temperature—grﬁdéenl—driven instabilities, observed in the density
fluctuetion spectra.

6

® 28kG (a) || = 200kA tb)
Na O15kG ™ @ 400KA ™,

at oy,
'

i , (8
Adem 2 ' 200kA "ii ;fff 284G
3x10%m’ ax10"em’

r
0 = " La= i L
-40cm 0 40-40 0 40 =30 0 30
Figure 3. Sceling of n (r) with (&) Bp. (b) ]p’ end (c) ﬁe‘ where the
amplitudes are normalized.




150

Evidence for sawlooth density pulse propagation is shown in Fig. 4(a),
for chords positioned from the plasma edge to inside the mixing redius. The
(amplitude) normalized, time-everaged (over = 30 periods). Abel-inverted
density sawteelh are shown in Fig. 4(b). Away from the plaesme edge, 1ihe
sawteelh exhibit an exponential fell-off which is indicative of a diffusive
process. This is more clearly seen 1in Fig. 4(c), where the sawtooth
density perturbation profile is plotted at various times during the sawtooth
period. Immediately afler the crash, a broad peak eppears at r=18cm which
eventually collapses with no evidence of ballistic propagation. The
position of Lthe stationary peak could be identified as the mixing radius;
Thix = (E)O'srqzl. The diffusive nature oi the densily sawleelh is also
supported by & measured emplitude fall-off « r ¥, outside the mixing radius.
Source effects complicate analysis for the edge region.
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By neglecting the convective term in the conlinuity equation, which can
be justified for a sawtooth densily pulse, and steving eway from the edge
(or source) region, one cen arrive at the simple diffusion equetion; 3n/at =
V-[DeVnE]. Then densily pulse propagation analysis, enalagous tc heal pulse
propegation anelysis, cen be performed (without any assumplions asbout Te)
Stendard t_ versus r° plots are shown 1n Fig. 4(d) for two values of S
The slope indicates & diffusion coefficient, D, = [(Bxslope) "] = 8 (4) m ?s
for Gy 2.3 (3.5), which 1s anomelously large compared to oscillating ges
puff measurements. The diffusion coefficient meesured from density pulse
propagation is epproximately equal 1o 1the elecliron thermal diffusivity
arrived at from heat pulse enalysis, 1.e. DE = Xe- This observation,
together with the strong phase correlation between density and temperature
sawteeth, strongly suggest that the heat transport induced by sawleelh 1s
directly coupled witlh particle transport end is not & purely conductive

process as 1s frequently assumed.
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Recent experiments on TEXT have included pellet injections which
introduce drematic changes to the density profile. Preliminary results
showing the time history of the n_(r)-profile with pellets are shown in Fag.
5. Abruptly after injection, a signmificant 1ncrease in the density and
profile broasdening is observed. Pellet deposition appears Lo be roughly 10
cm of{ axis. Eventual relaxation yields & narrow, centrally-peaked profile.
For this injection, An/ne =~ 1 and sawtooth aclivity is suppressed suggesting
increesed confinement. Correlation between the observed changes in n_(r)
and density fluctuetions will be the focus of fulure experiments.
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COMPRESS[ON OF DETACHEDN PLASMAS IN 'TETR

J.N. Strachan, C.%. Bush, H.P. Furth, B. Grek, ND.9. Johnson
D. Mansfield, S.S. Medley, D. Mueller, H, Park,
J. Schiwvell, G. Tait, G. Taylor, K.L. Wongq, S. Yoshikawa
Plasma Physics Laboratory, Princeton University
Princeton, NJ 08544 USA

Both free-expansion and detached plasmas separate the plasma
houndary from the limiter. The free-expansion plasma [1] occurs when a
controlled rapid increase in the vertical magnetic field- inwardly
translates a plasma in contact with the outer limiter. The increase in
vertical field 1is stopped when the plasma is well-separated from the
limiter, The subsequent expansion of the plasma can be used to diagnose
convective transport. The detached plasma [2,3] occurs when all the
input power is radiated from the plasma periphery. 1In this case, the
minor radius is determined hy the energv halance (edge emissivitv) [3,4]
and the radiating boundary of the plasma can he well-removed from the
limiter. The radiated power is a time-resolved measure of the enerqy
acconntahility and, in particular, it is possible in these plasmas to
diagnose the tine delay between transients in the input power and the
output radiative power. Such time delays are essentially the enerqgy
confinement time.

In this paper, results are reported from similar TFTR discharges in
which a detached plasma underwent a major radial compression of the
free-expansion type. A 2.57 m major radius, 0.50 m minor radius, 4.5
Tesla, 0.60 MA detached plasma was compressed in major radius by 0.25 m
in a time of about 20 msec. For these discharges, the holometer
radiation pattern [5], Fig. 1, indicated that the plasma remained
detached during and after the compression. The 25% in-out asymmetry in
the peak edge radiation (Fig. 1) was not evident in the total power
radiated (in versus out) indicating a variation in the width of the
radiating layer that was evident both before and after the compression.

nuring the major radial compression (Fig. 2a) from 2,57 m to 2.32 m
(€ = 1.108), the plasma current was programmed to rise from 0.60 MA to
0.66 MA (Fig. 2b) which is the increase expected from compression theory
[1]. The total radiated power (Fig. 2c) nearly doubled as a result of
the compression and decayed back to the precompression values in about
150 msec. The peak radiative emissivity (Fig. 2d) also doubled
indicating a doubling of the product of the electron density with the
impurity density in the radiating layer in contrast to the factor of
1.51 increase expected if both densities were controlled entirely by the
compression. The minor radius (as measured by the bolometer array)
reduced from 0.50 m to 0.44 m (Fig. 2b) instead of to 0.475 m as
expected from compression theory.

In the 150 msec following the compression, the energy radiated is
47 kJ more than the ohmic input (Fiq. 2b) while theoretically the energy
added to the plasma by the comprassion was 19 kJ. The principal result
of the compression was for the plasma to eventually lose nearly 28 kJ
(or 20%) of its precompression energy. The radiative decay duration (an
exponential time constant of ahout 60 msec for a duration of 130 msec)
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is an indication of the energy confinement time which by kinetic
analysis was 210 msec for the precompression plasma and 140 nsec for the
steady-state post-compression plasma. Since the current is programmed
in TFTR, it is possihle that skin currents occur which account for some
of the radiation.

During the free-expansion phase, the detached plasma did not expand
during the first 150 msec (Fig. 2¢) and then expanded slowly at 0.5
m/sec for another 150 msec. In Ref. [1], the free-expansion plasmas
expanded at 7 m/sec and the plasma houndary encountered the limiter 50
msec after compression. Overall, the expansion measurements reported
here are in sharp contrast to those of Ref. [1], even though the
confinement degradation 1is similar, This result points out the
importance of measuring lacal radiation losses for the interpretation of
free-expansion experiments.

The horizontal line-integrated density (Fig. 2a) increased from n.t
= 4,07 x 10"%cn™2 to 4.75 x 10'%cn™2 as expected by compression theory
[11. Subsequently, n decreased about 5% in the first 150 msec and
somewhat faster thereafter. Since the plasma inside the radiating layer
did not 1lese many particles, there was not significant particle
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FIG. 1. Isometriec display of the holometer array data. The compression
occurred at 3.0 sec. The vertical axis is the chordal radiated power,
The hollow radiation pattern is characteristic of the detached plasma and
indicates that nearly all the radiation arises from a surface layer.




transport across the cold plasma region. The vertically viewing
interferometer channels [A] can vresolve the density in the region

outside the plasma edge both before and after the compression (Figs.

3a,d). The density of the cold plasma in this region increases by a |
factor of three. The density just outside the radiating layer (Fig. 3a)

evolved in time like the edge emissivity (Fig. 2d4). The 3pla.smal density

inside the radiating layer was large (> 5 x 10" 3en™ ., poloidally

symmetric, and time independent (Figs. 3b,c).

One aim of this experiment was to diagnose the enerqy confinement
time of the compression heating from the time delay of the associated
radiative loss. This result was not achieved because the total radiated
energy associatad with the compression was 2.5 times larger than the
compression energy deposited in the plasma. We speculate that the extra
energy was extracted from the plasma as is consistent with a reduced
kinetic energy content from 131 kJ to 98 kJ following the compression.
The =zero-order interpretation of the 60 msec time constant of the
radiative losses (Fig. 2c) is that transiently there was a 60 msec energy
confinement time just following compression.

ACKNOWLEDGMENTS . This work was supported by the 1.5, Department of
Energv Contract No. DE-AC02-76-CHNO-3073.
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FIG. 3. Vertical line-

inteqrated density. (a) at
R = 1.80 m or between the
inner wall and plasma
radiating boundary both
before and after
caompression, (b) at R =
1.94 m (a = 38 cm) or
within the radiating layer
of the post-compression
plasma, (c) at R = 2.68 m
(a = 36 em) or within the
radiating layer of the
post-compression plasma,
(d) at R = 3.16 m or
between the onter limiter
and the plasma radiating
boundary both before and
after compression.
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PROFILE EVOLUTION AND PARTICLE TRANSPORT CLOSE TO THE ONSZT
OF SAWTOOTH OSCILLATIONS DURING THE DENSITY RAMP-UP PHASE IN ASDEX
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EURATOM Association, Garching, FRG

Abstract: The evolution of the profiles of electron density and tempera-
ture, soft X-ray (SX) and bolometer radiation is investigated in ASDEX
discharges close to the onset of sawteeth., For the transition phase these
diagnostics show the signature of a strong sawtooth-like collapse, which
removes impurities accumulated in the plasma center. A comparison of
electron density transport before and after the transition indicates that
the bulk plasma transport has not significantly changed and the observed
broadening of the density profile is due to the additional relaxation
mechanism of sawteeth.

Introduction: The time evolution of the electron density profile is studied
in detail during density build-up in ohmic ASDEX divertor discharges. After
a flat distribution in the ignition phase, the profile continues to peak
till sawtooth activity sets in. Following this event, the profile con-
tinuously flattens till the density plateau is reached.

Diagnostics: The transition phase to a sawteething discharge often shows a
sudden decay of the central density and a strong broadening of the profile.
This behaviour is demonstrated in figs. 1 and 2, which show 3-D-plots of
vertical density profiles, measured by HCN-laser interferometry /1/. In
fig. 1 the sawteeth already start during the rising phase of the density,
while fig. 2 shows an even more pronounced onset at the beginning of the
plateau, indicated by the sharp decay of the center of the distribution. A
similar decay, after an initial peaking phase, is also observed in the SX
radiation, The case of rapid sawtooth onset is confronted with a less
common one, characterized by a gradual sawtooth development during which
the density profile shows a smooth braodening and no central peaking of the
SX radiation is found. In case of no sawtooth development at all, the den-
sity and SX profiles continue to peak, generally terminated by a disruption
due to a radiation collapse. A comparison of the temporal development of
the central SX radiation for these three cases is shown in fig. 3.

T University of Stuttgart; 2 Ioffe Institute; 3 University of Heidelberg;
University of Washington, Seattle, USA; 5 Inst. for Nuclear Research,
Swierk, Poland
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The density profiles reached shortly before a distinect transition to the
sawtooth phase are characterized by a nearly constant shape, independent of
plasma current Ip, toroidal field By, de/dt and safety factor ql(a). For
deuterium plasmas more peaked profiles are found as compared to hydrogen,
similar to an investigation made for the density plateau phase of saw-
teething ASDEX discharges /2/. A faster density rise normally leads to a
more pronounced transition at broader profiles.

A 3-D-plot of radial SX profiles measured during the time window of the
transition is shown in fig. 4. The strong decay is only seen on channels
corresponding to the plasma core within the radius of the g=1 surface. This
radius is identified from the inversicon point of SX and ECE, when sawteeth
have started, and stays constant within measurement resolution. The picture
also shows that the transition does not always occur in a single decay but
may include a cascade of steps. An Abel inversion of SX channels immediate-
ly before the decay gives central emission values, which are at least one
order of magnitude higher than bremsstrahlung. Shortly before the transi-
tion bolometer profiles show the build-up of a central peak (fig. 5), which
vanishes with the onset of sawteeth. The electron temperature profile
measured by guasi-stationary YAG scattering before and after the transition
is presented in fig. 6. It indicates a pronounced flattening of the central
region during the event.

¥ 16474

# 18508

PR3- GHR 296- B7 IPP3- GHR 295- 87
Fig. 1: Time evolution of the Fig. 2: As in fig. 1, but with more
electron density profile pronounced transition at the
close to the onset of saw- beginning of the density
tooth oscillations, tran- plateau.

sition to the sawtooth
regime during the density
build-up phase.
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Fig. U4: SX radiation pro-
files during the transi-
tion to the sawtooth
regime, showing a strong
decay in the plasma ccre
region.
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the time scale)

Fig. 5: Bolometer radi-

ation profiles showing the
build-up of a central peak
before the transition. The
solid curve gives the pro-
file reached immediately
before the onset of
sawbeeth.
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Fig. 6: Electron temperature
profiles measured shortly before
and after the transition to a

08 . sawteething discharge, indicating a
1 pronounced flattening of the
= ion.
g 06+ central region
i 1

In summary, the transition to the
sawtooth regime shows the signature
of a strong sawtooth-like collapse,

029 —0— 1:=0.458s, before
trans

—-o—= t=0.475 s , after
1 ‘ removing metal impurities from the
0 ¥ center of the discharge, which have
=40 e " L o accumulated there during density
ricm) PP G 2T 87 build=-up. No m=1 precursors are
P found, however, and the strong MHD

activity seen during this phase, which was not studied in detail, does not
allow to exclude a more complicated instability with higher mode numbers.
The connection to impurities is supported by experiments, where krypton
pulses were injected into the plasma. With increasing krypton content,
indicated by higher initial levels of central SX radiation, ths onset of
sawteeth is shifted to later times and MHD activity during the transition
increases. At too high impurity content no sawteeth develop and the
discharge disrupts.

Transport: Electron density transport has been investigated shortly before
and after the collapse. Using the continuity equation in eylindrical geo-
metry, fluxes have been calculated neglecting sources. These fluxes in the
plasma core region can be interpreted in terms of a model of electron
transport consisting of diffusive and convective driving terms:

r(r)= -D(r)*n'(r) - n(r)-vir).

The fluxes analyzed in the phase without sawteeth and, after the transi-
tion, averaging between sawtooth crashes, could be described by the same
set of values for D and v. This indicates that the bulk plasma transport
has not significantly changed after sawtooth onset. The observed broadening
of the density profile is attributed to the started sawtooth activity,
balancing the counteracting inward fluxes.
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PARTICLE BALANCE IN NEUTRAL-BEAM-HEATED TOKAMAK PLASMAS
G. Becker

Max-Planck-Institut fiir Plasmaphysik,
EURATOM Association, Garching, FRG

ABSTRACT: The particle balance in H discharges in ASDEX during the steady-
state ohmic and H phases is investigated by means of transport simulations.
Profiles of particle sources and outward and inward flux densities are com-
puted. The magnitude and radial extent of the sources due to cold atoms and
beam fuelling and the corresponding convective energy loss are determined.
It is further shown that the measured density profiles are not invariant to
changes in particle source and confinement. Constraints on the electron
heat diffusivity, the diffusion coefficient and the inward drift velocity
are derived. An expression representing a lower limit for the diffusion
coefficient in the presence of particle sources and inward fluxes is given.

Introduction: From the steady-state energy and particle balance equations
with neutral injection it is possible to derive constraints on the electron
heat diffusivity ye, the diffusion coefficient D and the inward drift
velocity vin /1/. Such relations are used to develop scaling laws and are
applied in transport simulations. One prerequisite for such studies is to
know the radial extent of the particle and energy sources due to neutral
injection and the corresponding convective energy losses. The paper deals
with the particle sources, particle confinement and resulting constraints
for transport coefficients in injection-heated plasmas. The topical
question of density profile invariance with changing particle sources is
studied. Results from transport simulations with modified versions of the
BALDUR code /2, 3/ are used. The neutral-gas transport is calculated by a
Monte Carlo code. The particle source due to neutral injection is treated
by following the fast neutrals by means of a Monte Carlo code.

Steady-state particle balance: Several discharges exhibiting long plateaus
of current, density and beta were analysed. The example shown in Fig. 1 is
an H dischargs with Ip = 380 kA, ne = 3.5x10'3 em~3, Bt = 2.15 T and PyI =
3.45 MW (HOo + D*, E, = U0 keV). The computations are compared with measur-
ed density and electron temperature profiles and with BpLAfrom the diamag-
netic loop. Good agreement is obtained by applying the coefficients /4, 5/

XSH(r) = l.6x10]6A;|/28tne(r)d[ lq(r)_l cmz s-] M

T te)
0™ (r) = 0.4 xM(r) (2)
in the ohmic phase and

Xi(r) -3 Bxi0 v ey

ant(RO)_l cn? 57! 3
f(r) = 0.4 1(r) (4)

in the H phase. The inward drift velocity is given by vin (r) = 0.5 D(r)
rre(r)-1 cem s~1, and the ion heat diffusivity used is three times the neo-
classical values according to Chang and Hinton. The ion mass number is




denoted by Aj. The toroidal magnetic field Bt is in kG, ne is in em~3, Te
is in keV, ga is the cylindrical q at the plasma radius a=40 cm and Rg =
167 em is the major radius of the plasma. The quantities rp = -ne/(3ne/3ar)
and rTe = ~Te/(3Te/3r) are in cm.
Under steady-state conditions the particle balance with anomalous outward
diffusion and anomalous inward drift reads

dn
R E;a T VinTe T ri G rb (5)
where TI'{ and I'h are the flux densities due to the ionisation of cold atoms
and due to the beam fuelling, respectively. The particle balance in the
ohmic phase is shown in Fig. 2. Since the plasma is impermeable to cold
neutrals (Aip<<a with mean free path \o), the interior of the plasma is
almost source-free. This gives rise to nearly equal outward and inward
fluxes, the typical difference being only 10 § of each of these fluxes. Ob-
viously, the main contribution due to T'i occurs outside r=0.8 a. The de-
tailed I'i profile is given in Fig. 3.
Results from transport analysis of the H phase are presented in Fig. 4. It
should be mentioned that almost identical results are obtained in L dis-
charges. In contrast to the ohmic phase, the outward flux clearly exceeds
the inward flux. For r¢0.7 a the dominant source is due to beam fuelling,
while T'f still prevails in the edge region. As can be seen, at r= a/2 one
obtains vin ng=rp=-0.5 D dng/dr. Figure 5 represents a detailed plot of
I'y(r). Comparison with the energy flux density Pp(r) shows that the
average energy per absorbed particle E = Pp(r)/Tp(r) = 23.8 keV only
varies by *0.6 keV over the whole cross-section, so that to very good
approximation Pp can be set proportional to I'b everywhere.
In ohmic plasmas the convective power loss is only significant in the edge
region, where TI'j is large. With neutral injection, however, high con-
vective losses Pg = 2.5 (Te+Ti) I'b also occur in the plasma bulk owing to
the large particle source and high temperatures. The ratio Pg/Pp=2.5
(Te+T{)/E amounts to about 30 % at r=2a/3. With increasing heating power
the fraction of Pp lost by convection grows with the temperature sum to
unacceptably high values, unless Eg and E are correspondingly raised.
The response of the density profile shape to changes in the particle source
distribution is demonstrated in Fig. 6. During the ohmic phase the measured
density profile is parabolic, while it is more triangle-shaped in the H
phase. Evidently, the density profile shape is not invariant to changes in
particle source and confinement.

Constraints on transport coefficients with injection heating: General ex-
pressions for transport coefficients are derived from approximate particle
and energy balance equations. Using T'i<<Tp for r<0.7 a in Eq. (5) yields

D - ™ T nopD (6)
Unlike in the source-free case (vin/D = rp~1), the ratio viy/D is here
determined by the beam-fuelling profile as well, which has to be taken from
code caleculations, To avoid this disadvantage, we eliminate T'b with the
help of the energy balance.




162

For r<0.7 a the losses due to charge exchange and radiation are negligibly
small. At injection powers much higher than the ohmie¢ input and negligible
ion heat conduction one obtains

gel(r) = Pplr) - Pe(r) (7)
where ge is the flux density due to electron heat conduction. With Pp(r) =
ETb(r) and Pe = 2.5 (Te+Ti) T'b it follows that

b = ~[E - 2.5(Te*Ti)17" ngye e (8)
dr

Replacing the particle source in Eq. (6) yields

Yin -1 = s e 48

ol B SR O o £

This relation holds under stationary conditions for PQH<<{PNI and Tji<<Tb.
An even simpler formula is obtained by setting yo/D equal to a constant,
It was shown above that E is a constant which is usually large compared
with the temperature sum. The ratio vj,/D can be determined frcm measured
density and temperature profiles without knowing the beam-fuelling source.
Using, for instance, the approximations ne(r) = ne(0) (1-r/at) and Te(r) =
Te(0) (1-r/ap) yields vj,/D=(ay-r)-1 - const, i.e. the increase of v,
with radius is much stronger than_that of D.
The weak radial dependence of Pp=Elp in the range 0.25 £ r/a s 1 (see Fig.
5) results in ge = -neyedTe/dr =const (see Eq. (7)). With the above Te
profile one thus obtains ke = nexe=const and D(r)-ye(r)-ne(r)-1.
According to Eq. (5) the diffusion coefficient reads D= -(Ti+Tb+vipneg)/
(dne/dr). In the case vj,=0 one obtains the expression
s AL 4

clne

i (r)

D(r) = - (10)

which represerts a lower limit, since for given particle sources and
density profile a finite inward flux always corresponds to a higher dif-
fusion coefficient. The minimum D can also be given when the anomalous
inward flux is unknown. Equation (10) is especially useful for predictive
code simulations, because it yields the minimum D values which are able to
produce the measured density gradients.
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Fig. 1: Time evolution of plasma
current, line-averaged density and
poloidal beta in an H discharge.
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EFFECT OF PARTICLE CONTROL BY A PUMP LIMITER ON CONFINEMENT
IN JFT-2M

S5.Sengoku, A.Funahashi, M.Hasegawa,* K.Hoshino, S.Kasai, T.Kawakami,
H.Kawashima, T.Matoba, T.Matsuda, H.Matsumoto, Y.Miura, M.Mori, K.Odajima,
H.Ogawa, T.Ogawa, H.Ohtsuka, T.Shoji, N.Suzuki, H.Tamai, Y.Uesugi,
T.Yamauchi, T.Yamamoto, A.Honda, I.Ishibori, Y.Kashiwa, M.Kazawa, K.Kikuchi,
Y.Matsuzaki, K.Ohuchi, H.Okano, W.Sato, T.Shibuya, T.Shiina, K.Suzuki, T.Tani
and K.Yokoyama

Department of Thermonuclear Fusion Research, Naka Fusion Research Est.,
Japan Atomic Energy Research Institute,Tokai, Naka, [baraki 319-11, Japan
*On leave from Mitsubishi Electric Co., Tokyo, Japan

A pump limiter is shown to reduce the buildup of neutral gas at plasma
periphery in the high density regime resulting to minimize the threshold heating
power to switch a limiter H-mode and to reduce the degradation of energy
confinement time.

INTRODUCTION: Enhanced confinement with an H-mode like transition has
been observed in JFT-ZM limiter discharges without strong neutral buildup./1/
Such a limiter H-mode is very advantageous to the design of a fusion
reactor. However, the energy confinement time is degraded or the H-mode
terminates when the strong cold gas fuel is introduced during the beam heating
phase to rise the plasma density./1/ In this regime, the neutral gas at the
plasma periphery begins to build up. In order to reduce the neutral buildup,
a small-scale pump limiter has been applied to the limiter and divertor H-mode
discharges.

EXPERIMENTAL SETUP: In this experiment, Ti-gettered JFT-2M tokamak
is operated with D-shaped limiter (R=1.28m, a=0.32m, x =1.46, [p=320kA,
B=1.24T) or singie-null divertor (R=1.29m, a=0.27m, k=1.47, [p=230kA,
By.=1.26T) configurations (Fig.1). Working gas is deuterium. Used pump
limiter PL has throats in both electron
and ion drift side (3.5 cm wide) and an
expansion chamber (V =78({) followed
by Zr/Al getter pump. The effective
pumping speed at the expansion chamber
Limiter is about 800 £/s. The molybdenum pump
Divertor limiter head (2 cm thick) is coated with
TiC.  The direction of ion gradB drift
Configurations IS upside in Fig.l. The pump limiter is
installed on the top of the torous because
the enough clearance between the plasma
and limiter at the outer midplane is
FIG.1 Cross-section of the required for the limiter H-mode
JFP-2M. The limiter (A=0 mm) transition./1/ As a standard case
and divertor configurations gas-puff valve is closed just before the
at t=0.8 s are shown. Hatched hydrogen  neutral-beam-injection (NBI).
areas are for graphite guard [2/

limiter and divertor plate.

Pump limiter
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EFFECT OF THE PUMP LIMITER ON
CONFINEMENT: Figure 2 shows the
time evolutions of typical parameters
for the limiter discharges of medium
density (line averaged electron density
of the target plasma Tig=3.5%x10'%cm ~°
at t=0.7 s) heated by balanced NBI
(injected power Pygy of 1.2 MW) with
and without the pump limiter (solid and
dashed lines, respectively). The distance
between the magnetic surface intersecting
the inner limiter and the pump limiter
head A is 3 mm. The stored energy
W increases substantially at the H-mode
transition and then decreases in time
corresponding to the beginning of the
increase in radaiton loss power in both
the cases (Fig.2 a). The evident
charges with the pump limiter in the
H-mode phase are the lower recycling
light near the inner wall, the faster
density rise ard the slower density profile
relaxation  following quick broadening
(Fig.2 b). The recycling light near the
neutralizer plates of pump limiter is
also reduced in this phase (Fig.2 c).
The edge electron temperature inferred
from the electron cyclotron emissivity
(Fig.2 d) is slightly higher with the pump
limiter.

In the Ohmic heating (OH) phase
of the limiter discharges, the global
energy confinement time T4* is improved
by the pump limiter at around the critical
density above which the gas pressure
begins to build up/2/ (T=(3-4)x10" cm 3
in' Fig.3 a). In the H-mode phase with
pump limiter, where the particle intake
to the pump limiter is drastically
decreased (Fig.2 c), Tg¥* is comparable
to the value without pump limiter.
However, the pump limiter allows
continuous gas feed during NBI phase
and exhibits the highest nT value (a
data set of open squares over closed
squares in Fig.3 a). Without the pump
limiter, the attainable nT with the
continuous gas feed is lower than that
of the standard gas-puff case.

40

20

(kJ)

(AU)

T TN g |

c)

= L IHG/DQKPL]
<<
- 1
0
4
- 3
5 s
< 2 ¥ 20 2
1 -=1{0 =
o PNBrzl"EMW OE
500 600 700 8OO 900 {000
t (ms)
FIG.2 Typical time evolutions
of a)plasma stored energy Wg
obtained by  poloidal field
analysis, b)vertical line-
integrated electron density
and recycling light near the

inner wall THe/Da (IN). €)IHy/Dg
near the neutralizer plates
of the pump limiter (PL) and
d)electron cyclotron emissivity
I gcE proportional to the edge
electron temperature for the
limiter discharges with )
and without (----) pump limiter.
[(L) for Wy of an L-mode
discharge, H and L for the
H- and L-mode phases, Qp for
the gas-puff program, A=3 mm]
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FIG.3 Comparison of Tg* for In the divertor H-mode discharges,

the OH, L- and H-mode phases We also observe the similar effect of
of a)limiter and bjdivertor the — pump  limiter — with 0.8 MW
discharges with and  without co-injection while A& is about 3 cm from
pump  limiter. the separatrix surface (mechanical limit)

(=0.1 MW<dW/dt<0.2 MK) as shown in Fig.3 b.

EFFECT OF THE PUMP LIMITER ON NEUTRAL BUILDUP AND THRESHOLD
POWER: Figure 4 shows the line integrated electron densities and the edge
1 gop comparing the cases with and without pump limiter with Pypr close
to the threshold heating power to switch the H-mode Pgy for the limiter
discharges (the target plasma density ﬁe=3.9x10”cm'3 where the neutral gas
builds up without pump limiter and does not with pump limiter). The pump
limiter suppresses the increase of the density during the L-mode phase as shown
in Fig.4 and, therefore, allows higher edge temperature at the pre-transition
sawtooth peak, which triggers the H-mode, with decreased heating power by
about 100kW. This can be related to the reduction of neutral buildup by
the pump limiter.

The neutral buildup at the OH phase increases Py as clearly shown
in the without pump limiter case (Fig.5 a and d). By applying the pump
limiter, the non-buildup region is extended as shown by the ratio of the
pressure with to without pump limiter (hatched region in Fig.5 b). In this



extended region, the electron temperature at the pre-transition sawtooth peak
is higher with pump limiter even though with lower Fypr (Fig.5 c¢). The Py
with pump limiter is well decreased down to the value of non-buildup phase
without pump limiter (Fig.5 d). Further access of the pump limiter to the
plasma gives further extension of the non-buildup region (dashed line in
Fig.5 b). The H-mode still appears with A= -12 mm and Pypr= 1 MW,

CONCLUSIONS: The effects of the 10/
small-scale pump limiter on tp* or nt al P (16'7Torr]| .d"
are not so drastic, It is, however, D,

clearly shown that the particle control
by a pump limiter reduces the neutral
gas buildup resulting to the reduction
of the required hegting power for the
limiter H-mode transition as well as to 6
the increase of nt values of the limiter

and divertor H-mode discharges. This can
expand the operational regime of the 4
H-mode. We observe the limiter H-mode
transition even if A is  sufficiently
negative. This means that the pump limiter

is compatible to the H-mode discharges. 2 | . 1
The results obtained here give a guide b) Ry, (PL)/ Py, (W/0 PL)
line to the future large-scale pump limiter 2 2
experiments. 1.0

OH
(t=700ms)

0: PL (A=3mn]
m:W/0 PL
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oscilationpat the pre-transition with e (700ms) (|03CI'TI 3)

the same power as in Fig.4) and d)threshold power Py plotted against
ne of the taget plasma for the limiter discharges. Open and closed
symbols correspond to the cases with and without pump limiter.
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CONFINEMENT ANALYSIS OF AUXILIARY HEATED JET DISCHARGES

K Thomsen+, V Bhatnagar++, J D Callen*, J P Christiansen, J G Cordey,
M Evrard++, D Gambier**, N Gottardi, T Hellsten, D G Muir, P J Lomas, P
Smeulders, P R Thomas

JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK
+Risd National Laboratory, Denmark, ++LPP-ERM/KMS, 1040 Brussels, Belgium,
*University of Wisconsin, Madison, WI 53706, USA,
*¥CEA, Fontenay-aux-Roses, France

1s INTRODUCTION

Up to 9MW of neutral beam heating (NBI) and up to 7MW of ion cyclotron
resonance heating (ICRH) and up to 16MW of combined heating have been
applied to JET discharges. In NBI experiments, both H and D beams have been
injected into D discharges. ICRH heating scenarios with H or °He minority
ions in D discharges and H minority ions in *He discharges have been tried.
This paper reports experiments in which the plasma was limited by an out-
board limiter or the inner wall.

The dependence of stored energy W on total input power P is approxi-
mately the same for all combinations of heating methods (ie, the degradation
of the global energy confinement time t_is approximately independent of
heating method). Power scans at constant plasma current I_ show that the
best data representation is a scaling with W increasing linearly with P
(offset linear), in which the slope AW/AP is the incremental confinement
time, Fing» Whereas W clearly increases with I_ for fixed P, the scaling of
Tine With I, is not as apparent. This is mainly due to the lack of
sufficient data with fixed plasma parameters. The plasma density n
increases both with I_ and additional heating power, which makes it
difficult to perform proper power scans at fixed density. A scaling law for
W was obtained from early NBI results at I_ = 1, 2 and 3MA using standard
regression techniques. This showed t;,,[s] = 0.047 I, [MA] [1], which when
applied to all data exhibits a substantial scatter. he scatter in W versus
P for fixed currents is thought to be due to differences in the power
deposition and radiation profiles, and in density.

A way of including these effects in analyses of confinement properties
has been proposed [2]. There is strong evidence that the energy transport
is diffusive [3]. By assuming that the heat flux is given generally by heat
conduction plus convection in the form g = - nyVT + L P the heating
effectiveness n and the ideal incremental confinement time 1, have been
derived. Thus an effective power input, Peff = nP, can be célculated from
power deposition profiles and radiation profiles for a certain form of the
heat diffusivity y. The incremental confinement time can be written as Tine
= Ny Results from analyses utilising this method will be discussed.
2+ DENSITY SCAN WITH NBI

A closer examination of data scatter from NBI heating experiments (D°

into D*) at fixed I_ = 3MA and By = 3.UT reveals that t;ng is decreasing
with increasing density. At low density (n < 1.7 x 10'°m *) ;. = 0.28s,
while at high density (n > 1.7 x 10'*m™?%) Tine = 0-14s as shown in Fig 1.

We have analysed these data in two steps with a constant n and y model.
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profile effects using a constant y model and are shown in Fig 4. A
regression analysis yields tv [s] = (0.12 + 0.03) I_ [MA]. Ever though the
change from total input power P to Peff increases Ehe slopes of the lines
s?bitant§ally. there is still a non-zero offset, (ie, W = T, Popp* W(0) with
W(o) > 0).

6. CONCLUSION

Analysis has shown that the observed dependences of incremental
confinement time Tipe = 0T with density and resonance position are mainly
due to power deposition profile effeects on the heating effectiveness n. The
data scatter is greatly reduced when corrected for radiation losses. After
correction for both radiation and heating profile effects ICRH results show
an improvement in t, with plasma current. However, this is still not as
strong as the NBI afd combined heating data which show Tingr Ty © 3 -
Future higher power and current experiments should clarify this dicgctomy.
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Fig 1: W (magnetic) vs P from NBI
experiments (3MA, 3.4T) with
corrections due to heating profile
effects (B) and radiation losses (A)
indicated.

Fig 2: 1y, (diamagnetic) vs
normalised plasma radius from On/Off
axis ICRH experiments ((H)3He, 2MA)
with n = 1t (1-p2)? shown by the
solid line’

W (MJ}

0 Low Density
Fig 3: W (kinetic)vs P with and 1
without corrections from ICRH 1 B:% + High Density
current scans ((*He)D, SMA, 3.4T and f
(H)?He, 1MA, 2.2T). ¥4 A :W.FI’DMGDOTF.
Fig 4: a) W (magnetic) vs P from + W. radiation cor.
current scans with combined heating. 00
The symbols are defined in b) where
W (magnetic) vs P corrected for
neating profile effects are shown P (MW)
for the same data set.
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The penetration depth of the neutral beams decreases with increasing
density, which means that the power deposition profiles are less peaked than
the ohmic heating profile at low densities while they are quite flat at high
densities. The correction due to different heating effectiveness n of the
differing deposition profiles are indicated by the letter B in Fig 1. The
remaining difference in slopes disappears when the effective power lost by
radiation is also taken into account (letter A in Fig 1). The offset W(o)
is different for low and high density (0.5MJ and 0.9MJ) while Ty is
independent of density (0.57s).

3. ON/OFF-AXIS HEATING WITH ICRH

Narrow power deposition profiles (Ar ¢ a/5) have been observed in
experiments with ICRH heating of minority ions [4]. By modelling the
heating profile with a 6-function located at the minority ion cyclotron
resonance position, information about the heating effectiveness n can be
obtained from experiments in which the resonance position was varied. The
variation of Ting with the heating resonance position ™ is shown in Fig 2,
for *He-plasmas with H minority ions at I = 2MA (using different
frequencies 28.4 -37.2MHz and toroidal fields 1.7 - 2.35T).

An attractive feature of these experiments was the low level of
radiation experienced in *He-discharges, in which corrections for radiation
losses could be ignored. The ICRH heating effectiveness depends on Cye To
explain the variation of Tine shown in Fig 2, it is necessary to introduce a
X that increases with radius. With y = yx./(1 - rh/al), the model gives
n(ry) = (1 - r*/a*)?, which is shown by the dashed line in Fig 2. The mean
value of t;,, for on-axis heating has been used for Ty (= 0.2s).

4, CURRENT SCANS WITH ICRH

All ICRH scenarios give similar confinement scaling properties.
Similarly, the toroidal field plays a minor role in the scaling of Ting*

The immediate conclusion from power scans at different currents is that Tine
= 0.2 sec and independent of I_.

The poloidal and paramagnetic corrections to the vacuum field are much
larger than originally anticipated. Thus, especially the S5MA experiments
can be regarded as off-axis heating experiments. Using the heating
effectiveness n = (1 - r, 2/a?)? in Sec 3, the power input has been corrected
for heating profile effects and have greatly improved the 5MA data (see Fig
3). A scaling with 1, = I_°-% was obtained, after correction [5]. Finally
correction of the 1 a%d BME data for radiation losses provide a further
improvement of 1, (~0.37s) at 5MA and the 1MA results were only slightly
changed to 1, - 5.195, (see Fig 3). The radiation correction to the other
the data remdins to be carried out. However, the 1MA data still seems
better than would be implied by the Ty = Ip scaling derived from the NBI
data.

5. CURRENT SCANS WITH COMBINED HEATING

Combined NBI and ICRH heating up to 16MW has been successful in
inecreasing the total stored plasma energy. Power scans at different
currents have shown an improvemenf in t, with increasing current. These

inc
results have been corrected for radiation losses and power deposition
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ELECTRON HEAT TRANSPORT IN TOKAMAKS

P H Rebut, M L Watkins and P P Lallia
JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK

1. INTRODUCTION

Earlier work [1-4] on the role of the magnetic field topology in
determining tnkamak behaviour, such as anomalnus electron heat conductinn
and degradation of confinement with additional heating, relies on an
equilibrium besing established between laminar surfaces, magnetic islands
and ergodic domains in a plasma. This concept leads to a change in the
plasma behavinur when the interaction of sets of magnetic islands produces
a surrounding ergodised region. An analysis, based on the non-dimensional
structural parameters which describe the dominant physical processes and
the non-dimensinnal shape parameters which generally describe the geometry
of the plasma or its composition, is summarised in Section 2. This
analysis can be interpreted in terms of a critical temperature gradient, a
specific fornr of which (together with the heat flux which results when
this gradient is exceeded) is consistent with a plausible physical
mechanism for the sustainment of the magnetic islands. This nechanism
relies on the directed kinetic energy of electrons compensating the
resistive dissipation of the induced currents needed to maintain the
topology (Section 3). The resulting model is found to agree with'JET
experimental data in terms of the global scaling of the stored electron
energy (Section U4) and the detailed profile analysis using transport code
simulations of JET discharges (Sections 5 and 6).

2. DIMENSIONAL ARGUMENTS

Heuristiec scaling laws have been derived on the basis of non-
dimensional parameters [3]. The dominant physical processes are described
by normalised structural parameters representing the plasma pressure, 8,
the resistivity, A, the power flow, ¢ and the diamagnetic thermal drift
speed, Q. Granular and relativistic effects are ignored for the present
discussion. Taking account of the number of independent variables which
can be constrained externally, a single relationship must exist between
the parameters. This must be of the general form:

b = ¢(8, &, @) where ¢ = EE%?;
and 't
B = 2uonkT/Btz v A= nJ/BpVS i Q= (2me/kT)(KVTfEBt)Z

applicable to all tokamaks and, given the geometric and magnetic
configurations, the input power and the plasma density, serves to define
the plasma temperature. The ohmic heating power can be writien as ¢ = A/B
and in ohmically heated plasmas equation (1) becomes :

g(B, 4, @) = O (2)
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JET experimental results strongly suggest a large resilience to
changes in the electron temperature profile in the conduction zone. It is
therefore reasonable to interpret equation (2) mainly as defining a
critical temperature gradient. We propose that:

a = 0,(4,8) and @,(8,8) = A/B (3)

We suggest that this form for the critical temperature gradient
applies for all forms of input power. Of course, with strong heating,
further departures from the critical temperature profile are to be
expected. We propose as a form for equation (1):

1
¢ = -a%a® - BH[% - %] 4o s @ = Ok )
vhere ¢,., represents all the normal heat losses through the electron
channel and H is a function which is zero (or unity) for @ <(or >) Q5.
3 PHYSICAL MODEL

Consistent with the concept of a chaotic magnetic topology involving
small magnetic islands being responsible for the transport properties, we
present a plausible argument to define the temperature gradient and the
electron heat flow. The power balance between the directed kinetic energy
of electrons and the resistive dissipation of the induced currents, 31
needed to maintain the magnetic topology of the islands may be expressed:

1 T 2
5 mgn [EgE;] Vehe %erg © E 3’°erg L 59
or
% mgn the{zggglz « E By 3 (6)

where og., is the cross-section of the ergodic magnetic flux and L is the
length needed to cross one chain of islands. Thus the temperature
gradient is related to the overlapping parameter Y. For low
collisionality, Y exceeds a certain critical value, Yo ~ 0.9, in which
case equation (6) reduces to equation (3). The heat flux is then:

2
F=-vf Vipe NKVT, (Y = Y,) + Bpoq  WEth Y = Y, VI /9,T  (7)

§ is related to the interspace between the chain of islands and v is a
numerical factor. Equation (7) could be written in the form:

2
F = =X DK(VT=V TIH( IVT ol = IV TI) + Fpoo with x = v vypo (8)

Specifically, a = 0 gives the following expressions for VCT and y:
VT

Y
VT = v, ——;AL—]fl X = vy EEE gi (9)

where v, = 3.5 and vy = 4.0 with E in Vm™!, B, in T, ng in 10'°m™? and i
in keV. These expressions are used in Section 4-6. However, a more
suitable form for equation (8) may be with Y6 =« (VT /2eBy )q?/q” /v

(corresponding to o = %).




L, GLOBAL SCALING

Expressed in terms of the input variables of electron density, Ng,
toroidal magnetic field, B, plasma current, I (MA), the average size of
the plasma, %, and the input power, P (MW) (independent of the heating
method, namely, ohmic, NBI or ICRF), the global electron energy content,
W (MJ), can be deduced from equations (3) and (Y4) and written as:

/2 1
W, = H,ZI/"neJ/"Bi/ZII‘/lﬂ.“/" {1 + o ML/2P }/2 (10)

e nEI;"Zzl/ZBE‘!/z

M is the atomic number and Z is the effective charge. From a regressional
fit to about 1200 data points from JET limiter discharges, the coef-
ficients a, and o, are found to be respectively 2.3 x 107% and 3. The
comparison between the fitted and calculated values is shown in Figure 1,
where the range of the experimental conditions is also shown. A more
refined treatment requires the direct simulation of the plasma profiles.

5. SIMULATION OF ELECTRON ENERGY TRANSPORT

A simplified 1-D electron energy transport code which uses equations
(8) and (9), ohmic and additional input power and experimental density
profiles (but ignores ion transport and radiated power) has been used to
compare computed and experimental data. For two values of the plasma
current the comparison in terms of the global energy content is shown in
Figure 2. Simulations also show the possibility of a pedestal in the
electron temperature when a high shear is introduced at the ecge, thereby
simulating an H-mode.

6. FULL TRANSPORT CODE SIMULATIONS

A range of JET discharges has also been simulated using the above
model for electron transport (equations (8) and (9)) in the 1-1/2D
predictive transport code, ICARUS. Other features of the model are
basically those used previously [5]. )

Computed electron temperature profiles are compared with the
experimental ones after the collapse of the sawtooth in various ohmic
discharges with different electron densities and currents (Figure <l
Other characteristics of the discharge, for example, ohmic power, radiated
power, confinement times, are also well represented.

With neutral beam injection the observed degradation in confinement
is obtained without changing the transport model. The electron tempera-
ture profiles at the end of the ohmic phase and the L-mode are well
simulated, as also is the temporal behaviour for the central electron
temperature during the transient between the OH and L-mode (Figure 14).

7. CONCLUSIONS

A model for electron heat transport in tokamak plasmas which in a
single formulation accounts for both the anomalous behavinur in ohmic
plasmas and the degradation of confinement with additional heating has
been ‘proposed. Some shape parameters (such as, T,/T;, r/R, T¥n/nVT) are
possibly hidden in the evaluation of v, and vy. While this model dnes not
yet have an established theoretical basis, it is nontheless consistent
with the theary of ergodic magnetic fields and JET experimentzl results.
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G. Bracco*, M. Brusati, S. Corti, F. Rimini, F. Romanelli*
C. Sack, A. Taroni, F. Tibone, V. Zanza%

JET Joint Undertaking, Abingdon, Oxon., OX14 3EA, UK
*Associazione ENEA-Euratom sulla Fusione, Frascati, Italy

Introduction

Simulation of JET experimental results with predictive transport codes
have always shown a tendency to require rather large (3-8) "anomaly
factors" for the neoclassical ion thermal conductivity Yirao in order to
reproduce the measured central value of the ion temperature T;_  [1].
However, no firm conclusion on the radial (not to mention the functional)
dependence of xi was possible in the absence of reliable measurements of
Ti—profiles.

Interpretation of passive charge exchange (NPA) data has led to the
determination of JET ion temperature profiles [2} in both ohmiec and
auxiliary heated discharges at low and moderate density [ﬁ < 2x10“m"].
These discharges have been analysed with an interpretative transport code
(JICS) and simulated with a predictive transport code (JETTO) in order to
assess both magnitude and radial dependence of y;. The anomalous character
of y; has been confirmed and results are similar to those reported for
Doublet III [3]. A revised expression of y; based on n;-modes has also
been derived and its range of validity assessed.

Interpretative Code Analysis

In this analysis, Xi is derived from the ion energy balance equation
where the experimental profiles of ion and electron temperatures and Z,pe
are supplied as input. A fundamental assumption, adopted also in the case
of predictive code simulations, is that the electron-ion energy coupling be
classical, with impurity corrections taken into account via Z, .. Only
ohmic and RF heated discharges have been considered so far, since in these
cases a reliable T; profile is provided by the NPA diagnostic under the
assumption that the departure of the ion distribution function from thermal
is negligible [2]. RF power deposition profiles are also given as input
data to JICS when required and have been computed by means of a ray tracing
code [N].

The ion heat diffusivity Aiexp derived from JICS at r = 0.6 a for a few

representative cases is shown in Fig.1. The values are in the range
(1-3)m?*/sec, also typiecal for te in the same cases. Both the numerical
value of y;..,and its radial dependence are different from xj, ., [5 . This

is illustrated by Fig.2, where the ratio XE xp/xlneo is shown as a function
of radius for one representatlve case, %he value xlexp’xlneo in the so-
called confinement zone (0.3 < — < 0.7) varies from 5 to more than 10,
a
The scatter in the data reflects the uncertainty associated with the

experimental values and the numerical determination of VT;, and not
surprisingly it becomes very large in the external region.
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Predictive Code Simulation and Theory

In the predictive approach to the problem of determining Xi» various
models for ¥j are introduced in the code and the resulting ion temperature
profiles are compared with the experimental ones. In the examples
considered here all the relevant quantities are either simulated by the
code well within the experimental error bars (e.g. T,, see [6]) or taken
from JET data banks to which the JETTO code is linked (e.g. radiation
profiles). This ensures that uncertainties in the modelling of other
phenomena do not affect the determination of Xy more than experimental
uncertainties.

Results from the predictive code confirm the findings of the interpret-
agive code, In particular, it is clear that at least at low density
(n = 10*°m™?*) the usual approach with X{ = @Xjnepr @ = 5 does not allow a
good simulation of JET T1 profiles, either in ohmic or in RF heated
discharges. A typical example of results is shown in Figs.3,4. The same
figures show that better simulations can be obtained with X = Xg1 Xg belng
an_electron thermal conductivity that allows reproduction of Te-profiles
[6]. Such a choice for y; has been found to determine in transport codes a
central value of Ti and an ion energy content consistent with experimental
observations also in cases at higher density where no Tl profile is yet
available and the usual approach y; = @ xjpeo ©annot be excluded.

Comparison of these results on xj in JET discharges, characterised by
rather flat density profiles, as well as those reported in other devices
(e.g. [3]) with theoretical models suggests that a major role in deter-
mining y; could be played by the so-called nj-mode (”1 = din T;/din nt).
Previous tests on an expression of Xin, failed in reproducing ion thermal

fluxes available at the time in JET [7]. The derivation of i has been
recently reviewed [8] leading to a reduction of the coefficient Xin, used

in [7]. In addition, a theoretical expression of the threshold Ny for the
instability derived in [B] has been introduced in place of the assumption

Njg = const = (1-1.5).
The new expressions in the code are:
o
T ny y
I o o s i . L - e
X{ = Xineo* ® Xin;+ Xin," @si p} Q;/b; = 2.6x10%° =5 M £l - =2) e
t Ng

Here standard notations are used [8], b;=0.1 and 0;=0.8 :ﬁn?f[t—nip/ni].
£ = (1-n;/n;)™ is derived in [8] for n; 2 nje=! * 2.5(en=0.2) if € > 0.2,
Nie = | elsewhere (f=0 for n; < n;.); g, = (Vvinn)~1/R and « is a numerical

coefficient to be determined from simulations and hopefully close to 1.
Results from the code show that reasonable ion thermal fluxes and y;
values are obtained in all tested cases inside the so-called transport

region if o = 0.5-1.0. However, central values of Tiexb require that ¥in

i
should not be switched off when n; falls below Nig* This happens mainly in
the central region where n;, becomes rather large (24). An empirical
working prescription seems to be to reglace the threshold function

£(1 - nyo/n;) with a function [n;/n; )%, 8 = 1-1.5.
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In the external region the available experimental information, albeit
less reliable than elsewhere, does seem to require a Xy inereasing with
radius. This is not consistent with the T; dependence of Yo, and would

require some further modification to Xin, Or an additional mechanism at

i
work. Results of simulations with Xiq, are also shown in Figs.3 and 4.
i

Conclusions

Results of interpretative and predictive transport codes show that both
the magnitude and the functional dependence of Xineo @re not consistent
with the available experimental profiles of Ty (and Te) at least at low
density.

A better term of comparison than Yineo for xi Seems to be the electron
thermal conductivity;  E s is generally a better prescription for JET
simulation than Xi= 5 Xineo ©3Ppecially at low density.

Reasonable results for T; in the central and intermediate plasma region
are provided if y;= Xjpao* Xip. is used in a transport code; xinl needs,
?Oﬁever. some modifications from the theoretical expression derived in

8.
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HEAT TRANSPORT IN JET
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Introduction

A number of JET pulses, representative of the different regimes of
operation, have been analysed using the 1%D time dependent JET transport
analysis code, JICS. This evaluates the components of the electron and ion
energy equations in flux surface coordinates, using as input the experi-
mental profiles of electron density and temperature, from far-infra-red
interferometry (FIR) and electron cyclotron emission (ECE) respectively,
the effective Z from Bremsstrahlung, and the ion cyclotron (ICRH) and
neutral beam injection (NBI) power deposition profiles computed from ray
tracing and pencil beam codes respectively. 3

When the bulk ion velocity distribution is thermal, its temperature
profile is obtained from the neutral particle analyser {NPA) diagnestic,
and the local ion diffusivity y; is then calculated directly from energy
balance. When the majority ions have a high energy tail due to neutral
beam slowing down, the central value of the ion temperature is provided by
X-ray crystal and/or charge-exchange recombination spectroscopy. The
profile is then evaluated assuming s u/ne, and adjusting its absolute
magnitude iteratively to produce satisfactory agreement between the
resulting total stored plasma energy and the stored energy measured by the
diagnostic locp.

Of the OH and ICRH pulses only those for which the NPA ion temperature
profile is available have been analysed. The philosophy was to concentrate
on a limited number of pulses which are fully diagnosed, rather than
including a large number of incompletely diagnosed cnes. Because of the
limited number of pulses, the behaviour illustrated may not be
representative of the full range of operation of JET. The conclusions
reached are therefore preliminary.

Results

The temperature profiles show a fair degree of "profile consistency".
In Fig.1 TQ' dT/dr, measured at 60% of the plasma radius, is plotted
against the input power to the electron, divided by the electron density,
for a number of additionally heated plasmas. The temperature gradient was
extracted from the ECE data without smoothing, and so is sensitive to small
random variations in T,. Despite the considerable variation in the energy
deposition profile, between on- and off-axis ICRH, NBI, and combined ICRH
and NBI, and a variation in q from 3.5 to 9, the variation in the relative
temperature gradient is surprisingly small. Similarly, there is no clear
dependence of Tl“ dTi/dr on the input power to the ions, though the
scatter is now greater. Thus the ions may also show profile consistency.

Quite generally, the electron and ion thermal diffusivities derived
from JICS are comparable in magnitude. The ion diffusivity shows no
correlation with neoclassical theory, as found also by Bracco et al [1].
It is almost an order of magnitude larger and its radial variation and
parameter scaling appear to be different.

The electron thermal diffusivity is shown as a function of radius in
Fig.2, for typical ohmic and ICRF heated steady state plasmas. Most of the
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RF-power goes into the electrons, either due to direct damping of the wave
on the electrons, or as a consequence of collisional power transfer from
the high-energy minority ion tails. Examples of on-axis and off-axis ICRF
heating are shown. In the on-axis case, the thermal diffusivity exceeds
that for the ohmic case over the entire plasma cross section. In the

of f-axis case however, the diffusivity is lower inside the RF deposition
layer and higher outside, thus maintaining virtually the same temperature
profile shape. (The reason for the overall lower levels of the
diffusivity in the off-axis case as compared to the on-axis, (s the higher
radiation in the former). A surprising feature about the off-axis case is
the rapidity with which the diffusivity and the temperature react in the
central region of the plasma. These changes occur on a timescale much
faster (<20ms) than would be expected from the energy confinement timescale
(-0.3s). Similar effects have been observed in JET pellet injection
experiments, where the "cold front" induced by the pellet propagates
extremely rapidly inside the gq=1 surface [2].

Recent experiments in JET have studied ohmic and auxiliary heated
plasmas in the X-point configuration (single and double null), [3]. For
NB-heated single null plasmas, a clear L+H transition has been observed,
with the global energy confinement time more than doubling. These plasmas
are generally quenched by a radiative collapse due to impurity
accumulation, Loecal energy transport analysis shows an overall decrease in
the thermal diffusivity in the L-H transition, see Fig.3.

Comparison with Theory

Within the mixing radius, typically 0.5m to 0.6m in low g JET pulses,
energy transport is generally dominated by sawtooth relaxations, which
periodically flatten the temperature and density profiles. In the edge
plasma, typically r > 1.2m, radiation may dominate the energy transport.
To explain the anomalous transport between these radii, several different
instabilities have been proposed. The most commonly invoked are the
dissipative trapped electron mode (DTEM), the ion temperature gradient
mode, and the n, mode [4].

In Fig.4 the theoretically predicted electron thermal diffusivity for
the DTEM [5] is plotted against the experimental local diffusivity derived
by JICS, for the representative selection of additionally heated plasmas in
JET. The prediction is for the collisional or the collisionless forms of
the DTEM, whichever is appropriate for the experimental parameters. The
predicted values tend to be higher than those measured, by about an order
of magnitude. The predicted diffusivity should include an undetermined
numerical factor, arising from uncertainty in the saturated fluctuation
amplitude. This factor, which is set to unity in Fig.4, could possibly
explain the discrepancy in magnitude. However, the lack of any correlation
between the predicted and experimental diffusivities is more difficult to
explain and supports the earlier conclusion [6] that the DTEM is not the
dominant source of anomalous transport in JET pulses. A similar
comparison, using the predicted thermal diffusivity for the Vi mode [4],
again showed no correlation.

The ion temperature gradient mode is frequently referred to as the ny
mode, because it becomes unstable only when ny = d &n Ti/d en ny exceeds a
critical value. The anomalous transport predicted for this mode is large,
larger even than for the DTEM. This has led to the expectation that this
high anomalous transport will prevent n from exceeding its critical value
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by much. Because of its complex dependence on plasma parameters, in

prediction codes the critical value is commonly taken to be 1.5, a mean

value. Romarelli [T} recently evaluated the threshold, and found it to
increase linearly with ¢, = n/(R dn/dr) when e, > 0.3. Figure 5 shows the
ratio of the measured n; to Romanelli's predicted threshold, as a function
of radius. While the correlation is far from convinecing, it is not
inconsistent with a rapid increase in diffusivity when ny exceeds the
threshold, bearing in mind the error bars on the measured n -

Another clue to the local transport process is given by the JET
"monster sawteeth", [B]. During the sawtooth rise phase, the central
temperature rises almost adiabatically, with small transport losses. The
sawtooth rise is then abruptly terminated by a rather sharp "knee". The
corresponding temperature profiles are shown in Fig.6. This is consistent
with a strong loss process which is switched on when the local temperature
gradient exceeds a threshold value.

It should be pointed out that the JET pulses used for comparison with
theory are mecstly additionally heated. Publications which found
experimental evidence for DTEM transport [5,9] also concluded that the n
mode provides the dominant loss mechanism when ny exceeds its threshold.
It appears from Fig.5 that additionally heated plasmas in JET generally do
exceed this threshold, which may be why no evidence for the DTEM is seen.
Conclusions

A number of representative JET pulses have been studied from the point
of view of local transport properties. Based on this preliminary study, it
appears that:

i) The electron and ion loss channels are of comparable importance.
ii) The ion thermal diffusivity does not appear to be neoclassical, either
in magnitude, radial scaling or parameter dependence.

iii) The temperature profile shapes are rather independent of heating
method and location. Changing the heating profile alters the thermal,
diffusivity profile so as to maintain the same temperature profiles.
The change in the diffusivity profile occurs on a timesczle much
faster than would be expected from the energy confinement timescale,

iv) The thermal diffusivities show no obvious correlation with predietion
for either the dissipative trapped electron mode, or the n,-mode. A
.correlation may possibly exist between the measured n; ard the
predicted critical value for the ny mode ,
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INFERENCE OF Xa FROM PHASE SHIFT ANALYSIS OF X-RAY SIGNALS IN FT
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INTRODUCTION

The measurement of electron thermal conductivity, X is of great in-
terest in today's tokamak.

Apart from the power balance analysis, a possible way Lo obtain Xq is
to analyse the diffusion process of a small heat perturbation. The Saw-
tooth activity is a useful phenomenon for this purpose because of its
occurrence in a wide range of discharges in tokamaks. The inference
of X, from sawtooth heat pulse propagation is usually done by measur-
ing the increment with radius of the delay time of the sawtooth peak,
according to

Atp = .m:?-/saxE (1)

valid within the diffusion region [1]

In FT discharges, this method has been applied to soft X-ray emission
signals and 2w__ emission signals [2].

Another method to obtain the %o is to consider the dependence on
radius of the phase shift of the Fourier components of small periodic heat
perturbation propagating signals [3,4].

A program has been developed in order to analyse FT discharges using
this method. A brief description of the program is presented below, as well
as some first results.

BRIEF DESCRIPTION OF THE METHOD
The analysis of the electron heat balance equation for small periodic

heat perturbations leads to the following relationship between the phase,
¢k, of the Fourier components of the electron temperature and the radius, r

0, (r) = r”‘“‘)f 2)

where k is the harmonic order and w is the fundamental angular frequency
[3,4]. Equation (2) is a good approximation as long as the following holds

X
k.2 (SEm )

This condition is satisfied in the experimental cases considered here, in
the diffusion region.
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From Eq. (2), the phase shift between two radii, r; and rp, can be
written as

80, (%‘:)’2 Ar 3

with
M’k = ¢k(r2) u ¢k(rl)
Ar =19 -1
From Eq. (3), X can be written as
= 3kw (QEﬁ}z
80, ,
If Ar is small enough, Eq. (4) can give a local value of X, along the

radius.
Equation (4) is valid in a diffusion region.

(4)

e

APPLICATION OF THE METHOD TO FT DISCHARGES

In FT discharges, this method has been applied to soft X-ray emission
signals corresponding to line integrals along parallel viewing chords in
a poloidal plane. For this purpose, a program has been implemented to auto-
matically elaborate experimental data. This program has been tested on
artificial data generated by a full transport and sawtooth simulation code
[5]. The agreement is quite good, within the approximations cf such a cal-
culation. Signals coming from each possible pair of contiguous chords are
analysed and a value of X _ is carried out; hence, the behaviour of Xq along
the radius is obtained.

The position in the Hugill plot of the shots considered is shown in
0.5 Fig. 1. Figure 2a,b,c,d,e shows the ¥ ob-

tained using the method described for some
1t L Cji:‘ﬁ““-m‘hrq typical discharges in the explored ranges
a p S of density and q,.

K L M This method gives good results as
0.3 F E|H J J/ long as the sawtooth signal is sharp and
AlBI|C ///’ incisive. Referring to Fig. 1, good
0.2 values of ¥ are obtained when the dis-
charge is §n the central part of the
01 explored region. As a general result, in
the diffusion region where the method
1 L 1 | works properly, the values of X_ obtained
0 1 Z2 3 4 B are in agreement with the vzlue§ obtained
= 19 yp-1 from the power balance and from the in-
neq/BT(]U Wb™) crement with radius of the delay time of

Fig. 1: Hugill plot of dis- the sawtooth peak, within a factor 2.

charge parameters considered. The radius range of validity is de-
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termined at the lower limit by the boundary of the diffusion region and at
the upper limit by the flattening of the experimental signal.

The method has been applied to a few LH RF heated discharges.
Figure 2f shows the results for a typical LH RF discharge. A comparison
between ohmic and LH RF discharges is under study.

CONCLUSION

The inference of y_ from a signal with a periodic electron heat per-
turbation by using DFT techniques is a method which can be easily automat-
ed. It has been applied successfully to both ohmic and LH RF heated dis-
charges in FT by using soft X-ray emission as the signal. The agreement
with other methods is within a factor 2.

REFERENCES
[1] M. Soler and J.D. Callen, Nucl. Fusion 19, 703 (1979).
[2] F. Alladio et al., paper No 0396A, this Conference.
[3] G.L. Jahns et al., Rep. GA-A17858 (1985).
[4] E.D. Fredrickson et al., Nucl. Fusion 26, 849 (1986).
[5] F. Alladio et al., Proc. 12th European Conference on Controlled Fusion

and Plasma Physics, Budapest (1985), Part. I, p. 138.




185

MHD ACTIVITY AND ENERGY LOSS DURING BETA SATURATION
AND COLLAPSE AT HIGH BETA POLOIDAL IN PBX

H.W. Kugel, S. Sesnic, K. Bol, M. Chance, H. Fishman, R. Fonck
G. Gammel, R, Kaita, S. Kaye, B. LeBlanc, J. Manickam, W. Morris,®
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1. Introduction.

One of the central issues in high-B experiments, in medium to high-q tokamak plasmas, is
whether the observed temporal B saturation and collapse are caused by ballooning, ideal kink, or
tearing modes. Several explanations have been proposed for the f-iimits found for different tokamaks
and experimental conditions. In ISX-B, for example, a deterioration in confinement at high-p (ic., a
soft B-limit) was observed, but this deterioration did not exhibit a correlation with the observed
m=1/n=1 mode [1], and hence, ballooning modes were proposed as a possible cause for this (-limit
[2). In PBX, in low-q (q < 3.5), high current-ramp discharges [3], and in D-III [4], for certain
limiter discharges, a disruptive B-limit attributed to the n=1 external kink mode was observed.
ASDEX [5] and PBX [6] studied very similar types of neutral beam heated discharges which
typically underwent Lransitions into the H-mode. After this transition, B rose initially, but then
saturated and eventually "collapsed” at constant plasma current and heating power. In ASDEX, since
the ERP's (ELM's) alone could not explain the additional energy losses during the saturation and
collapse phases, and since no other observed MHD activity could be held responsible for the
saturation and collapse, ballooning modes were invoked to explain this B-limit. In PBX, however,
it was possible to correlate these additional energy losses with various observed MHD phenomena
(ie., sawteeth, fishbones, continuous mode, and ERP’s), and there was no need to postulate the
existence of ballooning modes. The PBX investigations reported previously (6] were performed at
medium q-edge (4 to 5) and B-poloidal (1 to 1.2) values. In this paper we report the extension of 3
saturation and collapse studies to high g-edge (>6), high B-poloidal (>2) discharges. We will
conclude that globally the high B-poloidal discharges generally behave similarly to those at lower
B-poloidal reported previously [6], but that the detailed behavior of the MHD depends on B-poloidal.

2. Experimental Conditions and Results.

The plasma parameters in these high q-edge, high B-poloidal, H-mode discharges were as
follows: I = 250 kA, B, = 1.7 T, g-edge = 7, P, ;; = 5 MW, plasma elongation = 1.3, a_;, = 37 cm,
R =152 r.Pm, indentation = 5%, < B> = 1 to 1.5 %, and the Troyon-Gruber scaling parameter [,
(Kol g B) = 0.6 10 0.8.

In %B)l(, we were able 10 examine directly the relation between MHD aclivity and energy loss
using a unique diamagnetic loop which had a very short response time and high amplitude resolution
and was placed inside the vacuum chamber. There was a very good correlation between the energy
losses observed with the diamagnetic loop and the MHD events as observed in the x-ray diodes,
Mimov signals, neutron losses, charge exchange fast particle effluxes, and He emission. A typical
discharge is shown in Fig. 1; shown are the displaced toroidal flux as measurcd by the diamagnelic
loop, and the Ha emission from the divertor. The first neutral beam was injected at 350 ms, with
another following at 400ms, and finally with the last two beams injecting at 450 ms. All four beams
were injecting until 660 ms. Since the plasma current and shape were held constant during neutral
beam injection, the displaced toroidal flux signal generally reflects the evolution of B-poloidal. The
L-mode lasted until 485 ms, at which time the transition to the H-mode occurs. These discharges did
not exhibit sawteeth, and the transition to the H-mode often appeared o be triggered by relatively
strong fishbones. Alter the H-mode transition, the discharge can be subdivided into three phases: B
increase, saturation, and collapse.

a. P-Increase Phase. After the transition to the H-mode, over a period of 20 ms, the
internal energy increased at a rate of 0.9 MW, and the confinement improved steadily except for the
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strong fishbone at 495 ms. There was little or no MHD activity during the period of increasing B
except for this fishbone. During the last part of the B-increase phase, fishbones became more severe
resulting in nonnegligible loss of fast particles. This was the cause of the start of the B-saturation
phase at 520 ms.

b. f-Saturation Phase. As shown in Figs. 1 and 2, the saturation period lasts for about 50
ms, ending at 570 ms. This period was characterized by three kinds of MHD activity, each with
varying energy loss: fishbones, ERP"s (Edge Relaxation Phenomena), and a continuous mode, There
are 1wo types of fishbones, their difference being the modulation strength in various signals. The
weaker fishbones are characterized by a weaker modulation of the x-ray signal, charge exchange fast
particle effluxes, and Mirnov fluctuations, a smaller change in the modulation frequency, a smaller
drop in diamagnctic signal, and an almost imperceplible and slow drop in neutron [lux. The plasma
encrgy loss is less than 0.4 % and the neutron [lux drop is less than 2 %, The duration of the burst is
also short, less than 0.5 ms. The frequency of the fishbone is typically between 20 and 30 kHz,
whistling down to half of this frequency during the burst.

The stronger fishbones have higher energy losses of up to 1.5 %, larger neutron flux drops of
up to 8 %, and greater than a [actor of two increase in the charge exchange efflux for the weaker
fishbone. The effect that most distinguishes the stronger fishbones from the weaker ones is the
effect on the x-ray radiation. The horizontal-viewing diodes indicate an out-in plasma column
motion: the inner diodes show a jump-up in signal, and the outer diodes a jump-down. The
vertical-viewing diodes show only a jump-up in the signal, which increases strongly toward the edge
of the plasma (up and down). The inferred plasma reconfiguration during the fishbone is very
different from the sawtooth-like crash at lower q-edge and PB-poloidal values. Here, the plasma
appears (o be pushed inward and further elongated.

The ERP’s often occur 1 to 2 ms after any fishbone and always after a stronger fishbone. The
ERP durationis normally few hundred ps. A possible sequence of events is that the fishbone expels
energy from the center, the energy propagates outward and builds-up near the edge. After 1 to 2 ms,
an ERP occurs, and energy is lost over a large region. This would imply that ERP"s may not be just
an edge inslability but may involve a large part of the minor radius. The ERP instability may be
induced by high pressure, temperature, or current gradients that may have built-up in response to the
initial central energy expulsion. The energy loss due to the ERP is of the order of 1 %.

There is another type of the MHD activity, which is characteristic of only the [-saturation
phase and is never observed during the f-collapse phase. This is an n=2 or n=3 mode as determined
by the radial magnetic field coils with a higher unknown m number. This mode is seen in the x-ray
diodes in Fig. 2 from 566 to 569.5 ms. The mode frequency is usually between 30 kHz (n=2) to 60
kHz (n=3) and the mode amplitude is saturated. This mode contributes very liltle to the additional
encrgy losses, and is therefore not a strong participant in the [B-saturation process.

The repetition time of the weaker fishbones is 1 to 2 ms, while that of the strong fishbones is
about 5 ms. Using these repetition rates and the energy losses involved in each event, it is possible to
account fully for the energy losses during the [B-saturation, and thereby to ascribe the B-saturation
effect to the three types of MHD behavior: weak fishbones, strong fishbones, and accompanying
ERP’s, These additional energy losses are close to a total of 1 MW and are sufficient enough to cause
the B-saturation .

c. B-Collapse Phase. The B-collapse phase begins usually with the onset of a strong n=1
mode and is characterized by two types of MHD aclivity: a quasi-continuous n=1 mode and ERP"s.
In Figs. 1 and 2 this phase starts at 570 ms and lasts until the end of the beam injection at 660 ms.
Both the continuous mode and the ERP's can be seen in Fig, 3.

Al the beginning of the B-collapse phase, the amplitude of the continuous n=1 mode is
modulated. A larger amplitude mode results in a stronger loss of fast particles, a larger drop in
ncutron flux, and a bigger loss of plasma energy from the diamagnetic signal, thus establishing a
correlation between the energy loss and the amplitude of the continuous mode. Alter the initial period,
the mode amplitude saturates in the central part of the plasma column, but it continues to burst at the
edge; the modulation is seen as a decrease in mode frequency and amplitude, and these decreases
occur at the time of each ERP. This modulation of the external part of the mode is well correlated with
the change in the fast particle eflux, and the decay in the ncutron flux and plasma energy. Using the
correlation of this mode with the diamagnetic loop signal, the increase in modulation of the fast
particle losses, and the drop in neutron flux, we can conclude that this mode is reasponsible (or both




187

the thermal and beam energy loss.

In Fig. 4, we compare this continuous mode at high B-poloidal and high g-edge with the mode
at medium P-poloidal and medium g-edge. The relative modulation and the phase of these two
modes is shown as a function of the vertical position in the bean. Although there are differences in the
details of the phase structure of these modes, they both show a gradual, continuous phase shift across
the central part of the plasma. They both have a phase change of approximately 180° between z=-20
and +20 cm. The large difference is in vertical distribution of the relalive amplitude modulation. The
medium B-poloidal and medium-q case (#255) clearly shows a strong odd mode (possibly m=1)
with radial coupling to strong higher m number modes, whereas in the case of high $-poloidal and
high-q (#5214), the radial coupling is stronger and there is no one dominant internal mode.

The ERP events as shown in Fig. 3 correlate well with sudden drops in the diamagncetic signal,
with Ha spikes, with the drops in the external x-ray diodes, with the high frequency bursts (100 kHz
and higher) in the radial field signal, and with the decrease in the fast particle loss modulation. They
do not correlate at all with the drops in the neutron flux, indicating that the ERP losses represent only
thermal energy losses. The ERP's contribute 0.5% cnergy loss per event with a repetition time of 1.4
ms.

If we assume that the underlying plasma confinement properties during the B-collapse phase
are the same as those at 500 msec when little or no MHD was present, we can determine what
additional losses are ascribable to the MHD activity during the -collapse. With this assumplion, the
dW/dt term at 580 ms should have a value of +1.1 MW, The tolal additional loss required to explain
the B-collapse is 1.4 MW. An increase in radiated power, as measured by bolometry, accounts for
450 kW of this loss. The ERP's contribute 400 kW to the loss, leaving 550 kW attributable to the
n=1 continuous mode, thus making this mode contribute a comparable amount to the B-collapse.

3. Conclusions.

We have shown that the observed B—saturation and collapse in PBX can be explained in terms
of long wavelength MHD and ERP activity, and that there is no need to invoke ballooning modes.
The ﬁ—smurauon and collapse phases are different in terms ol the MHD activity. The saturation
phase is dominaled by the fishbones, ERP's, and n=2 or n=3 modes, but only the fishbones and
ERP's contribute substantially to the energy loss. The B—collapse is caused primarily by a strong n=1
continuous mode, and 1o a lesser extent ERP's, and additional radiation losses. The n=1 continuous
maole is responsible for both thermal and beam energy losses, and the ERP's only for thermal encrgy
losses. This continuous mode for high B-poloidal differs strongly from the one observed at medium
{3-poloidal by not having a m=1 component, and by exhibiting a strong radial coupling of modes and
no one dominant internal mode.
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BETA LIMITS AND MHD ACTIVITY IN TFTR

AW Mc:rriET, E D Fredrickson, K M McGuire, M G Bell, M S Chance, R J Goldston, R
Kaita, J Manickam, $ S Medley, N Pomphrey, S D Scott, MC Zarnstorfl

Princeton University, Plasma Physics Laboratory, Princeton New Jersey

High power tangential neutral beam injection into TFTR [1] has allowed a study of a vari-
ety of MHD phenomena at lower ion collisionality (v,; ~ 1072 — 107%) than was possible on
smaller tokamaks. The parameter regime for the beta limit studies is 0.5MA< [, <1.3MA,
S5MW< Pinj <20MW, 0.5-2.0s injection, Rgeom = 2.3 — 2.57m (usually 2.45m), ap = 0.6 — 0.85m
(usually 0.8m), 3 < gy < 12 with low pre-injection density in a well conditioned vessel. A beta
limit exists at hizh g that is substantially below that expected from simple application of the
Troyon limit. Some discussion of phenomena at low g (gy(a) = 3,2.5) will also be given.

Discharges near the 3 limit: The chief characteristics of the @ limit as observed in TFTR
are discussed in [2]. Fig 1 shows the envelope of the TFTR data along with the location of
some discharges with coherent MHD activity. Although the bound at high gey is lower than the
Trayon limit (3], gey and the profiles are different from those used in that study. Calculations
with the PEST code reveal that the plasmas may be unstable to n = 1 ideal-MHD modes, with
n = 2 stable. g(0) = 1 — 1.5 excludes the broader current profiles required for higher 4, at
high g(a). High-n ballooning modes are calculated (in a torus but without FLR corrections) to
be unstable over part of the profile in some cases. In general, however, the steepest calculated
pressure gradients appear in the shots with best confinement, and this indicates that such
modes would affect transport only in the best discharges. Attempts to exceed the TFTR 3
limit have been made using lower I, at high P,;. No improvement is found and in fact there
is a dependence on I,: the attainable g, falls for I, < 0.7MA (g ~ 7). 1t is also found that
there is an optimum P;,; for a given I, above which the achievable /3 fails to increase or drops.
This optimum is about 11MW for 800kA but has not appeared at 19MW for 1IMA.

The @ limit is manifest in one of two ways: i) the plasma disrupts either with loss of plasma
current, or with loss of typically 50% of the kinetic energy content or ii) the energy content
reaches a maximum, then falls with time at constant Py,;. For ii), with [, < 1IMA, ne(r) broad-
ens and T, T;(0) and the neutron emission (I,,) fall, almost always accompanied by coherent
MHD activity. As I, is raised, however, a similar collapse of the energy content is sometimes
seen, but far from the A limit. This is not always associated with MHD activity, and the
discharge may be reverting to TFTR high I,,n. confinement scaling, and is at present thought
to be a different phenomenon. The presence of MHD activity does not depend just on macro-
scopic parameters such as 3, g(a) (Fig 1), and the value of g(0) is expected to be important.
The target plasma generally has sawteeth (riny ~ 5 — 10cm) which disappear at the start of
injection. Experiments with I, ramped down (typically 1.2MA to 0.9MA in 0.25s, ending just
before injection) have produced some high g, shots with sawteeth and bursting m = 1 modes
during NBI with no other MHD activity for 2s injection, consistent with a high current density
being frozen into the core. Changes in the injection angle and P,/ Peounter (and hence in the
beam driven currents) have had no reproducible effect on the MHD activity. Possible changes
in Z.s; and impurities have yet to be investigated.
1
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As reported in (2] perhaps the most remarkable feature of the MHD behaviour of these high-g
plasmas is the occurrence of m = 3,n = 2 modes in the absence of n = 1 activity. Fig 1 shows
that (3,2) modes are common and that they appear over a wide range of parameter space
(particularly for behaviour (ii) above). (2,1) modes cover a similar range, but m = 1 modes
and sawteeth are rare at high g (except with current ramp down). fimede < 20kHz,50kHz for the
(2,1), (3,2) modes respectively. A few good confinement discharges show a centrally localised
higher m mode (from SXR array), but this is apparently benign. The (3,2) modes are identified
using Mirnov coils at the vessel wall (R = 2.65m,a = 1.10m, Af = 22.5°) and are only observed
(for high g ) with high power auxiliary heating, when pressure and neoclassical effects on MHD
theory are expected to be significant. The low value of m at the wall is unambiguous despite the
high values of g(a), 3,. The absence of (3,2) modes in current ramp-down discharges suggests
that high g(0) may destabilise this mode (A’ calculations indicate g(0) > 1.3 is unstable) and
that g(0) (or rq-y before injection) is indeed an important parameter. The soft x-ray (SXR)
signals are consistent with a (3,2) island: there is one more phase change than expected for
an ideal-MHD (3,2) distortion. The data indicates a displacement of ~ 10em at » = 25cm is
typical, consistent with estimates of the island size from I:::'g(wa!t]. (2,1) modes of similar size
are observed interchangeably with (3,2) modes, and are also apparently resistive - the internal
structure is more complex than for the m = 2 second harmonic of m = 1 sawtooth precursors.

Calculations of I,, give some indication of a loss/redistribution of fast particles during MHD
activity. Transport codes (SNAP and TRANSP codes), without beam loss processes, are used.
At low I,(600kA) and n,, I, is over-estimated (typically by a factor 2) for cases with strong
MHD activity and I, falling by 30 — 50% during injection: Ngeam is too high in the code,
suggesting loss of beam ions is required. Time dependent calculations are less sensitive to
systematic errors and show the discrepancy appears when J,, begins to fall. At higher [,
T cate/In measured does not change as much, but the contribution to I, .o from beam ions rises
and that from thermal ions falls. Estimates of the influence of the low-m, n ripple (ér/R ~ 3%
near the island for observed modes) on the trapped thermal and beam ions [4] suggests that
their transport could indeed be significantly affected, depending on the velocity profile. A
lass /redistribution mechanism for passing ions may also be required to explain the data.

At lower g, or with current ramp down (see above) sawteeth or bursts of n = | activity appear
(Fig 2). The bursts and oscillations are visible in the charge exchange signal only near the
injection energy and are most pronounced for near perpendicular views (for Kjon = 0.91m,
1.47m but not 213m). fi.4e falls through the burst as with fishbones and the mode reported
in 5] and its value (5kHz for near balanced injection) is of the same order as the trapped
particle precession rate, but some data suggest f,,.q. changes with the net co-injected power.
There is no obvious high frequency burst as reported in (5] and Ey,, I,, do not drop, indicating
the modes are not harmful at present levels. These modes appear as ma = 1 on the SXR
diodes, but as higher m (~ 5, but not a simple structure) on the Mirnov roils. This is the
expected behaviour for an ideal-MHD mode and modelling of the SXR emission for PEST
n = | eigenmodes agrees with experiment in the central region of the plasma.

Disruptions: Fig 3 shows a disruption at the 4 limit. It is seen that Jsx g, I, fall on a 100ps

timescale (after a gamma burst). Eg, falls on a timescale of a few ms: the measurement is

limited by the vessel time constant (several ms). The limiter temperature rises in ~ 20us [2].
2
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Note the two-stage drop in I,. There is a rapidly growing oscillatory precursor (7, ~ 100us)
which has an m = 1 structure in the plasma core. The mode structure on the Mirnov coils
is mot simple - just as with the m = 1 bursts above. The timescale of the growth suggests
a pressure driven mode, probably with inadequate time for formation of a large island. The
PEST code shows that the growth rate of the n = 1 internal kink increases rapidly from zero
as g(0) drops below unity for these high @, discharges and the appearance of & ¢ = 1 surface
is an attractive model for these disruptions. In general disruptions do not follow a period of
degraded confinement with (3,2) or (2,1) modes. It is notable that disruptions can occur far
from the 3 limit [2], early during injection when the beam pressure dominates. Disruptions of
the ohmic target plasma at these g values do not occur.

Low-gy operation: Experiments with co-injection and g close to the rational values 3.0,
2.5 reveal increases of ~ 15% in Eg, and ~ 50% in particle density after a clear transition,
reminiscent of limiter discharges on JET-2M [6]. There is a drop in toroidal rctation velocity
(and hence a temporary energy source from rotational energy and a consequent improvement
in heating efficiency [7]) and a sharp fall in the measured H, emission from the inboard side.
There is evidence from SXR and Mirnov signals of a slowly rotating mode (3,1 for g = 3, 5,2
for g = 2.5) at the plasma edge during the transition, correlated with a rotating structure in
the H, emission, which peaks at the x-point of the lacking/unlocking mode. This structure is
also apparent on the electron temperature (ECE) and suggests that a form of helical divertor
may be present. The central plasma continues Lo rotate, albeit at a reduced speed, as shown
by Dappler shift measurements and the simultaneous presence of n = 1 modes in the centre of
the plasma with a higher frequency than the edge mode.

Conclusions: The 4 limit as seen on TFTR is close to the limit due ton = 1 ideal-MHD modes
even in this high ¢ regime. This limit is substantially below the extrapolated Troyon limit. The
modes correlated with the degraded confinement appear to be resistive in origin, and appear
(experimentally) to be sensitive to q(0) and g(r) near the axis. There is initial evidence that
these instabilities play a significant role in the fast ion dvnamics. Although the profiles may
be close to the high-n ideal-MHD ballooning threshold, no direct evidence of ballooning modes
has been found. Experiments in limiter discharges with g, near to 3, 2.5 show a transition
to a state of apparently improved particle confinement with indications of a stationary helical
perturbation.

The authors are grateful for discussions with J Strachan and H Mynick. This work was sup-
ported by US DOE contract No DE-AC02-76-CHO-3073.
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TEMPERATURE SCALING OF OHMICALLY HEATED DEUTERTUM PLASMAS IN TEXTOR
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Introduction.

Measurements of the electron temperature and the energy content hy two
independent. methods, 1i.e., FCE - measurement of Te and measurement of the
plasma diamagnetism to obtain R o13 have heen “performed ~on TEXTOR to
include larger plasma currents  and higher tornidal magnetic field
strengths. The results of hoth measurements confirm scaling laws derived
from the assumption of anomalous electron heat conduction in an Ohmically
heated plasma with Spitzer resistivity. Dependences of the electron
temperature on the plasma density n are attributed to systematic changes in
I.re which enters through the resistance. The possihility to achieve
tgermonuclear burn in larger devices hy increasing the plasma currents is
discussed. '

Flectron temperatures from ECE-measurements.

The diagnostic technique has heen described elsewhere /1/. Ir the plasma
core, the temperature is determined by the input of Ohmic heating power and
the losses due to thermal conduction; radiation losses for not too high
degrees of plasma contamination are small. Therefore, in the steady state
(and for the temporal averages 1if onscillatory contrihutions enter the
quantities in question) the power halance per unit length for a plasma with
cross=-sectinon of radius r reads

o, e
i - ?.1err =% . (1)

3 P ; : 2
where near the axis nji'=n_j = const (index 0 denotes the axis), and 0. is
the radial energy flux deﬂ?i%y. If for the latter

_ aT
b ~Xs 30
i.e. neglecting convective contributions, then upon integration of equ. (1)
up to a radius r1<< a with Ke: const, we obtain

rf ni? = 2 & [Tlre0) = Tlry )]s

For temperature§ gistributed (in the temporal average) according to
T=T [1-(r/a) 1", the difference hetween the temperatures at the center
of the plasma and at r = r becomes

2 2
1 Toja ¥

T = T(rl) =X F

Writing the expression for the Spitzer resistivity n=y(Z ¢¢) Z ¢ ql/T3/2 ,
where ny is the value of the plasma resistivity for Zef$=i a7 L P ey
and Y(Zeff) is the correction factor of the resistivity for Z # 1
(compared to the Lorentz gas approximation),then the power balance hecomes




194

% 2 5/2
Y(Zeff) Zefflp = (2xa /anE) TO » (2)

where another form factor occuring upon replacement of the current density
by the total plasma current Ip has been ahsorbed in the value of .

Since the dependence of y on 7 £ within realistic ranges of Zoffs s
rather weak, for constant profi?e shapes the central electron temperature
is expected to scale as

T(o) = const. (ll£§ Ip)4/5. (3)

For the series of discharges from which the experimental results presented
here have bheen extracted, Ze was found to behave as nZ fF = const.
Therefore, if one neglects thé difference of the exponent P in equ. (3)
from 1, a 1linear relatjonship between T(7) and 1 /n holds. The
expe~imental results are shown in fig.l. nwezto a different normalization,
the results are represented as T(0) vs.l/qn / where q is the safety factor
at the limiter. Replacing in equ. (3) the plasma current by the safety
factor, the temperature scaling in the linear approximation rzads

2
T(0) = const %VBT/qnllz. (4)

In effect, representing the I -dependence hy a q-dependence, the scaling
should show also an almost linear dependence on the toroidal field strength
Ar. This 1is seen in the upper part of the diagramme, wherz the measured
values of the temperature are displayed for a tornidal field of RT:2.3
Tesla, whereas the other points on, the main line are obtained for By = 2
Tesla. For the same values of {qn1 “)™*, the measured values of T(B) at
higher BT are in the ratio of the toroidal field strenghts larger than the
ones on the main line.

Concerning the dependence of Z,¢¢ on n, the existence of simple algehraic
relations seems to he rather the rule than an exception; cf. references
/2,3/ for the results from JET and TFTR, respectively. In fiq.?, the degree
of approximation to the experimental results of TEXTOR is shown hy
displaying nZe ¢ Vs. n. As can he seen from the dia%{amme, nZeff is
approximately constant. If more generally one observes n Z_ ..= const, and
L , as 1is assumed here, merely acts through the resistaﬁEE on TE, the
dependence of_agge electron temperature on the plasma density should he
weaker thann '", i,e. for a = 0.5 (as is observed under other discharge
conditions also in TEXTOR), this dependence is very weak and hardly
ohservahle. Mo explanation has heen found for the Ie f(n)-dependence which
probably 1is a consequence of glohal plasma-wall interactions (i.e. ones
which not only affect the peripheral plasma).

Netermination of 3,.q.
Inlike the ECE-megsurements which give local values of Tas the magnetic
loop measurenments of the plasma diamagnetism primarily give volume averaged
plasma quantities resp. relationships hetween them, lnder the assumption
that the spatial distribhutions of the quantities in question in the steady
state persist, the relations
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T (0) = const T_, T.(0) = const T,
hold and allow immediate inferences to connect tHe results of either
measurement. By definition, npo] is related to the plasma pressure and the
current strength through 2

NETe + T].zNi ~ apo][p, (5)
vhere the bars denote volume averages and the N's are the particle numbers
per unit length, and all ion species are assumed to have tre same ion
temperature T.. Supposing a scaling law for Te(n) of the form as expressed
in equ. (4), dne expects for Bpo1 2 dependence

Ti EN_i n1/2
Bygr ~ 1+ 500 71 (6)

Uncertainties derive from the é&pré%sin& in the bracket. However, in
Ohmically heated discharges Ti is less than T_, e.g. Ti = 0.7 T_, and
also EIN,/ZIN, is smaller than one, especiaWFy when Z,ee s arge.
Therefo}e, the scaling law of ﬁpnlin lowest order should be,

Bpo1 = const DT—- (7)
p
The results of the measurements are shown in fig.3. There is obviously much
more scatter in these measurements than in tT32ECE results, but the linear
relationship between B o1 and the quantity n /1. is evident and supports
the scaling law found fbr TE from the ECE-measuremgnts.

Conclusions

On the basis of the measurements and the scaling laws obtained, achievement
of plasma temperatures in the range of burn conditions by Ohmic heating
alone seems to be possible. The favourable dependence of the temperature on
the plasma density can be ruled out, since this dependence according to our
interpretation is a consequence of the change of zeff with n; but Z
cannot bhe changad by orders of magnitude. Therefore, only the current "is
the relevant quantity. With an estimated ion temperature of T. = 1 keV for
T, = 1,5 keV, the linear dependence of T on I_ would require currents above
8"MA to reach T; = 10 keV. Since the power with which the current strength
really enters the scaling law is 0.8, the plasma current actually required
is about 15 MA., The requirement to keep the safety factor in the
operational range of stable tokamak plasmas implies toroidal fields above 8
Tesla and/or an increase in the size of the machines. Scaling of the heat
Tosses may nof change, since the values of the electric current density and
other gradients of relevant plasma parameters remain the same as in the
present operational regimes. An assessment of the possibilty to achieve
thermonuclear burn by Ohmic heating alone «clearly requires to take
additional radiation Tosses into account.
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CONFINEMENT SCALING OF TEXTOR FROM OHMIC TO ICRH DOMINATED DISCHARGES
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Recently, a number of confinement scaling laws [1-3] have been proposed
covering the transition from pure OH discharges to conditions with strong
additional heating. The predictions of these three laws are compared here
with the TEXTOR data set obtained from power, density and current scans.

Confinement models.

The TEXTOR scaling model [1] assumes that ohmic and auxiliary heating
are characterized by different confinement times tgy and T4, Tespectively.
The global energy E is the sum of two contributions Eqg' = 7oy Ppy' and
Egux = Taux Paux»> Where Poy' =_V'Ip is the modified OH power and P,y the
applied auxiliary power. In this model the global confinement timpe E then
reads

1 1
" ) Ton? IP * BB — ¥ Ip)
E,T P a
2 o 1

with P = POH + Paux :

The JET model [3] assumes that there is no discontinuity in Tglor xg)
at the transition from the OH to the auxiliary heated phase and that
both regimes can be described by E = E(o) + Tine P 3 i.0. above a very
low power threshold the transport coefficient ¥, increases abruptly. The
major fraction of the ohmic power and the totality of the auxiliary power
thus contribute to the energy content with a common confinement time L
One then obtains E = Egy + T3.. Pipe, where Egy = E(o) + Tine POH = TOH Poy

(1)

3P B B ) P R inall
and Yine aux OH OF:" S
i N
e Tor? Ip * Type(® = V) -
E,J P

Noting that in some machines the OH confinement at high density loses
the density dependence of the Neo-Alcator scaling and recognizing that
this density dependence also fails in auxiliary heated discharges,
Goldston [3] conjectured in 1983 that the transport regime governing the
high density OH phase is the same as that in the auxiliary heated phase
and proposed a scaling

(r ® # o (3

Te.6 " YTon Taux,c

where Ty is the well-known Neo-Alcator scaling tgy = a Ee ale0h g2:0% 0.5

- =2.6 s
Taux,G FAIp P , and a and FA are numerical constants.

* Senior research associate at the NFSR, Belgium
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The OH phase of TEXTOR.

Recently we reported [4] that the OH phase of TEXTOR can exhibit at
high density a saturated confinement which was shown to be due to detach-
ment of the discharge from the limiter. The detachment can be influenced
by operational procedures and we found that, by proper machine conditioning,
unsaturated OH confinement and attached operation are possible up to the
highest densities ; an example is shown in Fig. 1. For the machine condi-
tions prevailin% at the time the data was collected, detachment sets in
at m, =4.2x 10 3em™ at T = 478 kA and can be recognized by the slowing
down of the energy increase, and the increase of loop voltage (curves
labelled D : detached conditions). When applying ICR heating(?,,,=1.15 MW¥)
to a detached plasma (fg> 4.2) one notes that larger relative energy in-
creases are obtained than at lewer densities. Our interpretation [4] is
that the RF performed a cataiytic role in restoring the unsaturated OH con-
finement. Note that both the emergy increments and voltage decrements with
RF are density independent when referred to curves A which are for OH
utder attached conditions.

Fittine procedure.
Previous analyses have established the parametric dependences of the

confinement times Tgy, 7,,xs Tipc and Taux,G appearing in Eqs. (1-3).Hence
we assume e
Top = Foy e 9 (4) Tine = Fine Ip (6)
- R - -0, 6
Taux = Faux Ip (5) Taux,6 = FA Tp P )

For each scaling model we then have two fitting parameters (Fog, F,u)»
(Foy, Fine) and (Fgy, Fp) respectively. Fgy is obtained by fitting Eq.(4)
to the unsaturated OH data only. A discussion in the preceding paragraph
nas shown that this is the appropriate OH regime during RF heating. Fur-
thermore, V in Eq. (2) will always be the attached loop voltage (see Fig.l).
We should stress that we did not include a systematic By scan in our data
set (Bp = 1.9 - 2T) : our use of g in Eq. (4) therefore only ascertains
the I, dependence implicit in q. The best value of a is 0.8 for 350g1Ip

< 500 kA and 0.5 for 200 < I & 300 kA. A different choice of a leads

to different FOH values.

Results :

Figures 2-5 show the comparison of Eqs (1)-(3) with sets of TEXTOR
confinement data, gathered, as much as possible, in successive discharge
sequences. The experimental tg values are found from energies which are
the average of diamagnetic and kinetic data. The RF power P, is the to-
tal power leaving the antennae. From the time rate of change of the energy
an effective absorption coefficient (see also [5]) B = 0.9 +0.1 could be
derived. No attempt has been made to correct the data for this factor.

The best overall fit is obtained with the following fitting parameters:

Foy = 12.7 ¢ 2 at a = 0.8 Fipne = 35 + 7
Faux = 54 = 10 By = 132 + 40

when the units used are ms(t), MA(I), MW(P) , lolgcm‘i(ﬁe) and V(V). It is
interesting to note that the TEXTOR OH data is thus on average 30 % higher
than the published Neo-Alcator scaling [3]. The errorbars on F,x,Finc and
Fp can reflect to some extend a deviation from the linear Ipdependence in




the respective pertaining confinement times as well as the usual scatter
in experimental data.

The TEXTOR and JET models are practically undistinguishable : obviously,
the experimental loop voltage decreases are not high enough to clearly se-
parate them. The Goldston model suffers from the fact that our TEXTOR OH
data does not show (except for occasional detached plasmas) the strong sa-
turation at high density. The scatter in the RF data obtained with this
model is clearly higher than with the two others. It is interesting to note
that in the domain of applicability of the Kaye-Goldston scaling [6]
(Peor/Pog > 3) the present data set has confinement times 1 to 1.25 times
larger than Kaye-Goldston, the main discrepancy being due to an experimen-—
tal density dependence somewhat stronger than ng”'?® as precricted by this
scaling. Even operation at Py,/Pgy = 5 is not enough to resolve the funda-
mental question as to the asymptotic, high power limit of 1.
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A MODEL FOR PELLET ABLATION IN JET
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14 INTRODUCTION

S50lid deuterium pellets have been injected into JET discharges for a
wide variety of plasma conditions (including limiter, inner wall and
X-point discharges) with ohmie heating alone, and in combination with ICRF
(up to 6MW) and NBI (up to 8MW of 75kV deuterium injection). The pellets
are injected in the mid-plane along a major axis of the plasma. The
penetration of tnese pellets is compared with that determined by the
neutral gas shielding (NS) model [1] and the neutral gas and plasma
shielding (NGPS) model [2]. A suitable model is proposed far the
effective ionisation radius in the NGPS model wnich determines the ionised
shield parameters. For presenl JET experiments penetration is found to be
consistent with electron ablation alone, The lack of fast ion effects is
interpreted in terms of expected energy and power thresholds.

2. EXPERIMENTAL DETERMINATION OF PENETRATION

An array of soft X-ray diodes viewing norizontally behind the pellet
yields a qualitative view of the time-dependent pellet ablation rate and
an accurate measurement of the time at which the ablation process ends
(Figure 1). The structure is similar to that exhibited by the Du light
viewed along the pellet path. Pellet penetration depth is determined from
this data together with data from an array of soft X-ray diodes viewing
the pellet trajectory vertically (Figure 2). These signals also provide
the pellet speec in the plasma (0.75-1.2km/s) which may be compared with
the speed deduced from time-of-flight measurements in the pellet launcher.
Pellets, nominally 3.6mm and U4.6mm cylinders of equal diameter and length,
penetrate a distance 0.5-1.2m, the distance between the limiter and the
magnetic axis being about 1.1m.

3« NEUTRAL GAS AND PLASMA SHIELDING MODELS

In the NS model monoenergetic electrons are shielded from the pellet
by a layer of dense molecular hydrogenic gas. A fit to the numerical
solution of the hydrodynamic equations of mass, momentum and energy in the
neutral shield, assuming uniform volumetric heating, leads to a
relationship between the energy flux and the thickness of the neutral
shield. An energy balance at the pellet surface provides a second
relation between the energy flux and the ablation rate. The NGPS model
extends the solution of the neutral shield by treating the electrons as
having a Maxwellian distribution and adding contributions from fast ions
Wwith both of these effects increasing ablation. A cold plasma shield
extending along the magnetic field is also present, increasing the
shielding of incident electrons and thus decreasing ablation. The
effective ionisation radius is considered as the only free parameter in
our applications of the NGPS model.
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The prasma response during pellet ablation 1s represented by
adiabatic mixing of the ablatant plasma with the plasma electrons in the
NS model (collisional plasma), whercas the incident electron distribution
function is depleted in the NGPS mudel (collisionless plasma) which is
more dppropriate tor JET plasmas.

y, COMPARISON BETWEEN EXPERIMENT AND THEORY

JET geometry and plasma parameters (electron density profiles from T
vertical chords of an FIR interferometer and temperature prolfiles [rom 2nd
harmonic ECE data) are used to assess variations in the ablation model.
The data set used lor Lhe comparison between the experimentally determined
punetration distance and that obtained by modelling 15 considerably
extended beyond Lhat of Ref L3] and now contains about 100 discharges.
Integration of the FIR chordal data indicates that the smaller pellets
contain about 85% of the mass of a 3.6mm cylinder while the larger pellets
contain about 70% of the mass of a 4.6mm cylinder. This mass discrepancy
appears to be systematic and likely arises during pellet formation and
acceleration rather than during the ablation process. We use 85% of the
mass lor all of the 3.6mm diameter pellets (spherical radius ol 1.95mm
assumed) and TO% of the mass for the 4.0mm diameter pellets (spherical
radius of 2.3Umm assumed).

The pzllet veloeitics determined from Lime-of-Clight and vertiecal
sof't X-ray data agree Lo within about 10% - this yields no significant
difference in caleulated penetration depths. Variation of the pellet size
[rom 60-95%% leads Lo less than them in the ecalculated penetration depths
around the reported values. Uncertainties in the electron density and
Lemperature data is greatest in the oulter edge of the plasma; sensitivity
Lo the density variation is weak while variation of the electron
Lemperature in the expected range leads to an error of them in the
caleulated values., Measured penetration depths are accurate to within
half Lhe separation between vertical soft X-ray chords or 13em.

4.1 Ohmic Heating Alone

The N5 model does nobt reproduce very well the penetration in chmie
discharges, especlally Cor decper penelration (Figure 3a). This is
because the neutral shield solution Cor monoenergetic incident electrons
does nol adequately represent Lhe peneiration of electrons from Lhe btail
of the distribution when the electron Lemperature exceeds about tkeV [2].
The agreement between theory and experiment is ueproved but consistently
Llow with the NGPS model and an ionisation radius fized at r o= 3.Hmm
independent of pellet radius, r_ (Figure 3b), Lhe model used in carlier

predictive caleulations for JET ). “Ihis agreement can be further
improved by [ixing Lhe thickness ol the lonised shield at lmom, that is, an
tonisation radius ol e - p v otmm (Figure 3c).

.2 Additional NBI and I[CRF Heating

With additional heating the NS model again shows diserepancies
bebween caleulated and ciperimental depths comparable Lo those [for ohmie
discharges. The NGPS model with a Tmm Chick tonised shield and ipgnoring
Ay ast ion conbributions Lo Lhe ablation process glves an adequate UL
Lo the data (Figure 3d) with a spread comparable Lo that Cound in ohmic
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discharges. From this we conclude that fast ion effects are not important

at the present power levels. During high power NBL shots, the electron
temperature 1n the outer plasma rises above W50eV where the shield
thickness Lo stop electrons becomes greater than that to stop BOkV
deuterium ions [2). Furthermore, even with 8MW of NBI injeection the fast
ion energy flux in JET is an order of magnitude lower than the electron
energy [lux at all radil.

Se CONCLUSIONS

[t is found that the NGP5 model, which includes both a dense neutral
gas shield and a cold plasma shield extended along the magnetic lield
lines, reproduces the JET experimental data for pellet penetrztion when
the effective Lhickness of the neutral gas layer is set at 1mm. Good
agreement is founa on the basis of electron ablation alone indicating that
last iton effects during NBL and LCRF heating are not important for the
present levels and densities of fast ions. Detailed theecretical models of
Lhe spatial and energy distribution of rast ions during ICKF heating have
not yet been developed for evaluating their etfect on pellet ablation.
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PROFILE EFFECTS ASSOCIATED WITH PELLET FUELING OF JET
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ABSTRACT

Pellet fueling experiments have been performed on JET using a
single-shot pneumatic injector giving 4.5 mm (4.5x10*' atoms) or 3.6 mm
(2.2x10%! atoms) diameter cylindrical deuterium pellets with velocities
petween 0.8 and 1.2 km-s™'[1]. In this paper the effects of pellet
fueling on the density and temperature profiles of OH discharges are
described. In particular the consequences of pellet penetration into the
g<1 region are examined. It is shown that for significant modification
of the density profile in JET, the pellet must penetrate the g=1 surface
and major deposition must occur within the g<1 region. During pellet
injection, the peak electron temperature drops by a large factor. But no
evidence is found in JET for a low temperature front travelling faster
than the pellet, in the plasma outside the sawtooth inversion region.
However, when the pellet reaches this region very rapid (<50 us)
equalization of To occurs throughout the sawtooth inversion domain.

ELECTRON DENSITY PROFILE, ne(r)

During pellet fueling there are three timescales to consider:

(a) pellet ablation and penetration (<1ms), (b) inward transport of the
ablated pellet material and peaking of the density profile (<500ms), (c)
relaxation back to pre-pellet conditions (21s). Pellet ablation and
penetration in JET have been modelled successfully using a modified
neutral gas shielding model [1,2]. Immediately after ablation the
density profile is hollow, fig.la, the degree of hollowness depending on
the penetration of the pellet, which in turn depends on the target plasma
parameters. The density profile recovers to a peaked shape in -200ms,
with a central density 1.5 - 2 times larger than the pre-pellet value.
Evolution to a peaked profile is discontinuous when sawteeth occur.
Analysis of the density profile and its evolution for pellet fueled
discharges has been made using a model of electron flux Pg = -DVn, + Vn,.
The diffusion coefficient D(r) and the convection veloeity V(r) thus
deduced are similar in magnitude to those for gas fueled discharges which
showed a large scatter but no systematic dependence on ﬁe' I¢, B¢ or
heating mode [3,4].

Analyses of individual pellet cases show that in the outer limiter
configuration, V/D changes from -0.2 m~' before pellet injection to -0.M
m~! immediately after, reverting to -0.2 m™! about 1s later, as evidenced
by the more peaked density profile after pellet injection, which
subsequently returns to its original form. In JET, significant peaking
of the density profile does not take place unless pellet deposition
within the g<1 region occurs. The peakedness of the density profile can
be quantified by an effective minor radius, re(t), of a torus o major
radius R equal to that of the plasma column, and uniform density equal to
the peak density ng(0,t), and containing the same total number of




electrons as in the plasma, Ne(t), where
Pe(t) = [Ne(t)/ne((),t) 2121

Fig.?a shows how rg(t) (normalized to the pre-pellet value, Pe(ﬂ)]
evolves after pellet injection, for three pellets penetrating to
different distances rp from plasma center. We see that the profiles take
-0.55 to reach maximum peakedness, minimum re(t)/re(o), then return to
the pre-pellet shape after another 0.5s. The minimum value of r./r,(o)
(corresponding to maximum peakedness) is plotted against pellet
penetration (deduced from X-ray camera observations) in [ig.?b. The
graph shows clearly that deeper the penetration, greater is the
peakedness of the density profile. Also, significant peaking occurs only
if the pellet penetrates beyond the sawtooth inversion radius r_.. For
the discharges examined here H0sr.(cm)s50. The most peaked pro?iles
obtained in JET, with ng(0)/n,-2 and ng(0)-1.2x10° m™*, have been
observed in the magnetic separatrix conf'iguration formed during
single-null X-point operation. The target plasma conditions were such
that the pellet penetrated to the center of the plasma, fig.l1b.

)1/2'

ELECTRON TEMPERATURE PROFILE, T, (r)

In Aleator-C [5] and TFR [6], the presence of a low temperature
front propagating faster than the pellet, cooling the plasma ahead of the
pellet, i3 inferred rom high speed measurements of electron temperature
at different plasma radil during pellet injection. The veloecity of the
cool [ront is deduced to be typically about twice that ol the pellet.

The observations have been interpreted as evidence of enhanced electron
termal diffusivity, Yar and an increase of a factor 2100 above the normal
value has been deduced for OH plasmas. Further speculations about
dependence of x., on the electron temperature profile have also been made
[6]. Measurements of temperature [ront propagation in JET have been made
using the 38 chord soft X-ray array that views the plasma diameter from
above at the same toreoidal location as the pellet [light path, and a 12
channel ECE array located 135° toroidally away from the pellet. Fig.3a
is a plot of position (X-ray chord number) against time. The path of the
pellel and the penetration depth are shown for three pulses, and the time
at which the chord integrated ¥X-ray signal starts to decrease, indicating
cooling (corresponding to t: in [6]) is plotted. We see Lhat at radii
rrr, the signal starls to deecay 10+50 ps before the pellet arrives, bub
there is no evidence of a cold f'ront travelling much faster than the
pellet (V-1 Km/s). When the pellet reaches the sawtooth inversion radius
Uy 85 determined Crom tomographic reconstruction of the X-ray data,
immediately (<50 ps) the electron temperature over the whole cential
region decreases. Fig.3b shows a similar plot for a series of pulses
with a higher value of gq(a) such that the q<l region is smaller. The
same behaviour is seen again. The observations of figs.3a and 3b, which
Are based on chord integrated soft X-ray measurements, are conl irmed by
ECE measurements of local T,. The extremely fast timescale of the
profile collapse is cumparaﬁle Lo that seen during the sawhooth collapse
phase in JET, and implies a fe far in excess of the value determined by
heat pulse propagation, yg-2.5 m*. s7' [7], for O JET discharges. Thus
there is evidence (or enhanced Xe inside the saw@ooLh inversion region,
but not in the region r>r, as claimed elsewhere [6].




The duration of pellet ablation (<1 ms) is much shorter than the
sawtooth period in JET (~100 ms). The pellets are injected randomly at
diflerent stages of the sawtooth cycle, from shot to shot. The
anomalously high value of Xe» however, is independent of the phase of the
sawtooth with respect to pellet injection. The similarity between the
enhanced central transport which is observed during pellet injection, and
that seen at a sawtooth collapse suggests a common origin for the rapid
thermal loss in the two processes. Furthermore, it underlines previous
observations in JET that during sawtooth collapses, thermal transport can
take place on a timescale much faster than that predicted if macroscopic
magnetic reconnection were to occur and cause it [81.
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MEASUREMENT OF PLASMA PARAMETERS I[N THE LUMINOUS
REGIONS OF PELLEDPS INJECTED INTO TOKAMAKS

D.H, McHeill, G.J. Greene, J.D. Newburger, D.K. Owens, G.L. Schmi.it,
and D.D, Schuresko*

Plasma Physics Laboratory, Princeton University,
Princeton, New Jersey 08544, U.S.A,

The properties of ablating pellets injected into large tokamaks are an
active subject of research today because of the extensive use of pellet
fuelli.ng.1 Measurement of the lineshapes of atomic hydrogen lines emitted
by pellets provides information on the electron density ahd temperaturs in
the luminous region of the pellet cloud. Knowledge of these parameters may
help in determining the mechanism and rate of pellet ablation. This paper
supplements previously published data® on the electron density and
temperature at the moment of peak luminosity in the emitting region of
solid deuterium pellets injected into the PLT tokamak plasma with time
resolved polychromator data which yields the time dependence of the
electron density and temperature for single pellets. In unfragmented
pellets the electron density rises (from minimum measured values of 2-
3x10 cm™” up to 1-5x10"7 em™ ) along with the H alpha intensity (which
rises as high as 15 kW or more ) throughout the pellet lifetine, while the
2lectron temperature falls from about 4 eV to 2 eV or less., At the end of
the pellet flash the wide Stark-broadened H alpha profile is often combined
with a narrow peak at the 1line center from intense emission in lower
density regions. The polychromator used for this experiment is being
modified and installed on the TFTR tokamak for more detailed studies of
pellet behavior.

The earlier PLT data were obtained using a single channel
monochromator that was tuned in wavelength from one shok to the next
together with a fixed broadband H alpha monitor. In that experiment the
sampling rate was 10 kHz and the detector amplifier decay time, =100 us;
hence, the measurement was weighted to the most intense portion of the
pellet flash. The shot-to-shot wvariability of the data precluded time
resolution. Here the earlier data are extended in two ways: numerous
samples (50 ps apart with an amplifier fall time of €20 ps) were taken
during each pellet flash with a polychromator which permitted evaluation of
the pellet plasma parameters at each sample time.

Light from the pellets was collected by a 400-p-diam quartz fiber that
viewed the pellets a distance of =80 cm from the pellet path roughly normal
to their trajectory at its midpoint. The output of the fiber was collected
by a lens and focussed onto the entrance slit of the polychromator. The
polychromator has ten channels with photomnltiplier detectors. In the
experiments we recorded data from a monitor (a single 15.5 nm fwhm
interference filter centered near the D alpha line, 656.1 nm, with a
photomultiplier detector) and from 7 of the polychromator channels. The 7
channels had passbands centered at wavelengths from 636 to 657 nm with base
widths of up to 4.0 nm. Because the spectral intensity of the line varies
rapidly over the wide bandwidths of the individual channnels, the observed
polychromator and monitor signals must be compared with computed profiles
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which have been obtained by taking the convolution of the measured
instrument function of each of the channels with theoretical Stark
broadening profiles™’ for wvarious densities and temperatures. Profiles
were caleulated using a continuum background corresponding to various
temperatures under the assumption that the emitting region for the
continuum is the same as that for H alpha; that is, the temperature was
avaluated using the line-to-continuum intensity ratio. Figure 1 shows the
expected signals in the monitor (plotted on the ordinate) and eight
polychromator channels (The channel labelled 9 was not used.) for an
electron density of 1x10'‘cm™ and temperatures of 10, 20, and 40 kK. The
temperature variation of the profile is evident
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at these and lower Adensities. At densities an order of magnitade higher,
on the other hand, the temperature dependence of the profile is weak.
Figure 2 shows the ralative variation with density in the ealoulated
signals from the monitor and =ight polychromator channels for densities of
0.5, 1, and 2x10 7 on3 with a temperature of 20 kK. The Fits wikth Ehe
experimental data were excellent except atb the end of the pellet lifetime,
when the siqgnal in the monikor and channel 2 were higher than the computed
profiles that Fit the remainder of the channels. This appears to be the
result oF additional =nission near the 1line center from lower densiky
reqions outside the pellet core.

The parameters of the tokamak plasmas intno which the pellats wers
injected were typical of PLT: line averaqge electron densities of #2
em” 7 and paak electron temperabares of 1-1.3 keV. Pelleb eleckron




densities as low as 2x10"% cn™3 were

measured in the first 100 us of the
flash from many of the pellets. At
earlier tines signals could he
detected in the first polychromator
channel and monitor, but that was not
sufficient to derive a density. As
the signals extended into the third
channel, it was clear that the line
was broadening, and when the signal
levels were adequate it was possible
to obhtain a density wvalue, At the
earliest times for which a density
could be obtained, the
was usually 30-40 kK. At later
times, the density was greater, the
signal extended to more channels
(usually all eight) and the
temperature fell to 20 kK or slightly
less at the end of the_pulse, Peak
densities of 1-10x10'7 cm™ were
observed at the end of pellets which
entered the discharge in single
unfragmented form. For these pellets
the overall duration of the flash as
seen by the H alpha monitors was <300
Hs. Figure 3 shows the time
variation in the density (cm™>)
derived from the Stark broadening
measurements for nine pellets. The
time scale has heen set arbitrarily
go that a time of 250 ps corresponds
to the peak intensity seen hy the
polychromator. (Because of a limited
viewing aperture, the peak in the
polychromator monitor signal occurs
earlier than that in the external H
alpha monitors, which occurs at the
end of the pellet lifetime.) The
lowest and second from the top of
these traces are from pellets which
appear to have been in fragments that
entered the discharge over an
extended period, so that the overall
duration of the flash from them was
long=r. For most pellets the
electron density in the luminous
region 1is increasing continuously
until the end of the Fflash, with a
doubling time on the order of 50
Hs. One striking feature of the

temperature
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pellats is that the total intensity of the H alpha emission from them is
approximately proportional to the electron density measured by 3tark
broadening over muach of their lifetime. This is illustrated ian Figure 4
which shows the relative electron density and H alpha intensity (seen hy
the external monitors) for two of the pellets shown in Figure 3. The
upper pair of curves are for a single, intact pellat.

These observations reguire further analysis and comparison with other
data to be obtained in future experiments. For example, ion cyclotron
resonance heating powers of <200 kW were appliad to some of the target
plasmas in this experiment, but the power was too low to produce the
changes in ablation behavior observed at high RF powers. Some general
indications of the pellet ablation behavior may be obtained £rom the
present experiment as follows: 1f the emitting region is assumed to be in
local thermodynamic equilibrium and the pressure of the plasma in the
pellet cloud exceeds that of the suarrounding plasma (Both of these
statements appear to be true in the last 100-150 ps of the pellet flash),
then the top comparison of Figure 4 indicates that the wvolume of the
emitting region was inversely proportional to tha electron density,
provided self-absorption over most of the linewidth can be neglected. For
a fixed surface area of the emitting region, the particle efflux from the
pellet is then proportional to the luminous intensity. The broadband H
alpha line monitor in the polychromator was calibrated absolutely. Thus,
for example, in one shot the H alpha power was 3.1 kW when the electron
density was 8x10'® on™3 and the temperature 2 eV. If the radius of the
emitting region is taken to be 1 cm, then the efflux of particles from the
emitting shell is approximately 4x10 particles/s, and the ratio of H
alpha photons to escaping particles is roughly 0.03. Photographic evidence
of the emission region dimensions and other time resolved data are needed
to develop a more precise understanding of the pellet behavior, including
the ablation rate and the large fluctuations observed in the total H alpha
signal.

The present apparatus is now being installed on the TFTR tokamak.
Several changes are being made improve the system: (1) a cdiffuser will be
used on the collecting fiber to avoid angular variations in the system's
collecting efficiency; (2) higher sampling rates and faster amplifiers (500
kHz) will be used; (3) both H alpha and H beta monitors will be used (to
obtain Te by the line ratio method); and, (4) the most sensitive channels
near the line center will be attenuated to enhance the relative signal
levels in the outer channels.

This work has been supported by the U.,S. Department of Energy under
contract No., DE-AC02-76-CHO3073.
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HYDROGEN AND DEUTERIUM PELLET INJECTION
INTO OHMICALLY AND ADDITIONALLY ECR-HEATED TFR PLASHAS

TFR Group (presented by H.W. DRAWIN)
Association EURATOM-CEA
Département de Recherches sur la Fusion Controlée
Centre d'Etudes Nucléaires, Cadarache
13108 St PAUL LEZ DURANCE/FRANCE

ABSTRACT :

The ablation clouds of hydrogen and deuterium pellets
injected into ohmically and electron cyclotron resonance heated
(ECRH) plasmas of the Fontenay-aux-Roses tokamak TFR have been photo-
graphed, their emission has been measured photoelectrically. Without
ECRH the pellets penetrate deeply into the plasma, the clouds are
striated. Injection during ECRH leads to ablation in the outer plasma
region. The position of the ECR layer has no influence on the pene-
tration depth which is only a few centimeters. The ablation clouds
show no particular structure when ECRH is applied.

EXPERIMENTAL SET-UP

Single solid hydrogen and deuterium pellets were injected
into TFR plasmas (major radius R_ = 0.98 m, plasma radius a ~ 0.18 m)
using a pneumatic pellet injectgr constructed by the SBT, CEA Greno-
ble. The pellet velocities were v~ 700 m/s. 1.3.10°° atoms per
pellet were on the average deposited in the plasma. The pellets were
injected in radial direction, the pellet trajectory was observed
under an oblique angle B(r) with respect to the injection plane, see
figure 1. The H_(D_,) emission was measured simultaneously by means of
a photomultipliér gonnected to a fast acquisition device.

The electron cyclotron waves of frequency 1! = 60 GHz were
launched by wave guide antennas placed in the equatorial plane at
torus ports opposite to the pellet injection port.

The experiments were carried out under the following condi-
tions : plasma current I ~ 110 kA, toroidal magnetic field induction
B, =2.1 to 2.4 T Corregkonding to r = -1 to +11.6 cm for the posi-
tion of the resonance layer relative to the center (r:if)_%f the
torus chamber. The mean electron density was <n > ~ 1.2.107" m ~, the
ohmic power ~ 150 kW without ECRH. Additional® ECRH was provided by
three gyratrons, with 150 kW/gyratron absorbed power in the plasma.
During ECRH the ohmic power decreased to a level of appr. 80 to
90 kW. All measurements were carried out during the current plateau
of the discharge. The plasma column showed generally strong hori-
zontal displacements five to ten milliseconds after injection of a
first pellet. It was therefore not possible to make reproducible
multi-pellet injection experiments for these particular plasma para-
meters.




214

RESULTS

1. Injection into ohmically healed plasmas

The Lime-integrated pholographic picltures of the ablation
clouds show bright and dark zones (strialions) when a pellet is
injected into only ohmically heated plasmas (ligure 2a and Ref. [1]).
The variation of emission along a pellel Lrajectory is also seen on
the photomultiplier H, signals (so-called ablation profile). Figure 3
shows an ablation profile I(ll,) placed at the correct radial posi-
Lion. Also shown is the Ahel-‘irJ\er(ﬂl radial electron density proflile
a (r) immediately after pellet injection. In the present series of
experiments an average penctration depth of L~ 12 cm was measured.
The pellets did not reach the q = 1 surface situated at appr. r=b4.5cm.
The positions of Lhe slriations were nole reproducible.

2. Injection into ECR heated plasmas

The ablation changes drasLically when the pellet is injec-
Led during ECRH. Ablation takes place in the very ouler region of Lhe
plasma column. Time=integrated pholographics show no striations, see
ligure 2b. The wvisible emission extends in toroidal direction over
the whole region covered by Lhe oplical device (appr. 25 cm). (In
contrast Lo this, undoped pellets have for injeclion into only ohmi-
cally heated plasmas a toroidal extension ol only a [lew cenlLimelers
[1,2]). The photomultliplier signals exhibil no special structure
eilher. Figures 4 and 5 show for two different positions of Lhe ECR
layer Lhe H, ablation profile and Lhe n_ profile. Figure 6 gives the
posilion of 'Lthe ablation maximum as a function of Lhe posilion of the
ECR layer. The lalter has praclically no influence cn the pellet
penctration depth which has on the average a value of L~ 4 to 5 cm.
Also Lhe number of applied gyrolrons does practically nBL affect Lp.

The reduced penetration of the pellel into the plasma
during ECRI is possibly due Lo Lhe presence of suprathermal electrons
enlering deeply into the pellet thus cawssing precocious evaporalion.
A similar effect has been seen during lower-hybrid wave heating [3].

The large Loroidal extension of tLhe ablation c¢louds is
probably due to the long ionizalion Lime in Lhe ouler plasma region
compared Lo the diffusion Lime of Lhe neulral gaz.

On Lhe bhasis ol these experimenls one cannol exclude dif-
ficulties in pellel fueling during LH currenl drive assisted by ECR

waves and during powerfnl ECR healing.
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CHARACTERISTICS  OF THE H-MODE IN DIVERTOR CONFIGURATION ON JFT-
2 TOKAMAK
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Tokai-mura, Naka-gun, Ibaraki-ken, 319-F1, Japan
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ABSTRACT Parameter dependences of the H-mode in a single-null
divertor configuration were surveyed on JFT-2M1. Threshold power for
the H-transition increases with surface safety factor and depends on
gas species. Gross energy confinement time increases with plasma
current and does not depend on gas species.

15 INTRODUCTION and EXPERIMENTAL CONDITIONS

Several tokamaks with a divertor have shown a possibility of the
high confinement mode ( H-mode ). JFT-2M[1] has capability of
elongated limiter discharges and open divertor discharges, and in
both configurations the H-mode has been observed(2,3]. |In this paper
we concentrate on the H-mode in the single-null divertor
configuration., where distance between the null point and divertor
plates is around 7 cm and clearance between plasma surface and
poloidal limiters is larger than 8 cm ( Fig.l ). Poloidal limiters and
divertor plates are made of graphite. stand apart from inner wall
surface by 65 mm and 80 mm respectively. Co- and counter injection of
hydrogen neutral beam with each maximum power of 0.8 MW were used
net input power is estimated as 90 % of torus input for co-injection
and 70 % for counter-injection. In this experiment, Ti-geltering was
used to obtain a clean plasma, dominant metal impurities are :ron and
titanium. Good monitors for the H-transition are Ha/Da signals from
3 directions. edge temperature Tedge by ECE, edge density Nedge by FIR
interferometer and plasma stored energy YWs by magnetics ( diamagnetics
and magnetic fitting method ).

2 THRESHOLD POWER and DENSITY for the H-TRANSITION

As well known, there exist the threshold input power Pth and
electron density Nth for the H-transition and they depend on various
parameters such as magnetic configuration, safety factor, gas species,
cleanliness, direction of grad B drift and so on. On JFT-2M, Nth has
no clear dependence on safety factor and is nearly the same for H, D
and He divertor discharges. Its range is 1.5 - 2.0 x 10 EI3 / cc and
which lies on the low density region expressed by the neo-Alcator
scaling, where ohmic confinement time depends on safety factor. But
observed Nth has no such dependences, so it seems to indicate a
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significant effect of absolute density itself for the H-transition.

The threshold input power Pth was investigated with [p-scan and
Bt-scan, Pth increases with Bt and decreases with [p. So its parameter
dependence can be summarized as dependence on the safety factor. The
safety factor q 1is defined usually in two manners, that is a
cylindrical one g-cyl and a surface one g-s defined on a little inside
magnetic surface. Within the same single-null configuration, it is
difficult to say which is a better choice. But we can observe the H-
transition also in double-null divertor and D-shaped limiter
discharges(4], so to compare various configurations, g-s5 seems to be
reasonable choice rather than q-cyl as the safety factor determining
the H-transition. In the H-mode two types of Ha/Da signal ( burst
and burst-free ) are recognized. For the burst case, increases of
electron density and radiation power are pulled down at every burst.
On the-other hand, for the burst-free case density and radiation power
increase up to some limit where H to L-transition occurs,then during
the L-phase reduction of radiation power seems to prepare again
necessary conditions for the H-transition. These features of H-mode
depend especially on input power level. For H plasma, power range of
the burs:t type is comparatively wide up to about double of Pth. For D
plasma, the burst-free type is dominant and the burst type is limited
around P:h. The Pth dependences on the safety factor and gas species
are shown in Fig.2. The Pth increases nearly with q-s in high q region
( >3 ) and roughly constant in low q region ( < 3 ). |In the low gq
region, reason for the scattering of Pth is not clear, but it may
comes from severe conditions for MHD activities. [t must be noted
that Pth is well expressed only with q-s for different plasma current.

Gas species also affect Pth. At same q-s of 3, Pth for H plasma
is about 0.5 MW and larger than Pth of 0.2 MW for D plasma. Pth for He
plasma was checked at one case and just below that for H plasma. This
effect is also not clear to be attributed to intrinsic effect of gas
species or to other accompanving effects such as profiles. Other
factors observed experimentally are Ti-gettering and direction of ion
grad B drift, they affect Pth by a factor of 2. Finally, outer
clearance between plasma surface and limiters is a severe factor, as
we can suppress the H-transition by insertion of a outer movable
limiter nearly to plasma surface. Necessary outer clearance for the H-
mode is 3 - 4 cm at power level of 0.8 MW. Bottom clearance is not so
severe as outer one, and inner one can be guess from the H-transition
in inside-touched limiter discharges. These «c¢learance conditions
suggest a key importance of scrape-off laver for the H-mode.

3.  CONFINEMENT CHARACTERISTICS

Confinement improvement in the H-mode is clearly seen as
additional increase of stored energy Ws by magnetics. This increase of
Ws seems to come from formation of the so-called ‘pedestal® in
electron temperature and density profiles at the begining of the H-
mode, then density increase contributes Ws rise rather than increase
of temperatures. Throughout the H-phase is there some process to
maintain the pedestal at plasma edge. The edge electron temperature




Tedge by ECE jumps up at the H-transition and keeps almost constant
during the H-phase for H plasma. but decreases gradually down to the
L-phase wvalue for D plasma. And for high q case without sawtooth
oscillations, Tedge rises slowly. So it is difficult to find out one
threshold value for Tedge. Different time behaviour of Tedye between H
and D plasma seems to come from impurity accumulation level measured
as radiation loss power. On the other hand., electron density keeps to
rise up till the H to L-transition occurs. Though precise pressure
profiles have not been obtained. formation of pressure pedestal mav be
a key feature and grad P at the edge may be limited by some pressure-
driven instabilities and/or MHD instabilifies.

Improved confinement can be expressed with the gross energy
confinement time 79 and the incremental confinement time determined
from power-scan experiments. But the latter involves large ambiguity
within limited power-scan range. hecause of power dependent features
of H-mode types especially in H plasma. So the 79 of H-mode at same
power level is compared for H, D and He plasma together with that of
ohmic phase Toh . The 749 for the H-mode is defined around peak Ws,
because there is no steady state for the burst-free case. The toh is
a peak value in the density-scan data. So the density region for each
confinement times is spread widely. Dependence of confinement times on
Ip is shown in Fig.3. The Toh is nearly constant against Ip and
depends on gas species, however. the tg is linearly proportional to
Ip up to the lowest q limit of 2 and no dependence on gas species can
be seen. This feature of H-mode confinement is very simple and
interesting. Especially for H plasma, the 19 exceeds the 7 oh enough
at the lowest q. Figure 4 shows dependence of confinement times on
Bt. The toh is linearly proportional to Bt and there exists also
dependence on gas species. But the rg has no dependence on Bt and gas
species. The reason for these features of the H-mode remains as an
open question, but it 1is clearly shown that the 9ross energy
confinement time of the H-mode can exceed the ohmic one in H plasma.
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MODIFICATION OF SAWTOOTH BEHAVIOR USING RHF ON HT-6B TOKAMAK
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1. INTRODUCTION

While tokamak narameters approach the ignition condition, sawtooth be-
comes more and more important. Sawteeth set the limit of the central plasma
temperature on a tokamak no matter how high the input power is. [1] [2]

As sawteeth has been widely observed and investigated on many tokamaks,
some important phenomena can not be properly explained by kadomtsev model.
New alternative theoretical model were presented. [3][4][5] But because of
the restriction of diagnostics and experiment there still exist a gap be-
tween theory and experiment.

On HT-6B tokamak experiment of suppressing MHD perturbations has been ca-
rried out. The result shows that a weak resonant helical field (RHF) with a
helical mode can suppress the resonant mode of MHD perturbation as well as
other modes with different m numbers[6]. Further investigation found accom-
panying the outer mode suppression sawtooth behavior was modified obviously
in its magnitudes, repetition periods and precursor oscillations and some-
times it might turn into a total different perturbation mode which did not
appear during normal operation conditions. The experiment result ‘s repor—
ted and the mechanism of the sawtooth modification is discussed in this pa-
per.

2. MODIFICATION OF SAWTOOTH BEHAVIOR UNDER INFLUENCE OF RHF

On HT-6B tokamak there are two helical windings (1=2, n=l and 1=3, n=1)
which can be used in DC or pulsed regime. Sawteeth and Mirnov oscillations
and measured by an array of Au-Si surface barriar diodes, magnetic probes
and cos mf magnetic loops.

Three types of discharges are identified with respect to the defferent in-
ternal mode features, (A) sawtooth free (B) typical sawtooth and (C) 20-30
KHz oscillation on plasma centre. By applying a proper RHF, A type or C ty-
pe might transfer to B type [Figl] and in B type discharges the repetition
period of sawteeth enlarged (from about 200 us up to larger than 300 us)
and sawtooth magnetude increased by a factor of 3-5 [Fig.2].These phenomena
are discussed detailly in the follows.

3. RELATIONSHIP BETWEEN SAWTEETH AND m=1 PRECURSOR

As discussed in [6], for plasma RHF is a local disturbance near g=1
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surfaces but it can not only suppress the resonant outer MHD mode, but also
coincidently effects all the modes concentrated near different q surface.

In Fig.l, the S.X. ray signals through the central chords, wnich are idnti-
fied to be 1/1 mode, decreases whereas the sawteeth are triggered on with
large magnitude. In Fig.3, after turning off RHF, sawteeth cease but about
20 KHz oscillations enhance again on S.X, signals inside =1 surface
(rg=4cm). This indicates that the internal disruptions characterized by saw-
teeth are not solely caused by growth of m=1 tearing mode.

4. MODIFICATION OF SAWTOOTH BEHAVIOR ACCOMPANIED WITH CHANGE OF ENERGY
CONFINEMENT AND PARAMETER PROFILES

A careful comparison shows that in a B type discharge the ramp up slope
of the sawteeth increases with RHF. That means the increase of the sawteeth
magnitude is not simply because of the extension of repetition period which
can be explained as the suppression of m=1 mode, moreover the central tem-
perature ircreases more rapidly. This must result from the improvement of
energy confinement at the plasma centre region.

The time delay between RHF turning on/off and response on sawteeth does
not match the MHD characteristic time but varies according to the effective-
ness of RHF. In Fig.3] the sawteeth continue about two cycles, that is to
say in the order of millisecond which is comparable to the energy confine-
ment time (=700 us).

When sawtooth magnitude becomes rather large with RHF, the inverse radius
rs increases and intensity of ECE increases which indicates the temperature
rise near the plasma center.

All properties mentioned above verifies that the modification of sawtooth
behavior is always accompanied with the change of energy confinement and
profiles of plasma parameters.

How can a weak external RHF obviously influence the internal plasma
energy processes?

5. GLOBAL CORRELATION OF INTERNAL AND EXTERNAL MODES

RHF experiments showed a strong correlation between the MHD modes with
different m numbers. A weak RHF could only superpose less than 1% distur-
bance on the poloidal field of the discharge. It might rescnantly influence
the corresponding 3/1 or 2/l mode and subsequentially affect all modes
existed. Whenever the modes decreased, sawteeth appeared or increased in
magnitude and period.

In a extreme case (normally with higher ng) a C type discharge dominated
by 20 KHz oscillations were taken place by giant sawtooth discharge which
is characterized by inversed sawtooth on 8 cm and 10 cm (near to the edge
of plasma) S.X. signal and even giant sawtooth-like oscillation on magnetic
probes incicating significant change of plasma inner inductance resulting
from rapid loss of plasma energy content. Such a distinct change was trig-
gered by a weak RHF. [Fig.4]




In another extreme case (with lower ne) RHF triggered different discharge
mode with no typical sawtooth but a series of minor disruptions with the
same repetition period like sawteeth symbolized as periodic spikes on both
magnetic loop and §.X. signals. This kind of instability has been mentioned
on our report on last European Conference but the difference is at this
time only one RHF was applied with a mediat value. [Fig.5])

6. SUMMARY

The MHD instability in HT-6B plasma shows a global mode. A weak RHF may
resonantly affect a local component, and result in a overall transition of
the mode structure. Subsequently the property of plasma confinement and
profile are modified and sawtooth behavior changed. Investigation of m=1
precursor shows that growth of magnetic island might not be the sole reason
of the sawtooth collapse.

The experiment result gives an oppertunity that one can use RHF or other
similar methodes to improve internal stability property and get rid of the
occurrence of internal disruptions by a local moderate disturbance on a
tokamak plasma.
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ABSTRACT Confinsment studies of runaway electrons have been performed in
order to elucidate the nature of electromagnetic turbulence and its role in
ohmically and beam heated L- and H-plasmas. Under ohmic conditions, the
confinement time TR of runaway electrons depends strongly on the choice of
Qz; in the L-mode, 1R degrades with beam power; in the H-phase, runaway
electrons are again well confined. With plausible assumptions, a cor-
relation length of the underlying microturbulence of 0.1 cm is found which
requires a magnstic perturbation Bp/Bg -107% to be consistent with L-mode
conf inement.

The confinement of runaway electrons (R.E.) has been studied in ASDEX in
ohmically and beam heated L- and H-mode plasmas. R.E. are produced within
the first hundred ms when the loop voltage reaches values up to 10V,
Thereafter, the R.E. production rate decreases sharply; at 0.3s ng‘dnﬂ/dt
—Hx10'” :3'4r and is still decreasing. In the birth phase of R.E,, the plasma
Te~ and ng-profiles are still very broad probably resulting in a largely
homogeneous R.E, density. During the current ramp-up phase (typically 600-
800 ms), R.E. are continuously accelerated. After about 1 s (with the
plasma current being in the plateau phase) the R.E. distribution reaches
steady state at a mean energy of about 1 MeV and with maximal energy around
10 MeV.

R.E. are measured via the thick target hard X-ray bremsstrahlung
emitted when their orbit intersects a molybdenum target placed at the
plasma mid-plane a few cm outside the separatrix on the low field side.
During the current ramp-up phase the hard X-ray radiation increases because
the electrons bzcome increasingly energetic though their number does not
further increase. The transition of rational q-surfaces across the plasma
surface destabilizes the magnetic field topology resulting in transiently
T University of Stuttgart; © Ioffe Institute; 3 University of Heidelberg;

University of Washington, Seattle, USA; 5 N.R.C.N.S. "Democritos",
Athens, Greece; 6 Inst. for Nuclear Research, Swierk, Poland;
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enhanced R.E. losses. Fig. 1a shows the initial discharge phase when cur-
rent and density are ramped up and Fig. 1b displays the hard X-ray radia-
tion indicating the sequence of rational g-surfaces moving from the
interior across the separatrix. It is interesting to note that despite the
anomaly of the magnetic field topology at the plasma surface of the
magnetic limiter configuration (with q equal to infinity at the separatrix
and a narrowly spaced sequence of rational g-surfaces at the plasma edge),
the transit of a rational qz-surface (q; corresponding to the cyclindrical
one ignoring the anomaly) still affects the quality of the magnetic field
topology. During the subsequent plateau phase, R.E. are continuously lost;
from the exponential decrease of the hard X-ray radiation a characteristic
Lime is inferred which is interpreted as the confinement time of R.E. since
the population and energy distribution of the R.E. is invariant during this
period. Figure 2 plots the R.E. confinement time TR versus q in an ohmic
Bp-scan. 13 is generally a few 100 ms; for comparison, the global energy
confinement time is between 80 and 90 ms. TR is clearly correlated with gy
and has a sharp minimum at q= 3 (the actual MHD g-value is only slightly
larger because of the low Bp-values of the ohmic plasma). The confinement
of R.E. is sensitively correlated with the quality of the magnetic field
configuration. Away from qz=3, 1R has improved by at least a factor of 2.
At the unfavourable case of g,= 3, the hard X-ray radiation is strongly
modulated by the sawteeth occurring in the plasma center /1/. Away from
Qg=3, no distinct modulation is observed both at lower and higher qg-
values. This observation indicates the possibility that the resonant con-
dition g = 3 at the edge destabilizes the plasma further in (probably at
rational g-surfaces with smaller g-values) leading to enhanced transport of
R.E. from the center through the edge.

The traces of Fig. 2 clearly demonstrate that the magnetic field
configuration is disturbed throughout the plasma by a rational edge gz~
value. Although the R.E. respond to this degradation sensitively, the bulk
plasma properties are not affected at all as shown in Figure 2 for the
global energy confinement time tg. There is no other known global quantity
of the main or the divertor plasma (which are known to sensitively respond
to confinement changes of the main plasma, such as shown in Fig. 5) which
is affected by the degraded field topology.

Figure 3 shows the variation of the hard X-ray radiation during a neutral
injection pulse into the ohmic plateau phase. 1y 1s sharply reduced and
R.E. are quickly lost. (A second beam pulse later in the discharge does
hardly show any increased radiation confirming the expectation that no R.E.
are produced in the plateau phase). With NI, there is a simultaneous de-
gradation of the confinement of R.E. along with the one for energy and
particles (see Fig. 4). The sensitivity of the R.E. confinement on the
quality of the magnetic field topology clearly indicates a substantial de-
gradation already at low beam power causing a sharp drop in tg. Further-
more, sawteeth strongly modulate the hard X-ray radiation in the beam phase
for all qz-values (see Fig. 3) in a way it was only observed for rational
Qz-surfaces at the edge in the OH-phase.

It is interesting to note that tg in the degraded L-regime of a NI-
heated plasma does not depend on q like in the OH-phase. With NI, tp is
sharply reduced but increases monotonously with Bp without a noteh at qg=3.
Evidently, NI degrades the quality of the magnetic field structure to such
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an extent that the additional geometrical disturbance is negligible.

The uncorrelated gqy-dependence of 1g and tg in the OH-phase raises doubts
whether the OH confinement of the bulk plasma is indeed caused by the mag-
netic turbulence which is evidently responsible for the confinement of R.E.
The question remains whether under beam heating conditions magnetic turbu-
lence primarily determines transport or whether it accompanies dominant
drift-like fluctuations simply because of rising Bp In this context it is
important to note that the confinement of R.E. sharply improves at the H-
transition though Ep further increases due to improved global confinement.
Both in the L- and H-phases we observe a clear correlation in the con-
finement properties of the bulk plasma and R.E.

Fig. 5 plots the time dependence of the hard X-ray flux together with the
Hy-radiation in the divertor chamber (a measure of the energy flux into
the divertor) and the flux ¢p of particles backscattered from the target
plates (a measure of the particle flux). The simultaneous OH+L and L-H-
transition is shown in the three signals all governed by different con-
finement properties. The sharp onset of the L-phase a few ms after beam
initiation also indicates that the magnetic turbulence is obviously not due
to rising BD.

With the hypothesis that unlike the ohmic confinement, the degradation
in the L-phase is predominantly due to magnetic turbulence, we can
characterize the structure of the underlying mode from the ratic tg/Tg. It
is known that the ratio of tg/tR is not given by the inverse ratio of the
electron velocities since the coupling of the R.E. to the mode is reduced
by the shift of the kB resonance due to magnetic drift effects /2/. These
effects can be considered by a radial structure function S such that

g/ 1R= vR/yth.g (vR, W{h are the R.E. and thermal velocities, respective-
1y). 8 depends on Lg vy /6XvR (Lg= shear length, VD = R.E. drift vgiocity, 86X
= radial 00"relat10n length) and can be approximated by exp-(LgVp/é8X vRy2
/3/. With the ratio of tg and tg at high beam power (see Fig. 4),

86X = 0.1 cm is calculated. This value is used to estimate the relative
amplitude of the fluctuation

Bp/Bg = (xEMkgox/m vthig)1/2 (yED = thermal heat diffusivity, kg =

average poloidal wave number) necessary to fully explain the level of ther-
mal heat transport. Assuming poloidal mode number m=8 (Ref. /4/), the re-
sult Bpn/Bg - 1074 is in agreement with the level of magnetic field fluctu-
ations at the plasma edge deduced from measurements outslde the separatrix
(Ref. /u/). Scaling studies indicate that &X o« n0:2 °3Po and

Br./BD a n'o 1850 -1p0.6, Thus e/ wpg~turbulence /5/ is an unlikely candidate
while a model along the line of resistive pressure driven modes offers more
promise.
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STABILITY ANALYSIS OF ASDEX-H-MODE DISCHARGES
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1. Introduction : Due to the accessability of the H-regime, 3, values close to the
Troyon limit can be achieved in ASDEX discharges with neutral particle injection at a
moderate power level. In the last couple of years detailed 8,-optimization studies have
been performed in a large range of values for the toroidal field (1.2 < By < 2.7 T) and
plasma current (0.2 < Ip < 0.48 MA) with beam powers up to 4.5 MW.

In many cases a “hard-f saturation' is observed, when § approaches f§., i.e. after
reaching its maximum value # decreases to a lower stationary leve! with §/8. ~ 0.7.
This stationary phase lasts of the order of 100 ms and is a peculiar property of ASDEX-
high-§ discharges — in contrast to Doublet-III, where generally a disruption occurs a
couple of ms after § has reached its maximum.

Clearly it is of considerable interest to investigate the MHD activity of these discharges
and compare them with theoretical calculations in order to get more insight in the
physical mechanisms that govern the high-g, phase. Qur tool for this investigation
is the GA-3D-CART code, which is based on the large aspect ratio expanded MHD
equations at finite §. This set of equations is solved for realistic ASDEX equilibria,
which have been determined by the Garching free boundary flow equilibrium code NIVA.
The necessary profile information has been obtained from a detailed analysis of measured
profiles by means of the PPPL code TRANSP [1,2].

For a detailed investigation of the MHD-characteristics of ASDEX-H-mode discharges
we refer to O. Kliber et al. [3]; a description of the CART-code is given in Ref.[4].

2. Linear results : Typical results for the perturbed, linearized n = 1 magnetic flux
¥(x,y) for discharges with medium f, (8, ~ 1) and large 8, (8, ~ 2) are presented
in Ref.[5] for constant vacuum resistivity nv = 1072 (in rationalized emu).

We generally find that the global MHD-activity is mainly caused by tearing or pressure
driven modes. External kink contributions are weak for our cases (A% < 10%), as can
be shown by moving the conducting wall to the plasma surface. A change in the driving
mechanism for the instability with increasing pressure is indicated by the n-scaling of
the growth rates. It turns out that low-f3, -discharges scale like n3/5, as expected for
tearing modes, whereas an interchange mode scaling 7 ~ n!/3 is found for high-g, -
discharges. Contour-plots of the magnetic lux show that the predicted mode activity
is concentrated at the outer side of the torus and that the poloidal wavelength there
is in general smaller than that at the inner side [5,6]. This behaviour is not only in
contradiction with experiment, but also with the expectation based on the assumption
that the main part of the perturbed current flows parallel to the equilibrium magnetic
field. Then, since the field line slope is smaller at the inner side of the torus, one expects
a shorter poloidal wavelength there. This discrepancy is considered a consequence of
the particular treatment of toroidal effects by the reduced equations.

Another problem consists of the observation of large poloidal mode numbers, which
clearly exceed the g, value of the discharge under consideration [3]. An example is
the high-3, discharge #18041 (fp=~ 1.92) with ¢, = 3.4 and a measured value of m ~
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4,n = 1. It turns out that a simulation of these results with constant vacuum resistivity
is impossible. This problem can be resolved by noting that small vacuum resistivities
increase the effect of the perturbed current density on the evolution of the corresponding
magnetic flux, if we assume the ratio of convection and resistivity term to depend only
weakly on ny. Since 2

(1) J==V3¢ ~ (m® + n®)m n,

TIME © 0.6999E001  EIGENVALUE . 0.6A70€-001 we expect a stronger attenuation of the

; = high-m contributions at the plasma sur-
face compared to the case with large ny.
On the other hand, experimental data
suggest a strong insulation between the
conducting wall and the plasma surface,
since high m-numbers persist close to the
vacuum vessel. We therefore increase
ny exponentially from its value at the
plasma boundary to a large resistivity
near the wall. Furthermore this treat-
ment naturally leads to stronger effects
at the inner side of the torus, where the
equilibrium magnetic flux is smaller than
at the outer side. As can be seen in
Fig.1 for the discharge #17005 (8, 2.1),
this procedure leads to the required large
m-values as well as to the correct mode
asymmetry.

Fig.1

3. Non-linear results : For a detailed comparison with experiment we have to perform
non-linear calculations, which require the superposition of all Fourier components of the
expansion in toroidal direction. In practice it turns out that three Fourier components
are sufficient. The non-linear evolution is started with the corresponding linearn = 1
eigenfunction. Higher n’s will pick up their values by convolution with the n = 1
contribution. The amplitudes for the initial eigenfunctions have to be chosen such that
the evolution remains in the linear phase for a couple of Alfven times. Usually, since the
Strauss equations in high-# ordering do not lead to a true saturation in the non- linear
phase, the evolution is stopped as soon as the calculated perturbed magnetic field at
the outboard side of the torus reaches the measured amplitude.

This procedure, however, suffers from the serious drawback that in most of the cases
the experimental level is reached when the discharge is still in the linear phase. If, on
the other hand, non-linear effects turn out to be strong, they are most likely due to
numerical errors caused by a continously steepened gradient of the perturbed pressure
at the outer side of the torus. Thus, for a reasonable comparison with experiment, these
calculations are of limited use only.

Since instability, as well as saturation in the non-linear phase are intimately related to
the pressure evolution, we introduce a diffusive damping term for the perturbed pressure
with a factor linearly dependent on pmaz = maz(p(z,y)), which we consider to be a
re-introduction of a numerically not properly treated effective pressure diffusion :

a k! =
(2) 6_};: =—-v,-Vip + Cpmnzvf_p'
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The constant C is chosen such that the corresponding saturated value for B matches
the experimental level. Typically we find B ~ C~1,

We note in passing that we have tried alternatively to reduce the pressure steepening
by the inclusion of some specific terms of order €3, which ensure the correct treatment
of the sound wave, i.e. with finite velocity, and lead to an equilibration of the perturbed
pressure along lines of constant flux. However, these effects are significant only if the
ratio of growth rate v = 4v4 and sound velocity v, satisfies

U . B
(3) 584 5 = <<y,
Vg Uy

3 VHOTHP

where 4 is the normalized growth rate as calculated by the code and v, the Alfven
velocity. For the parameter values of the discharges under consideration this inequality
is not satisfied. The corresponding results predict equilibria to be more unstable by
~30% if the additional terms are taken into account. Therefore these terms do not
achieve the non-linear saturation for the presently discussed discharges.

4. Comparison with experiment : Comparisons of numerical results (solid lines)
with measurements (circles) are shown in Fig.2a,b for a medium and a large 3, discharge,
respectively.
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1] \ ] ]
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0 0
Fig.2a,b

Plotted is the quantity By versus poloidal angle at a fixed toroidal position after satura-
tion in the non-linear phase. Due to the large outside-inside amplitude ratio, nonlinear
effects turn out to be stronger at the inner side of the torus.

Note that the vertical dashed lines indicate the limited poloidal range covered by Mirnov
probes. This experimental restriction clearly makes a unique determination of the
poloidal mode number difficult. However, as can be seen in Fig.2 the comparison with
data in the experimentally testable poloidal region shows a reasonable agreement with
respect to phases as well as to amplitudes.
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The deviation of the observed soft X-ray wave forms from pure ~ sin(n¢) can be re-
garded as a measure of non-linear effects. This offers the possibility to compare our
saturation mechanism and thus the corresponding n > 1 contributions with data.

_ In Fig.3 we confront measured soft X-
\| ray traces (dashed lines) versus time
for the discharge #£18041 with calcu-
lations of the line integrated squared

perturbed pressure (solid lines) (7]
\ The missing doubled frequency in the
i

central channel indicates, in agree-
7| ment with experiment, the weak m =
/| 1 contribution. Our results show that

the phase differences of the various
traces are reproduced to good accu-

- / racy. For this special case it turns out
: / that the ratio of n = 2 to n = 1 con-

tributions is less then 10%.

\J!\ 1wy

Fig.8

In summary, global MHD-stability calculations have been carried out for H-mode, high-
Bp -ASDEX discharges. It has been shown that at high f, the discharges are subject
to a pressure driven tearing instability, whereas at low §, the instability is principally
of tearing type. When the vacuum resistivity is exponentially increased from its value
np at the plasma surface to a large value (we have used nv (mez) = 107!) near the
conducting wall, we find large poloidal mode numbers for the analyzed high-g,discharges
- in agreement with experimental observations.

Non-linear calculations with forced saturation by an effective pressure diffusion term
predict amplitudes of non-linear contributions to the n = 1 eigenfunctions of the order
of 10%. These effects turn out to be stronger at the inner side of ihe torus, mainly
because of the large outside-inside amplitude ratio. Calculations for By versus poloidal
angle as well as the line integrated perturbed pressure, which we compare with SXR-
data, are in reasonable agreement with experiment.
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RESONANT MAGNETIC PERTURBATION STUDIES IN CLEO
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Tokamak discharges frequently exhibit disruptive behaviour attributed to
tearing and/or kink modes of Tow m,n, causing internal relaxations or sudden
global energy losses. Such low m modes should be sensitive to variations in
the current density profile, leading to the possibility of modifying their
behaviour by perturbing the Tocal flux surfaces with resonant magnetic
perturbations (rmp) as previously investigated on Pulsator, TORIUT 4, HT6B
TOSCA etc. CLED is a large aspect ratio (90cm/13cm) device, with mmp windings
consisting of four flat rectangular coils mounted above and below the torus,
at toroidally opposite locations. With appropriate interconnections the coils
can be made to create a variety of magnetic perturbations, with principal mode
numbers of 1,1; 2,1; 1,0(3,2) or 2,0(2,2). The coils were driven by a
current-feedback transistor amplifier, producing OC pulses of preprogrammed
rise and fall time and amplitude. Each of the plasma equilibrium control
circuits was modified to null the pick-up from the saddle coil field and its
time derivative. The island structures generated by each possible coil
configuration have been calculated using field Tine tracing (with the vacuum
perturbation superimposed on a model equilibrium, ie neglecting the plasma
response) and by Fourier analysis over representative toroidal surfaces.
Significantly different results are produced, due to the detailed trajectories
followed by the field lines with respect to the perturbing fields not being
explored by the transform analysis. For the principal resonances both
techniques yield the same radial field amplitudes, of ~ 10 Gauss maximum, or =
6% of the typical poloidal field strength.

The experimental investigations carried out include the effect of the
m=1, n=1 and 2,2 modes on sawteeth during che ECRH at 28 GHz, and of the 2,1
and 3,2 modes on the OH disruptive density 1imit. Of interest to construction
engineers, the effect of each of the four modes on plasma start-up and soft
X-ray profile evolution (including OH sawteeth initiation) has been evaluated,
with the possibility of inhibiting the rise of central current density at
rational central q values.

Preliminary analysis suggests that at this Tevel of perturbation there is
remarkably 1ittle effect on any of the gross plasma parameters (eg V oop® 988
demand, SXR flux profile). Penetration of the pseudo-helical field :%roﬁgh the
thick metallic structure of CLEQ was verified using internal coil probes, and
by operating at surface q ~ 2.8, where disruptions could be initiated at any

density with a 2,1 perturbation at q=2 of B.B, ~ 4%. At q = 3.2 the density
Timit was unusually Tow (3 x 1012/cc at 9 kA) but improved to = 5 x 1012/cc as
the 1,0 (ie 3,2) perturbation was raised to the maximum level available. This
density range should be compared to that found for 9 kA at higher toroidal
field values in these Ti-gettered discharges, ~ 9+11 x 1012 /cc independent of
perturbation type or amplitude.

Analyses will be presented of the effects of the varous rmp
configurations and amplitudes on sawtooth behaviour, density 1imits, plasma
initiation and global confinement, with emphasis on the fast-digitised Mirnov
coil and SXR flux data.
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Introduction
A possible scenario to optimise the fusion product, for D-T operation
in JET, is to have very peaked temperature (T ~ 16keV) and density (ng ~
2 x 1020m~3) profiles, within a central (g~1) Tow shear region [L]. This
scenario is compatible with degraded confinement associated with powerful
heating. To optimise the L-mode confinement time for this case a high
current I = 7TMA (at By = 3.5T) is proposed. At this current it ds
necessary to reduce the structural stresses by operating at an elongation
b/a ~ 1.7, to closely align the flux surfaces with respect to the T F
coils. The envisaged parameters for this case have a high central g to
maximise the fusion product g, ~ 20%. The corresponding <g> ~ 3% is well
below the Troyon limit of 4.5% [2]. The Troyon limit however is based on
optimising with respect to relatively broad pressure profiles. In this
paper we investigate the effect on ideal and resistive MHD stability of
constraining the pressure profile to be peaked.

Intermediate and low n internal modes
In low shear regions
a class of intermediate-n
pressure gradient driven 2
instabilities can exist 4x10 [
[3]); these are sometimes
called infernal modes.
These modes, unlike the
ballooning modes, have
only one resonance within
the radial extent of the
mode &nd arve thus
sensitive to the radial
location of the
resonance. Figure 1
shows the growth rate (in " 12 13 1o
poloidal Alfven units) as Qg
function of central g
for the n=3,4 and g Fig 1 Growth rate of infernal modes
infernal modes when q = () vg,
p (1 + (r/0.71)12)1/8,
By = 12% and P =« ¢"
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(¢ being the equilibrium poloidal flux). These parameters give a very flat
central g and a peaked pressure profile. The equilibria have JET aspect
ratio but a circular boundary has been used (because of computer memory
Timitations). Preliminary studies show that the results do not change
significantly with ellipticity for b/a < 1.4. As expected the infernal
mode stability is sensitive to the radial location of the resonance (ie 9 )
and for example the n=4 (predominantly m=5) mode growth rate peaks near q
= 1.25. The results shown in Fig 1 are from a fixed boundary code but
since these are radially localised internal modes their stability is
insensitive to the wall Tocation. For the n=4 mode we find a critical Bo
8%. For the case shown in Fig 1 the entire region between g, = 1,15 and
1.35 is unstable to the n=3, 4 or 5 mode., By considering hi %er n (> 6)
this domain of instability can be extended closer to Gy = 1. Also near a,
=1 the n=1 low shear internal kink modes (which have been proposed as an
explanation for JET sawteeth [4]) are unstable, For the parameters
envisaged in the D-T operation scenario [1] the requirement for stability
to these modes is q, > 1.1. Thus there is no reasonable value of g, for
which stability to the n=1 and infernal modes occur when a low shear core
and peaked pressure profile (50 > 10%) are considered.

Ballooning, Mercier and External Kink Modes

The conditions which are most detrimental for the infernal modes (ie
low shear in the core and high pressure gradient) are optimal for the
ballooning modes [S]; under these conditions relatively easy access to the
second ballooning mode stable regime occurs. If however we increase the
shear in the core (to improve the infernal mode stability) then access to
the second stable region becomes much more difficult.

Figure 2 shows the
effect on JET p-limits of 4 =
constraining the pressure
profile to be relatively
peaked (P = ¢“). The <B> [ M g
parameters for this study
are 1 = 7MA, Br = 3.5T and 2
b/a = 1.68 and the
equilibria are specified by
P' = ayd and FF' = g-ay3 + - )
by* (where F = RB7).
Comparing with a study by
Sauremann [2] for identical 0 ~ L —
parameters but broader
pressure profiles (Pa ¢¢ =
ag3) shows the peaking has Fig 2 Mercier (M), Ballooning (B)
caused <p> _tO decrease f’?om and Kink mode (I) stability
4.7 to 2.7%. We have tried boundaries for Pa ("
several wother FF
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parameterisations in an attempt to jimprove the g-limits of the peaked
pressure profile cases; for profiles which have moderate shear in the core
region we have not been able to significantly improve the g-limit.

To make a systematic study of the effect of peaking the pressure profile
on the p-limit, we have used a code which optimises the ballooning mode
stability on each flux surface. Normally the optimisation criterion is to
make the ballooning modes marginally unstable on every flux surface.
However, by making the ballooning modes increasingly stable on the outer
flux surfaces the pressure profile is correspondingly peaked. Figure 3
shows how <p> and g, vary as
the peaking of the pressure
profile (P,/<P>) 1is varied
using this technique for a
moderately sheared g-profile
with 1.2 ¢ q ¢ 3.6. The
fully optimised case, ie
ballooning modes marginally
stable on every flux
surface, corresponds to a
peaking P0/<P> = 3.2, Thos
in this case by increasing
the peaking beyond 3.2 the
critical <p> must decrease;
but what is not so obvious
is that g, should also

decrease. This is a rather Posces

disappointing result since

we are attempting to Fig 3 Decrease in critical <f> and <B,>
optimise the fusion product as pressure peaking is raised

by maximising Pg.

Thus with I = 7 MA and BT = 3.5 T it does not appear possible to achieve
the required g, (~20%) in the first ballooning mode stability regime. MWe
have, however, been able to increase the B, limit by reducing By. For
By = 2.5T the first stability ballooning g-limit improves (« 1/By) and for
9, 2 1.6 direct access to second stability appears possible (even for
peaked pressure profiles). However since P_ ~ g2B% we have not been able
to achieve a sufficient increase in g, by r%ducing BT, to raise the alpha
power. We have had more success in improving the ballooning g-1imits, for
moderately sheared cases, by going to rather broad pressure profiles. For
example for I = 7MA, By = 3.5T and b/a = 1.68 we have been able to
achieve second stability with g, > 30% by using the broad profiles
Pa ¢l +ag2.5.




Resistive Stability

Here we are mainly interested in the n = 1 and 2 resistive tearing
modes which are associated with the major disruption. These are generally
stabilised by average curvature effects in JET [6] but for the peaked
pressure profiles this effect is weaker since the local pressure gradient
at g = 2 (and 3/2) is smaller. However for the relatively rounded
g-profile, peakad pressure cases (P ¢ ¢%) of Fig.2 we still find complete
tearing stability for S > 107, (Here S is the magnetic Reynolds number
~ 108 for JET), However as the g-profile is flattened (and the current
profile is broadened) so the tearing modes are increasingly destabilised.

Conclusions and Discussions

For I = 7MA and b/a = 1,7 we find that the main ideal instabilities
(ballooning, n = 1 kink and infernal modes) impose a limiting central
g < 10% when the pressure is relatively peaked (P ~ ¢*); this leads to a
factor of 4 reduction in the « power compared with that envisaged in ref
[1]. However if we broaden the pressure profile then access to second
stability regime is relatively easy and By > 30% is possible. Such
profiles have Q » 1 and require TE £ Is.
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The HL-1 device is a medium-sized tokamak with copper

shell of Lhickness d=5cm [1]. The experimental results
obtained in the first phase of operation, 1985 - 1986, are
summarized in Refs.[2-4]. The parameters of operation are:

Br =0.3-2.8T, Ip =50-150kA. In this paper the plasma
behaviour revealed by the experimental results is
discussed.

HL-1 discharge sustains over hundreds milli-seconds. The
flat—-top time is about 150-200ms, but the current decays
very slowly and lasts more than 300ms, sometimes, up to
800ms. Fig. 1 shows oscillograms of loop veoltage and
current for typical discharges with different filling
pressure. As mentioned in Refs.[2-4], by the end of flat-
top, the iron-core of transformer starts becoming
saturated. In the case of the low filling pressure, it
exhausts its Volt-seconds very quickly and begins working
as an air-core with low efficiency. In fact, the discharge
is almost discoupled with the primary winding after
saturation of the iron-core(U=0). The intensive hard X-ray
and enhanced emission at frequency w < wcehas been observed
for such type of discharge at the current decay phase. This
enhanced emission seems to be associated with runaway
instabilities (i.e. generation of oscillations by the
anomalous Doppler resonance, w=cle—k:Ve Jand the discharge
at the decay phase supposes to be dominated by a strong
component of runaway electrons[5].

In the- case of the high filling pressure, the loop
voltage at the decay phase is apparently differentiated
from zerc(Uz 1lV). The hard X-ray level is low and the
enhanced emission at frequency near Wee has not been
observed. Therefore, there is a low density plasma not
excluding a possible weak component of runaway electrons.

Runaway electrons are more easily formed in the low
density plasma. Their interaction with the limiter and
vessel increases the impurity content, resulting in the
increase of loop voltage. Consequently, the iron-core
becomes saturated quickly. It can be explained that the
iron-core saturation is connected with the property of
discharge at decay phase. Moreover, the higher filling
pressure makes the cold boundary layer thicker. The cold
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boundary layer weakens the plasma interaction with limiter
and vessel, resulting in the reduction of impurity content
and also in the decrease of loop voltage. Therefore, the
iron-core saturation is connected with the filling
pressure. )

On HL-1 tokamak, weak instabilities usually develop
close to the end of or after the plasma current flat-top
and are observed to be associated with m=2,3 modes. Both
modes have the same frequency, 4-7TkHz and the same order
of value B./B,, but B3/B, >Fy¥B, . Besides m=2, 3 modes,
there is also m=4 mode with small amplitude. The m=2
oscillation is 180° out of phase compared with the m=3,4
oscillations. They seem to be coupled.

In the condition of present operation parameters, the
major disruption with current broken-down seldom occurs. It
was caused by the new movable limiter at the beginning. The
thick copper shell plays probably an important role in
stabilizing the major disruption.

The stable-operation regime has been given in Ref.[3].
The further analysis has distinguished two MHD activity
areas(Fig. 2). The disruption occurs, when the discharge
trajectory on Hugill plot crosses the area I at the current
decay phase(trajectory a). The area II is located on the
right from the area I at the top. When the discharge
current reaches the area II, the disruption takes place and
the current starts decay(trajectioy b). Between these two
areas there seems a narrow window (&.8¢HeR/B;<¢6.6x10"cm™®T™)
which allows the discharge to break through gq,=3
activity. The similar feature of the stable-operation
regime has been found on FT tokamak[6]. At the present
time, the HL-1 plasma density is determined by the filling
pressure and the time evolution of demnsity is not
sufficiently centrolled. This situation and the others (as
discussed below) can not allow us to analyze the stable-
operation regime experimentally in detail.

On HL-1 tokamak the power supply for ohmic heating
consists of a capacitor system and a DC flywheel generator.
The capacitor system produces the initial plasma current
with a restricted current rise time less than 24 ms. linder
the present condition of the density time behaviour, the
current rise rate is too high to overcome the MHD activity
at q,=3. The higher DC generator voltage has been used to
obtain the slow currtnt ramp up after fast rise of plasma
current provided by capacitor bank to overcome the MHD
instability at q,=3. In this case the iron-core of
transformer exhausts its Volt-seconds very quickly and the
kind of discharge oscillogram showed in Fig. 3 has been
obtained. This type of discharges usually crosses q =3
through the window beltween areas 1 and II (see trajectory ¢
in Fig. 2). Sometimes, they can also cross Lthe area I
without disruption at the rise phase. After meeting the
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area I1I, they go down along the window at the decay phase
(see trajectory d).

From a series of experimental facts, it is indicated
that the HL-1 plasma current channel is narrower than the
area determined by the limiter. For example, discharges
with g= 3 for limiter radius of 16 cm are stable, while
discharges with gq ¢ 3.8 for limiter radius of 20 cm are
unstable when the other parameters are kept. The valueSnde
from the microwave interference measurement appears almost
the same for discharges using the limiter radius of 20 cm
and 16 cm. These facts propose the cold plasma layer of 3
cm in the discharge with limiter radius of 20 cm. Tt is
consistent with the numerical calculation results (Fig. 4).
The calculation is based on the ohmic law for discharge and
equations for displacement and density measurements. The
narrow current channel seems to be connected with the
boundary cooling caused by impurity emission and leads to
some specific properties for HL-1 discharge including the
property of MHD activities mentioned above. The impurity
content remains to be decreased.
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Figure Caplions
Fig.l Oscillograms of loop vollage and current for typical
discharges (B;=2T, I,=100 kA; 1. No.1282, P, =5x10"" terr,
2. No.l1287, B,,=1x107% torr).
Fig.2 HL-1 stable-operation regime.
Fig.3 Oscillogram of loop vollage and current for discharge

using rising DC generator voltage {(No. 1883, B- =2.1T, F
=9x107™% torr).

Fig.4 Numerical calculation results for plasma radius a and
equilibrium displacement A ( No. 2847, B_=2.3 T, F‘,,h:l.:'_“wllf?'3
tor, TP=100 kA).

H

T



I"\ﬁ I
LptkA) uw
loo L)
50 25

0 2.00 400 ' 600 ' 8oo
{m5)

S

1?““” T U}

t(ms)
FIS 3

25 o 5
feR/B (10%m2 ™)
qu 2

IFU.RM ’7

{00 -

Sor

alcm)

201

Limiter centre

0 100 200 300
tlms)

Fig.y




236

RUNAWAY FLUCTUATIONS IN THE TJ-I TOKAMAK
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INTRODUCTION

Hard-X-ray flux has been studied under different operational
conditions (fg = .1 - 1.x10'" w3, By = .7 - 1.5 T ) in the TJ-I tokamak
(Rg=23m a=.lmb=.12m, BT( 1.9 T, I,{ 70 kKA) in order to correlate
the presence of hard-X-ray flux fluctuations and the runaway electron
confinement time Ty,

Hard-X-ray spectra were obtained wusing a typical pulse height
amplitude analysis system based on a collimated 3" Nal(Tl) detector.
Electronics was modified in such a way that pulses could be temporally
resolved and up to four different spectra were accumulated during built-up,
plateau (two spectra) and run-down of the plasma current. The system was
calibrated with a €s'®’ source. Runaway confinement times were deduced from
these spectra using our 1-D model (l). Simultaneously, a second collimated
NaI(Tl) detector, working in the current mode, was used to monitor
fluctuations in the total HXR flux. A camac controlled digitizing system,
with sampling frequency up to 500 kHz was used to store HXR signal,
together with B, , V  and I signals. Frequency spectra for those signals

L
are deduced using Fast Fourier analysis.

EXPERIMENTAL RESULTS
l.- Fluctuations.

Discharges with HXR fluctuations have been only obtained in TJ-I for
low toroidal magnetic fields (BT = .8 T) in Hy plasmas. Fluctuation
amplitude decreases when electron density increases {ﬁe S R m").
Plasma current in those discharges was around 35 kA.

For all these discharges, fluctuations appear at the center of the
discharge accompanied by spikes in the loop voltage and preceded by MHD
activity that grows and vanishes during the time the fluctuations are
present. These fluctuations do not seem to affect the plasma current
intensity. These magnitude traces for a typical discharge with fluctuaticns
are shown at Fig.l.

To correlate the fluctuation effect on the different magnitudes, a
frequency analysis was made using FFT., Frequency spectra obtained for HXR
fluctuvations present a dominant frequency around 5 kHz with a relative

amplitude of two orders of magnitude over the background (fig 2.).
Correlation of these fluctuations witb MHD activity could not be clearly
determinated although in some cases B frequency spectra presented some

structure at the same frequency that HXR signals. The loop voltage spectrum
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does not give any clear dominant frequency but V. signal shows a negative
spike in coincidence with the rising part of the HXR signal (fig. 3). The
amplitude of those spikes decreases along the discharge. 1 Fourier
analysis doesn't present any correlation with others magnitudes.

In an attempt to obtain other operational regimes with HXR
fluctuations, a By scan (at 1. T, 1.3 T, 1.5 T) was made and for each
Br value a ﬁe scan was also achieved. No fluctuations have been obtained
for those conditions.

P

2.-Effect on runaway confinement.

Pulse height amplitude spectra have been measured with fluctuations
(B =0.8T, n, = 10" n? ) and without fluctuations (By =1. T, ﬁé
=10" oE 35 ?fig. 4). Moreover spectra were taken during the built-up,
plateau and rundown of the the discharge, in order to evaluate HXR
confinement time along the discharge, before, during and after
fluctuations. Qualitatively, the following differences appear :

a) For discharges with HXR fluctuations, there are HXR all along
the discharge. In the case of non fluctuations, HXR only appear after the
built-up.

b) Discharges with fluctuation present, around the plateau, clearly
rounded spectra for the lower energy part.

From the HXR spectrum analysis, confinement time of the runaway
electrons has been obtained using the above mentioned model (1). Results
are sumarized in the table I.

DISCUSSION

The observed regime for HXR fluctuations in TJ-I : Non-disruptive
discharges with low toroidal magnetic field, q-value around 3 and E /EDin
order of .1, a clear relationship between HXR fluctuations with V| spikes
and relatively large MHD oscillations is more similar to the corresponding
to "disruptive instabilities' described by Mirnov and Semenov (2) than to
the Parail and Pogutse (3) model, that would requiered higher By . Besides,
in our measurements a f, electrons density increase seems to affect only
fluctuation amplitude that only disappear when increasing By . Taking into
account that our model (l) gives a slide-away electron distribution
function for the TJ-I tokamak, the obtained HXR spectra show a loss of low
energy runaway electrons in the rounded part of spectra, if we consider
that high energy electrons are contributing at the low part of the spectrum
in the same way that low energy ones.

A first interpretation of this phenomenon could be a deceleration of
the electrons with energy 30 kev{ EQJ 500 kev. The longitudinal energy of
these electrons would be transfered to the thermal part of the electron
distribution. A decrease of the runaway confinement time in the central
part of the discharge in coincidence with the fluctuations show a faster
loss of energy that could be due to the transformation of longitudinal
energy to transverse during this pertubation. The growing flux at the end
of the discharge, without any fluctuations in the signal gives a longer
confinement, that seems to indicate that there is no energy transfer in
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this part of the discharge, so that the primary electron distribution has
been restored.

SUMMARY AND PLANS

An operational HXR fluctuation regime for low By , no clear
dependence on ﬁe has been found in the TJ-I tokomak. During these
fluctuations, confinement time of rtunaway electrons decreases and HXR
spectra present a loss of low energy photons, probably due to a loss of
longitudinal energy for runaway electrons in the range 30 kev (EEH(SUD
kev.

These measurements have been made with a value of Z4ff around 3.
Future experiments are planed when lower values of Zolf are present in
order to decrease E/E; . Electrostatic probes will be used trying to
detect plasma waves in the presence of HXR fluctuations in an attempt to
correlate them.
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BT 13 ﬁe (m's); Time intervales (ms)
|

126 6-10 10-14  14-16

— e

W/ FLUCT. 0.8 1.x10 9 .6 .6 .9 | T.(ms)

W/0 FLUCT. i 1.x10 = i .6 A T, (ms)

A’I;= .2 x‘Z;

TABLE 1 : Confinement times for runaway electrons in four intervals
of discharges with and without fluctuations.
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HELICAL COILS FOR INSTABILITY AND DISRUPTION STUDIES ON “TOKOLOSHE"
TOKAMAK

D P Coster, J A M de Villiers, J D Fletcher, G Nothnagel, J R 0'Mahony,
D E Roberts and D Sherwell

Fusion Studies Division
Atomic Energy Corporation of South Africa
P 0 Box 4587, Pretoria, 0001

Introduction Resonaut,j=1, 2 and 3 helical windings are being fitted
To the Tokoloshe tokamak. They are almost complete, and helical, as
opposed, for example, to the partialf=l winding of Pulsatorl or the
saddle coils of Tosca?. With such windings we expect clean island
structure (large primary, small satellites) for small coil currents.
The 1low aspect ratio of Tokoloshe (R/a=2,17, a=24 cm) however
exaggerates the satellite islands and a design to minimize these is
discussed. So far, the,g =1 winding has been installed, and preliminary
field measurements for the true coil path compared with theory.

Design c¢f Helical Coils The primary aim has been to obtain,
Tndividually, pure m/o = 1/1, 2/1, 3/1 modes. A field line in a high
aspect ratio tokamak has the winding law ¢=—q(9-€$fh&') and a resonant
helical winding would be chosen to obey this law. Such a winding
creates a large primary island with small satellites due to discreteness
and toroidicity. On Tokoloshe the field line approximately follows the
above law (as shown by field line tracing on model Tokoloshe equilibria,
Bp=0,6T, Ip=100kA), but such a winding now gives enhanced satellites
owing to strong toroidal effects. A  winding 1law of the
form ¢=m/n(8- Eun v 6) was chosen and &, varied to investigate the
nature of the primary island resonance peak and satellite island size.

The results are shown for the ,f=l and j=2 windings in Figs la&b,
where full island size, normalized to minor radius, Awmn , 1is plotted
against §,, at constant coil curreat, Ip = 680A. The 1/1, 2/1, 3/1
modes are found to be dominant (see Fig 4b). The primary island is
found to be approximately constant over a wide range of ... An
interesting additional feature however 1is the vanishing of some
satellites for certain 8,,,“ , and we use these effects to choose the
winding law. These phenomena are not sensitive to the q profile but are
found to change with Shafranov shift d, of the eqilibrium flux
surfaces. Figs la&b thus show two sets of data for the cases dg =0 and
d, =4 cms (the maximum observed on Tokoloshe). We have chosen to
minimize the 3/1 island for both £ =1 and £ =2 windings to facilitate
disruption studies (as has been found advantageous on Tosca2) and
hence have chosen §,=40°, §, =48° to give the smallest 3/1 island for
the range of d, studied. The remaining island in each case, and any
residual 3/1 island, can be cancelled by means of their respective
resonant windings.
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An explanation for the vanishing of higher order satellites is as
follows. We have found on Tokoloshe that a pure helical
field Eu=5inﬁnﬂ9-ﬂ¢] induces a primary m/n island, and higher order
satellites. Fourlier analysis of the designed {=/ field shows that
the sm(zs-cb) component changes sign as §, is increased (Cosine
terms are always zero because of symmetry). Regarded as a pure 2/1
field, it induces 2/1 and 3/1 islands out of phase with these satellites
of the pure 1/1 field, and of sufficient amplitude to cancel them. A
physical explanation is clear from Fig 2 where for increasing §, ,
the =/ winding is seen to lie increasingly along the .f=2 path, ¢=2|9 "
of opposite sense. A strong, out of phase, 2/1 field component is then
expected. Similar arguments apply to the #=2 results of Fig 1b.

A law of the form qb- 5-(,, quD has been tried, a simple form of that
explored for Tore-Supra3d, and we have found that it gives only mild
satellite suppression.

Field Measurements In Fig 3 we show a plan of the vacuum chamber with
imposed windings. It will be seen that, for j=l and _£ =2, they avoid
the large ports but do have to cross vertical observation ports and the
main vacuum flanges. We have installed the f=l winding and in Fig 4a
show the measured 2-D Fourier spectrum of its field, and in Fig 4b the
results of a Biot-Savart calculation for the theoretical Ilaw. The
analysis was done at 3 toroidal and 50 poloidal points for 6 radial
positions. The agreement is satisfactory considering the small number
of toroidal positions (further measurements are being performed to
determine high-n modes).

Discussion In Fig 5 we show pure 1/1 island structure with no observable
satellites, for values of &, as chosen above, I; = 680A and Ip =
-125A. This, and the field measurements, indicates the possibility of

obtaining uniquely pure islands in the experiment. In addition
combinations of 1/1, 2/1, and, we expect, 3/1 islands can be created by
appropriate choice of Iy . These capabilities should allow accurate

study of mode stabilization effects and disruption mechanisms such as
island overlap and connection of islands to the wall.
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A new type of turbulence, associated with sawtooth relaxations, is
detected by scattering experiments.

The experiment is performed on TFR, during ohmic regime of auxiliary
heating phases, all conditions where sawteeth are detected. The turbulence
observations are made with a CO, laser scattering experiment. The scattering
volume corresponds to a vertical ghord which can be radially scanned. The detec-
ted Tight, corresponding ot two simultaneous K wave numbers, is frequency ana-
lyzed and is recorded on digitizers. On the other hand, soft X-ray emissions,
associated to several vertical cherds, are addressed to the same digitizers.

Attention is focused during the crash period of the sawtooth. Whereas-
the integrated over all frequency signal shows continuity, filtered signals, at
fairly high frequencies, exhibit a large spike. The duration of this enhanced
turbulence s about 30 ps and coincides with the major peried of crash [1].

Detail analysis of this specific new turbulence, including frequency,
wave number and spatial localisation, will be given.

[1] TFR Group and A, Truc
C.R. Acad. Sci. Paris, Note 600 (1986)

Permanent address : Laboratoire de Physique des Milieux Ionisés, FEcole
Polytechnique, 91128 Palaiseau (France)




245

MICROTURBULENT FLUCTUATIONS IN THE TORTUR TOKAMAK

TORTUR TEAM: A.J.H. Donné, C.J. Barth, B. de Groot, H.A. van der Laan,
H.J. van der Meiden, G.J.J. Remkes, W. van Toledo,
W.A. de Zeeuw and H. de Kluiver.

Association Euratom-FOM, FOM-Instituut voor Plasmafysica, Rijnhuizen,
P.0. Box 1207, 3430 BE Nieuwegein, The Netherlands

In the TORTUR tokamak (R = 0.46 m; a = 0.085 m; Bpay = 3.0 T) hydrogen
plasmas are produced by plasma currents up to 60 kA during about 40 ms. By
the application of elevated loop voltages, a stationary weakly turbulent
state is brought about with an enhanced dissipation, possibly due to
low-frequency electromagnetic turbulence [1]. The reduction in apparent
conductivity as compared to Spitzer values lies between 2-U. As a result,
relatively high values of the electron temperature (< 1 keV) are obtained
at high plasma densities (~ 102° m™3), In the higher current range (> 35 ki),
the plasma beta follows the Troyon scaling (8 = 7x107? at Ip = 50 KA ).
Despite the weakly turbulent medium, the energy confinement times (< 2.5 ms)
follow closely the2 currently used scaling-law values. Above 55 kA, internal
(g<1) disruptions are starting with occasionally major disruptions prevent=-
ing any significant increase in temperatures and beta values. Turbulent
heating effects due to fast (10 ps) toroidal current pulses from a high-
voltage bank superimposed on the plateau current have been described
earlier [2] . A typical TORTUR shot is shown in Fig. 1.

Microturbulent plasma fluctuations have been studied by means of col-
lective scattering of U-mm waves at 90° [3] in the frequency range from
500 Hz up to 100 MHz. Regions of plasma fluctuations near 1 MHz and between
5 and 55 MHz have been observed during the plateau phase, apart from the
commonly observed spectral region (20-700 kHz) which is attributed to low-
frequency electrostatic and magnetic drift waves of various types [4,5].
The intensities registered as a function of frequency and time are shown
in Figs. 2a-c¢ and 3a-c, respectively, for the three spectral regions. The
slow-time periodizities which modulate the signals are familiar for tokamak
discharges at relatively high q-values. Synchronous modulation of T, and
I, are shown in Figs. 3d and e.

Region A: 20-700 kHz. With a high time resolution the low-frequency region
exhibits a definite structure of a fundamental regime and higher harmonics
instead of the usually presented massive broadened region. This sequence
of peaks is the fourier analysis of rapidly relaxating bursts with typical
growth times t -~ V/fpypndamental- In view of the reduced collisionality factor
Veff = Vei/wp = 2 near the position of the scattering volume (r = 65 mm),
the low-frequency drift waves can be interpreted in terms of growth and
quenching of unstable universal-type drift waves together with dissipative
trapped electron instabilities from a 5% group of mirror-trapped electrons
{5]. However, the presence of a spectral contribution due to oscillations
of magnetic origin should also be considered [6]. From the measured growth
rate of the spectrum and the mixing-length relation we made an estimate
for the fluctuaticn level at r = 65 mm, yielding fi/n = 8x107°.

Region B: 0.7-3 MHz. This region is not yet extensively reported ir litera-
ture. It is much Weaker than the A-region. However, again Af = f irdicating
the turbulent character of the fluctuations.

Thomson scattering spectra (90° A = 694.3 nm at r = 5 and 60 mm) invari-
antly reveal at least two symmetrical satellites on the smonth, almost
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paussian, scattering spectrum (see Fig. 4). The satellit wind with
electron groups with the loeal AlIfvén speed. Their intensities correspond
Wwith a partial population of about 5% (= 3-5x10'" m™?) at r = 5 mm. Partial
densities at the edge are 1-3x10'7 m™ 2.

In view of the above obsgrvations and of Lhe high Bpgy-values, the #-
region L5 interpreted as revealing the presence of  Lemperature-gradient
dreiven burbulence of high-mode microtearing instabilities. The magnelic field
Muntuation level ean be estimated with the eelation | 7]: @_/H = };Bq-l ﬁ/~:1| .
Insertion of the acceptable value fi/n = 8«10~ 7 yirlds for ll‘ = 30 kA, B_i."H
= 1.5x107* at r = 60 mm.

The identification of the satellites in the Thomson spechbra wilkh
perpendicularly deflected electron streams giving loeal magnetosonic shocks
in strenglhened by checking the approximale equal ity of the kinebie en=rgy
of this eleectron group to the perturbed magnetic rield energy, yielding
forr the number density of streaming elecbrons in the secatbering volume
T BE? T

It may be remarked that the electron-temperatuare gradient-driven micro-

tearing modes have a real oseillatory parl and a growing imaginary part.
The relation between the diamagnebic electron drift frequency, Wy and
the real part of the tearing modss is approximated by [8]:
wpfwge = 1+ (0.6)[1 + Inl(vgy/wee) Ing. For the TORTUR parameters we Find
(ng = B-5, vgj/w,e > 3) that wpfwge = 6-7, being satisfactorily close to
the experimental rabio of frequencies at the maximum of S, in the regions
B oand A: wp/wy = T+3.
Region C: 5-%5% MHz. For the TORTUR discharge parameters, the runaway
current in the plateau stage is estimated to be Ig, € 70 A, which is about
0.18% of the total current. It is supposed to be strongly concentrated
near the axis. For this population, the threshold runaway energy, Egas
amounts to some O keV. The interaction of the runaway electrons via the
anomalous Doppler effect with various bulk plasma modes and with the
gradient-driven modes results in limitation of the runaway energies via
piteh-angle scattering of Ethe electron distribution. This happens for
energies Ep > 3lwge/wpe)® Egp = 80 keV for TORTUR, which is not in contra-
diction with experimental data from soft X-ray and ECE spectroscopy [9].

The slow periodic modulation of the spectral inktensity in region C
(see Fig. 3¢) with typical relaxation rise times of 0.5 ms gives another
support for the presence of the tail population, Free aceeleration of
electrons during 0.5 ms followed by quenching (scattering) in a fluctuating
toroidal electriec field of 2 V/m indeed gives electron energies near 100 keV.

5ocorres

Fluctuations after the application of a turbulent heating pulse

Finally, the strong time-dependent variations in the three spectral
regions after application of a high-voltage turbulent heating pulse (see
Fig. 1) offers support for the proposed identification of the physical nature
of the various regions. This can be inferred from Figs. 5a-c¢. After the pulse,
a rather flat temperature profile results, whereas the density gradient is
increased [10]. Indeed, a remarkable increase on a fast timescale (- 100 us)
can be observed lor the low-frequency electrostatic drift waves of region A
(Fig. 5a). In contrast, the regions B and C have completely disappeared.
Kvidently, ng = 3 In Tg/d &n ng is decreased by the Flattening of Tg(r) and
the peaking of n(r),together with a temporary increase of vgi(r), such that
unstable microtearing modes are suppressed [10].
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MEASUREMENT OF DENSITY TURBULENCE AND BROADBAND MAGNETIC FLUCTUATIONS
ON ASDEX

G. Dodel, E. HolZhauer, and J. Massig
Institut fir Plasmaforschung, Universitédt Stuttgart, Fed. Rep. of Germany

J. Gernhardt, ASCEX-, ICRH-, LH-, NI-, and Pellet-Teams,
Max-Planck-Institut fiir Plasmaphysik, EURATOM-Association, Garching, FRG

Broadband fluctuations of the electron density and the magnetic field were
observed under various operational conditions of ASDEX using a laser scat-
tering experiment and Mirnov coils, respectively. The aim of such measure-
ments is to reveal the physical nature of the fluctuations and their pos-
sible correlation to anomalous particle and energy transport properties.

1. Density fluctuations.

The scattering system using a 119 um CH30H laser and homodyne detection is
described in more detail elsewhere [1].7It is able to detect density fluc-
tuations propagating in nearly vertical direction. Movable optics allow a
stepwise k,-scan within one tokamak discharge and a shot to shot spatial
scan of a large part of the poloidal plane. The spatial resolution is +1
cm in the vertical direction and depends on k; in the horizontal direction.
For k€ 10 em™ ', where the dominant part of the fluctuation spectrum is
found, the measurements are chord-averaged. The k, resolution is % 3.2 cm

The temporal development of the fluctuation spectra could be monitored
with fixed frequency channels. Plateau phases of the tokamak discharge al-
lowed frequency spectra to be scanned continuously with a spectrum analy-
zer.

a) Ohmic heating

In the range 5 cm ' < k, £ 20 em™ ! the frequeney integrated scattered power
PS(KL) decreases as KL_Q, where a = U. The frequency power spectra Ps(f)
for fixed k, are broadband. A frequency roll-off on the order of 6 dB/100
kHz is observed above 100 kHz. The root of the frequency integrated power
P_!/% scales linearly with the mean electron density i, in the range 5 x
10'2 em™ €W, £5x 10'* em” ? (Fig. 1). This corresponds to a nearly con=
stant relative fluctuation level Tj/ng.

b) Neutral beam injection (NI) heating.

L-discharges: With neutral injection the frequency spectra Ps(f) become
broader with increasing heating power. In the majority of L-discharges the
frequency integrated scattered power increased above the ohmic level du-
ring neutral injection as illustrated in Fig.2. A maximum enhancement by a
factor of -9 was observed with co-injection. In a series of counter-injec-
tion shots at constant ng the increase of Py with Pyp was approximately
linear for Py1 up to 3.5 MW.

H-discharges: The temporal development of the fluctuation spectra at the
transition from the L-phase into a burstfree H-phase is shown in Fig. 3. A
comparison of the low- and high frequency channels shows a broadening of
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Ehe spectrum and a decrease in the frequency integrated scattered power
although the line density ﬁé increases, A similar observation was reported
in [3). There is evidence for a shift in the k, spectrum towards longer
fluctuation wavelengths. In contrast to the sharp L-H transition indicated
by the D -monitor in the divertor chamber the frequency :ntegrated scat-
tered power changes on a much longer time scale, which corresponds to the
global change in the density and temperature profiles.

In normal H-discharges with edge-localized modes the behaviour of the scat-
tering signals is irregular.

c) Ion cyclotron resonance heating.

The scattering signals increase above the ohmic level for k5 5 cm” as
reported also by [4]. Density fluctuations with k, $ 7.5 cr ! are observed
at the heating frequency (33.5 and 67 MHz).

1

d) Lower hybrid heating and current drive.
No significant changes in the low-frequency density fluctuations with re-
spect to the ohmie phase are found.

e) Sawtooth activity.

Precursors te the sawtooth crash in the soft X-ray signals are observed in
the frequency range > 500 kHz. There is experimental evidence that they are
localized only inside the q=1 surface. Increased fluctuations below 500 kHz
are also feound outside the g=1 surface, but cnly after the sawtooth crash

Eils

f) Pellet injection.

An increase of the scattered signal is cbserved which starts with the abla-
tion of the pellet. For single pellets the scattered signal decreases with
the relaxation of the radial density profile [1].

In order to obtain a conclusive picture of the nature of the density turbu-

lence and possible correlations to ancmalous transport properties the mea-
surements will be extended to wavenumbers below 5 cm ',

2. Magnetic fluctuations.

Mirnov coils in the limiter shadow of ASDEX were used to demonstrate the
existence of broadband magnetic fluctuations with radial and poloidal com-
ponents. Above about 70 KHz the temporal evolution of these spectra is dis-
tinetly different from the coherent Mirnov oscillations and their harmonics
at lower frequencies.

If we assume that the field due to current disturbances decays like a va-
cuum field outside the plasma boundary in a cylindrical geometry, we can
estimate the dominant poloidal mode number. For L-mode discharges with NI
the plasma position, and thus the distance to the Mirnov coil, were varied.
From the observed radial decay length a value of m 2 10 is deduced. Typical
fluctuation levels at the probe position were ﬁr/Bt = 1075, From 70 kHz to
200 kHz the spectral power density drops by a factor of 10. No qualitative
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difference was seen in the temporal development of the radial and poloidal
field components.

a) Ohmic heating.

The power spectra of the magnetic fluctuations are not correlated Wwith those
of the density fluctuations. During a linear density ramp the signal power
of the magnetic fluctuations decreased slightly in contrast to the density
fluctuations (Fig. 1).

b) Additional heating (L-phase).

The signal power increases for all types of heating used and the frequency
spectrum broadens., An example recorded during an L-discharge with NI 1is
given in Fig. 2.

¢) Additional heating (H-phase).

After the transition into a burstfree H-phase the signal puwer begins to
increase again as shown in Fig.l4. When edge localized modes, indicated by
spikes in the Da signal, appear, the magnetic fluctuation signal is strong-
ly modulated.

d) Sawtooth activity.

In the presence of sawteeth (during additional heating) the Fluctuations
suddenly increase at the time of the sawtooth crash, similarly to the Duf
signal observed in the divertor chamber [2].

e) Influence of boundary layer.

The magnetic probe signals seem to depend on conditions in the plasma boun-
dary layer, as can be seen in the case of gas puffing or the modulation by
edge localized modes.

3. Summary .

Significant but distinet changes in the fluctuation spectra have been ob-
served in the various operating regimes of ASDEX. When comparing the beha-
viour of the density and magnetic field fluctuations 1t should be kept in
mind that the two diagnosties have different spatial weighting funetions,
defined by the scattering volume in the former case and by the distance
from the probe and the mode number m in the latter case. Further experi-
ments will be needed before a comparison with proposed theoretical models
for the fluctuations and their propagation mechanism inside the plasma can
be made.
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MAGNETIC FIELD PERTURBATIONS AS A TOOL TO INFLUENCE GLOBAL
DISCHARGE CONDITIONS

G. Fuchs, K.H. Dippel, A. Nicolai, G.H. Wolf and the TEXTOR Team
Institut fir Plasmaphysik der Kernforschungsanlage Jiilich GmbH
ASS. EURATOM - KFA

Introduction

Ergodization of magnetic field lines has been proposed as a possible mechanism to explain the
anomalous transport observed in plasma confinement devices [1]. A magnetic perturbation con-
sisting of several helical modes will create magnetic islands at the resonant surfaces. Above a certain
amplitude, overlapping of the different islands will occur, which leads to a structurc involving
multiply connected regions, where field lines get mixed. This deteriorates the containment of the
plasma.

In the boundary region of fusion machines, the loss of confinement might, however, be beneficial
because due to the enhancement of particle recycling the plasma temperature and thus wall erosion
could be reduced [2], albeit on the expense of the hot confinement volume.

In this paper we report measurements which have been made on TEXTOR to investigate the in-
fluence of small extemal perturbations of the confining ficld on both, the core confinement and the
plasma parameters in the boundary.

Experimental Arrangement

The coil system to perturb the confining field consists of 4 coils (16 turns cach) which are switched
as a magnetic octupole (cf. fig.1). The Fourier components of the perturbation field are of the order
of 0.1% of the main field. Although the perturbation amplitude decreases with the distance from
the coils, it is not negligible in the plasma core. The perturbation coil current can be programmed
in a wide range, only limited by an inductive time constant of about 20 ms, and the pulse width
of 4 s at the maximum current of 8 kA per turn. The TEXTOR machine parameters may be found
in [3]. Experiments have been performed for plasma densities n=1...4x10 '3 cm™ (line averaged),
plasma currents IP= 200...480 kA and with a main field of 2 T,

Plasma Boundary

Instantancously with the rise of the perturbation field we observe structures appearing in the
boundary region. These structures exhibit the shape of magnetic islands (see [4;5]), which persist
even in those cases where, according to calculations of the Liapunov coefficients, the perturbation
was large enough to cause stochasticity. A possible explanation for this discrepancy may be given
by the fact that the mixing of ficld lines leads 1o fine graining only after many (10%...10%) revo-
lutions around the torus, whereby a particular field line, except for jumps between different islands,
takes similar pathways to surround an island. This effect is enhanced because two overlapping is-
lands usually contain cores, which are disconnected from the rim. The particles diffusing from the
hot plasma core into this structure stream predominantly in the region of the island rims to the
limiters where they recombine. The interaction of this flow with the reeyeling particles produces
the observed pattern. We can reproduce the experimentally obscrved structures in Poincaré plots,
if a set of magnetic ficld lines is being started just inside the “stochastic region” and traced about 8
tumns around the torus.

Structures in the boundary are also indicated by the localized 11, luminescence measured at different
toroidal positions, by the radial density profile in the boundary, measured with a lithium probing
beam [6], and by the dependence of the pressure in the pump limiter chamber (135° away from
the perturbation coils in toroidal direction) on the plasma current (cf. fig. 2). Although the geometry
of the perturbation field was not optimized to create such islands which give a maximum en-
hancement of pumping on the TEXTOR ALT 1 pump limiter [4], pressure increases in the pump
limiter chamber by up to a factor 2 could be obtained. The electron temperature measured with
Langmuir probes, located in the limiter shadow 2 cm off the tangent surface, is almost unaftected
by the perturbation field. However, deeper inside the boundary the desired cooling of the clectrons
scems indeed to exist, since the C I1 luminiscence has been observed to increase with the application
of the perturbing field, whereas the C IV luminescence decreases at the same location.
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Global Iffccts

No effects of the perturbation fields on the q - and density - limit have been found. The average
particle lifctime T "=1_J(1-R) (R is the recycling coefficient), however, has been affected. Although
no systemalic wndencqus been obtained, this phenomenon is attributed to localized modilications
of the plasma wall contact.

‘T'he Mirnov coil signals from MIID-modes (m=2;n= 1) which were occasionally present, disap-
pear already at low amplitudes of the perturbation field, most probably as a result of the blocking
of the rotation of these modes.

Transition of Confinement

Whereas the above phenomena occured about synchronously with the application of the relevint
amplitude of the perturbation field, influences on the confinement wre delayed by about 100 ms
with respeet to the rise of the perturbation ficld. Above a well (+1%) defined threshold value of the
perturbation field, and after the above delay, a full disruption or a transition to a new discharge state
occurs. "The threshold value needed for the response depends on ¢ (see also [7]) and is given in fig 3.
In case of the transition (fig. 4), the density profile flattens, whereby the total number of plasma
particles is reduced by a factor of about 2, although the density in the boundary even rises.

The average core clectron temperature is, after a short decrease followed by a recovery, unchanged
within a few percent. This is consistent with the experimental fact that - for given plasma current
- the loop voltage remains unchanged. However, the frequency and the amplitude of the sawteeth
is reduced (cf. fig4). It is worthwile to note, that this transition to a deteriorated conflinement re-
pime cannot be reversed by switching off the perturbation field, instead MED-modes appear which
eventually lead to a disruption. Both, the density profile and the Mimov coil signals indicate, that
together with the transition the axi-symmetry of the plasma is lost.

Madel Considerations

Possible reasons for disruptions at a definite level of the perturbation ficld have been previously
discussed (e.g. [7]). llere it is assumed, that the transition is caused by a signilicant enhaneement
of the “radial” transport processes specifically in those regimes where islands have been created or
are already overlapping: the cnhanced losses thus are assumed to stem from parallel heat
conductivity || contributing via the radial components B_ of the perturbation field. 'The enhanced
transport is compared to the one without perturbation field using an ¢nhancement factor
k=jylAr 1L,

To obtain an estimate of the enhancement factor, y 1 is taken from [8] and the island width Ar and
the length L to bndge Ar along a field hne are calculated in cylindrical geometry, in which case the

formulae [9]
e / 2B¢R ¢
mB r

@ or

L=2nRN T L B W

B,R dr

can be used, where K is the complete elliptic integral. For the current density needed to derive ¢
we make the ansatz
By

J= =

o) [1- ;—:]"

which gives values close to those measured with polanmetry, for p=q(a). The temperature prolile
needed for g, is assumed to be proportional to j*3. The radial dependence of the transport cn-
hancement factor k, calculated under these assumptions is, for a special case, shown in fig. 5.

With increasing perturbation field, the island widths grow, the number of toroidal turns N, needed
to bridge a pgiven radial distance within the island structure deercases, und more islands with in-
creasing m numbers give significant contributions to the enhancement, all of these leading to an
increase of the transport enhancement.  When islands located around different rational surfaces
overlap above a certain field perturbation, the island rims, where N is large, are climinated, which
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again accelerates the increase of k. At about the experimental value of the perturbation ficld, where
the deterioration of the confinement is observed, the enhancement factor exceeds 1 for plasma radin
outside the g= | surface.

Conclusions

The expeniments show, that helical perturbation fields create island structures in the boundary,
which can be used to enhance pumping and appear 1o cool the boundary. The observation ol is-
lands in the boundary layer even for cases of ficld stochasticity is attributed to boundary conditions
on the plasma pressure which lead to a structured flow pattern,

The most pronounced effect on the plasma confinement in the core is a transition to reduced con-
linement, triggered by the perturbation, but delayed by about a characteristic skin time. Model
considerations on the enhancement of parallel heat transport around islands, although giving the
correct order of magnitude, cannot yet explain the sharp onset of the transition which, however, is
also believed to be due to island ellects.
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EVALUATION OF ELECTRON HEAT CONDUCTIVITY FROM SAWTOOTH
PROPAGATION STUDIES IN TEXTOR

Y. Cao and G. Waidmann

Institut flir Plasmaphysik, KFA Jiilich, Association EURATOM-KFA
5170 Jilich, Federal Republic Germany

Abstract: The propagation of inverted sawteeth was studied in quasi-
stationary plasmas in TEXTOR. The electron heat conductivity g, was
deduced from time of flight measurements of heat pulses emitted infd the
outer plasma region.

1. Introduction

Sawtooth phenomena were studied in TEXTOR by means of ECE-diagnostics in
the current plateau phase of quasistationary OH-discharges. The propagation
times and amplitudes of heat pulses emitted from the central plasma were
systematically measured in the radial regime between the q = 1 - surface
and the boundary plasma. Highly reproducible discharges were produced after
fresh conditioning of the inner surface of the plasma vessel. Scanning
radiometric measurements were performed on the high and low field side of
the plasma cross section. A numerical model first suggested by Callen and
Jahns /1/ was modified and used to simulate transient heat propagation from
a pulsed heat source into the boundary plasma. The good agreement between
numerical model and experimental data allows the evaluation of the average
electron heat conductivity £.(r) in the outer confinement region of the
tokamak plasma. £

2. Heat Pulse Propagation Studies

Local measurements of electron temperature perturbation were carried out by
ECE diagnostic technique /2/. A fixed frequency radiometer was used to
observe the central part of the plasma inside the q = 1 - surface. It
delivers time reference marks by registration of normal sawteeth. Two
variable frequency radiometers were installed to observe heat pulses out-
side of q = 1 on the high and low field side of the plasma column. Time of
flight measurements were performed by simultaneous registration of normal
and inverted sawteeth. A frequency scan on a shot to shot basis provided
the radial profile information. The sawtooth inversion radius r_ was found
by dinspection of sawtooth details in a transition regime. It agrees
reasonably with the g = 1 - surface as found by polarimetric measurements
/3/. Sufficiently far outside of the inversion radius clear inverted saw-
teeth are recorded which represent transient heat pulses. Fig. 1 shows
time of flight data for heat pulses observed during the stationary phase of
OH-discharges. The propagation time t_ increases nonlinearly with radial
distance. The q = 1 - surface is markeéjby 2 straight bars. Fig. 2 pr%sents
for the low field side of TEXTOR the time t_ versus (r - r,)" and
demonstrates a quadratic dependence with radius f& distances r> 1% re-



258

A deviation is observed in the vicinity of the plasma boundary. This result
suggests a diffusive type of electronic heat transport from the q = 1
region towards the plasma edge.
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3. Numerical Model and Experimental Results

For the interpretation of the propagation pattern of local temperature
perturbations (s. Fig. 2) a eylindrical model /1/ was modified and used to
simulate transient heat pulses on their way along the density gradient into
the boundary plasma. In Ohmic discharges the temperature perturbations
outside of the inversion radius were small, less than 10 % of the station-
ary electron temperature. The density perturbation was even smaller. The
energy balance equation for the electrons was reduced by neglecting the
source and sink terms %IL#, radiation and equilibration. The linearized
cylindrical heat conduction equation was numerically solved with the ansatz
for the heat conductivity coefficient:

é‘(r)— /n_(r)

and density profiles as found exp 1ﬁ%nta11y in TEXTOR. Initial conditions
for the mixing regime, where the emitting heat source is located in our
numerical model, were specially chosen. A general discussion of simple
models and errors introduced by assumptions made 1is given in /4/. Good
agreement between measured heat pulses and simualted temperature perturba-
tions was found for the different radial positions studied. Fig. 3 shows in
a comparison the decay of the measured amplitude of the temperature pertur-
bation (X) versus radius. Included in Fig. 3 are the values obtained by
model calculation (e). The simulated values are fitted at the point
FP. The amplitude decays as (r-r,)® , the exponent being of = -1,56. This
decay exponent can approximatelyz%e deduced by an analytic treatment of the
heat conduction problem. From the calculated time of the maximum of the
heat pulses and the measured time of flight an average value of X s
evaluated. Fig. 4 shows these X_ - values for two very different discﬂarge
types versus the radial coordﬁ@a e For a peaked electron density profile
(X I_ = 372 kA; i, = 2,8 x10™” cm ) a strong increase of elgitharadius
was Pound. A broad density profile (A I =480 kA; n_ = 4.6 x 107"cm ) how-
ever gave a lower . - value and exhiBited a sloWer A. - increase with
radius. The values folnd in this way are in qualitative adreement with data
obtained form energy balance transport code calculations for Ohmic heating
in TEXTOR /5/ or in ASDEX /6/. They show however lower values than the
experimental ,te-data published from TFTR /7/.
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MODELLING CF TEMPERATURE PROFILE RESPONSES TO HEATING PROFILES IN JET

J.D. Callen*, J.P. Christiansen, J.G. Cordey

JET Joint Undertaking, Abingdon, Oxon. OX14 3EA, UK
*University of Wisconsin, Madison, WI 53706, USA

1. Introduction

Temperature profiles in tokamak plasmas have been characterised as
exhibiting a high degree of "profile consistency" [l]. However, some
variation in tne temperature profiles have been observed with changes in
the heating profile [2]. 1In this work [3] we seek to explain the
temperature profile variations and global transport scaling due to changes
in the heating profile using local heat transport models that are
consistent with other, local measurements of heat transport in JET.

Global indications of changes in the temperature and current profiles
in JET are shown in Figs.1,2. Figure 1 shows that the equilibrium ratio of
the average temperature to the peak temperature increases as the heating
profile broadens with decreasing safety factor q. Figure 2 shows that
neutral beam broadens the electron temperature profile after injection.
The current profile broadens on a longer time scale which i8 of the order
of the magnetic diffusion time scale, as expected. Ref.L3] provides full
details of the work presented here.

2. Local Heat Transport Models

Two recent developments [4,5] have helped to clarify the form of loecal
models appropriate for describing heat transport in JET. First [U]. the
heat diffusion coefficient derived from heat pulse propagation measurements
(XHP) has been shown to be independent of auxiliary heating power and to be
approximately equal to that deduced from the incremental energy confinement
time Ty, [6]. Second, the total (electron plus ion) heat flux through the
confinement zore of the plasma has been shown to be fit best [5] by

A== VT Gm gy 5 VT ™ Dimine )
The nondiffusive flow term qp; ., is found [3-6] to be negative, which
indicates a heat pinch [T] or critical temperature gradient onset
phenomenon [8]. Possible interpretations of it are discussed in [3].

Two specific local heat transport models [7] based upon Eq.(1) are used
below to predict the temperature profiles for given heating profiles:

1) Constant heat pinch model: x(r) and qp i, n(r) are assumed to have given
spatial profiles, but to be independent UP parameters like T, irput power.

2) Nonlinear x model: gpy,, = 0 and yx - (ET)B.

3. Temperature Profiles Induced by Various Auxiliary Heating Profiles

Temperature profiles for given heating profiles Q(x) are calculated
from the flux-surface-average equilibrium heat balance equation <V.g> =
<Q>. Using Eq.(1), the heat balance equation can be integrated once to
yield an equation for the radial temperature gradient. To solve for the
temperature profile we must choose a particular local heat transport model.
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In what follows we use for simplicity n(r) = constant and a cylindrical
geometry approximation.

Constant heat pinch model. The predicted temperature profiles are given by
a double radial integral of the heating profile Q(r) and hence relatively
insensitive to small changes in Q. Such profiles induced by a variety of
heating profiles Q(r) ranging from peaked on axis (dotted line) through
flat (solid dark line) to peaked at the plasma edge (dashed line) are
indicated in Fig.3. The temperature profiles are plotted on a logarithmic
scale norma.ised at the half radius LQ]. Fig.3 shows that only very modest
temperature profile variations are expected for physically relevant changes
in the heating profile. The ratio <T>/T(0Q) for these profiles are in
agreement with the ranges indicated in Fig.1

Nonlinear y model. The predicted temperature profiles depend on a double
radial integral of the 1/(8+1) fractional power of the heating profile
Q(r); they are even less sensitive to variations in Q than taose shown in
Fig.3.

JET data for centrally peaked heating. The experimental temperature
profiles that result from a variety of JET auxiliary heating profiles are
shown in Fig.4. Comparing Fig.l with Fig.3 we see that the weak
temperature profile variations caused by changes in the heating profile are
in reasonable agreement with the theoretical predictions. The best
agreement occurs for g<<1 and for y increasing radially.

Localised off-axis heating. In JET experiments the ICRH heating profile is
highly peaked (ar<a/5) near the radial location of the cyclotron resonance
r,. Both the heat pinch and nonlinear x models predict the aT(r) due to
ICRH to be constant inside the heating radius. However, the magnitude of
aT(0) = aT(r,) and the radial fall off of aT with r outside of r,, depends
on the model chosen. Comparisons of the AT obtained experimsntally with
the theoretical predictions in hydrogen minority *He majority plasmas are
shown in Fig.5. Again, we find that there is best agreement between the
experimental data and the local transport model predictions for B<<1 with ¥
increasing radially.

3. Global Transport Scaling

The stored energy W=(3/2)/d%x n(Te+Ti) derived from the constant heat
pinch model is expressed as

W& Tx(1+5) i[Pin]eff+ Ppinch} = Tine Pinla) + WO, (2
where
T

nt, (14£)/2, 1, = 3ab/iy, €=<mT;>/<ngTe>, [Pyplepr = nPyplad). (3)

ine ~ X
The heating effectiveness parameter n defined in [3] is unity for delta
function heating on axis and zero for edge localised heating.

The global transport scaling law given in Eq.(2) has the offset-linear
form that has been found [6] to characterise JET data quite well. The
energy confinement time 1E=w/Pin exceeds T o for low power levels (e.g.
ohmic heating), but approaches it for high input power levels. The
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incremental confinement time t;,. approaches the ideal incremental energy

confinement time Ty when n+1 (central heating) and g£+1.

4, Discussion and Conclusion

The temperature profiles predicted by local heat transport models have
been shown to be in good accord with JET experimental results. The weak
temperature profile responses to changes in the heating profiles explain
"profile consistency", at least to the extent it is observed in JET. The
local transport model which best characterises JET data is based on a heat
pinch (or excess VT) model with a heat diffusion coefficient y(r) that
increases with radius. The global transport scaling law derived from this
model exhibits a linear-offset form and provides definitions for the
incremental energy confinement time Tine and the heating effectiveness n,.
These latter definitions provide a basis for taking account of heating
profile effects in determinations of the energy confinement scaling in
auxililary heated tokamaks.
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STUDY OF THE BROADBAND MAGNETIC TURBULENCE IN THE TCA TORAMAK
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Centre de Recherches en Physique des Plasmas
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ABSTRACT Poloidal structures of magnetic turbulence are studied and
their persistence along the magnetic lines is analysed. This can give an
estimate of the minor radii of the observed turbulence.

INTRODUCTION The study of broadband magnetic turbulence features is im-
portant to determine its nature and its possible effects on the trans-
port. This paper presents measurements of the magnetic turbulence on the
TCA tokamak (Bp=1.5 T, R=61.5 om, a=18 am), newly equipped with 96 mag-
netic coils placed in the scrape-off layer. The spatial properties of the
turbulence and its relation to confinement have been presented earlier
and this work concentrates on the study of the poloidal structure of the
turbulence and its transformation along field lines. Figure 1 gives the
layout of this system where the subsystems of coils A,B,E and T will be
referred to as arrays. T is a vertical radial array ranging from
r=20.7 an to 27.7 an and E is identical but in the equatorial plane. A
and B are identical arrays placed symmetrically with respect to the
equatorial plane and camposed of 18 By coils at z=#22 amn and 14 By
coils at z=t 21.3 cm. The coils are therefore not at constant radius.
(20.5 am<r<24.5 cm) but each coil is oriented to measure only either the

or the By field component. All the By coils have dimensiocns
10x10x5 mm’ and all the B, coils 10x5x5 mm’. The small size of the
coils and their close spacing allow very large poloidal mode numbers up
to m =80 to be detected. In this study, the broadband magnetic turbulence
is measured between 40 kHz and B00 kHz, well above the 10 kHz Mirnov fre-
quency. Although the coherence is bounded between 0 and 1, due to the
finite number of samples used, the coherence between two completely
uncorrelated signals is 0.17.

I, RADIAL COHERENCE AND POLOIDAL MODE NUMBER The coherence between
the coils of array T and E shows that the By and By fluctuating
fields are highly coherent in the radial direction between the plasma and
the vacuum vessel as illustrated in Fig. 2. Thus the vacuum field model
is appropriate to estimate the poloidal mode number m(Bp) from the
radial decrease of the By field component. Figure 3 shows the campari-
son of the experimental points with this model, which yields m(Bp)=6 at
200 kHz and m(By)=8 at 800 kHz. This method cannot be applied to the

canponent because of the influence of the wall. We should stress
that this result is obtained for a single shot in the same radial direc-
tion. Moreover, we have successfully applied this method to determine the
Mirnov oscillation mode numbers m=2 and m=3, already identified inde-
pendently by the standard method.

II. COHERENCE IN THE POLOIDAL PLANE The ccherence between the coils in
arrays A and B has been studied in detail for Ip=130 kA, ga=3.1. No




up-down asymmetry was found and we shall not distinguish between A and
B. Figures 4 and 5 show the coherence and the phase between the central
By or By coil (R=61.5 com) and the neighbouring By and B, coils.
For frequencies above 400 kHz, phase junps of = are seen. In the
B-B. case of Fig. 4, they correspond to a minimum in the coherence
followed by a secondary maximum as AR is increased. This is characteris-
tic of a stationary wave with the statistical wavelength Ag(By)
defined as twice the distance between two phase jumps. For frequencies
below 400 kHz the phase plot is typical of a travelling wave and around
400 kHz the phase is representative of both features.

These results are also seen, although less clearly, in the Bg-Bg
case of Fig. 5. The secondary maxima are lost, probably because the po-
loidal coherence length is shorter than hp(Bg). We see, however, that
Aa(Bg)=1.54g(Br) . The poloidal number m can be estimated for the
two cases and we find 7<m(By)<9 for 400 kHz<f<800 kHz, in good agree—
ment with the results of Fig. 3, and 9<m(By)<12 for 400 kHz<f<B00 kHz.

We also calculated the coherence between one B, reference coil and
the By coils (Fig. 6). The coherence between B, and By is very low
at the same position, but increases to a maximum as the separation from
the reference coil is increased. The phase plot indicates that the poloi-
dal wavelength of this structure is Ag(By). This figure reveals that,
statistically, the turbulence in one poloidal plane is symmetrical with
respect to the radial direction. The asymmetry of the curves is probably
due to a gnall misaligrment between the array and the plasma.

IITI. LONG DISTANCE COHERENCE The coherence in the toroidal direction
has been studied between arrays T and A. Taking one B or By coil of
array T as the reference coil, the coherence with the coils of array A is
measured. The resulting coherence curves are comparable with the corres-
ponding ones given in Figs. 4, 5 and 6. The central point of the struc-
tures is displaced away fram the position R=61.5 am in such a way that
the coherent structures would appear to persist along magnetic field
lines. Figure 7a, for qz=3.6, shows a good example of the results ob-
tained for a gz-scan. The position of the maxima depends on the fre-
quency and the curves become broader at higher frequencies, which is
opposite to the trends within one A or B array, as seen in Fig. 5. This
reveals a poloidal diffusion of the coherent structures, as they propa-
gate in the toroidal direction, stronger at higher frequencies. Moreover,
as gy is varied, the peak value of the coherence plots diminishes
whereas its width increases.

From these results, we attempted to determine the radius of the mag-
netic surfaces on which the turbulence "propagates". For this purpose, we
assume, firstly, that the poloidal structure of the turbulence is trans-
mitted from its origin towards the arrays in the radial direction, and
secondly, that the maxima of coherence in array A are the images of the
reference T coil through the magnetic rotational transform. This method
is shown in Fig. 7b which shows, in the poloidal plane of array A, the
transformation of the radial line supporting the array T by the rotatio-
nal transform of the field lines, including toroidal effects. If the
coherence of the turbulence, for a given frequency, followed one field
line, the position of the maximum would define the poloidal rotation of
this line on its way toroidally from the position of array T to that of A
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(A¢ = 11P). We can, therefore, find the magnetic lines supporting the
turbulence for each frequency, as indicated by the arrows in Fig. 7b. The
higher frequencies are located at the plasma surface whereas lower fre-
quencies are in the scrape-off layer. This method gives similar results
when applied to other values of g between 3.1 and 8.9. Significant
toroidal coherence is not restricted to that found between arrays T and
A, and other measurements, not described here, show correlation over
large toroidal distances (up to at least 2nR).

IV. DISCUSSION We have shown, with two different methods, that modes
of low poloidal numbers are involved in the magnetic turbulence and that
the poloidal dispersion relation cannot be the linear extrapolation of
w/k=const., valid at low frequency (Mirnov oscillations). This would have
implied m=30 at 200 kHz and also that m increased by a factor of 4 bet-
ween 200 kHz and 800 kHz. The correlation between B and Bg shown in
Fig. 6 implies that the B, and By fields have a cammon source. It is
then difficult to understand how the poloidal wavelengths Ag(By) and
Ap(Bg) are different by a factor of 1.5. At the present time, it is
not possible to attribute this factor to experimental errors in the
estimated Ag(By) and MAg(By), or to the physics of the turbu-
lence. The results of paragraphs 2, 3 and 4 point to a change in the
nature of the turbulence above 400 kHz. In fact, travelling waves seem to
daminate the low frequency part, whereas the higher frequency part shows
characteristics of stationary waves.
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1. Introduction.

We compare the predictions of various models of electron thermal trans-
port with the experimental data set of TEXTOR. The electron heat transport
equation is solved using the anomalous transport coefficients derived on
the one hand from the saturation of the dissipative trapped electron mode
instability [1] and on the other hand from a short wavelength collisionless
instability driven by electron temperature gradient (ng modes)[2]. For com-
parison a simple neo-Alcator heat transport coefficient [3] is also used
for the ohmic heated (OH) cases.

The TEXTOR data set provides the energy content E(from diamagnetism),
the central electron and ion temperature T (from ECE) and T, (from neutron
yield), electron density (n) and current Eens1ty (j) profile parameters
(from HCN interferometer and polarimeter) as a function of ICRH power [4].
RF pulses of 0.5 s or more are considered, such that stationary current
profiles are achieved : the experimental temperature profile can thus be
derived from j(r) assuming neoclassical conductivity oy [5]. The value
of Zogf is computed from T, and the loop voltage V; assuming a central ¢
value of 0.8.

2. Model.

We use the global heat conduction equation where radiation and convec-
tion losses are neglected (as justified from a predictive transport ana-
lysis of TEXTOR [6]) as well as the ion heat flux and the charge exchange
contribution :

nxeaTelar == {

xq, Ipvﬂ

1 (2m)2aR

~

+ dx} (1)

ERE
~
»®

where we have : x = r/a (a : small radius),I : plasma current, q_ = q(r=a),
R : large radius, T, : electron temperature. The first term on " the RHS of
Eq.(1) gives the ohmic power contribution whereas the second term corres—
ponds to the rf power delivered to the plasma. We choose an rf power demsi-
ty JRF = xP(1 - x*) normalized by the condltluanRde = Pgp (Ppp : total
RF power). p and ) parametrize the rf power deposition profiles. For the
diffusivity Xe we use the three following expressions (computed for
a = 0.46m, R = 1.75m, By = 2T, MKSA units are uged except T, 1n keV and
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E = (qR & Lﬁl)‘l. The functions b, bp, dp, g are defined‘in [13+ Cpye is
/Tene(l +n )8
a fitting paramater. (ii) xe,G = 3.747 Cfit —_——uT with
. C s | e - . =1

ng = Ly /Ly [2]. (1i1) xo p = 2 Ceit(n T  q) [3]:
3. Integration procedure.

The first order differential Eq. (1) for Te is solved taking Ips Vi,
n (x) and Z,¢f (assumed independent of x) as input from experiment., The
integration is started near the plasma edge, at x = xj, with the initial
values of Te, dTa/dx, q, dq/dx derived from the experimental data using
the neoclassical oync - We choose xj such that T a(xi) v 100 eV to ensure
the validicy of the Xe,R model. At each step x = x of the integration
the current demsity j = oy¢ V¢/(27R) and q = q,x 21 /Ix (I = IP - 2n

£ err)are computed.The electron energy content E,=/n TedV and the plasma
o . " ;
current IC=£ 2nrjdr that would be obtained/consumed if the temperature re-

mained constant in the region xp>x20 are also computed.The integration is
stopped at x = xg for which either the total current is consumed (I =1)
or q = 0.7 is reached whichever occurs first. P

4. Results and discussion.

In order to compare the computed and experimental post-sawtooth crash
T, profiles, a number of q%allty criteria (to %ome extend arbltrary) can
be formulated : (i) q(xg) =1, (ii) %z = %x4=1 = 0. 25(2r[qa)1 2 i.e. the
experimeptal position of the g =1 radlus in TEXTOR [8], (iii) AIp =
Ip-1.=0, (iv) Ta(xe) = Tegs (V) an estimation of the plasma energy
content E = E_(1 + Tj,/Tg,) close to the experimental value.Cgjp is adjus—
ted once for a11 for each ¥, model for a reference discharge condition
(I = 0.35 MA, n = 3 x 1013cm™ 3, PRr = 0). It is remarkable that we could
succeed in satisfying approximately all these rather demanding conditions.
This is shown on Fig. 1 where the T, profiles obtained for the three
transport models are compared with the experimental profile (computed from
Tep and j(r) using oyg). The positionms of xj and of the experimental as
well as the computed x are indicated together with the locations where
I, = I, on each T, proglle The different evolution of ¥g(x) for the three
models in spite of similar T,(x) profiles is striking.

The values of Cfjt are not changed for the other computed cases. Fig.2
shows the T, curves for a typical ICRF heated case. As expected, the g A
model is unable to describe the heated case and is very sensitive to the
deposition profile. The Te(x) curve obtained from Xe,R is practically
insensitive to the latter whereas a Te increase of ~'20 % (going from
centered to excentered J gy profile] is observed for the x, .6 model.
Henceforth we choose p = 1,A = 3 which fit best the excentefed profiles
predicted for TEXTOR by ray-tracing [7]. It is shown also that for these
two models the criteria of quality are not as well fulfilled as for the
reference case. On Fig. 3a, b and ¢ the solid lines give the experimental
energy versus the central chord density n for three values of I_ with and
without ICRH (only non detached plasmas are considered [9]).The correspon-
ding values, calculated for the 3 models in OH(R,G,A) and for the 2 rele-
vant models with ICRH (R,G) are given. The global apreement is quite
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satisfactory particularly at low Ip. At high I, the three models give a
value of E v 15 Z higher than the experlmentaf one but the general beha-
viour is good. It should be cautioned that the good energy fit is partly
due to the imposed integral condition on the temperature profile, e.g.

I, =1,. Fig. 3 however does not reflect to what extends the criteria of
quality are fulfilled. One can find in table I the mean quadratic values
El, for the OH and ICRH cases, of the relative errors £]= (I, c)/I JEQ=
(q(xe)-1), e3=(xe=xq 1)/xq=1, €4=(Te~Tap) /Teo. It appears that in OH, the
results of the Xe, R,model are as satisfactory as the neo-Alcator model
(xe A) and better than the Xe ;G one.The Xe,R model does not degrade for
ICRH discharges and exhibits much lower r.m.s. errors on q(xg) and Xq=1>»
and therefore on the T, profiles, than the Xe,g model.
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Fig. 2. Same curves as
for Ppp = 1.1 MW (same

in Fig. 1 but
values of n,

I, and C¢:,. as for Fi 1 ;e =
p fir as g. ;5 excen
tered TﬁRF profile:p =1, » = 3).
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ABSTRACT

A new method for analysing local heat transport has been applied to
data from neutral beam heated discharges in JET. Estimates of heat
diffusivity obtained by this method are found to agree with results from
neat pulse propagation studies and results deduced from empirical scaling
laws for global confinement.

1. INTRODUCTION

A new method has been proposed [1] for interpreting measurements of the
spatially resolved electron temperature profile by examination of the para-
metric dependence of the heat flux through a given flux surface. In this
paper we describe the results obtained by applying this method to data from
neutral beam heating power scan experiments on JET. The power scans have
been performed over a range of plasma currents (1 to 5MA) and the beam power
has been increased in steps of approximately 1MW up to 9MW. In the analysis
the total heat flux q is compared with local plasma parameters, eg, density,
temperature, current and their gradients. The analysis suggests the
following relationship:

g = =~ xenWT + Spinch ' )

where y is a heat diffusion coefficient and q inch Fepresents a heat pinch.
SI units are used with temperatures in eV and currents in units of MA.

2. CALCULATION OF HEAT FLOW
In a steady state plasma configuration the power balance equation for
electrons and ions is:

Weg> = <Qp+ Ot Q> - <@ . (2)

where < > denotes a flux surface average. Q is the total heating rate and
includes ohmic heating and power deposition from the neutral beam to
electrons and ions, The radiation loss rate is not included in (2). A
preliminary analysis of selected JET pulses shows Qpap to be highly peaked
in the outer region 0.9 < x < 1. The flux surface label x used in the
analysis varies from O to 1 and we integrate equation (2) from x = 0 up to
3 representative radii x = */2, ?/3, */«. This integration yields for the
heat flux:

ax) = - 17 ax) §eodx i (3)
G

——

e ——— ]
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where a is minor radius and Y is the volume enclosed by a surface x. The
ohmic contribution to Q is E /n", E, = V,/2uR where V, is the loop voltage
calculated from magnetic measurements. The neoclassical resistivity is
determined from the electron temperature profile., The neutral beam power
deposition is computed from Fokker-Planck equations using electron density
and temperature data; the computation assumes the slowing down of injected
ions to be complete. The q(x) heat flux data thus obtained is now analysed
together with density and temperature data from approximately 350 obser-
vations., Each observation involves a time average over 0.4 sec of the data
and typically 2-U4 observations per plasma pulse are used. Figure 1 shows
radial profi.es of the heat flow q(x) before (full curves) and during
neutral beam heating (dashed curves) for 3 pulses with 1, 3 and 5MA. It can
be seen that a substantial change (by a factor 20) occurs for the 1MA pulse.

3. DEPENDENCE OF HEAT FLOW ON LOCAL PARAMETERS -

Standard linear regression analysis has been applied to the heat flux
data by fitting it to an empirical expression like:

Apgy < OB A% qn? TV vif 1Y g0 - - (1)

The heat pinch term labelled qpincn may depend on n, Vn ete in a way
different from the first term of (4). The data at 1MA eliminates any Vn
dependence and the data as a whole eliminates any current density J
dependence. Since T and VT are strongly related either but not both, may be
used. In the 1MA data alone the VT dependence is stronger than the T
dependence. The best fit to all the data is thus:

= = o B 1Y
Arit = Cen® VI" 1" + apih0n- (5)

In (4) and (5) I denotes the current flow inside a surface x. The values of
the exponents + their standard deviations are:

a = 0.75

I+

0.11, B = 0.74 £0.12, Y = -0.78 % 0.11.

Also C 11.34 + 2.31, 9pinch =~ B0 & BES .
The large uncertainty in q inch 18 due to the scatter in the data as shown
in Figure 2. By constrain?ng two of the 3 exponents to be equal to 1 in 3
separate regression analyses the standard deviations drop and

a = 1.01 +0.02, B = 1.02 + 0.04, ¥ = -0.99 + 0.02 .
This result strongly suggests that
q = =C,/I en VT, = Upinch’ C, = 8.0 + 0.2, 9pinch = 4.3 + 0.6 , (6)
represents the best fit to the data on q. Figure 3 shows a plot of values
of q against qpjy all evaluated at x = %. The different symbols refer to
the plasma current (as in Figure 1): open circles (1MA), full circles (2MA),

triangles (3MA), squares (4MA), asterisks (5MA). Additional attempts to
allow for density and temperature dependence of qpy., either fail or
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increase the standard deviations of the fitting parameters beyond the
confidence level.

4, HEAT DIFFUSIVITY
The heat diffusion coefficient inferred from (6) is:

¥ = 8.0/I(x)m2/sec (7)

This estimate shows that y would decrease as x and I,(x) increase. When the
analysis of 3 is carried out at x = '/, and x = ?/; we find that the best
estimate of C, decreases to about 4.0 at x = */,., The value of y obtained
from (7) for I,ix=%) = 2.75MA is 2.9m*/sec and this agrees well with the
result xyp = 2.4 + 0.7m*/sec obtained from heat pulse propagation measure-
ments [2?. Figure 4 shows values of g (full triangles) and q, (open
triangles) against nVT for a range of 3MA pulses; Qg is that part of q
delivered directly to the electrons. The shaded area in Figure U represents
the relationship between q and nVT which follows from the heat pulse propa-
gation measurements.

From (7) we can derive an inecremental confinement time [1] using an
average x.

Toper = A= @ 3?3 (1 * g} (8)
X

where a and b are the semi-axes of the elliptic plasma cross-section; n is
the neating efficiency [1] of neutral beam heating and varies for JET from
0.3 to 0.6; £ is the ratio ion to electron energy content and is typically
0.4-0.5. From (8) we find Titigi * (0.04 - 0.08) I(sec), which compares
favourably with the scaling law t;,. = 0.047 I(sec) obtained from JET data
on global confinement [3].

5 SUMMARY

Several approximations have been made in this study of heat flux in
JET: omission of radiation loss, ion-electron energy exchange, radial
variation of safety factor, departures from equilibrium etc. Such
approximations mitigate against a further analysis of the detailed
dependence of y upon local parameters, but deo leave scope for [uture work.
The difference between the fitted expressions (5) and (6) is such that it is
difficult to extract more than the dependence (7) of y from the data. This
dependence of x upon 1 (x), or the average poloidal field, is very
pronounced in the JET %ata. It indicates the highest incremental confine-
ment to occur at high plasma currents.
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Traditionally, two types of methods are used to determine the eletron heat conducti-
vity, x: initial value and Fourier. Initial value analyses compare the observed temporal
evolution during the rise phase of the heat pulse with Kadomtsev’s model for sawtooth
reconnection. The crucial disadvantage is that one must make assumptions about the
plasma inside the mixing radius, namely one assumes that y is known and unchanged
inside the ¢ = 1 surface and therefore the natural thermal equilibrium is the tempe-
rature before the crash. Fourier methods average over the sawtooth period and thus
the results are heavily weighted in favor of the slow decay phase of the heat pulse.
During this latter phase the initially sharp spatial gradients of the pulse have relaxed
and Ohmic heating and electron ion energy transfer as well as boundary conditions
become important.

To analyze the ASDEX heat pulse, we solve the heat equation numerically as a forced
boundary value problem. The measured time evolution of the first electron cyclotron
emission channel outside the mixing radius is used as input for the the time dependent
boundary condition. The electron heat conductivity is then given a functionally para-
metrized form such as ¢/n(r), where the parameter is determined by a best fit to the
channels located outside the input channel.

This approach has several important advantages over the standard method of fitting
the arrival time of the peak of the pulse to a theoretically initialized perturbation. The
region inside the mixing surface, where the conductivity may be anomalously large, is
excluded from consideration. No assumptions on the position of the ¢ = 1 surface or
the radial redistribution of energy are necessary. The conversion of magnetic energy
into heat is automatically taken into account. Finally, the ECE measurements give a
time history of the heat pulse at a few spatial locations and the method makes effective
use of this information.

We use a standard Crank-Nicholson scheme with T'(r = r,,t) evolving in time. Con-
vective, dissipative and reheat terms may be included. The time interval may be the
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rise phase, the entire sawtooth period, or the entire sequence of sawteeth to simulate
the effect of pulse pile up.

To model the boundary layer outside the separatrix we assume that the temperature
decays exponentially with a decay length A. We integrate the heat equation over the
last half grid point and define ay(1) = Axu where yy is the effective conductivity
outside the separatrix. Thus the last half mesh volume evolves as

ArdT o, 0L
T - A Br]

2 at

where the minus denotes the inside derivative. Since the boundary layer is believed to
be a highly nonlinear function we treat a as a free parameter. Results which depend
sensitively on o are of little value.

The method is tested on a standard Ohmic discharge with the following parameters,
g(a) = 3.3,T(0) = 1075ev,n = 2.4 % 10 # #13,Z,;; = 1.3. The input channel is at
18.1cm and the fit channel at 25.6 cm. Ten sawteeth are averaged over the sawtooth
period.The period is 13ms,the crash time is 1ms,the amplitude is 90ev,and the peak of
the pulse arives at r=18.1cm in 1.65ms and at 25.6cm in 2.65ms. Figure 1 compares
the smoothed experimental data with numerical calculations for x = ¢ * n(.47)/n(r)
during the first 5ms of the pulse. The top curve is ¢ = 8.8m?/sec, the middle curve is
7.Tm/sec and the bottom curve is 6.5. The best fit to least squares integral is 7.35, to
the relative least squares, (time averaged temperature at 25.6cm normallized to 1.0)
is 6.8 and the best fit to time integral of Tyeasured — Tnhum is 7.7. The boundary heat
flux parameter a is 2.0. Thus the choice of norms varies the result by 5%. The power
balance x is between 1.2 and 2.0m?/sec. In practice, the pulse has four characteristic
parameters,the amplitude of the peak, slope of the temperature rise ,the time of arrival
of the peak and the slope of the decay. We are able to fit the first two parameters with a
chi of approximately 7m?/sec. When the radial dependence is varied from constant to
inversely proportional to density the value of chi at the input channel varies only a few
percent during the rise and early decay phase. The discrepency between the observed
and computed time of arrival of the peak is larger. Since in fitting the peak we are
essentially specifying the second derivative of T'(t), the poorer fit is to be expected. It
may also be partially related to the presence of convection.

The temporal decay depends on both the assumed radial profile of x and on the heat
transfer parameter ce. As a decreases, the rate of increase of y with radius must
increase. Figures 3a,b,c give the computed values of the temperature at r = 25.6 for
a = 0.1,2.0 and 40.0 respectively. In each case, the top curve is x = 7.3m?/sec, the
middle curve is 7.3n(.475) /n(r) and the bottom curve has a inverse square dependence
on density. Clearly the boundary condition determines the radial variation of y.

We now analyze the same case with the initial value approach and determine x by fit-
ting the differential time of arrival of the peak at 18.1 and 25.6. We assume a parabolic
current profile and initialize the code with the perturbation given by conservation of
energy and flux. The experimental temperature and density profiles are used. For a
differential time of arrival of 1ms we find x = 4.1m?/sec. The temporal evolution at



279

18.1 and 25.6 cm are displayed in Fig 3a,b. The amplitude of the temperature pertu-
bation just outside the mixing radius is in good agreement with theory. The actual
crash time of one msec is comparable with the time of arrival. The difference in arrival
times occurs because the initial value approach assumes that the crash is instananeous.
The forced boundary value approach automatically took this into account. For neutral
beam cases, the crash time is .1ms and the agreement will be better.

The most disturbing discrepency is the surprisingly large magnitude of the heat pulse
away from the mixing radius. The theoretical prediction is based on a dipole character
of the initialization. By assuming thermal equilibrium after the crash is the tempera-
ture before the crash, there is a net lack of thermal energy inside the ¢ = 1 surface.
This absence of heat mixes with the excess outside the inversion radius and causes a
rapid decay. If the conductivity inside the ¢ = 1 surface were greatly enhanced after
the crash, the natural profile would be the flat final profile. Thus the heat pulse would
propagate like 2 monopole localized between the inversion and mixing radii.

The experimental observations in ASDEX and TFTR seem to suggest that the tem-
perature at the ¢ = 1 surface is held constant throughout the sawtooth period. This
is an intermediate case between a dipole and a monopole.

In conclusion, the forced boundary value method allows quantitative analysis of the
time evolution of the measured signals. The major source of error are the spatial
resolution of the ECE spectrometer and the lack of knowledge of the correct boundary
condition. By averaging over several shots it should be possible to determine both the
physical boundary condition and the radial profile of x¥. For the sample ohmic case
analyzed here we find that the heat pulse conductivity is a factor of four to five higher
than the power balance conductivity and that the initial valve approach significantly
underestimates the heat pulse x.
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INTRODUCTION
Heat Pulse Propagation (HPP) studies [1-3] have in general resulted in values for the heat
diffusivity Xq of the electron channel that exceed the estimates based on the evaluation
from the power balance. No satisfactory explanation for these discrepancies has been given
yet. In this paper (see also [4]), which summarises the main results of heat pulse studies
in JET, we set out to resolve these discrepancies. We examine the relation between the
static (power balance) and dynamic (HPP) methods of assessing Xg-

THE INCREMENTAL HEAT DIFFUSIVITY

Fig.la is a plot of total stored energy W versus total input power P (ne=2.5 lolgm_s, BT;'a‘r

Ip:'aw\). The plot shows that TE = W/P decreases with increasing input power. In JET, as in
many other machines, these W(P) plots can be described by an offset straight line, the slope
of which is called the incremental energy confinement time T = dW/dP.

E,inc

From the energy confinement time we derive a value x for the heat diffusivity at a

radius r = 2/3 a, using the well-known relation S :let))i:"i‘ra (Eql), where a,b are the
horizontal and vertical minor radii. This expression is derived assuming that the heat flow
per unit area in the electron channel, q,. can be expressed as g - nexevrTe (Eq2). Since
X, may depend on v]_'[‘e. a change of a, induced by a variation of v'l_Te is governed by the

incremental heat diffusivity Xer gapse defined by x = (l/ne)dqa/dvr'!‘e. It can be shown

e,inc
that Xe dlic is related to TE.inc by the analog of Eql, . AL ab/‘hE,inc . From Fig.la we
2 -1 3
derive TE.lnc = 210 ms, and xe,inc = 2.5 ms *, for the discharge conditions concerned.

The concept X can be further illustrated by evaluating a local power balance at

e,inc
r=2/3 a. This is the radius at which the HPP measurements are done. Fig.lb shows the local
temperature gradient vTE versus the power F’e transported by the electrons through the flux
surface (of area S), with ]’8 normalised on local density. The plot has again the character

of an offset straight line, the slope of which ylelds the incremental heat diffusivity. The

fitted line in the plot corresponds to ine ™ 2.5 mzspl. consistent with the value derived

i
from TE inc It is important to observe that the Xq relevant to a perturbation of the

temperature gradient is Xo and not X, pb’

inc

ANALYSIS OF HEAT PULSE PROPAGATION
The fast collapse of the sawtooth instability flattens the electron temperature profile from

the centre up to the mixing radius Thix 00 2 timescale of %100 ps. After the collapse, the
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profile relaxes to the unperturbed profile of just before the next collapse. At radii

outside Toix e observe the heat pulse signals. Fig.2 shows two typical examples of the

electron temperature signal vs. time for six radial positions. From the measured heat pulse

traces a value for X, can be derived, which we denote by Xq hp

The heat pulse perturbs, in first order, only the temperature and the temperature

gradient. The perturbed heat flow is then Q.= nexeﬂ‘e + nuxev’l'e (Eq3) ., where Xq is not a

constant, but a function of the perturbed quantities, Te or v’l‘e. As we have shown in [5]. a
Te dependence would hardly affect the evaluation of xe.hp . Hence we consider here only a
functional dependence on vTe. Then, the heat diffusivity relevant to the perturbation is by
definition

1 3 La.
Ry Gans E M——qe MR (wrexe) VT, (Eq4)
in which X, represents the equilibrium value. Depending on the form of xe(\?’l‘g). Xe Y will

be larger than x Under the condition that the offset linear behaviour of qe(vr’l‘e) shown

in Fig.2 is vai‘isf'ip‘:m a time scale faster than the heat pulse, xe.hp should be equal to
Xe,inc’

INSTRUMENTATION AND DATA PROCESSING
The HPP signals are measured with a twelve channel ECE grating polychromator [2], with a
radial line of sight in the median plane and a radial resolution of *# 3 em. The heat pulse
signals are characterised by a delay time tp and an amplitude A (see Fig.2). From the tp
and A values, we derive a heat pulse velocity vhp= dt—/dtp and a radial damping rate a =

ad(logA)/dr, as the characteristic parameters. As is shown in [6], X can be derived

hp

from vhp and @ | X = A2 vhp/u.

e, hp
RESULTS FOR ADDITIONALLY HEATED DISCHARGES

We limit the discussion here to a set of auxiliary heated limiter discharges with I_ = 3 MA,

2.9 < ET < 3.5 T, with total power varied from 2.1 to 13.5 MW. Fig.3 shows the xe.hp values

and the e values (from Eql) as a function of total input power. While the increase of

with power represents the deterioration of confinement,

experimental error. Its value is x, hp = 2.6+ 0,5 ns L,

xe,hp is a constant within the

A further illustration of the

xe,pb

constancy of x under increasing power is given in Fig.2, where signal traces of two

e, hp
different discharges with 2.5 and 10.4MW resp. are shown to be almost identical.

DISCUSSION
On the basis of the constancy of Xe bp with respect to the input power and on the basis of

the numerical agreement between X, hp (2.540.5 mzskl) and the estimates for x

2. —1
lude that i =
ms ") we conclude t indeed the identification xe,hp Koo is correct, It then

follows that the heat diffusivity Xq is a function of vTe on a timescale much faster than

e.inc (2-5%0.5

the heat pulse (le. a few ms). We propose a specific dependence of the type given in Fig.4,

This ‘critical gradient’' model is consistent with both the observations of Xy B and x

b e, hp’
The model can be interpreted to represent a micro instability that starts to grow above a
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threshold value of vTe. At high VTe. the instability saturates, and x p, Eoes to its

e.p

asymptotic value Xg b The ratio x 7 is largest just above the critical gradient,

e, hp xe.pb
which is the normal operating range for ohmic discharges. We speculate that below the
critical gradient Xg has a low, eg. Alcator-Intor, value.

A different interpretation of the offset linear behaviour [3,7] is that the total heat
flow is the net result of the outward diffusive flow., governed by a heat diffusivity of
value Xe ine and an inward heat pinch, the mechanism of which is unexplained.

If Xq increases with vTe. this will naturally give rise to a certain rigidity of the
electron temperature profile. Our model is thus capable of explaining a certain degree of

profile consistency', without invoking non-local transport (see also [7]).

FIRST RESULTS DURING PELLET INJECTION
HPP measurements were performed on two discharges (Ht=3.4T,Ip=3MA}. in which the sawtoothing
continued normally after injection of a deuterium pellet. Table 1 shows the results. KE.hp
is given before injection, in en interval between 0.1 and 0.5 s after injection, and in an

interval 2 s after injection of the pellet.

Table 1
time 48.4-50 50.1-50.5 52-63 s
11014 2.240.5 1.740.4 2.240.4
11016 1.610.5 0.940.3 2.210.5
pulse xe.l_lp (m2/s}

The trend is a substantial drop of x after injection of the pellet. The low value

persists for about 0.5 s. '['hereal'[e:'hf(,e.hp returns to its pre-pellet value. It is
interesting to note that the reduction of xe.hp goes together with a decrease v’l'e after the
pellet injection. VTe (at v = 2/3 a) is reduced from 4 keV/m to 2.6 keV/m in the interval
between 0.1 and 0.5 s after the pellet. The latter value is lower than the lowest obtained
in ohmic heating steady state conditions, ie. 2 3 keV/m. This observation is consistent with
the critical gradient model. However, because the plasma is far from the steady state, these

results should be treated with care.
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Abstract. Pellet and gas refuelled high density divertor discharges in ASDEX are investigated with
regard to their radiation behaviour and energy balance. Exclusively ohmically heated deuterium plasmas
in a non-carbonized (NC), carbonized (C) and titanium gettered (DP) vacuum vessel are considered. In
gas refuelled plasmas the radiation power profiles are hollow with a central emissivity ¢(0) < IUmW/cma
in C and :(0) < 4GmW/cm5 in NC and DP discharges. In C discharges Prap/Pq rises from 0.2 at
fie = 3.2-10'"°m™? to 0.3 at the density limit. In NC and DP plasmas higher values from 0.3 to 0.45
are observed. Radiation from the X-points can amount to 14 % of Pg. In pellet refuelled discharges
a central peaking of the emissivity ¢ is observed. A sudden transition from negligible or slow impurity
accumulation to a fast rise could be detected in many discharges. In NC and DP pellet discharges a
self-triggering of impurity accumulation was found. Measured inward drift velocities range from 60 cm/s
to 130 em/s at r=15 cm.

1. Global radiation behaviour and energy balance. This paper mainly deals with parametric
studies of the total plasma radiation with a particular emphasis on X-point radiation from gas and pellet
refuelled high density discharges in ASDEX. Three radiation zones are discernible with the bolometric
diagnostics. The main plasma including the scrape-off layer, the regions around the two X-points and
the divertor plasma [1].

Total X-point and main plasma radiation can be separated from two independent measurements of
the total radiation in the main plasma chamber, Firstly with the wide-angle bolometers and secondly
with the bolometer array both taking into account the X-point radiation with various weighting factors.
Radial profiles of emissivity are derived by standard Abel-inversion technique.

Ohmically heated pellet and gas refuelled high density divertor discharges in deuterium are investigated
with regard to their radiation behaviour and energy balance during current flattop. Carbonized (C),
non-carbonized (NC) and titanium gettered (DP) discharges with safety factors g, between 2.7 and 2.9
and plasma currents between 300 KA and 380 KA are considered here.

In gas refuelled discharges dW,/dt the time derivative of stored plasma energy Wp is negligible small
whereas during pellet injection dW},/dt amounts up to 20 % of Py and has to be taken into account in
the power balance. The normalized total radiation of the main plasma Pry = Prap/(Pa — Q%R} as
a function of the line averaged electron density fi, during various gas refuelled discharges is shown in
Fig. 1a.

In carbonized plasmas Pry amounts to 0.2 at fi, = 3.5-10'%m~2, NC and DP plasmas radiate about
0.35 at i, = 3.5-10°m~2 owing to a higher content of metals, mainly of iron. At higher densities near
the density limit gas refuelled discharges with g, > 2.7 (no sharp limit was detected) show a nonlinear
increase of Pry with rising fi,. This behaviour can be attributed mainly to a decrease of the electron
temperature near the separatrix due to enhanced recycling losses and line radiation of low-Z impurities
(Crys-lines). A correlation between edge peaking of radiation power profiles (carbonized and gettered
plasmas) and nonlinear behaviour of Pry with #i. can be deduced from Figs. 1a and 3.

The formation of a zone of enhanced radiation near the separatrix is observed just 10-20 ms before a
density limit disruption occurs. Owing to an electronic integration time constant r = 10ms the time
resolution of the bolometric diagnostics is too poor to reveal details of the radiation profile evolution.
This type of poloidal symmetric thermal instability which differs from the usual Marfe evolves on a
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longer time scale in JET due to its larger dimensions [2]. The normalized X-point radiation Pxy =
Px/(Po — dW,/dt) (Fig. 1b) enhances with increasing fi. similar as Pry does. Maximum values of
Py =0.14 are obtained and have to be considered in the energy balance. A titanium gettered discharge
(#19514) serves as an example for a low g, = 2.1 high density plasma. Pgy remains nearly constant
until the density limit is reached and Pyp increases linearly with fi.. The formation of a zone of
enhanced edge radiation could not be detected.

In ASDEX a considerable increase of the line average density fi. and of the Murakami parameter
fie R/ Br was achieved by injecting series of deuterium pellets with a centrifuge [3,7]. We consider here
only discharges with high central peaking of the density profiles during pellet injection.

A nonlinear enhancement of Ppy with rising fi, is observed in pellet refuelled (C, NC and DP)
discharges qualitatively similar to gas refuelled plasmas. Starting from values characteristic to gas
refuelled plasmas Ppy continuously rises until about 0.45 at the density limit (Fig. 2a). The relative
increase of Pgry is highest in C discharges in contrast to gas refuelled discharges. Central peaking of
the electron density and radiation power profile in pellet discharges is responsible for this behaviour.
Px n decreases with increasing fi. (Fig. 2b) owing to the high central radiation which reduces the power
outflux in the scrape-off layer.

A correction of Ppy with the total radiation inside the inner half minor radius Prap(a/2) yields
nearly no variation of the corrected Pxy with fi.. Near the density limit Pxy is usually smaller in
pellet discharges than in gas refuelled discharges.

In pellet and gas refuelled discharges the normalized divertor radiation Ppy = Ppyv /(Pa — dW,/dt)
rises with fi, up to fi, = 5.5-10m™3. Above i, = 5.5 - 10'°m~* Ppy saturates which indicates the
achievement of a high recycling regime in the divertor [1). Near the density limit Ppy continuously
decreases with fi, owing to the steady increase of the radiation in the main plasma Pry and, thus,
decreasing heat flux into the divertor.

The energy confinement time rg = W, /(Pq — dW,/dt) shows a similar behaviour as Ppy near the
density limit. The plasma energy W, is derived from the diamagnetic signal, from kinetic data (twice the
energy content of electrons) and from the equilibrium beta. Li is derived from the electron temerature
profiles assuming neoclassical resistivity and neglecting diffusion of the poloidal magnetic field. All
three energies agree better than within 10% and indicate the same trend with fi.. The power on
the divertor plates P,,,q is measured with the thermographic diagnostics. Only a small fraction of
the heating power is deposited on the divertor plates. The normalized power on the divertor plates
Pen = Peona/(Pa — dW,/dt) is smaller than 0.1 and reduces further near the density limit (Fig. 4).
We conclude: a nonlinear rise of Pry with #i, is observed in both gas and pellet refuelled C, NC and
DP discharges with maximum values of Pry = 0.45 at the density limit. X-point radiation plays an
important role in the energy balance (Pxy < 0.14). Gas and pellet discharges show a different behaviour
of Pyn with fi..

2. Profiles and impurity transport. The signal rise of the central channels of the bolometer
camera originates either from a Marfe which is a low tempertaure thermal instability located at the
plasma boundary [4] or from enhanced radiation from the plasma centre. A Marfe is accompanied by
a strong increase of the line intensities from low ionization stages of low Z impurities, e.g. CIII lines
(T. = 10eV). In contrast radiation peaking at the plasma centre is indicated by a simultaneous rise of
intensity of central soft X-ray channels and of Fe XVI lines. Considering spectroscopic, soft X-ray and
bolometer signals we can separate Marfes from radiation peaking at the plasma centre.

Normalization of the radiation emitted from the outer half of the minor plasma radius to the total
radiation Prap yields a quantitative parameter indicating the profile shape (Fig. 3). All gas refuelled
discharges (with sawtooth activity during current flattop) show edge peaked radiation profiles. The
central radiation power density in C discharges is less than 10mW /cm® and in NC and DP discharges
it is somewhat higher < 40mW /cm® but still negligible related to the central ohmic heating power
Pq(0) ~ 200mW fem®.

In low g(g, < 3) pellet discharges the central peaking of the density and the radiation power profile is
correlated. During a typical discharge there is first a phase of negligible or slow impurity accumulation,
which may suddenly turn into a fast accumulation at the plasma core. Three different scenarios for this
transition are experimentally observed: a) one pellet is missing during a series of pellets (Fig. 5), b)
after pellet injection if no density limit disruption occurs, ¢) in NC and DP discharges the q on axis
may considerably rise above 1.0 owing to a pronounced flattening of the T.-profile with rising central
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radiation power density (Fig. 6). A self-triggering of accumulation occurs then if Prap(0) /Pa(0) 21
(see also [6]).

Case a) is demonstrated in Fig. 5 for a discharge with density feed back. From t=1.5s until t=2.1s the
T.- and n,-profiles remain nearly unchanged with a small rise of n.(0)(< 20%). Strong sawtooth activity
is observed during pellet injection which obviously prevents an accumulation of impurities averaged over
a pellet cycle. After a last sawtooth possibly triggered by the pellet at t=1.89s a fast accumulation
starts inside a minor radius r=10cm (Fig. 7). One finds from the chord-intensity profile in Fig. 7 a
transport of impurities from the outer plasma regions r > 10cm to the plasma core. It seems that the
impurity accumulation is immediately stopped by the next pellet (Figs. 5,52). A neoclassical theory [5]
predicts from %E‘_'- an inward drift velocity vp = 100cm/s at r=15 cm. At this position the maximum
gradient of the pressure profile of plasma ions is observed. An inward drift velocity of up = 65em/s
at r=15 cm is derived for case a) [5] which is in good agreement with theory. One can speculate that
pellets change the outward transport of impurities by triggering sawteeth resulting in a higher cycle
averaged diffusion coefficient. More details are given in [5].
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PLASMA A7UDY IN T-10 TORAMAK B5Y REFLUCTIED MICROZAVE SIGIIAL.
Buzanicin V.V.,Vershikov V.A.,Droval V.V, ,Zhuravlev V. A,

ABSTRACT.

Description end the testing results of wwo plesma ihvestigation
techniques by a reflected microweve signel in T-10 iokamak are given
in paper.The first technique is & radar modification.The scheme
measures a time delay for a microwave signal reflected from plasma.
The time delay measurement is performed independently of microwave
signal frequercy.This method allows to study not only the plasma
density profiles at the probe signal frequency scanning but also
density oscilletions at a constant frequency of the microwave signal,
in difference from the technigue developed on TFR [1] .

The second technique is intended for the plesma turbulence study by
the reflected signal phase oscillation,The phase oscillations are
measured by the heterodyne scheme This scheme ellows to measure the
phase oscillaticns independently of amplitude fluctuations,This
technique,in comparison with a traditional method of studying the
plasma turbulence based on the laser scattering radiation,has a better
space resolution and allows to study a long wave‘turbulence.

Three types of turbulence have been registered by this technique in
T-10 plasma.The first type has a range 50-200 kHz end studied at
many tokamaks by the laser scattering radiation [aj.wne gsecond one
hes a freguemeyr »emce 15220 kHz and probably it is the tearinz mode
instability.The third type has a frequency higher than 1 MHz,its
physical nature has not been determined yet.The study of turbulence
amplitude distribution along the radius,dependent on the regime of
tokamak operation,has been done.

U].Simonet F. Rev,Sci.Instrum. 56(1985)4/5,0.664.
&ﬂ.lﬁewer P, Nuclear fusion 25(1985)45,p.543.
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OPPIiAT, STABILILATICI CP THE PLASLA COLULN HORIL juy

POSLOTION Iil TONALAK BY 'MIS ADAPTIVE COI'PROL SYSTEL

Gribov Yu.V., Kusnetgov B.d., Litrishicin Yu.V., Chuyanov V.A.,

Siitkhovets R.G.

The poper solves the problem of the plasma colucn optimal

horizontal ilization Mo reley avioccseillations

a cloaed circu

systen is spplicd in the soluiion. The sysiem fox
of the following secchiona: 2) conirol cbject (plo

b) executive device (the control ceil aud the thyiristor conrtetor
ag the.relay elemeuf, c) control device for the fecdback signol.

The plasma columi may be presented as o linesr siable object

with the input cffected by the totcl of uncontrolled disturbance cnd

by the contxol coil current. The linear object is stable, so we cin
miniiize the amplitude of the input signal oscillations thati provides
for the minimum amplitude of the oubtput signal that is the plasma
coluim displocement. In synthesiring the conirol device elgorithn,
the input signal minimization rules out dynemics of the object. All
this gimplifies essentially the algorithm, presentcd as follows.

The optimal threshold for the commubtotor switehing is developed
with the preset time lags of the executive device into zccount. The
sign of the threshold velue is determined by the voltzge sign at the
control coil. The input signal of the object fluctuates about the
pogitive ahd negative threshold values providing for the minimum
amplivude wien wuloogcilluiions are at the maximum frequency. The
minimum amplitude at every quasi-period is determined by the mininum
time lags of the relay element and by the disturbance value end its
derivative.

The control device malkes use of the object's adaptive model
evalucting continuously wiacontrelled disturbance and the object
amplification coefficient.

The sysiem was applied in tokemek "PUMAN-3" that reduced nlasne
limiter interaction with decreacsing plasme loop volizge.
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MHD PERTURBATION IN HL | TOKAMAK

QD Gan, G C GUO, Z H Wang, Q W Yaung, S K Yang
B I Jian, & I Qian
Southwestern Ilnstitute of Physics
P 0 Box 15, Leshan, Sichuan, China

INTRODUCTION

Although a significant amount of experimenlal and theo-
. retical work has been devoted to studying the MHD behavior
in a tokamak plasma, some of the problems remain poorly
understood. HL-1 is a medium sized (R=1.02m, a=0.2m),
ohmically heated tokamak with a thick copper shell [1] on
which a variety of MHD phenomena has been observed. It is
quite interesting te investigate the characteristic of the
MHD perturbation in HL-1 and compare it with the results
from other tokamaks.

MHD PERTURBATION DURING CURRENT RISE

The fluctuations of the polecidal magnetic field were
measured by the arrays of magnetic pick-up coils which are
located at a radius 30.5cm between the liner and the copper
shell. The poloidal mode numbers m=2,3,4 has been identi-
fied by Fourier analysis of the signals from the pick-up.
coils. As the liner is a very thin (0.5mm) GH39 steel
bellows, the frequency response could be quite flat in the
range 3 - 15KHz.

By changing the capacity of the capacitor banks and the
connection of the primary ohmic heating windings HL-1 can
be operated with different current rising rates in the start
up phase. Different mode instabilities are developed simul-
taneously since the current rising rates are rather high
(Ip~10KA/ms - 20KA/ms). But for the discharges with longer
current rising time the m=4,3,2 modes have different growth
rates. Usually the m=4 mode grows to the maximum first,
after a few mili-seconds the m=3 reaches the maximum and the
m=2 grows even more slowly (Fig. la). This difference of
growth rates may be caused by the strong current skin effect
which keeps the current profile at the plasma boundary stee-
per. For the more rapid current rising case the m=4 and 3
modes grow to the maximum at the same time, but no obvious
m=2 fluctuation is observed (Fig. 1lb). Snice the skin effect
is much stronger in this case, the g=4 and 3 surfaces are
very close to each other in the unstable region but the g=2
surface is possibly located at the area with flattened cur-
rent profile.
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The MHD perturbation in current rise phase 1s complex
cand il can usually be divided into Lwo slages. In the Pirsl
stage when the plasma current is relatively low, a sequence
of pousitive spikes corresponding to burst of the mode acti
vily appear on the loop voltage signals. These perturbations

dislurb vertical rather than horizontal plasma displacement
and sometimes can be avoided. Following the first stage,
there appear m=4 and 3 "soft" disruptions which produce’

large negative spikes and sharp decrease in the current ris-
ing rate.

MHD TINSTABILITIES

During the plateau phase the instabilities of m=2,3,4
are developed simultaneously. The measured fluctuaticn
amplitudes for differenl modes are decreased successively
in the order of m=2,3 and 4 when "soft" disruption happens.
But this order is reversed for the unstable discharges

without disruption. For the m=2 flctuation the amplitude
varies with the safty lactor at the limiter q, as shown in
Fig. 2. According to the measurements made in the periph-

eral plasma region with a Langmuir preobe, the plasma has a
cold blanket the thickness of which varies with the plasma
radius and it probably correlated with the recycling from
the cold wall. Considering the influence of the safty fac-
tor q, on the current distributien [2], a current density
profile

J(x) = §(0)[(1- p2x2 y4-(1- r¥y"y, V2=q, /5

is assumed. Solving the MHD equation for the perturbed
radial magnetic field By with 44=3, the relation between the
magnitude of the perturbed poloidal field and the safty
factor g, seems to fit the experimental results rather
nicely. This indicates that the current profile in HL-1 is
peaked and becomes more peaked as the safty factor q, is
increased, which is consistent with other measurements.

The observed fluctuation frequency is independent of
the poloidal mode numbers. Refering to the m=2 mode, we
observed mode growing, mode saturation with small amplitude
and well defined mode structure during disruption phase.
Collecting all these experimental results together, a rela-
tion between the fluctuation frequency and the normalized
amplitude can be drawn as shown in Fig. 3. When the ampli-
tude is small the frequency decreases linearly with the
amplitude increasing, but this trend is saturated as the

—_—
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amplitude grows to causing disruption. Except for disrup-—
tion phase, a simple model based on the assumption that
slowing—down of the fluctuation is due to an increased flat-—
tening of Te(r) and ne(r) caused by wider magnetc island
seems to explain the frequency variation. Disruption changes
the magnetic topology dramatically, so there is no obvious
effect of the magnetic island on changing the profile for a
disruptive plasma., During fast current ramping in the start
up phase, due to the influence of strong skin effect on the
current profile the mode frequency and amplitude rise and
fall almost in phase with each other.

SAWTEETH

Sawtooth oscillations are seen on the soft X-ray signals
for discharges with plasma current larger than 100KA. They
usually occur on the later part of the plateau phase. The
radius of the gq=1 surface determined from the sawteeth in-
.version scales as = a/q, when the plasma radius varies.
The repetition time of the sawtooth oscillation varies in a
quite wide range, but its precise dependence on the plasma
parameters is difficult to determine. Comparing the saw-—
tooth periocds measured from different shots and from one
shot at different time, a rough scalig Tsoc 02/ 1Ip was
obtained for Te~1Kev (Fig. 4). Taking the inversion radius
scaling and constant toroidal magnetic field in one shot
inteo consideration, the sawtooth period is roughly in pro-
portion to 1/r; . In some discharges the sawtooth period
becomes longer when the inversion radius decreased obviously
with time. These are different from the previous empirical
scaling for sawtooth period [3].
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DISRUPTIVE FEATURE IN OHMICALIY
HEATED HL-1 PLASMA

GIO Gancheng, GAO Qingdi, WANG Zhanhe
YANG Qingwei, CHEN Jiefu, GING Yunwen
XU Guangbi

Southwestern Institute of Phvsiis
P.0.Box 15, Leshan, Sichuan
People’s Republic of China

ABSTRACT: The disruptive feature in ohmically heoted HL-1
plasma has been studied by means of measuring the
perturbation of poloidal magnetic field and soft X-ray
emission. At the plasma currenil rise phase, the m=4 and m=3
are major MHD activities, and during the current plateau,
the m=2 mode plays a principal role in the growing process of
instabilities. Double sawteeth have been also observed on HL-
1 device. The growth of MHD activities leads to g=2 sawtooth
oscillations, during the 9q=2 relaxations. The g=2 sawteeth
are followed by soft major disruption.

DISRUPTIVE MHD ACTIVITY DURING PLASMA CURRENT RISE PHASE

The disruptive MHD activities take place frequently during
current rise phase. The fluctuations of poloidal magnetic
field have been detected with eight pick-up couils arranged
around a poloidal cross—section. The Fourier analysis of coil
signals shows that the voltage spike as disruption cccurrence
is a multi-mode helical perturbation, they are m=4, 3 and 2.
When the MHD m=4 and 3 mode amplitudes reach maximum, the
boundary q-value approximately equals to 4.2 and 3.6
respectively and there is maximal propability of disruption
at the both gq values ( showed Fig. 1 ). The early
disruptions ( q > 4.8 ) showed a clear positive voltage
spike, and the later disruptions ( 3.4 <qL.<4.8 ) showed a
negative voltage spike preceding the positive one. The early
disruptions ( positive spike ) due to runaway would be
suppressed by the 'increasing the hydrogen filling pressure up
to p, >0.133R at dIp /dt=7T—25kA/ms but later disruptions are
seen due to MHD activities. ;

gq=1 SAWTOOTH ACTIVITIES Generally, the soft X-ray line
integral signals from surface barrier diodes exhibited the
sawtooth oscillations without gas puffing. The normal
sawteeth inside g=1 surface are shown in.Fig. 2. It has been
shown experimentally that the soft X-ray sawtooth relaxation
is mainly due to electron temperature relaxation. We have
obtained the electron temperature from the soft X-ray
emissions using the absorber method and deduced directly that
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the variation of Tgg 15 about 10% before and after the
sawltooth crash. The reverse radius of =1 sawtecih 1s aboul
3.5—4.8 ¢m and it is away from axis as the density is raised
with !ime.

The double sawtoolh have been observed and studied in
detail on the large and medium-size tokamak devices JR%“,
TEXT® | ete. We have Trequently observed the donble sawtoolh

oscillations as well on HL-1. 1t occurs usually in ohmically
heated HL-1 plasma with plasma current Tp =95—150k4A and
plasma electron density 6zl1.3x10 em . The characteristic of
double sawtoothing is apparently shown in Fig. 3. The
subordinate oscillation does not affect the hot plasma core,
while a tull reconnection of enclose magnetic axis ranses |he
main oscillation. [t implies that there is a hollow current
profile, i.e. there are Llwo or three g=1 surface immediately
after the main disruption. The m/n=1/1 successor oscillations
have not beeu apparently cbserved and the amplitude of the
m/n=1/1 precursor eoscillations is small; according to Lhe
preliminary experimental resulls, the collapse lime of
sawteeth is not shorter tham the expected and consistent with
Kadomtsev theory. We plan to accurately study the
characteristics for normal sawteeth and double sawteeth in
HL-1 plasma.

q=2 SAWTOOTH AND EVOLUTION OF INTERNAL AND EXTERNAL
DISRUPTIONS The another important feature of disruptive
instabilities in ohmically heated HL-1 plasma is that the
growth of MHD activities leads to q=2 sawtooth oscillations.
Fig. 4 shows the time evolution of soft X-ray fluctuation
signals. In general, the growing of m=2 mode lead to the
disappearance of gq=1 sawteeth, After the sawtooth activities
disappear, simultaneously with the growing of m=2 mode, the
spatial profile of soft X-ray intensities is apparently
flatten rather than peaked like other devices, for example,
JIPP T-11¢ , It is deduced that the current profile is
modified from peaking shape during internal disruption into
flatting shape with steep gradient near q=2 resonant surface
(q(0)>1). Such profile leads to m=2 mode growing rapidly and
occurrence of the q=2 sawtooth oscillations due to the full
magnetic reconnection inside the gq=2 surface. In our case,
there seems to be a thick cold boundary plasma due to
impurity cooling. The low current density at q=2 surface and
a large ventral region where q 2 1 are formed as the current
density is flat after the sawtooth activities disappear, so
that the discharge exhibits periodic g=2 minor disruptions or
sawteeth similar to those associated with the g=1 surface.
During the minor disruptions, the m=2 signal is strongly
modulated by sawteeth, while the sawteeth themselves are
strongly modulated at the same frequency as m=2. Fig. 5 shows
that the q=2 sawteeth are inverse at r=-11.5cm and its
inversion radius is 1 ~1llcm. The repetition time of q=2
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sawteeth is Tg~2ms and the variation of electron temperature
associated with the q-2 sawtooth oscillations is about 20%.
I'sually, the repetilive minor disruption is followed by the
soft major disruption. 1t is accompaunied with that Lhe
central electron temperature profile returns into the peaked
shape due to ohmic heating. The soft major disruptioen does
nolt lead to the current broken down. Aller the soft major
disruption, Lhere are two cases us usual, ecither the stable
dicharge wilh the sawtooth activilies is maintained until the
current ended or the minor disruption takes place again
followed by the stable discharge or the civrenlation of
repetition minor disruptions. The measurement results show
that the growing phase of m=2 mode between the -1 sawtooth
disappearance and the g=2 sawtooth uccurrence extends over
6—12ms for different discharge conditions.

Mostly, on HL-1 device, there are three phases of the
disruptive instabilities: disappearance of q=1 sawtooth
activity, growth of m=2 magnetic island, and external
disruption. The last one is triggered by contact of the large
m=2 island with the limiter or "gaseous" limiter resultting
eventually in lost energy. The MoXIV line intensity
increases by a factor of 5 in the hard major disruption shows
that the plasma impacts on the limiter seriously.
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FIGURE CAPTIONS

FIG. 1. MHED activities of plasma current rise phase
(No.2142, By=2.1T, Ip=120kA, hydrogen filling
pressure = 0.107F ) )

FIG. 2. Normal sawtooth (No. 1809, Br=1.69T, I, =90kA,
hydrogen filling pressure = 0,040Pa)

FIG. 3. Double sawteeth (No. 1790, By=2.16T, I, =95kA,
hydrogen filling pressure = 0.040Py; No. 1902,
BF2.5T,LF152kA, hydrogen filling pressure=0.113P)

FIG. 4. q=2 sawteeth (No. 1763, B;y=2.32, Ip=130kA, hydrogen
filling pressure =0.067Pa)

FIG. 5. Time evolution of soft X-ray fluctuation signals
(No.2433,Br=2.25T, Ip=120kA, hydrogen filling pressure
=0.133P¢;N0.2299,BT=2.2T,IP=110kA, hydrogen filling
pressure =0.107Pq )
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1. INTRODUCTION

Profile consistency has been the subject of an ongoing discussion. From
the prevailing results of different experiments /1,2,3,4,5/ did not
emerge a consistent pattern yet. Among the open questions we address two
topiecs in this paper: namely (1) how the plasma profiles in the H-regime
respond the variations of the deposition profile and (2) more generally,
to what extent the observed resilience of the plasma profiles would be
consistent with a local but nonlinear relation between temperature - or
pressure gradients and the local heat flow.

2. H-MODE EXPERIMENTS .

Heating profile experiments in the L-regime have previously been re-
ported from ASDEX /1,2,3/, where the most extreme cases of hollow
deposition could be realised by working at elevated densities (ne -
1.1+10'% em™3) /3/. Due to the upper density limit of (7+8)-10'2? cm~3
observed for the H-regime on ASDEX in non-pellet-fuelled discharges, the
deposition profile in the present H-mode experiments could be varied
only over a more restricted range. In particular we have injected 40 keV
H® and 45 «eV D° respectively into D*-plasmas with otherwise identical
parameters (Ip; = 420 kA, ng = 6.2 « 10'? em™3, Py = 1.7 MW). Figure 1
shows the deposition profiles of the total power to ions and electrons
as computed with the FREYA-code including the ohmic power. The
subsequent response of the pressure profiles is shown in Fig. 2:

there is no significant difference. The beam—induced change on plasma
composition and the known isotope effect on confinement should be small,
since the profiles analysed are taken 150 msec after the beams are
turned on.
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Resulting experimental

pressure profiles for the power
deposition cases of Fig. 1

2/3 W(r)=Ing(r)(Te(r)+Ty(r))av
The Ti-profiles not deing known
precisely, electron pressure
and ion pressure form faclors
were assumed to be identical
and the integrated energy
content was normalised to the
diamagnetic signal (fast ions
neglected).

Typical parameters of the two cases are compared in Table 1. Although
the Te-profiles (not shown here) establish the well-known differences to
those in the L-regime, (pedestal at the edge) their shape agrees within
the error bars, and also the previous findings in the L-regime concern-
ing deposition profile changes /1/ are valid: tge(0) shows a 60 %
enhancement, g (a) is about 15 % higher, To(0) is marginally higher for
hollow deposition. Thus the conclusions drawn previously /1,2/ for
profile invariances in the L-regime appear to be applicable to the H-
regime too at least within the range of presently accessible deposition

profiles.
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Table 1
& 13 079 # 13 381
(45 kev D° + Dp) (40 keV H® =+ Dp)
Te(0) (1,33 £ 0.15) keV (1,25 £ 0.17) kev
1g (a) 58 msec 51 msec
1ge(0) 158 msec 96 msec

(Concerning the rather lowish global confinement times (for the H~mode)
one should rote that the burst frquency of the ELM's dramatically in-
creases wher approaching the upper density limit in the H-mode; conse-
quently the confinement time is considerably reduced in comparison to
the medium density cases or the quiescent H¥*-mode.)

3. NONLOCAL HEAT TRANSFER

Theoretical examinations by other groups have shown the incompatibility
of predictions of standard first principle drift wave theories with the
experimentally observed Tg-profiles. This resilience has led to the pro-
position /6/ that a globally acting principle has to be invoked to ex-
plain their very weak variation with any change of power deposition. As
an alternative explanation, we compare the response predicted by empi-
rical heat transport laws containing a nonlinear relation between
temperature- or pressure-gradients and the local heat flow.

For the stated purpose of a rather qualitative illustration we make a
number of simplifying assumption which otherwise would have to be viewed
critically. So we do not distinguish between electron and ion transport
(assuming Tg = Ti). We use in the following calculations two heat
transport medels, a linear one

q

heat =~ ~ fltr) “¥a m

and a quadratic one

= - 2
Yeat Fz(r) (¥ p) (2)
with fq and fp chosen as fq(r) = fp(r) = ( 1 + (r/a)?)?. Only relative
variations will be considered, so that no absolute coefficient values
need to be specified (Quegat ... radial heat flux density).

As a realistic example we consider the two extreme deposition profiles
reported in /2/, which are more or less identical to the ones in Fig. 1.
The corresponding unnormalised profiles are shown in Figs. 3a and 3b,
They show, in spite of the large apparent difference in the jower
deposition, a remarkable small difference al-:<aay for the linear
transport meodel case, which is furtho: diminished when changing over to
the quadratic transport 1=,

The above examples show that on the basis of presently available data it
seems difficult to rule ocut a local, nonlinear transport law as an
explanation of the observed profile resilience in tokamaks. A nonlinear
transport law of the form (2) would automatically link profile resili-
ence to confinement degradation with power as globally observed in




296
0,6
W 0,54 Fi :
g. 3a:
,-;'E ] 1) —=£- Ja:
s 047 unnormalized pressure
= | profiles predicted-by
S 031 (1 the linear transport
@ | law for the power
5 02+ deposition cases of
" 1 Fig. 1.
¢ 0,1
(-9 B
0,0 T T T T T T r/a
0,00 025 0.50 0.7S 1.00
0,8
w
o (11)
.E 0’6 -
-
- Fig. 3b:
[d (1 —=eea,
& 0,44
- unnormalized pressure
e profiles predicted by
o 02 the quadratic
" 127
' transport law for the
e power deposition
cases of
0,0 — — r/a F?: TO
0,00 0,25 0,50 0,75 1,00

L-discharges. Power independence of confinement times as observed in
ASDEX H-mode discharges could however be made compatible with strong
profile resilience e.g. by an ansatz Gheat ~ (Vp/p) + Vp. The consider-
ations can of course not rigorously disprove the explanation that plasma
profile shapes are determined by some non-local principle. One so far
unanswered argument in favour of such a more global explanation is the
sharp transition between L- and H-mode behaviour, and the obvious non-
existence of mixed situations where part of the plasma volume is in the
L- and the other in the H-regime,
REFERENCES
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FUSION IGNITION EXPERIMENT WITH NO AUXILIARY HEATING
R. Carrera, E. Montalvo and M. N. Rosenbluth

University of Texas at Austin™

The crucial step to prove that fusion energy is accessible in a controlled manner is
the realization of an experiment in which stable ignited plasmas are produced. An
experiment (IGNITEX) to produce and control thermonuclear ignited plasmas is considered
here. The original concept was proposed by M. N. Rosenbluth, W. F. Weldon and H. H.
Woodson!. Some of B. Coppi's ideas? for a compact thermonuclear experiment are used
in conjunction with recent advances in the technology of high current systems to envision a
novel ignition tokamak system with 20 Tesla toroidal field on axis and plasma currents in
excess of 12 Megamperes.

The IGNITEX device is a single-turn coil high-field compact tokamak capable of
reaching and controlling fusion ignition with ohmic heating alone”. A copper-alloy single-
turn coil operating at low voltages permits very high filling factors and then, a high-
strength toroidal field magnet system. The mechanical stresses are reduced to tolerable
levels by preloading the coil structure and by using a central compression bar. The
electromagnetic pulse is lengthened by cryogenic precooling of the magnet system to liquid
nitrogen temperature. Because of the low impedance of the nonconventional magnet
system a special power supply is required that can provide a very large pulse of current at
very low voltage. A set of twelve homopolar generators, each one rated to 12.5 MA, 10
volts and 1.GJ are used in parallel to feed the single-turn coil. An internal poloidal field
magnet system formed by ten toroidal single-turn coils can induce the plasma currents
required for fusion ignition and provide for plasma equilibrium and shaping. This system
permits bucking of the single-turn coil, then increasing the strength of the toroidal field
magnet, and provides a high coupling to the plasma, then minimizing the requirements for
the poloidal field system power supply. Because of the thick single-turn coil surrounding
the plasma, the magnetic flux requirements are lower than in a conventional tokamak. A set
of five homopolar generators that swing the current in the coils from 22 MA to -15.7 MA
along the discharge serve as the power supply for the internal poloidal field system.

In a deuterium-tritium plasma ignition is a state in which the fusion reaction rate is
high enough for the plasma heating due to alpha particles to be greater than the plasma
power losses due to conduction, convection and radiation. A self-sustained thermonuclear
fusion reaction is then produced. The energy confinement in ignited plasmas is not yet
known. In the calculations presented here the heating due to the alpha particles is assumed
to degrade the plasma energy confinement as auxiliary heating does in present tokamak
experiments. Bremsstrahlung and cyclotron radiation losses also contribute to the cooling
of the plasma.

The plasma column has a major radius of 150 cm and the minor radius is 47cm. An
elongation of the plasma cross section 1.6 with no triangularity has been considered.
Theoretical calculations of the plasma power balance at the flat-top of the plasma discharge
(using conventional energy confinement scalings) indicate that the IGNITEX experiment
has an ample margin for ignition without auxiliary heating. The device is designed to
approach ignition ohmically at very low plasma beta (< 1%) which makes the experiment
simple and reliable.
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In addition the IGNITEX experiment can prolong the ignited phase of the plasma
for a time interval of several plasma energy confinement times by controlling the thermal
instability associated to plasma ignition. The basic mechanism that damps the thermal
excursion and prevents the plasma from reaching the disruptive limits is the plasma
cyclotron radiation. The plasma dynamics simulations presented here (Figs. 1 to 6) assume
that the energy confinement follows the Kaye-Goldston scaling. This implies that the path
to ignition is basically described by the NeoAlcator scaling. At density levels close to and
during the ignited phase of the plasma discharge the energy confinement is deteriorated by
the non-ohmic plasma heating. Also, the current and field are considered to be ramped up
in the first 3 seconds of the discharge, maintained in a flat-top of 5 seconds and shut down
in two seconds. It is shown that ignition can be attained after 4 seconds of plasma
initiation. The alpha heating power starts rising before the ohmic heating power in the
plasma decreases significantly. Neoclassical ohmic heating is sufficient to start the self-
sustained fusion reaction. The neutron wall load at ignition is 3 Mw/m?2 and during the
ignited phase reaches a maximum value of 8 Mw/m2, when uniform deposition is
assumed.

The results of preliminary estimates? indicate that the nonconventional technology
and the simplicity of the IGNITEX design make the cost of the experiment relatively low (~
$100M).

In conclusion, the IGNITEX experiment appears to provide a very direct and cost-
effective way of producing ignited plasmas for scientific study.
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PHYSICS CONSIDERATIONS FOR THE COMPACT IGNITION TOKAMAK

R. Parker,! D. Post,? G. Bateman,? M. Bell,® P. Colestock,? J. Helton,®> W. Houlberg,® M.
Hughes,® D. Ignat,? S. Jardin,? J. Johnson,? S. Kaye,? C. Kieras-Phillips,? L-P. Ku,?, G. Kuo-
Petravic,? B. Lipschultz,! J. Manickam,> M. Peng,® M. Petravic,® M. Phillips,® M. Porkolab,’
N. Pomphrey,? J. Ramos,! J. Schmidt,? D. Sigmar,! R. Stambaugh,? D. Stotler,? D. Strickler,®
A. Todd,’ N. Uckan,* J. Wesley,® K. Young®

Introduction. As presently conceived, the world's fusion program will enter during the next
decade into the burning plasma phase, beginning with Q < 1 experiments in TFTR and JET and
culminating with operation of an International Tokamak Experimental Reactor (ITER) devoted
to study of the engineering problems associated with a long-pulse, ignited (or near-ignited)
tokamak. The Compact Ignition Tokamak (CIT), scheduled for operation near the middle of
the decade, is viewed as a bridge between these initiatives and has a research program focused
on resolution of alpha particle physics issues which occur on the timescale Tpyse ~ 107g. The
early experience with ignited plasmas gained in CIT should be extremely useful to an ITER.
In addition to providing early confirmation of the design assumptions, the CIT will provide
a basis for detailed design decisions which can be made after the main parameters are set, for
example detailed design of the divertor and the auxiliary heating and fueling subsystems. Equally
important, the CIT experience should be valuable in developing ITER operating scenarios during
the phases of startup, burn-initiation and control, and shutdown.

Aside from the programmatic role just described, CIT will permit study of a number of
important and intriguing physics issues associated with collective phenomena which can occur
in the presence of a sufficiently intense and energetic a-component. Some of the more important
of these include:

s Effect of P, >> Paux on the plasma profiles and resultant global energy confinement,
including sustainability of the H-mode and effect on y; through excitation of the n;-mode;

o Effect of the a-power on the sawtooth including effect on 7y and also on MHD stability

through modification of p(v) and q(¢) profiles /1,2/;

Effect of the a-precession resonance on destabilization of n=1 internal kinks (fishbones) or

high n ballooning modes /3,4,5/;

Effect of super Alfvénic (v, > va) alpha particles on global or kinetic Alfvén eigenmodes

and the possibility of anomalous spatial a-diffusion /6,7/;

Effect of fast-a losses (due to ripple, sawteeth, fishbones, low mode-number tearing modes,

etc.) on central impurity accumulation and ensuing fuel dilution.

The last point includes the effect of self-consistent changes in the ambipolar electric field due
to all a-losses thereby classifying it as a collective phenomenon even if a-driven instabilities are
not directly involved.

Machine Description. The CIT design concept is motivated by the potential of combining
the good confinement properties of compact, high-field tokamaks with the additional advantages

1 Massachusetts Institute of Technology, Cambridge, MA
2 Princeton Plasma Physics Laboratory, Princeton, NJ

3 GA Technologies Inc., San Diego, CA

4 Qak Ridge National Laboratory, Oak Ridge, TN

5 Grumman Aerospace Corporation, Princeton, NJ

8 Fusion Engineering Design Center, Oak Ridge, TN
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which accrue from shaping, e.g., improvement in confinement (H-mode) in the auxiliary heat-
ing regime. A divertor has been chosen as the baseline configuration not only as a means of
confinement improvement but also as being more prototypical of future devices. This, together
with the desire for longer pulse length and more conservatism in the engineering approach have
caused a general growth in size relative to the 1 m major radius typical of early Ignitor designs.

The design parameters given in Table I reflect compromises which have been made between
the conflicting requirements of fixed project cost and the objective of reaching ignition with
substantial margin relative to both confinement and stability limits. The field of 10 T is the
maximum which can be produced using power and energy from sources available at the PPPL
site; an upgrade to 12 T is feasible by installing additional power and also adding an external
structure which limits the vertical separating stress in the inner leg of the toroidal field (TF)
magnet. !

The tradeoffs involved in locating the main PF coils inside vs outside of the TF have been
carefully examined. Locating the PF coils internal to the TF brings them closer to the plasma
and permits a broader class of equilibria to be obtained. This configuration is also efficient in
total consumption of PF energy, however the required increase in TF energy tends to offset
this gain. Although somewhat enhanced TF performance is possible with internal PF coils, the
engineering risks increase considerably with this choice as the PF coils are then trapped and
machine assembly becomes more complex. For these reasons, an external PF system has been
chosen, supplemented by several internal coils, each capable of carrying up to about 0.5 MA.
These coils will be used for fine-tuning the plasma shape, control of the divertor heat loads and
stabilization of the axisymmetric instability.

TABLE I. CIT Machine Parameters (5/87)

R L75m Pa < 60 MW
a 055m qy(a) 3 (3.6)

W 1£ 20 Br =3I/aB 5% (4%)
§ 04 TF Flat Top 5s

B 10T (12T) ¢ 41 v-sec

I 9MA

Confinement., Within the context of present-day understanding of confinement and operational
limits, CIT is being designed with a substantial ignition margin thus permitting a wide variation
in operating parameters in order to comprehensively study those collective phenomena which
arise due to the presence of the energetic a-component. Using a “neo-Alcator” scaling of r. =
.0TnaR?q,; and a Murakami-Hugill scaling for the density limit of < n > = 1.5 B/Rqy1, (where
< > implies a volume average), the ignition margin, P /Pjoss, is proportional to B?a at fixed
T and q. Many other confinement scalings, including Kaye-Goldston “L-mode” scaling /8,9/,
improve with increasing B%a, and CIT has been designed to maximize this figure of merit. The
plasma current was also maximized consistent with the engineering design constraints for the
poloidal field system and MHD stability considerations for the safety factor, q, at the plasma
edge. A large current is necessary to allow a high beta at high field (8 ~ I/aB), and to
maximize energy confinement, since 7. ~ I for most auxiliary-heated confinement scalings. The
confinement properties of the CIT design have been analyzed using a number of confinement
scalings. One way of characterizing the confinement properties is to plot power balance contours
in density and temperature space (POPCON graphs) /10/. In this type of analysis, a power
balance is computed for a range of densities and temperatures with given profiles, and contours




of constant required auxiliary heating power are drawn. Ignition is identified as the region
above the zero power contour. The accessible operating space is confined to densities below a
density limit (taken to be < n > = 1.5B/Rq.y; and to betas below the beta limit (taken to be
3I/aB). The confinement model has the form 75 % = r‘;é + r;&x where To(Taux) is the ohmic
(auxiliary-heated) confinement time. Generally, the neoAlcator value is used for 7oy and the
regression fit given by Kaye and Goldston /8/ is inserted for ryyx, where, since rxg ~ P99, the
total power P = Poy + Paux + P, is used. With this analysis and with relatively flat density
profiles (n(r) ~ (1-(r/a)?)%8), CIT does not ignite. However, ignition is easily achieved (Fig.1)
with an enhanced “L-mode” scaling (raux = 27K ) used as a model characterization of the “H-
mode” which retains degradation with increased power. In fact, detailed analyses show that an
enhancement of ~ 1.3 over Kaye-Goldston allows ignition, albeit with a small operating window.
For more optimistic scalings such as the ASDEX-H /11/, ignition is easily achieved. CIT has
been designed with a poloidal divertor and is expected to be capable of H-mode operation.

Ignition can be obtained with “L-mode” scalings if the density profile is allowed to be more
peaked than (1-(r/a)?)¥, with y > 1.5 /12,13/. Such peaked profiles would be obtained by a
combination of pellet fueling, off-axis ICRF heating, and careful tailoring of the current profile
during ramp-up to postpone the onset of strong sawtooth oscillations. Time dependent analyses
of these scenarios have been carried out by 1 1/2 D transport code simulations using BALDUR
and WHIST.

In summary, CIT ignites with a modest enhancement of a factor of 1.3 times “L-mode”, and
is able to ignite with “L-mode” scaling if the density profile can be sufficiently peaked by pellet
injection. It thus has margin for parametrically investigating the energy confinement questions
associated with intense alpha particle heating which are crucial to the present ETR designs, all
of which have less confinement margin than CIT.

MHD Stability. The ideal MHD stability and [§-limit depend strongly on the pressure and
current profiles. Optimized profiles yield stable operating regimes with # well above that required
for ignition. More realistic profiles such as those which would result from sawtoothing activity
have broad, nearly shearless regions in which high-n ballooning and low-n infernal modes limit
the pressure gradient and reduce the B-limit. Profiles which are optimized for P(30) but which
also obey an ohmic constraint yield G-values close to the Troyon limit (~ 3I/aB) except for
isolated, nearly rational values of q, corresponding to 3 = 0, current-driven kinks /14,15/.

Impurity Control. Impurity control and power handling capacity are key issues for high
power, ignited experiments. The principal impurity control system for CIT is a double null
poloidal divertor which also has the additional advantage of enhancing the energy confinement
with H-mode operation. The high density, compact approach to ignition leads to very high
average heat loads on the wall, on the order of 1.5-2 MW /m? for CIT. In addition, the first wall
hardware must be able to withstand the damage of disruptions which will cause very high peak
loads, on the order of 100’s to 1000’s of MW /m?. Because graphite can withstand very high
peak loads without melting, it will be used to protect the vacuum vessel, and as the material
for the divertor plates. The present divertor plates are inclined with respect to the flux surfaces
to reduce the peak heat fluxes of ~ 100 MW /m? normal to the flux surface to the ~ 5 MW /m?
required to keep the surface temperature of the graphite below the sublimation point. The
divertor configuration is somewhat open, but is also designed to isolate the recycling neutrals
away from the main plasma as much as possible. The highly shaped divertor plates that are
required to reduce the peak heat fluxes impose severe requirements on the control of the X-point
and plasma configuration, reduce the flexibility of plasma operation, and are sensitive to the
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profile of the plasma edge parameters. Studies of alternative designs with increased flexibility
are presently underway.
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Abstract

In limiter tokamak JIPP T-IIU, improvement of edge plasma transport is observed
during high power ICRF heating, at the same time current density ( js ) profile is
actively controlled by an additional current rise( CR ). D, emission is reduced by ~ 40
%, compared with no CR discharge. Fall-off length of electron density in the scrape-off
layer is remarkably reduced. Edge electron temperature derived from the intensity ratio
of OVI lines is by about 2 times higher. Soft X-ray emission along the peripheral chord
(r/ag ~ 0.7) is enhanced by a factor of 2. Plasma stored energy is higher by ~ 30%.

1. Introduction

The confinement of tokamak plasmas is usually degraded by high power additional
heating( L-regime ). In the regime shapes of electron temperature( T, ) profile are ap-
proximately same for various deposition profiles of heating power, that is, T. profile
follows the so-called profile consistency. The reason seems to be due to the consistency
in a current density( js ) profile, which may be tailored by the plasma itself through
island formation due to low m (> 2) tearing modes. On stable ohmic heating plasma,
local MHD pressure balance will be well-established by strong coupling of ohmic heating
power and current density through Ohm’s law. However, intense additional heating dis-
turbs the pressure balance considerably, because in all of present heating experiments
only the gradient of plasma kinetic pressure is changed without controlling jg-profile
actively. In other words, js-profile is modified indirectly through tokamak plasma trans-
port or magnetic island formation. The violation in MHD pressure balance may enhance
the plasma transport so that pressure difference should be reduced. For H-mode ob-
served in divertor configuration [1] large pressure change is supported by high global
shear region near plasma boundary untill jy-profile is favourably tailored by transport
process. It is predicted from the above consideration that the transport enhancement
during high power additional heating may be avoided by controlling jy-profile actively
at the same time of the heating. One of the most promissing jg-profile is that with a
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pedestal near the plasma boundary, which is favourable for tearing mode stability and
may be realized in H-mode discharge.

In JIPP T-IIU, ICRF heated plasma exhibits typical L-mode scaling [2]. This
paper reports on ICRF heating property with active current density profile control.
The current density profile is controlled by an additional current rise [3]. This control
method is a transient technique and may be unappropriate for application to a large
tokamak. The primary interest of this experiment is to clarify whether or not confine-
ment degradation during high power additional heating is avoided by active control of
the current density profile.

2. Experimental Setup

RF power up to 1.1 MW is injected to a deuterium plasma with hydrogen minority
( typically, ng/n. = 10 % ). The ion cyclotron and hybrid layers are located near the
plasma center (r < 5 cm), where rf frequency is 40 MHz and toroidal field 2.7 T. At
the same time of rf pulse, the plasma current is purposely raised from 180 kA to 250
kA by applying inductive electric field in the quasi-steady state. The electron density
is also raised by gas puffing during the current rise and rf heating, so that edge electron
heating becomes moderate. Otherwise, Mirnov oscillations are enhanced by CR or rf.

3. Experimental Results

We compare two types of discharges shown in Fig. 1 : case I without CR ,and
case II with CR, where electron density and injected rf power are adjusted almost same
in both cases. The rf power is more than three times of ohmic heating power. The peak
of total radiation loss ( bolometer ) P, is same, but the temporal evolution is different.
The plasma stored energy in case II is appreciably higher( ~ 30 % ) than case I. We
have investigated plasma behaviours near the plasma boundary by spectroscopic method
and electrostatic probes. In this experiment two main limiters of graphite are installed.
VUV spectrometer is located 90° away from the limiters and the probes are located 45°
away from the closer limiter. Note that edge plasma parameters are monitored at the
region away from the special region such as a limiter. As seen from Fig.2, D, emission
is reduced by ~ 40 % in case II( i.e., with CR ). It is enhanced during rf pulse in any
discharge without CR. The light impurity lines such as CIII and OVI behave in the same
way as D,. The temporal evolution of these lines correlates well with that of electron
density measured by electrostatic probes near the limiter radius (r-az = Ar ~ 1 cm;
ar, : limiter radius ), while the density at A r ~ 2 em is remarkably depressed ( Fig.3
). The fall-off length of n. profile near the the plasma edge becomes very short. The
above data indicate the improvement of plasma particle confinement near the plasma
boundary, which is due to the reduction of particle recycling. Figure 3 also shows the
temporal evolution of electron temperature near the plasma boundary estimated from
the intensity ratio of OVI lines( 1032 A and 150 4 ), which are predicted to be localized
near the plasma boundary ( r/ar, ~ 0.8 - 0.9 ) because of high i, >( 5 x 10!* cm™32),
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The electron temperature in case II is about double of that in case I. Moreover, in case
11, soft X-ray emission of E > 1 keV along the peripheral chord ( r/a; ~ 0.7 ) starts
to rise more rapidly from the middle of CR-phase ( t ~ 135 ms ). This is interpretted
by considerable increase in T, and also n, in the peripheral region. In case II, electron
temperature obtained from electron cyclotron emission at r/ay ~ 0.7 is about 600 eV.
Central electron and ion temperatures in case II surpass those of case I from the middle
of CR-phase. Impurity accumulation takes place more remarkably in case II, as seen
from time behaviours of OVIII, FeXX ( Fig.2 ) and soft X-ray emission from the plasma
center ( Fig.4 ). This may be due to improvement of impurity comfinement rather than
enhancement of inward convection velocity. It is predicted that the improvement of edge
plasma transport is due to the realization of jg profile with a pedestal by active control
method [3] instead of self organization process by island formation. The solution of
magnetic diffusion equation on the basis of experimental data shows the pedestal in jy
profile. Indeed, Mirnov signal in case II is reduced by 30 - 40 % compared with case L.
These favourable phenomena in case II cause the appreciable increase in plasma stored
energy ( Fig. 1 ). The discharge in case II has some similarities to H-mode observed in
divertor configuration [1], although the degree of the improvement of global confiment is
not remarkable. Clear improvement may be realized if j; profile is more finely tailored
by various active control techniques.

4. Conclusion

This experiment suggests that additionally heated tokamak plasmas may not suffer
the serious confinement degradation even in limiter configuration if current density
profile is controlled by active method such as additional current rise or noninductive
current drive, instead of self organization process through magnetic island formation.
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Figure Captions

Fig. 1 Comparison of ICRF heated discharges without and with additional current rise.

Fig. 2 Time evolution of D, CIII, OVI, OVIII and FeXX lines.

Fig. 3 Time evolution of electron densities near the limiter, and edge electron temper-
ature derived from OVI-line intensity ratio.

Fig. 4 Time evolution of soft X-ray emissions along the center and peripheral chords.
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1. INTRODUCTION

Rotational phenomena have been studied in JET discharges with plasma
currents from 1-3 MA and high power ($10 MW) neutral Beam Injection (NBI).
Deuterium beams at energies up to B0 keV and hydrogen beams at energies up
to 65 keV have been applied. The simultaneous effects of NBI and high
power (57.5 MW) ICRF on rotation, the dependence of central rotational
velocity on NBI power, and temporal and profile effects in rotational
velocity have been studied.

2. DIAGNOSTICS

Toroidal rotation on JET has been measured using several diagnostics.

a) Central (major radius R=3.1m) angular velocities (w,(0)) were
determined from the Doppler shift of the He-like NiXXVII resonance line
observed by an x-ray crystal spectrometer [1}. This measured w
avezaged over a region centred on zero minor radius (r) with han‘Width
=0.4 m

b) MHD diagnostics used were pickup coils Lo measure 3 and a Fabry-Perot
interferometer detecting electron cyclotron emissicn (ECE). The
rotatign of the activity was inferred from frequency measurements. The
coils [2] detected the m=2,3 components of n=1 MHD activity at the
plasma edge. The ECE diagnostic [3] measured m=1, n=1 activity at
normalised minor radius r/a = 0.3.

These diagnosties were of use when MHD activity was significant
(Bg/By(a) -1-3 x 107%),

c) For some shots additional spectroscopic measurements were made. An XUV
spectrometer 1u] measured Doppler shifted lines of ionised states of
Nickel and Carbon and angular velocity profiles were obtained.

A Charge Exchange Recombination Spectroscopy (CXRS) diagnostic was also
used on Doppler shifted light from excited C** and 0** ions. This
measured rotation at R=2.3 m (inboard) and at r/a - 0.6. [5].

3. SCALING PROPERTIES OF CENTRAL ROTATIONAL VELOCITIES

On application of NBI to the plasma, a strong toroidal rotation was
observed on all diagnostics. The rotation took between 0.5-1.0 second to
reach quasi-steady values.

The quasi-steady state values of v,(0) derived from the Ni XXVII Doppler
shift are plotted in figure 1 against the beam power per particle Pp/<n.>.
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v, (0) tends to saturate with increasing Pp/<n > and to increase slightly
with incereasing plasma current. The highest values of v.(O) were sligntly
below half the fluid sound speed (C ). H® and D°® injection induced
similar rotations. Counter injection data are similar to co-injection
data once the Ohmic plasma rotation (measured by the MHD diagnosties) is
taken into account. This rotation was - 2-2.5 10" ms™' counter to Ipand
has been corrected for in figure 1,

The data have been compared with the scaling predictions for v+(0) based
on the gyroviscous theory of Stacey et al [61.

Gyroviscous theory predicts v (0) scales as:

) ;éo) <ng> 2m
Wl 2y e -

where f_(0) is the peaking factor for the NBI momentum deposition on axis;
V., is tﬁe plaspma volume; <n_> is the volume averaged density; nd(o) is
tﬁe axial deuteron density; T; o (0) is the central Ohmic ion temperature;
C is the ion heating efficienc§ ATi(O)/Pb/<ne>)j; fr is the fraction of
injected particles injected in trapped orbits contributing no net momentum
to the plasma.

Using the JET ion heating data [7], gyroviscosity predictions as in fig. 1
are obtained for two values of trapped particle fractions. These
discharges have closer to 40% trapped beam but the data are well above the
'40% trapped' prediction from gyroviscosity. The gyroviscous prediction
is within a factor of - 2-5 of the data but the scaling with I is in the
opposite direction to any which might be inferred from JET data.
Gyroviscosity is also not affected by plasma collisionality and this
conflicts with the observation of strong rotational velocity sawteeth on
JET. These are shown in figure 2 with the crystal spectrometer at
temporal resolution ~20 ms. The sawteeth correlate well with variations
in electron temperature suggesting that the decreasing collisicnality of
the plasma between sawteeth affects the central momentum transport.

2 RO*eZErfBT(G) (1-FT)PD/£ne> ()
Ti'DH(Oj+L(Pnf<ne>)

{ag

|

4, MHD AND PROFILE EFFECTS IN MOMENTUM TRANSPORT

The sudden decrease of v.(0) at a sawtooth collapse is suggestive of the
importance of MHD effect$ in momentum transport,

In extreme cases such as locked modes, MHD activity appears to play a
strong role. ALt the appearance of a locked mode in the plasma, the
rotation of the ions is seen to stop on a - 100 ms timescale in spite of
the continued presence of the driving beams [8

Where 'high' (GBa/BBz 107*) MHD activity was present, the rotational
angular velocity determined from edge MHD activity was equal Lo the
central toroidal angular velocity determined from the crystal
spectrometer. This is shown in figure 3 and could be taken as evidence of
a momentarily flat w, profile during periods of high MHD activity. It is
also possible that it merely indicates toroidal mode coupling driving the
edge mode from a mode resonant on a rational q, surface nearer the plasma
centre and rotating with the central velocity FE]. The second possibility
would lead to an MHD rotational 'profile' which was sheared relative to
that of the bulk plasma.

On some shots in which XUV rotational profiles were taken the profiles of
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the impurity ions appeared fairly flat. In figure 4 a parabolic function
with Y .value = 0.4 can be drawn through data from the XUV spectroscopy and
the erystal spectrometer. These diagnostics assume w, is uniform on a
flux surface when fitting, which is backed up by recent measurements on
Doublet III fgl. Gyroviscosity predicts breaking of this uniformity to
0(e) and some evidence that w,(p) is not uniform comes from the CXRS
diagnostic. This is shown in figure 4 where a Y, value of ~ 2 would seem
more appropriate for the inboard variation of W+ The CXRS diagnostic
generally gives 1 s Y¢ £ 2.

5. EFFECTS OF RF ON NBI-INDUCED PLASMA ROTATION

ICRF was applied to JET discharges with rotation driven by NBI. ICRF
tuned to ’He minority in the plasma was largely ineffectual in altering
rotation but when tuned to H minority in the plasma the RF caused a sharp
drop of up to a factor 2 of rotational velocity. The central rotational
velocity clamped (no sawteeth), often for long periods in the case of the
so-called 'monster sawtooth' [10] shots where sawteething on the other
plasma parameters [eg: TE(O)] was also absent. The change in rotational
velocity occurred over a period of 0.5-1.0 secs.

A possible explanation is that ICRF coupled to H minority is able to
couple to the beam ions at ENCD for deuterium beams. The gffects of this
have been calculated and observed in other JET discharges |11]. Coupling
imparts perpendicular momentum to the beams and preferentially scatters
beam particles into trapped orbits where they impart negligitle momentum
to the plasma. With this reduction in the momentum driving term the
rotational velocity drops. The RF also causes a density rise which
decreases the penetration of the beam neutrals and deposits more fast ions
in trapped orbits in the outer plasma. The cumulative effects of these
two sources have been calculated using value measured post-RF increase in
neutron yield from the plasma. Within an accuracy - 10-20% it is found
that the change in rotational velocity can be accounted for by a change in
the driving term (from the parallel momentum) from the effect of ICRF beam
coupling in this manner.
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INTRODUCT ION

NBI experiments have been performed using a wide range of target plasmas
to establish the scaling of the global energy confinement with plasma
current (IP), toroidal magnetic field (BT) plasma density (ne) and input
power (Ppop) for both He(265 keV) & D°(s80 keV) injection into D plasmas.
This paper describes results obtained with the plasma boundary defined by
either the 8 outboard graphite limiters, or by the graphite inner wall
protection tiles. The results of NBI experiments in X-point plasmas are
presented elsewhere {1]

The JET vacuum vessel and graphite surfaces are conditioned by baking and
glow discharge cleaning. They were maintained at 290°C during these
experiments. The plasma density behaviour during NBI varied according to
limiter configuration and is described in [2]. 1In summary the onset of
NBI led to a transient density increase under all conditions. For
outboard limiters the density rises linearly during NBI. On the inner
wall tiles, a much lower density increase was obtained. This pumping was
further improved during the 'hot-ion' campaign by conditioning the inner
wall surfaces using Helium Ohmic discharges prior to NBI discharges.

GLOBAL ENERGY CONFINEMENT

The total plasma energy content from diamagnetic loop measuremants (WDIA)
of all NBI plasmas is well described by a linear function of PTOT when all
other controllable parameters are constant [3]. Energy contents
determined from poloidal field measurements and kinetic pressure profiles
show similar behaviour and the three stored energy measurements are in
reasonable agreement. The energy contents are roughly proportional to
plasma current, These dependences have been built into an offset linear
scaling law [3] of the form (figure 1)

WA . 0,225 neo'6 Ip°'5 BTO'” + 0.047 I, Ppgp
The scaling of the energy content of Ohmic discharges is reproduced by the
scaling of the intercept in (1). The dependence of W on the relevant
parameters is described equally well by a power law fit, which is shown in
figure 2

{13

DIA 0-37 0-67 0-u1 0-24
= 2
W 0.27 PTOT Ip (ne> BT (2)

The data is also well described by L-mode scaling [5].
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From local transport analysis [H] which includes the NBI pcwer deposition
profile it can be concluded that the plasma thermal conductivity
apparently depends upon the poloidal field only.

The 3 MA data obtained after He conditioning were not used in the above
fitting procedure and they exhibit higher values of Tine (= éW/ﬁPTOT) than
high density pulses. The measured density profiles of these discharges
also show a tendency towards being slightly more peaked than other types
of NI discharges.

Heating Efficiency with NBI

NBI electron heating efficiency on JET has been canstrained by the
relatively low values of injection energy (30-60 keV/AMU). The electron
heating efficiency (figure 3) tends to saturate at electron temperature
values 5-6 keV where the total power input to the electrons (NBI + Ohmic +
Equipartition) has fallen to a low level.

In contrast, ion heating efficiency increases with the power per particle
(figure 4). The spectroscopic Niza* temperature measurements shown in
figure 4 are calculated to be at most 1-2 keV higher than the deuterium
temperature at the highest values. The discharges following helium
conditioning show the best ion heating, partly because lower densities are
accessible than in limiter discharges. This results in the decoupling of
the ions from the electrons as the equipartition time (tei) becomes larger
than the erergy confinement time.

These 'High T.' discharges gave the highest neutron rate ob:zained on JET
(2.8 10 s"% of which approximately half can be attributed to
beam-plasmz reactions.

Enhanced Confinement in Inner Wall Discharges

The energy content of the inner wall (3 MA, 3.4 T) plasmas falls into 2
groups ('A' and 'B' in figure 5). The type A plasmas were those
immediately following helium conditioning. They showed reduced recycling
evidenced by a steady-state density and the lowest values of deuterium-a
light during NBI.

The measured electron energy contents (WE) in B?E two groups were
identical within errors so the difference in W must reside in the ions.
The calculation of stored energy using the measured central ion
temperature and dilution factor from the measured Z indicates that

the ion temperature profile was more peaked than that of the electrons in
these shots. This is confirmed by preliminary results obtained by a
neutral particle analyser array.

Power Balance in Hot JTon Plasmas

The data for 3.0 MA/3.4 T plasmas with 5.0 < PTOT < 7.0 MW has been
compared with results from a simple 0-D model. The model uses
characteristic times based on L-mode scaling for loss rates in both
channels and classical equipartition between them. The predictions of
this model reproduce the data tolerably well (figure 6). This indicates
the energy confinement is no different in character between hot ion and
high density regimes.

Local transport analysis is limited by the preliminary nature of ion
temperature profiles, nevertheless the available data does show that, in
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contrast to high density plasmas, the ion loss channel dominates within
the central half minor radius in hot ion plasmas. Ion convection and
conduction have comparable magnitudes in the centre and equipartition
returns a large power fraction to the electrons in the outer plasma._ In
these respects JET hot ion plasmas are similar to TFTR supershots 6]
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ABSTRACT

Experiments utilizing single gas puffs have been performed in the
Tokamak Fusion Test Reactor (TFTR) in an effort to understard particle
transport. The resulting density perturbations were measured using a ten
channel far-infrared laser interferometer.

The data was analyzed to yield transport coefficients by regression
analysis of the particle balance equation and modelling using a modified
MIST transport code. For the case of a low density ohmicelly heated
plasma commonly used as target plasmas for neutral beam injection, the two
analysis techniques gave transport profiles with minimum values in the
core region (D = 0.4 M2/S, V = 0.1 M/S) that increase rapidly in the outer
half of the plasma (D = 1.0 MEIS, V=14 M8 at r/a = 0.75).

In all cases, the density perturbations were kept in the 5 percent
range to minimize any changes in plasma equilibrium. However, even at
this low level of perturbation, the central ion temperature was observed
to drop 15 percent during the 0.05 sec gas puff. This is considered
indicative of a degradation of the ion confinement.

1. INTRODUCTION

TFTR is a machine well-suited for the study of particle transport
in tokamaks because it is large and because it has a sensitive ten channel
far-infrared interferometer for detailed measurements of the temporal and
spatial evaluation of the density profile. To-that end, experiments have
been carried out which involve observing the response of the electron
density profile to a 50 ms single gas puff [1]. In all cases the gas puff
was kept as small as possible (An/n ~ 5%) to avoid perturbing the plasma
pquilibrium]gonditions. The equilibrium conditions used in this study (n,
= 1.2 x 107m™3, 1_ = 1.4 MA and B, = 4.8 T) were similar to those of
target plasmas for the so-called TFTR supershots in the hope that this
type of particle transport study might shed some light en that extremely
promising regime.

The graphite tile inner wall of TFTR (i.e., the bumper limiter) was
employed as the limiting surface for all discharges studied. 1In all cases
the graphite was pre-conditioned by running against 1t a series of
approximately ten low density discharges in He'*. This procedure reduces
residual levels of D, and H, in the grapnite thereby lowering the
effective particle recyecling coefficient and permitting a density pump-out
in subsequent D" discharges. This conditioning and the comcomitant pump-
out. have been seen Lo be necessary for entrance into the TFTR supershot
regime, A

The electron density profile data were analyzed to yield particle

*Permanent address: Kurchatov Institute, Moscow, USSR
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transporl coefficients by two separate procedures. The details and
resulls of those procedures are outlined below.

2. SIMULATION OF THE INCREMENTAL DENSITY PROFILE USING THE MIST CODE
During the gas puffing experiment, the temporal and spafial
response of the electron density profile was measured using a Len channel
far-infrared laser inLerferometer. By averaging tne results from a series
of eight identical discharges, very low-noise data could be taken with
this diagnostic. The averaged data was then inverted and the inverted
profile was subtracted from an extrapolation of the profiles taken just
before and well after a sirgle zas puff. The result of tais subtraction
represents only the contribution to the density which was caused by the
gas puff. This contribution as shown in fig. 1 clearly takes the form of
a density pulse (alpeit asymmetric) which propagates from “he plasma edge
toward the core. The subsequent (symmelric) decay of this incremental
profile when the gas puff is terminated has also been clearly seen using
this technique. Also, seen in fig., 1 13 the persistence of a nhollow
density profile as fthe crest leaves the plasma periphery and approaches
the core.
The first of these procedures involved a simulation of the
incremental density profile using MIST, a code which solves the particle
balance equation (given below) using transport coefficients specificed as
inputs [2].
N _ 13

36 = 7 o (flr,t1) + S(r,t) (1)

Where N is the density, T is the particle llux, and 8 is Lhe source.

By assuming that the ratio of the pinch velocity Lo the diffusion
coefficient is constant in time and consistent with tne equilibrium
density profile measured just before the gas puff one can then modify both
the shape and magnitude of the diffusion coefficient (and with it the
pinch velocity) in an effort to reproduce the salient features of the
experimentally observed incremental density wave. The results of that
analysis are shown in fig. 2.

The persistence of a hollow incremental density profile (fig. 1) is
also evident in the incremental density simulation, (fig. 2) and is
indicative of particle transport coefficients that are large at the plasma
edge and fall to a minimum at the plasma center.

3. REGRESSION ANALYSIS OF THE ELECTRON DENSITY DATA
The full profile (as contrasted to the incremental profile) was

used as an input to the TRANSP program, which, using an empirical model
for the source function then integrated Eq. (1) in order to solve for the
particle flux [3]. After dividing that flux into diffusive and convective
parts as given in Egq. (2) below, a regression analysis was then carried
out at a series of radial points to determine the values of both the
diffusion coefficient D and the pinch velocity V.

r(r,t) = -DVn(r,t) + Vn(r,t). (2)

The ratioc of the velocity to diffusion coefficients obtained by this
regression analysis is consistent with the equilibrium shape as is to be
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expected from a Fit to the full profile with a small perturbation. The
derived V profile was seen to be much larger than the neoclassical Ware
velocity as also calculated by TRANSP. In addition, the particle
diffusivity thus obtained was similar to that used in the previously
described MIST analysis and comparable to the equilibrium thermal
diffusivity caleculated by TRANSP.

4, THE EFFECT OF GAS PUFFING ON ENERGY TRANSPORT
During the course of the single gas puff experiments, the

electron and lon temperatures were measured as functions of time by an ECE
radiometer and an x-ray crystal spectrometer respectively. Shown in fig.
3 are the ion and electron temperature traces taken during the course of a
single gas puff. As seen, the central electron temperature initially
rises In response to the puff while the edge electron temperature falls,
In addition, the central ion temperature falls as a result of the puff;
this is interpreted as a degradation of ion energy conf inement ., Also
shown in this figure is the ion temperature trace calculated by TRANSP
using the electron temperature as an input and employing neoclassical ion
transport [4]. Clearly neoclassical ion transport fails to predict
correctly even the sign of the observed change in the ion temperature in
response to the gas puff. However, an n; ion transport model recently
applied to TRANSP has simulated the decrease in ion temperature seen
during gas puffing.

5. CONCLUSIONS
By observing the propagation of a small wave of density in a TFTR
ohmic discharge, we have been able to arrive at a radial profile for the

particle diffusion coefficient. This has been done by two separate
techniques and the results have been demonstrated to be reasonably
consistent with transport coefficients having minimum values (D = 0.4

M2/S, V = 0.1 M/S) in the core which increase rapidly in the outer half of
the plasma (D = 1.0 M2/8, V = 4 M/S at r/a = 0.75).

In addition, the electron temperature profile as well as the ion
energy transport have both been seen to be affected in an unexpected
manner by as small a density perturbation as was employed in this work.

This work was supported by U.S. DoE Contract No. DE-AC02-CHO-3073.
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Figure 1

The measured incremental density wave.
The gas puff was turned on at t = 3.0
sec and off at 3.05 sec. One should
note that the form of the wave changes
very little from t = 3.06 sec to 3.11
sec.

Figure 2

A simulation of the incremental density
wave as generated by the MIST code.

One can see the persistence of a hollow
profile as the crest approaches r/a = 0.
This is indicative of reduced transport
in the plasmas core as compared to the
edge (see insert).

Figure 3

The ion and electron temperature as
measured during the puff. Also shown
is the ion temperature calculated
neoclassically.
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PARTICLE TRANSPORT IN 'TFTR OHMIC PELLET INJECTION EXPERIMENTS

R.A. Hulse, P. Efthimion, B. Grek, K. Hill, D. Johnson,
D. Mansfield, W. Morris, D.K. Owens, H. Park, A. Ramsey,
J. Schivell, G.L. Schmidt, F. Stauffer, B. Stratton, J. "Timberlake

Plasma Physics Laboratory, Princeton University
Princeton, NJ 08544 USA

INTRODUCTION - The large perturbation and changing gqradients found in
pellet injection experiments provide a unique opportunity for the stud
of particle transport in tokamaks. On the TFTR tokamak, such studies"‘
have the advantage of a large, circular plasma, well-diagnosed using a
10-channel far-infrared interferometer and 76-point Thomson scattering
for detailed measurements of the time-evolving density profiles.
Preliminary particle transport results Ffor Four selected plasmas of
differing character will be presented, concentrating on simple,
primarily diffusive models which were found to reproduce most of the
observed density evolution in these cases.

ANALYSIS - TRIUMPH is a new, 1-D radial particle transport code which
simultaneously solves up to 32 models with individually specified
particle transport and source parameters. These models were initialized
to the experimental profile immediately after the pellet deposition,
which will be denoted as t=0 in the following discussions. Diffusion
coefficient profiles of the form D(r) = D{0) + [P(a) - D(0)](r/a) and D
= D(0) + [n(a) - D(O)](r/a)2 were surveyed for D(a) » D(0) over the
range 0.003 mZ/s < D{0) € 0.3 m?/s, 0.01 m2/s < D{a) < 1.0 m?/s, along
with pen™' and pen™'/2 forms. For the convective term, models with v =
0, v=V re® -0.05 m/s, and v/D = 31ln(ng) /Br were tested. fThis latter
choice of a v/D corresponding to the initial t = 0 profile scale lengths
was motivated hy cases where the profile shapes remained relatively
constant during the decay. In addition, for the special case of shot
24863 (see below), other models for v(r) were also examined. The radial
profile shape for an edge particle source was ohtained from a neutral
deposition caleculation, while different feedback models acting on the
model versus experimental data difference were unsed to determine the
total source rate versus time for each model. Zero source models were
also tested for all cases.

Overall, the bhasic TRIUMPH survey Ffor each shot examined over 400
possible models. For D(r), the density-dependent forms w=re not
particnlarly succegsfal when considered over all the shots examined,
while the algebraic €orms, particularly D(r) = D(0) + [D(a) -
D(O)](r/a)z, generally yielded satisfactory results. Best Fit models of
this Fform will bhe presented here. Fxcept for early stages of shol
24863, low velocity models proved reasonable. Given this result, v = 0
solntions ar2 presented here as a particularly interesting special
case, Taking a ware-like v(r) = -0.05 m/s typically resulted in models
with higher D(0) relative to these v = 0 solutions. Models with non-
Zern sources were genarally necessary. The results presentad here used
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a source rate Ffor each model which atbtempted to track the experimental
total number of particles as a function of time, given the constraint of
non-negative values for Lthe source amplitude,

The basic success of the specific model parameters reported here
relative to the majority of the other possihilities surveyed was
clear, However, it must be emphasized thal thess results do nst
represent exclusive fits to the data. In the interest of unifying our
preliminary resnults, some selection of' trial model forms and subjective
distillation of the results has necessarily been employed. Also, the
range of acceptable solutions depends sensitively oa the level of detail
which can be substantiated in the measured density profiles. This is
particularly true for details of the hehavior near r = 0, such as the
timescale for the Flattening of initially hollow profiles.

In addition to TRIUMPH modeling, for some cases particle fluxes
were caleulated using the TRANSP analysis code to integrate the
continuity equation directly using the experimentally determined time-
dependent density profile. Regression fits were then ohtained to a
Adiffusive/convective form for th= flux, thereby obtaining a resullL for
D(r) and vir).

RESULTS - Pellet fueling to achieve very peaked, slowly decaying, high
density plasmas is of great interest. Figure 1 shows a shot (18681) of
this type, which decayed with a nearly constant profile shape. The
model shown has D = 0.01 + 0.09 (1.'/::1)2 mz/s, v = 0. Using the
regression analysis for this case yielded a D(r) profile with an RMS
deviation of » 20% from this model inside of r ® 0.6 m, where the source
function is small.

Decay of peaked pellet-fueled plasmas to a peakad profile on a
broad pedestal is frequently seen; for example, shot 25697, shown in
Fig. 2. The model shown has D = 0.005 + 0.195 (r/a)2 m2/s, v = 0. Also
shown is the t = 2 s profile using the same transport model, but with a
zero source. Comparison demonstrates the action of the edge particle
source in producing the observed broad density pedestal. It 18
interesting to note that the lower central density of this plasma
compared with the case in Fig. 1 makes such a pedestal more prominent.
In an attempt to compare density and impurity transport, scandium was
injected into this plasma 0.5 s after pellet injection. MIST code
modeling of the ohserved VUV time behavior of ScXVII and ScXIX 1line
brightnesses showed agreement with models similar to that given for the
electron density evolution, but at somewhat higher n(a) = 0.4 mz/s.
However, this modeling also showed these charge states to peak near r =
0.4 m, and therefore the impurity transport interior to this radius was
not well Adetermined by this data.

The presence of a strong, inward, convective (pinch) velocity in
the transport flux could be most directly inferred by observation of a
rising central density in a plasma for which a monotonically decreasing
radial profile would provide only outward-directed diffusive flows.
Figure 3 shows a shot (24863) which seemingly demonstrates such
behavior. However, an unusual feature is apparent on the TFTR
horizontally viewing SXR diode array for this shot, which can be
interpreted as a growing, locked MHD mode in the central plasma
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region. nir) suarveys with an extended range of v(r) forms were
ansnccessful in modeling both the central densily rise and subserqnent
dacay with any given choice of time-independent Lransport
coefficients. In Fig. 3, a model initialized at t = 0.3 s with D = N.1
+ 0.2 (r/a)zm‘/s, v = 0, is shown as approximating the decay phase.

perhaps the mosL interesting cases for transport analysis are those
whera the initial deposition leaves a hollow density profile. 1In this
case, the internal densily gradients change sign Chrough zero as the
profile flattens, oroviding an especially interesting test of the
transport. Such a case is shown in Fiq. 4, for shot 28970. The central
density flattens at t = N.2 s, and then relaxes to a peaked profile on a
broad pedestal hy t = 0.6 s, reminiscent of shot 25697. .Just afFter t =
0.6 s, a large sawlooth crash is seen to dramatically redistribute the
central density ani flatten the profile. The model shown has D = 0.003
+ 0.497 (r/a)*m*/s, v = 0, which reproduces the range of hehavior until
the sawtooth crash quite well.

CONCLUSIONS - With the exception of the initial phase of shot 24863, all
these ressults can be reasonably well-modeled throughout the entire 1 to
2 seconds of post-pellet density evolution using ftime-independent D(r)
profiles of simple radially increasing form, with low D{(0) and a zero or
wWare-like convective velocity. Sawteeth, when they occur, clearly play
a dramatic wnle in core particle transport for these peaked profiles.
The development of centrally-peaked profiles on broad density pedestals
can bhe seen to be the result of good central confinement of an initially
peaked deposition profile, together with poorer edge confinement and
particle replacement hy edge sources.

ACKNOWLEDGMENT - This work was supported by the U.S. Department of
Enerqgy Contract No. DE-AC02-76-CHO-3073.
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FIGURE CAPTIONS

FIG. 1. Experimental (solid) and model (dotted) density profiles for
18681 at t = 0.0, 0.5, 1.0, and 1.8 s after the pellet.

FIG. 2. Experimental (solid) and model (dotted) density profiles for
25697 at 0.0, 0.5, 1.0, and 2.0 s after the pellet. A zero
source model profile at 2.0 s (open diamonds) is also shown.

FIG. 3. Experimental (solid) density profiles for 24863 are shown at
0.0, 0.2, 0.3, 0.6, and 1.0 s. Model profiles (dotted), are
initialized at 0.3 s, after the initial central density rise
phase, and are shown at 0.6 and 1.0 s.

FIG. 4., Experimental (solid) and model (dotted) density profiles for
shot 28970, showing the initially hollow profiles at t = 0,
with profiles at 0.2, 0.6, and 0.625 s later. A large sawtooth
occurred between the 0.6 and 0.625 s profiles.
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ABSTRACT : Four successive hydrogen pellets have been injected into

deuterium plasma of the TFR Tokamak (major radius R = 0.98 m, minor

radius a = 0.2 m). Each pellet corresponds Lo 50 % of the initial

average density and penetrates atl aboul half radius. After filling

up, the density profile generally hollow just after injection, evolves
slowly towards a slightly more peaked shape. Transport analysis of

the long time scale density relaxation shows generally no change in

particle transport coefficients, except in a particular case where

the time interval between two pellets has been reduced from ~ 40 ms to
~ 20 ms.

PELLET INJECTTON SYSTEM : A multi-pellet injector developped at
Gervice des Basses Températures de Grenoble", based on the so called
"in situ condensation" [1] has been installed on TFR. The injector is
composed of six identical cells in a single cryostat : gas is admitted
inside a tube initially under vacuum ; then a small length of the
tube, the freezing cell, is cooled down below the solidification
temperature and hydrogen solidifies inside it ; when pellet formation
is over, the residual gas is evacuated and the pellet is propeled by
applying high pressure pulse by opening a fast valve. The pellet
parameters are : length = 1 mm, diameter = 0.85 mm, velocity = 700 m{a
and average number of H atoms per pellet entering the plasma ~1.3 10

A time integrated photography of the ablation clouds shows
[2] zones of strong a weak light emission. After densitometric scan
of these striations, pellet identification is obtained by comparison
of the structures on the densitograms and on Hp emission measured
with a photomultiplier connected to a fast acquisition device.

TIME EVOLUTION OF THE CENTRAL ELECTRON DENSITY AND TEMPERATURE

The evolution of a typical plasma with a four pellet injection is
shown in figure la : just after the fourth pellet, the central line
density and the average density are more than twice the preinjection
value. After the two first pellets, the central electron temperature
has dropped from 1.6 keV to about 0.8 keV, the third and the fourth
pellet not producing further decrease. This behaviour may be explai-
ned both by a reduction of the relative incremental density
(Ane/ne = 50 % for the first pellet and 25 % for the last one), and
by an increase of the energy confinement time {To o ne) [3].

DENSITY PROFILES : The n (r,t) profile is deduced by means of an
Abel inversion from the data of infrared interferometry along eight
chords, obtained with a time resolution of 400 ps. Photographies of
the ablation zone show a penetration to about half radius, which can
not be measured with an accuracy better than -2 and +2.5 cm, owing to
the dispersion of the pellet trajectory and the oblique angle of
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sight usaed [2]. Because of this outer deposition of matter the pro-
file_is hollow (profile B fig. 1b) or nearly flat, depending on
An /n_, just after injection. It fills up within 5 to 10 ms when it
is hollow, and generally, after this filling up phase, it remains
nearly homothetic to the preinjection profile or evolves slowly
(15-20 ms) towards a slightly more peaked shape ; nevertheless it
happens that the peaking occurs faster (< 10 ms) and be more pro-
nounced. This is the case for the shot presented on figure 1 : the
peaking already appears as early as 8 ms after the second pellet,
increasing during the density relaxation and after each following
injection. This particular behaviour could be linked to a deeper
penetrigiou of the second pellet, bigger than the average with
1.8 10" atoms [4], at a radius where the local particle confinement
time T_ (Tt (r) = _[-r n_ p dp/r I'(r)) is higher : calculations with
MAKOKOT codB show an ihcrease of T, by a factor 2.5 between r = 10.5

and r = 8 cm.

PARTICLE TRANSPORT : The density profile relaxation after pellet
ablation has been simulated with the transport code MAKOKOT. The
density profile measured just before the pellet sublimation has been
used as initial condition. Two cases have been studied : the first
one is 2 '"standard" case, (S), without significant peaking of the
density profile and with a large time interval of ~ 40 ms between
pellet 2 and 3. In the second case, (P), which is presented on
figure 2, the third pellet arrives ~ 20 ms after the second one. In
all cases q(a) = 4.6 and the sawtooth activity is very low before
injection. In the (8) case, the long time interval between pellet 2
and 3 allows the plasma to recover more completely its quasi equili-
brium temperature and density profile, and the sawtooth oscillations
become more visible on soft X ray signal (fig. 2a), owing to the
increased density and to the higher temperature. The Te profile was
not measured and the following profile has been used in the simula-
tion :

2 3.6
Te(r,t) = Te(o,t) (1 - 0.8 r—z)
a

with g(o) = 0.95 and q = 1 at r = 4 cm, Te(o,t) given by ECE measu-
rements. The particle flux T is modelled by : = =D Yn_ - = vn_,
where v is the inward velocity ® B8

D, D
and D the diffusion coefficient given by D = A _B + D with
D,+D neo
A B
i ko =3 T F
D = —3/4 [cm ,EV], DB =Ax 6.25 B_E [ev,G] with A = 5.

A, 2 -1

[em®™s "] n_qT
The results of the®simulation are summarized on table 1. A comparison
with experiment is presented on figure 3, where the central density
time evolution is plotted after the 3rd pellet injection for (S) and
(P) cases. In the two cases the radial density profile is given at
the end of the relaxation.
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No significant modifications of k_and v are observed, at
least for the (S) shot. We note that taking account of the average
influence of the sawteeth leads to a better agreement with experiment
(D was multiplied by 3 inside the q =1 surface). For the shot (P),
the previous coefficients allow to recover the experimental density
profile after the first and the second pellet injection. However
after the 3 rd and the 4th pellet it is necessary to increase v and
k . As a consequence the central peaking parameter Do) increases
slightly and I' remains inward in the plasma core duringoa long time
scale (~ 20 ms) but the global confinement time calculated at 16_cm
is unmodified. On the contrary in the simulation of the (S) case Al
decreases due to the outward flux induced by the sawtooth oscillaggggs.

CONCLUSION : Transport analysis of electron denmsity profile show that
generally the same transport coefficients as those required to simulate
a gas fuelled discharge can be used to model the demsity relaxation
between pellet injections. The peaking of the density profile seems
to be linked essentially to the pellet penetration. However for a
particular case when the time interval between two successive pellet
injections is reduced transport coefficients D and V must be modified :
principally the inward velocity V must be increased in order to fit
the density profile in the plasma center.
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Introduction

The combination of gas-puff and pellet refuelling provides ohmic discharges
with nearly twice the confinement time and 1.5 times the Murakami limit
/1/. Despite these improvements, the density built-up by a string of pel-
lets (up to 80 pellets with maximally 700 m/s and up to 50 pellets per s)
is not yet optimized. There are phases where the pellet refuelling leads to
a step-like increase in density followed by those where the added mass is
quickly lost between pellets. The gradual loss of density is often accom-
panied by a step-like decrease such that no effective density increase
remains. It is interesting to note, that during these ineffective phases 8
does not contirue to increase but may even decrease.

In this paper we describe in detail the MHD-activities during pellet injec-
tion, studied essentially with two soft-X-ray ("SX") cameras. Fig. 1
exhibits the toroidal positions of the viewed poloidal cross sections of
these cameras and of the HCN-laser-interferometry in relation to the pellet
injector, furthermore, the directions of the toroidal and poloidal magnetic
field lines and both neutral beam injectors.

Plasma dynamics caused by pellets.

The injection of a pellet leads to a strong localized density disturbence,
which is not immediately distributed over the magnetic flux surfaces, but
causes a characteristic dynamic response of the plasma, which can be well
studied by observing the rapidly changing SX profiles. Fig. 2 gives an
example of the spatial and temporal variations of both radiation profiles
in horizontal and vertical direction after an injection of a pellet into an
ohmic discharge (i = 4 x 1013 em™3, 1, = 380 kA, a3 = 2.9).

Within a few hundred us a poloidally strong asymmetric distribution of SX
radiation develops. The measured signals of the chords crossing the outer

1 University of Stuttgart; 2 Ioffe Institute; 3 University of Heidelberg;
University of Washington, Seattle, USA; 5 N.R.C.N.S. "Demoecritos",
Athens, Greece; ® Inst. for Nuclear Research, Swierk, Poland
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and lower halfs of the plasma cross section HCN 4y Interferometer
decrease, while the signals of the inner and
upper chords increase. This m=1 like structure
rotates within the viewed cross section in
direction of the poloidal magnetic field lines
with a typical frequency of about 1 kHz and is
damped after 2 - 10 cycles. Only the edge-
localized channels (omitted in Fig. 2) show a
different behaviour, namely a single positive
spike due to the injected pellet. NBI-NW

NBI-SE

~=— Pellet
Injection

SX-Cameras

After injection of a pellet into an ohmic dis-
charge with reversed toroidal field and plasma
current the maxima and minima of the SX signals
become exchanged (ef. Fig. 3); also the direction
of rotation alters and corresponds again to the
direction of the poloidal field lines.

In this context the following observation from
HCN-interferometry is of interest: Immediately
after pellet injection the lower laser beam is
deflected for both magnetic field directions.
This diffraction indicates strong density
gradients but in both cases within the lower
plasma region, passing the HCN laser beam.

Fig.1: Schematic design of

the ASDEX device.
Sawtooth activity and accumulation.
The oscillatory mode described before finally leads to a new static SX
profile. The integral radiation increases from pellet to pellet and the
profile becomes more and more peaked. Already after a few pellets the
sawtooth activity may increase and on the time scale of typically 20 msec
after pellet injection one or more strong sawteeth occur. In the example of
Fig. 4 strong sawteeth are observed after the third pellet, accompanied by
distinect steps on the density trace, Despite the broadening by sawteeth the
density profiles remain strongly peaked in the case of pellet refuelling,
which originates from an increased inward drift /2/. This enhanced drift
causes also accumulation of impurities in the plasma center /3/.

In Fig. 5 two discharges are compared which only differ in plasma current.
Smaller currents correspond to more peaked density profiles /4/, In both
discharges a string of five pellets is injected and the temporal behaviour
of the discharge is very similar. After the last pellet a strong sawtooth
occurs, In case A strong sawteeth stop the further development of the
accumulation phase and restore the original plasma parameters, in case B
with smaller plasma current the sawteeth become suppressed and the enhanced
inward drift leads to strong accumulation of electron density and heavy
impurities in the plasma center. Accumulation and sawtooth activity are
competing processes and the temporal development of pellet refuelled ohmic
discharges depends ultimately on the strenght of the two counteracting
processes.
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Fig.2 (above): The spatial and temporal develop-
ment of SX radiation after pellet injection into
an ohmic discharge. Identic numbers correspond to
identic SX signals.

Fig.3 (right side): The temporal development of
the same SX chords as shown in Fig. 2, but at
reversed magnetic fields.

Fig.4 (below left side): Development of strong
sawtooth activity after pellet injection.
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Pellet injection into NB-heated plasmas.

pellets

Up to now only preliminary results are achieved in
pellet-refuelling of injection heated plasmas. In _;ﬁ—————~—“—‘fgk\\_

@

Fig. 6 (right side) we describe the history of a * ot
NBI heated plasma discharge (n = 1.4 x 1013 em~3,
I, = 320 kA, g3 = 3.3, power of NBI = 1.3 MW). Du-
r?ng the initial ohmic phase we observe the typi-
cal step-like increase in density, which repeats
immediately after switching off NBI; finally the
transport mechanisms described before cause strong
impurity accumulation resulting in a disruption.

‘SX{mWiem?) i (10%em?)

mscgc‘

pellet
0,951 5 =

At .6 s when two sources of the NBI-SE injector
and one source of NBI-NW injector start operation,
the averaged density decreases and the pellets
injected thereafter effect only a small rise in
density. SX radiation and density profiles change
immediately after pellet injection in a way which
is typical for a sawtooth event, both become flat
within the central plasma region.

o
SX (Wiem?

pellet
1165 5wt

o
LY

SX (Wiem?)

From 1.0 s two sources of NBI-NW and only one sawlooth
source of NBI-SE operate; at the same time the e
response of the plasma upon an injected pellet
changes. First of all the pellet excites an m=1
mode of about 15 kHz near the inversion radius of
SX, rotating opposite to the ion drift direction.
This mode becomes completely damped after about 10
msec, but reappears once more with slightly re-
duced frequency and is finally terminated by a

e

sawtooth event. At the same time we observe cor- ; %ﬂ?:mn

responding oscillations on Mirnov loops with m=l, © &:3:“> 4
n=1 structure, which is well explained by mode ¢ WTs e
coupling due to geometrical effects /5/. There is {ofter st) %
no doubt, that this MHD-activity is triggered by 2 ¢

the pellet, but it can alsoc occur in NBI heated
plasmas without pellet refuelling. SX radiation
and density remain peaked up to the sawtooth
event. rlem) 40 20 0
The broadening of the density profiles caused by the two kiads of sawtooth
activity as described does not lead to an essential loss of particles. The
additional mass of pellets is lost rather in a gradual way accompanied by
simultaneous peaking density profiles.
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PELLET INJECTOR RESEARCH AT ORNL

D. D. Schuresko, S. L. Milora, S. K. Combs, C. A. Foster, P, W, Fisher,
B.E. Argo. G. C. Barber, C. R. Foust. F. E. Gethers, M. J. Gouge, H H. Haselton,
J.E. Moeller, N. 8. Ponte, D. W. Simmons. and J. H. Whitson

QOak Ridge National Laboratory,* Oak Ridge, Tennnessee, 37831. U S. A.

Several advanced plasma fueling systems are under development at the Qak
Ridge National Laboratory (ORNL) for present and future magnetic
confinement devices. These include multishot and repeating pneumatic pellet
injectors, centrifuge accelerators, electrothermal guns, a Tritium Proof-of-
Principle experiment, and an ultrahigh velocity mass ablation driven
accelerator. A new eight-shot pneumatic injector capable of delivering 3.0 mm,
3.5 mm, and 4.0 mm diameter pellets at speeds up to 1500 my/s into a single
discharge has been commissioned recently on the Tokamak Fusion Test
Reactor. The so-called Deuterium Pellet Injector (DPI) is a prototype of a
Tritium Pellet Injector (TPI) scheduled for use on TFTR in 1990, Construction
of the TPI will be preceded by a test of tritium pellet fabrication and
acceleration using a 4 mm bore "pipe gun” apparatus. A new repeating
pneumatic pellet injector capable of 2.7 mm, 4 mm, and 6 mm operation is being
installed on the Joint European Torus to be used in ORNL/JET collaborative
pellet injection studies. A 1.5 m centrifuge injector is being developed for
application on the Tore Supra experiment in 1988. The new device, which is a
50% upgrade of the prototype centrifuge used on D-III, features a pellet feed
mechanism capable of producing variable-size pellets (1.5-3.0 mm diameter)
optimally shaped to survive acceleration stresses. Accelerating pellets to
velocities in excess of 2 km/s is being pursued through two new development
undertakings. A hydrogen plasma electrothermal gun is operational at 2 km/s
with 10 mg hydrogen pellets; this facility has recently been equipped with a
pulsed power supply capable of delivering 1.7 kJ millisecond pulses to low
impedance arc loads. A unique ultrahigh velocity concept that utilizes an
intense electron beam to generate thrust by partially ablating a solid hydrogen
pellet is also under development. An 0.5 m long prototype launcher operating
at 30 kV, 30 amperes is scheduled for testing in August 1988.

1. Introduction

Pellet injection has produced dramatic improvements in tokamak plasma
performance in several recent and ongoing experimentsl, including peration
at higher densities, improved energy confinement, reduced impurity levels, and
profile tailoring for auxiliary heating. Pellet injector development to support
the needs of present day large tokamaks and future devices is being actively
pursued at ORNL. The upcoming fusion experiments will require 2-6 mm
pellets (hydrogen, deuterium, and tritium), produced at 5-10 per second
repetition rates for periods ranging from several seconds to steady-state, at
maximum attainable speeds, perhaps in excess of 5-10 km/s.

*Research sponsored by the Office of Fusion Energy, U. S. Department of
Energy, under Contract No. DE-AC05-840R21400 with Martin Marietta
Energy Systems, Inc.
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2. Repetitive Pellet Injector Technology at 1-2 km/s Speeds

Both single-barrel repeating pneumatic2 and multiple-barrel discreted shot
pellet injectors which can deliver 2-6 mm hydrogen and deuterium pellets at 1-
1.6 knus speeds have been used in pellet injection experiments on the Tokamak
Fusion Test Reactor. A versatile pellet injection system, consisting of three
single-barrel repeating pneumatic pellet injectors mounted in one common
vacuum enclosure. is presently being installed on the Joint European Torus.
Individual extruders provide solid hydrogen to each gun "assembly;
reciprocating solenoid-driven breech tubes repetitively cut and chamber
pellets. The injectors deliver 2.7 mm, 4.0 mm, and 6.0 mm size pellets at 5 Hz,
2.5 Hz, and 1 Hz repetition rates, respectively, for periods of several seconds
duration; velocities up to 1.5 kmys are attainble for deuterium pellets at 100 bar
propellant supply pressures (hydrogen).

A mechanical accelerator which will feature 1.5-3.0 mm pellets at 1-1.5 km/s
speeds is being developed for use on Tore Supra in 1988. This injector will
utilize a novel pellet forming technique capable of generating sequences of
pellets for periods of 10-30 seconds. The pellet generator functions by punching
pellets from a rim of deuterium frozen onto a continuously turning
cryogenically cooled wheel. The pellet punch can be translated radially inward
or outward with respect to the edge of the deuterium rim, thus generating
pellets of the desired size. The pellets are shaped into rounded tetrahedrons or
“tacos” by the punching mechanism, which is the proper shape to minimize
acceleration stresses.

3. High Velocity Pellet Injector Development

The development of a high velocity pneumatic pellet accelerator, which
operates with hydrogen plasma propellant, is aimed at the goal of extending
the performance of present day pneumatic pellet injectors into the 2-5 km/s
range4. The prototype accelerator consists of a vortex-stabilized arc discharge
plasma generator coupled to the breech tube of a "pipe gun” pneumatic pellet
injectord, The arc chamber is designed for arc initiation at 1-4 bar pressures,
and is constructed from high temperature materials (tungsten or tantalum
cathodes, graphite anode, Macor insulators). Electrical power is supplied to the
arc from a 5-stage LC-line/pulse transformer supply which can produce 1 ms
pulses at 5 kA currents into 0.1 ochm loads. The arc is triggered as hydrogen
gas is admitted into the arc chamber: the ohmic dissipation increases the rate
of rise of the gun breech pressure from 30 bar/ms to greater than 100 bar/ms.
Muzzle velocities increase from 1.0 km/s to 1.3 km/s for 25 mg deuterium
pellets, and from 1.3 km /s to 2.0 km/s for 10 mg hydrogen pellets; these
increases represent 5-10% conversion of electrically dissipated energy to
projectile kinetic energy. Muzzle velocity data for four pairs of shots with and
without arc initiation are plotted vs the constant base pressure velocity
calculated from the gun and pellet parameters and the maximum breech
pressure in Fig. 1. Also shown are data for the repeating pneumatic injector
adapted from Figs. 3 and 7 of ref. 1, and idealized gun theory performance
curves for hydrogen gas at 293 K and 2000 K. It is apparant from the
compariscn between these data that the arc heating results in increased
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propellant sound velocities, and therefore in higher sustained pellet base
pressures over the acceleration interval.
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Fig 1. Electrothermal gun performance.

An ablation-driven pellet launcher, powered by an intense electron beam, as is
conceptually shown in Fig. 2, is the effort being pursued at ORNL with the aim
of attaining pellet velocities in excess of 5-10 km/s. Composite sticks of
hydrogen propellant with deuterium pellet loads are continuously loaded into a
guide rail configuration. The rear surface of these pellets is ablated by a 30 A
beam of 30 kV electrons generated in an e-beam source designed for high
quality electron optics. External magnets provide a solenoidal magnetic field to
compress and confine the e-beam. First order modelling of the accleration,
using the neutral shielding model to calculate the e-beam attenuation in the
ablatant, coupled to the rocket equation and to power and mass balances at the
pellet/ablatant interface, indicates that ablating 1.6 cm long propellant sticks
should propel 4 mm deuterium payloads to 14 km/s. A test of prototype
accelerator is scheduled for August 1988. ORNL-awa 2080 FEO
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Fig 2. e-beam accelerator concept.
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4. The Tritium Proof-of-Principle (TPOP) Experiment

The Tritium Proof-of-Principle (TPOP) experiment is being assembled at ORNL
for testing with tritium at Los Alamos National Laboratory’s Tritium Systems
Test Assembly later this year. TPOP is a single-shot “pipe gun® injector,
similar to the unit presently in use in the high velocity development work.
With the exception of the high pressure propellant valve stem tip, which is
Vespel, the gun is all metal construction, thus insuring tritium compatibility,
The gun and pellet injection line are to be located in a glove box, which also
house all necessary tritium handling equipment. The system is designed to
accommodate enough tritium for one day of operation at TSTA., Helium-3 will
be cryogenically removed from the tritium to prevent blocking of the
cryopumping action in the gun by non-condensible gas during pellet
formation8. During operation, a pellet size aliquot of tritium will be metered
into the barrel and frozen. The gun and glove box system has been designed to
accommodate several types of fast valves and velocity booster concepts.
Tritiated gas mixtures produced in the system will be removed and processed by
an external vacuum system which is part of the TSTA facility.
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RADIATED POWER DURING NEUTRAL BEAM INJECTION ON Te#TR

C.E. Bush*, J. Sehivell, 5.5. Medley, A.T. Ramsey, B.C, Stralton,
H.F. Dylla, B. Grek, R.J. Goldsfon, H.W. Hendel, D.W. Johnson,
F.H. LaMarche, D.K. Mansfield, D.C. McCune, H. Park, G. Taylor,

M. Ulricksen, and R.M. Wieland

princeton University Plasma Physies Laboratory, Princeton, NJ 08544 USA

INTRODUCTION
T T A variety of confinement and operating regimes are realized on the
Tokamak Fusion Test Reactor (TFTR). This is due to the availability of
high beam power with both co- and counter-injection, pellet injection, and
two diffferent graphite limiter configurations: an inner bumper or belt
limiter and an outer movable limiter, Both ohmic and neutral beam
injection, NBI, heated plasmas may be run on the inner and/or outer

limiter, and, in the case of the delLached plasma regime [1], without

limiter or wall contact. Different confinement regimes are obtained
depending on whether or not the limiters are pre-conditioned using hignh
power helium discharges. Power 1loss studies determine the impurity

radiation and energy transport characteristies of eack. regime.
Uncollimated bolometers provide the total of radiative loss P.,4, plus
thermal charge exchange (CTX), Pihox? and its toroidal distribution, and
collimated bolometer arrays give radially resolved volume emission data,
Qrad + thex® Infrared diagnostics are used to determine the power [low to
the limiter, and a pair of tangentially viewing bolometers are used to
estimate power lost via CX of fast ions. Combined bolometric and
spectroscopic measurements provide a detailed picture of impurity behavior
and power accounting in TFTR. Results are presented here to show some
power loss characteristics of several regimes.

POWER ACCOUNTABILITY: OUTER LIMITER OPERATION

A detailed accounting of input power for OH and NBI heating has been
done for plasmas run on the outer limiter, The outer limiter is narrow,
less than one of the 20 TFTR torcidal sectors wide, and is subjected to
high heat loading; this results in surface temperatures high enough to be
measured accurately using an infrared camera. The results of the power
balance for outer limiter operation are plotted in Fig. 1. Losses, P, 4 *
Pthcx' are measured using bolometry while Plim is determined from infrared
caméra measurements, Data shown are for ohmic, L-Mode NBI, and energetic
ion regime [2] plasmas. Also included are data for which neon was
intentionally added to obtain 100% radiative loss in NBI discharges while
IR measurements confirmed that P,;, was negligible. For the majority of
discharges of Fig. 1, the total power radiated was < 50%, and with the
contribution from the uniform bulk plasma often in the range of 25-35%.
Using a toroidal array of six bolometers collimated narrowly in the
toroidal direction only, the toroidal distribution [3] of radiated power
was found to be significantly peaked at the limiter sector during NBI with
outer limiter operation. A toroidal asymmetry correction factor of - 1,15

is included in the data of Fig. 1.

%Permanent address: Oak Ridge National Laboratory, Oak Ridge, TN 37830




CO-ONLY VS. SUPERSHOTS: INNER LIMITER OPERATION

A new enhanced confinement or "supershot" regime [4] is being studied
on TFTR using mainly inner bumper limiter operation. This regime is
characterized by energy confinement times up to 3 times higher than in L-
Mode and is obtained with high power nearly balanced NBI and extensive
conditioning and degassing of the inner limiter. Other signatures are
high ion temperature and neutron source strength, S. For comparison, Fig.
2 shows F,,q and S during the beam pulse of a supershot and a co-NBI only
plasma, both with FNB - 12 MW. Prad for the two plasmas 4s nearly the
same while S differs by a factor of 3. However, spectroscopy data
analyzed with MIST code impurity modeling indicate that impurity behavior
in the two cases is somewhat different. The results of the analysis are
given in Table I. The pre-beam plasma has very low density and the carbon
concentration of 16% ﬁewis responsible for the high Z.,pp of 6.6. By the
end of the beam pulse, ng is significantly higher and Zefr is reduced by
beam fueling to - U for both co-only and balanced beam heating. These
discharges were from near the end of the 1986 run, For earlier supershots
Zgpp was in the range of 2.5-3.5. Concentration of Fe and Ni are higher
by an order of magnitude for the supershots tnan for co-only; however, the
contributions of these metals to Z,pp and the total radiated power are
small. The radiated power fraction decreases with beam power for both co-
only and co + ctr injection, and results showing this trend for the latter
are plotted in Fig. 3. The fraction decreases from ~ 70% for the ohmic
phase to 25-35% for Pyg > 10 MW.

Further impurity radiation and power balance comparisons between the
co-only plasmas and supershots are complicated by two aoffects of inner
limiter operation. First, the inner limiter surface area is large and
results in surface temperatures which are too low for use in determining
P mr and second, plasma interaction with the inner limiter leads to a
highly radiating layer of plasma on the inner half periphery of the minor
cross section. This layer causes a high degree of in-out asymmetry in the
chord integrated vertical array bolometer data [5] for ohmic and NBI
heating. A 3-D plot of the chord integrated data from the vertical array
for the co-NBI case of Fig. 2 is given in Fig. U4, and the effect of the
inner limiter layer is clearly evident, Only the outer half of the
distribution is representative of the bulk plasma impurity radiation
profile. Figure 5 shows the results of Abel inversion of the outer half
profile cata for four beam power levels for discharges used in Fig. 3.
The peaks of the volume emission profiles are shifted to larger minor
radii as PNB is increased up to - 10 or 11 MW. Information at radii less
than -~ 15 em is lost due to the distorting effects of the bright layer
near the inner limiter.

FAST ION LOSSES

At low density, a fraction (-~ 10-20%) of the fast ions is calculated
to be lost as fast CX neutrals while they are slowing down from initial
beam energies of -~ 90-100 keV to the final elevated thermal plasma
temperature. This fraction decreases during the beam pulse as ﬁe
increases. The fast CX neutrals have toroidal velocity components large
enough that they impinge on the walls at angles which do not fall within
the acceptance angles of the radially directed TFTR tolometers. The
arrays are collimated both radially and toroidally, and the wide-angle
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polometers, though uncollimated radially, are even more narrowly
collimated in the toroidal direction. Therefore, a pair of tangentially
viewing bolometers has been installed to study the fast CX-neutral losses;
their viewing arrangement is illustrated schematically in Fig. 6. The
bolometers view in opposite directions with very nearly the same toroidal
tangency radius. For simplicity only one co-beamline is shown. TFTR
currently has three co- and one counter—-beamlines. Time resolved data for
the two bolometers are shown in Fig. 7 for an energetic-ion regime plasma
heated by 8 MW of co-only NBI power. In general, both bolometers would
have equal impurity radiation and equal thermal CX (except for rotation)
contributions to their net signals. However, for co-only injection, such
as for Fig. 7, fast ion CX losses are detected only by the c¢o-CX
bolometer; thus, this signal is tne larger of the two. In contrast, the

burst of power at - 5.3 sec, due to laser blowoff injection of Fe
impurity, is buli plasma radiation and thus is about the same size for
both bolometers. The data of Fig. 7, when correlated with plasma

simulation studies, lead to the conclusion that the fast ion CX loss at -~
5.4 sec. was - 13% of the total input power. Simulations indicate that
these losses can be > 30% of the input power for the lowest density
energetic ion plasmas.

This work was supported by U.S. DoE Contract No. DE-AC02-CHO-3073.
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[zl Murakami, M., et al., Plasma Phys. Contr. Fusion 28, (1986) 17.
[31] Bush, C.E., et al., Rev. Sei. Instrum. 57, (1986) 2078.

(4]  Strachan, J.D., et al., Phys. Rev. Lett. 58 (1987) 1004.

[5] scnivell, J., and Bush, C.E., Rev. Sci. Instrum. 57, (1986)
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BOLOMETRY STUDIES IN THE TJ-1 TOKAMAK

M.A.Ochando, A.P.Navarro, J.Guasp and TJ-TI Group.

Asociacion EURATOM/CIEMAT
28040 Madrid, SPAIN.

INTRODUCTION

Global energy losses are a matter of great interest in plasma
confinement studies, where appreciable discrepancies between theoretical
estimations and experimental data arise (1). Several devices (pyroelectric
detectors, thermopiles, thin-foil bolometers, etc.) have been tried in
order to optimize the determination of these losses, including time and
spatial resolution.

In the present work, a single movable detector (a thin-film Ge
bolometer) has been used in the TJ-I tokamak (Rg =.3 m, ap =.1 m) with a
twofold objective: first, to check the capability of a single movable
detector to determine radial emission profiles and, second, to measure
global power losses 1in the TJ-I tokamak when operating under different
conditions.

The former goal arises from the future task of determining energy
losses in the flexible heliac TJ-1I to be built at CIEMAT (2). Owing to the
non-circular plasma shape, a number of detector arrays have to be used to
determine local power emissivity. Longer and more stable discharges may
enable a shot to shot study with single detectors instead of detector
arrays.

The later cne is derived from the need of knowing the plasma radiation
profile in the TJ-I tokamak and its dependence on plasma parameters, e.g.,
toroidal fieldé, plasma current and electron density. Furthermore, an
interesting test on the collimator shape could be made in this small
tokamak due to the low aspec ratio (Rf/a=3) in order to choose the most
suitable geometrical arrangement. This test will be also useful to design
the collimators of the TJ-II bolometers (R/a=7).

The low aspect ratio of this tokamak Forced us to design a toroidal
limited view collimator. The aperture at the end of the collimator tube
consists of two welded stainless steel discs, the outer of which being 1 mm
thick with a 2 mm diameter hole at the center and the inner one being
3.5 mm thick with a wertical slit 0.l mm wide. This geometry allows to
observe the whole poloidal section and limits the toroidal wview at the
plasma center section to about 1-2 cm when plasma radii are longer than
5 ecm. Fig.l shows the collimator aperture and the plasma views (Vl, V2)
from the two extreme positions of the detector (D). Detector displacements
through the collimator tube enables to observe poloidal plasma sections
with resolutions at the center ranging from about 3 cm to full plasma minor
radius.
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FIG.1 TOROIDAL LIMITED VIEW COLLIMATOR

RADIAL SCAN

A qualitative radiation
emission profile has been
determined from several repetitive
discharges in the TJ-I tokamak.
Due to the low bolometer signal
levels when operating in  the
typical TJ-I conditions, shown in
fig.2, pglobal measurements rather
than  time-resolved should be
performed.

Using the experimental set up
illustrated in fig.l, the distance
of the bolometer foil to the
plasma center was varied, shot to
shot, from 1.2 cm to 4.4 cm at
steps of 1 mm. This leads to a set
of integrated signals at the
bolometer  output plotted in
fig.3a.
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FIG.2 TJ-I DISCHARGE TRACES
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By subtracting the signals for two successive detector positions and
taking into account the volume shapes viewed by the detector (fig.l), we
can obtain the line integrated power emission curve marked as b in fig.3.
Assuming radial symmetry for TJ-I plasma losses we can deduce its radial
profile by the usual Abel inversion method, Results are presented at fig.4.

3
o
o
o
a0 50 10
RHOfem) RADIUS {cm)
FIG.3 RADIAL SCAN FIG.4 RADIAL PROFILES
a) Integrated measurements a) From raw data
b) deduced line integrals b) From smoothed data

c) Theor. estimation

A slightly hollow profile is deduced when raw data are used.
Nevertheless, data fitting smoothes, due to the large uncertainties
introduced by the low signal levels, the line integral curve and generates
a flatter profile more in agreement with the theoretical predictions for
TJ-I (3). A triangular shape profile for T, and a parabolic one for ng,
(Teo=350 eV, ngy=3.1019 w=3), were used in these simulations.

GLOBAL B , Ip AND n, SCANS.

The dependence of the plasma energy losses in TJ-1 has been determined
when toroidal field, plasma current or electron density are modified.
Results for global power losses referred to ohmic power are summarized in
Eig.5.

Fig 5a clearly shows a linear dependence of the plasma power losses on
the toroidal field. By ranges from 0.8 to 1.5 T with constant Ip and Ry,

Ip was varied in the range 25 to 42 kA, while B, and ng were maintained
constant. Unfortunately, the TJ-I tokamak does not have any current
feedback stabilization system, so that we had to use the Ip value at the
flat top of the discharge (see fig.2). Tig.5b shows the behaviour of power
losses as a function of the plasma current, from which an IP* (A~ .5 =.7)
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dependence can be observed.
Finally, ne was changed from .5 1019 w3 o 2.2 1019 w3, and power

losses measured for each case, at BT and Ip constants. A linear dependence,
as it is shown in fig. 5c, was obtained.
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FIG.5 TJ-1 POWER LOSSES
a) By scan b) Ip scan c) ng scan
SUMMARY

Measurements in TJ-I tokamak, using a movable Ge bolometer and an
adequate collimator design, have demonstrated the capability to deduce
power losses radial profiles wusing only one detector in a shot to shot
basis. For TJ-I typical discharges, a slightly hollow profile is obtained,
but higher sensitivity is required to confirm this feature. Global power

losses scans for the TJ-I operational space give a dependence
ProcIp’ T Br.
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Abstract

Pellet refuelled high density divertor discharges in ASDEX which are
ohmically heated often show a sudden transition from a status of negligible
or slow impurity accumulation to a fast accumulation at the plasma core.
From bolometric measurements we estimate the inward drift velocity of
medium z impurities and compare the results with theoretical predictions
based on the neoclassical momentum equations for a two ion fluid which
contain inertia and parallel viscosity.

I. Theory The theoretical calculations performed to explain the experi-
mental observations are based on the neoclassical momentum equations for a
two ion fluid (i= back ground ions, z= impurities) using a friction term
derived from a shifted Maxwellian distribution only. Compared with earlier
calculations /3, 4, 5/, poloidal and toroidal rotation of the background
plasma is taken as two free parameters and in the impurity momentum balance
parallel viscosity in the collisional and plateau regime as given in Ref.
/6/ is taken into account. Parallel electric field effects are neglected
corresponding to an ordering in z-mj/m,<1 (i.e., z,my impurity charge and
mass, mj the bulk ion mass). In addition to our previous work /7/, the com-
plete inertial term is taken into account and it is shown to give an im-
portant contribution even in the case of zero toroidal rotation, where we
obtain the following expression for the impurity transport velocity per-
pendicular to one magnetic surface in a geometry of circular surfaces with
minor radius p: <V, 0 = figTe 2/(ZeBp)
(T=Tg=T;=T; being the temperature, B the toroidal field z-e the ionic
charge. e=p/R, R the major radius). The radial flux depends only on the
quantitiy fig which describes the up and down asymmetry in a Fourier
expansion ng=n3®’/(1+efipcosd + efigsing).
The quantity fig itself depends very sensitively on the radial electric
field, i.e. in the case of zero toroidal rotation considered here from the
poloidal rotation of the background plasma.
T University of Stuttgart; ¢ Ioffe Inst1tute, 3 University of Heidelberg;
University of Washington, Seattle, USA; 2 N.R.C.N.S. "Democritos",
Athens, Greece; 5 Inst. for Nuclear Research, Swierk, Poland;
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Fig. 1 shows results for neoclassical inward drifts calculated with the
parameters of two typical pellet discharges in ASDEX under the assumption
of zero order impurity pressure gradient p o)1 to be far away from
accumulation equilibrium.

(pi'/ng >> PEO)1/z.nf0),

In opposite to the work of Rutherford /3/ which has neglected the effect of
inertia and therefore has to be modified completely, the impurity transport
depends beside the parameter Q of collisionality defined as in our pre-
vious JET report /8/ also on the parameter ,2_u2 (O)I(EC 2
(0) z,0 q z,S
where V 2,0 is the zero order impurity rotation velocity, Cz,s the impurity
sound velocity and q the safety factor.
We have always from radial momentum balance

vi0d = v{03 - 1/eB (Py'/ny - P§O)1/anf0)),

where V{G& is the bulk plasma poloidal rotation velocity. The inward drift
has a maximum for Vé?g=0, when the radial electric field E, vanishes and
is much smaller when the background plasma is at rest (V{? =0), the case
which fits best to experiment. In this case theory even predicts a flow re-
versal for heavy impurities when 0222 an effect caused by the coefficient
of parallel viscosity and leading to an interesting possibility to prove
the neoclassical theory.

II. Experimental observations A transition to a phase of fast accumulation
is observed a) if one or more pellets are missing during the injection of a
pellet series, b) after pellet injection if no density limit disruption
occurs and c¢) in discharges with the ¢entral radiation power density
Ppaq(0) conparable to the local ohmic heating power pg(0). This is
observed in carbonized discharges but mainly in non-carbonized plasmas with
an intrinsic higher content of iron /1/. A kind of self-triggering of
accumulation occurs if the q on axis rises to values considerably above one
due to high central radiation power density.

After the transition into the fast accumulating state the radiation power
profiles always strongly peak in a narrow zone rsrg around the magnetic
axis (r0£15cm). Little change in density and temperature profiles is ob-
served during the transition period. No substantial variation of the radial
inward drift velocity of impurities is thus expected from the neoclassical
theory (see above). The postulation of a rapid decrease of the effective
diffusion coefficient of impurities inside rsr, and no change of their
inward drift velocity can explain the transition from a slow into a fast
accumulaticn.

Sawtooth inversion radii rj,, similar to r, were found in soft X-ray
measurements. The onset of fast accumulation in cases a) and b) inside a
zone of minor radius rg=ripy only occurs if no pellets and no sawteeth are
present. In case ¢) the transition oceurs during repetitive pellet injec-
tion in a phase with continuous flattening of the Tg-profile, thus rising g
on the plasma axis q(0). One can speculate that pellets still trigger saw-
teeth with q(0) just above one in case a) and b) by locally disturbing the

Ne- and Te-profile, A further rise of q(0) owing to increasing
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Prad(0)/pq(0) suppresses the sawtooth activity during pellet injection.

A simple analytical model is derived in order to estimate the accumulation
of impurities on the plasma axis. The linearised transport equation for
impurities with charge Z in eylindrical approximation is

aZn, dDz an Bn dvDZ ) anz
- PptE— - —_ A T) D=
D, (B =% (0, (0)4r ) gty () wgpe (U, ()=o) Bamres (1)

with nz(r,t)=density, vgz(r)= inward drift velocity (neoclassical) and
Dy(r)=effective diffusion coefficient of impurities Z.
We define Dgz(r) as
£<0 Dp(r)=Dj & (pgry) Dzlr)=Dglrgir<a) (rg=15 cm, a=plasma minor
£20 Dy(r)=D, & radius = 40 cm )
Expansion of vz(r) near the axis yields vz=Vpy'r (vp1<0). Fast impurity
accumulation starts at t=0 and no saturation of n,(0,t) is experimentally
observed until a density limit disruption occurs. For a time interval
0ststy (ty is estimated below) we define the velocity for outward
diffusiun at r=rg, dnz(r,o)

Uprp = =+ Da(r)/ny(r,0)/pur, @

dr
A time tp is defined at which the increase of Vprp at r=rg is
AVprg = Vp1p(ro,ta)-Vprplre,0) = 0.3 - Vz(ry)
and an experimentally detectable decrease of the time constant T is
expected. Equation 1 is simplified to
dn n, dv¥ anz

Ve) e+ (V2 ¢ om0 = Spges (3)
vE(r) =V (!‘)"’VDIF(I") Vp, (1-Dg/Dj)*r = V§ » r.
Starting from a quasi-stationary impurity distribution nz(r 0)= Ny ' exp
((vpy/2Dg)r2 ) (rsrp) at t=0, the distribution of impurities z evolves as

a(r,6) =n 53—11 (5% - exp(2|VH| (1+1)0) 4

1/} a (1vm|/(2n nv
and the central density of impurities is ny(0,t)=ng-e2/V8/"t

Figure 2 represents tp/tg (15¢1,10= Il(ﬂVnJ)T 1/ﬁVb|)as an upger limit of
ta/t. Experimentally we always find tp/1>1 (Fig. 3) and thus ty/tp>1. We
deduce from Fig. 2 the ratio D;/D; to be always less than 0.3. The inward
drift veloeity at r=rg is derived from the experimental t as V,(rgl)=rgy/2-«
and should always be smaller than the theoretical value,

The concentration of iron (the dominating metal in ASDEX /2/) on the plasma
axis is derived from pn,;4(0) and ng(0) assuming coronal equilibrium. We
always find a constant t during accumulation and no saturation (Fig. 3).
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related to the inward drift veloc-
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Fig.3:
107 P #1758 : non carbonized pellet
n,{0) 1 t=10ms discharge in Dp. The dominating
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Conclusion The theoretically predicted inward drift velocity at r = 15 cm,
V, =75 cm/s for #18716 and V, = 110 cm/s for #8874 agree well with the
bolometrically detected V, = 43 cm/s for H18716 and V, = 63 cm/s for
#18874, The experimental values of V, are always smalfer than the
theoretical V,.
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TOROIDAL ROTATION AND MOMENTUM CONFINEMENT [N DITE
N C Hawkes and N J Peacock

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

I INTRODUCTICON
This paper extends previous work [1] on damping of the toroidal
momentum, induced by tangential injection of H® beams intc the DITE
tokamak. Particular attention is paid in this paper to the quantitative
relation between the size of the magnetic field perturbation due to the
bundle divertor and the degree of rotation damping. Results are reported
for Co- and Counter- injection of the H® beams. An attempt is also made
to construct a spatial profile of the rotation. A residual rotation is
measured in purely ohmic discharges. As in [l] the toroidal plasma
velocity is measured by the spectral shifts of line radiation from central
jons such as Fe XIX recorded using a spectrometer with electronic read-out
2] The toroidal momentum is then taken to be the product of the
spectral shifts and the average electron density, Nas with an appropriate
proportionality constant.

[I RESULTS

Applying the divertor fields part way through an ohmic discharge
'‘brakes' any residual rotation and discloses a slight Doppler shift in the
Fe XIX emission otherwise undetectable with our fixed tangential line of
sight. This shift which has to be taken into account in the beam
injection analysis (below), corresponds to a rotation speed of
2.6 x 10 ms-l, directed against the positive ion plasma current.
Reversal of the plasma current reverses the direction of rotation, in
accordance with results from other tokamaks [3]. From the force balance
equation,
Z.o=3 PE oy w sEN (1)
eng ar 0’8 Tete
a radial electric field of -3000V.m~1 is derived from the residual
rotation with the discharge centre negative, although it 1is recognised
[3], that the density and temperature aradient terms can not be ignored.

With the application of neutral beam injection, rotation speeds up to
1.5 x 105m.s~! are observed, in the direction of beam injection. Rotation
speeds are seen to depend upon plasma density in such a way that at a
given beam power the product of speed and density, ie, momentum, is
constant. It is further found that momentum scales linearly with injected
beam power, FIG 1, ie, is proportional to the driving force. The slope of
the momentum-force line gives a value of 10ms for the momentum confinement
time in steady state whereas measurements of the rise and fall times of
momentum, taking into account the varying plasma density, yield values of
35 and 20ms respectively. Uncertainty in the conversion from central
rotation speed to global momentum due to a lack of detailed knowledge of
the velocity profiles has led us to investigate details of V (r).
Measurements of the spectral shifts of a number of jons besides FxIx
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allow us to estimate the shape of the velocity profile, FIG 2. With a
single tangential viewing chord, no deconvolution analysis has been made
to allow for the variation of the toroidal velocity along the major radius
(constant angular rotation). The shape of the profile is also critically
dependent on the radial position of Si XII which has been estimated using
a diffusive transport model. Nevertheless, within a factor of two, the
density ne(r) and V _(r) profiles are similar and our method for
calculating the global plasma momentum, « Na V. (o), seems justified. .

Because we lack data on the momentum pr0?11es on a routine basis we
place most confidence on the measurements of momentum decay times. These,
however, show a significant amount of shot to shot variation, although
exhibiting the same trends as the steady state momentum confinement time.
Thus in the analysis of this work we use the steady state momentum
confinement times multiplied by a factor of two to agree with the momentum
decay times. The rise times of momentum show a still larger shot to shot
variation and are therefore not used in the analysis.

The momentum confinement time, <, at 20ms is much shorter than
neoclassical [4] which predicts values around 40s for DITE parameters. In
constrast-and in agreement with our results, the gyroviscosity theory of
[5] gives 22ms for the same parameters, and with Z = Zeff = 2.5,

III RIPPLE DAMPING

Data sets of discharges were made for divertor currents of 0, 5, 10
and 18kA which 1is the full divertor operating current. A number of
discharges are run at each divertor current with various neutral beam
powers. A plot of t versus input force, FIG 3, shows a reduction in ¢
with increasing divertor current, decreasing to ~ 20% of maximum at full
divertor current.

The divertor is believed to damp toroidal rotation through its
perturbing effect on the main tokamak field. According fo the theory of
[6], although not strictly applicable to the case of a large, localised
perturbation such as the bundle divertor, this damping effact should scale
nearly as the square of the perturbation, ie, as the square of the
divertor current in this instance. Equation (52) in [6] expresses
momentum decay time as:

8.V
-1 =1,02 (- Tyz (ryz (nsg)2 .
. [‘*iir) (®)* Treyzvez Vi e

where § = EEﬂw 8 = §§3 Ne ~ 2.5 x 101%m~3 and n = 1. The divertor field
perturbatioﬂ at 18R varies from 100% at the outer major radius of the
plasma, at the null point to ~ 5% on axis, and lower on the inner major
radius of the plasma. Since the toroidal extent of this perturbation
extends only over ~ 0.1 of the minor axis in DITE, the applicable value of
& is expected to be small; of order 1%. The denominator in equation (2)
is dominated by 82 with 8 ~ 6%, thus t depends nearly on 52 as stated.
Before making the comparison with theory we must allow for the other
damping mechanisms present with the divertor off. Assuming there is an
anomalous momentum diffusity causing a maximum momentum confinement time
T with zero divertor current, we plot 771 - Tulanom against divertor
current squared in FIG 4, where the points are measurements and lines are
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the evaluations of eguation (2} assuming effective values of § at full
divertor currert ranging from 0.4 to 0.8%. Reasonable agreement is found
with 6(18A) = 0.6%.

IV CONCLUSIONS

In the analysis of toroidal momentum damping in DITE it appears that
the local &B, perturbation due to divertor can be modelled successfully
using ripple "camping theory [6] appropriate to the collision dominated
regime. In undiverted discharges the magnitude of the damping is of the
same order as that predicted by gyroviscisity provided Zeff is used
exclusively in the expressions for the damping constants [5].
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BQUILIBRIUL AGD STABILITY OF TOHALIAR
PLASHA WITH LILITER CURRDHTS

v.I. Belashov, iL1. Brevnov, Yu.V. Gribov, S.V. Putvinslkii
I.V. Kurchatey Institute of Atomic Tnexrgy, Iloscow, USSR

It is knovm that electrie current passing between the fop
and bottom limiters influences pla=mma equilibrium in tokamek.
in parficular, this effect can be importent for a fest compressicn
elonz the major radius. Beaideé, it is interesting to use these
limiter currenis for the control over the discharge -e-quili‘brium
in tolkamalk,

Theoretical and e::perimenfal investigations of the plasma
equilibrium end stability with limiter currents are described.
It is shown that in the case with toroidal axisymmetric limiters
an additional force J(:'%:ZBJ 2 ¢ appears. Hencé, the limiter
currents influence both the plasma equilibrium and the plasma

With the rail imiters new effects arise deperndirg cx h:
voltage polarity between the top and bottom limiters. For a
certain voltage polarity and sufficient value of the lim;i.‘ter
current the discharge loses its stability in the vertical di-
rection. This instability appears in the T-13 tokamak as short
pulses of the limiter currents (‘]55,(,4 ), without any effect
on plasma parameters. In case of the opposite voltege polarity,
the discharge is stabilized in the vertical direction, but the
limiter curr-antsj;;@o/] result in disruption. Possible explana-

tions of the observed phenomena are discussed.
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ENERCGY CONFINZIMENT IN T-13 TOKALAK

AeVeAbranov, V.I.Belashov, A.V.Bortnikov,
il.0.Brevnov, S.H.Gerasinov

I.V.Kurchatov Institute of Atomic Inergy, llescow, USSR

At the tokxamak ©-13 has been studied the energy confinement of the
electron component for Ohmic heating regime. Discharge paremeters:
plasma current J_ = 6... 30 ki, <ne7 = 3.1012...2.1O130m
<> = T5ees 110 eV, qa=2'9"'7'6’ a=TieaT,5 cmy R = 4044476 cn,
BT = 045 aes 1T« 411 results of experiments correspond to linear
dependence of T; from <ny . Three type of regimes with different
charecter of the energy confinement were found out. The discharge
current value is the perameter thet defines the type of regime.
The dependence of /EE = _CE/<M7={:(:1?\ » When magnitudes of g, a
e.nd R are fixed, has maximum at J_ = 8... 12 kA. If J_ 2 6 ki and
z 17 kA value of t 2 = 3 time less than L.E max® ‘he dependen-
ce of Te from plasma dlscharae parameter.a o ides with alca-
bor suailing (1lg=5 107°° na’q"") if J_= 6 kA and INTOR scai-
11115; equation supplementary multyplied at "g" ([, =1,% “.019./ ns
a%q) for J_ =z 17 kA.
P ~
T

In these both cases ‘Uc is independent from R.

For current discharge range JP = 8... 12 k&, we observe maximum
value which chenges with major radius as HB. Low level LIGD gctivity
is typical for this regime and experimental results may be des-

T =10%¢n> qul 313 -0,33

cribed by T-13 scailing: e
G 1

Le,s cm—3. cm, G | , which if is satisfied dimension 21 analysis
T :%,B-]__F;__e'nzp'—,,‘ g . ﬂ(_—_l.uLuJ/,-.\Ecﬂ =
dimensionless line denalty lrn- clectron thermal velocity.
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CONFINEMENT STUDIES OF NEUTRAL-BEAM-HEATED CURRENTLESS PLASMAS
IN HELIOTRON E

Y.Takeiri, F.Sano, O.Motojima, M.Sato, S.Sudo, T.Mutoh, K.Akaishi,
M.Nakasuga, K.Kondo, K.Hanatani, H.Zushi, H.Kaneko, T.Mizuuchi, H.Okada,
N.Noda, R.Takahashi, M.Murakami*, H.C.Howe¥*, A.Iiyoshi, and K.Uo

Plasma Physics Laboratory, Kyoto University, Uji, Japan
*Dak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A,

ABSTRAGT )

The effects of the wall carbonization on plasma confinement are
described for NBI currentless plasmas in Heliotren E. The wall
carbonization (in-situ carbon coating) has been applied to suppress the
radiative loss of high Z impurities. As a result, the intensity of iron
emissions was reduced by more than an order of magnitude. After
carbonization, quasi-steady plasmas with the volume-averaged beta value of
about 2 % were maintained, and the gross energy confinement time became
longer than that before carbonization. The improvement of the confinement
time with carbonization is discussed.

I. Introduction
Heliotron E is a helical system characterized by a large rotational

transform, a deep helical field ripple and a strong magnetic shear [1].
the recent experiments of high-power plasma heating, the central-chord ion
temperature (from neutral partlcle anal%sis) of more than 1.2 keV was
achieved with NBI (at fg~2. 5)(10 ) and 1.6 keV with ICRF (at

n~0.6x10""cm J) and the ecentral electro t.emf)erature (frcm Thomson
scattering) of 1.4 keV with ECH (at n ~0.5x1{} ) was also obtained [2].
The NBI system consists of three nearlJ.r perpendicular (280, 11° and 0°9)
beam lines with the total injection power of <4 MW at the energy of 23-30
keV. The hydrogen neutral beams are injected into the target plasma
initiated by ECH (53.2 GHz). Last year the wall carbonization was found to
be effective in reducing an iron impurity, and, as a result, a high density
and high @ plasma was maintained in quasi-steady state. In this paper,
the effects of the wall carbonization on MHD feature of high @ plasmas and
gross energy confinement time are discussed.

ITI. Carbonization and High B Experiment

The wall carbonization technique was applied in Heliotron E in order
to suppress a radiation loss due to high Z impurities such as iron. The
torus wall was carbonized with DC glow discharge with methane/hydrogen gas
mixture at room temperature. The carbon coating rate was around 200 /hour
and the film thickness was 300-500 A. Titanium gettering was also performed
after carbonization. Figure 1 shows typical time behaviour of T, (line-
averaged slectron density), Py l(bolometsr power) and intensity of FeXVI
and FeIX in NBI heated plasmas a =0.94T before and after carbonization.
The electron temperature and dhen31ty profiles before and after
carbonization are also shown in the figure. After carbonization, the
intensity of iron emissions was reduced by more than an order of magnitude
in comparison with that before carbonization. The electron temperature and
density profiles became broader than those before carbonization. Before
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the plasma internal emergy 2 o[ | gou-70 L 4,

was increased. The strong 250 440
recyeling on the carbonized TIME (msec)

wall due to the hydrogen Fig.1 Typical time behaviour
i FOHtalned - She and tth;lectron temperature
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go B%it& n;ent of edﬁlfh_ (dotted lines or open zircles)

aleily poadha;  An 5 and after(solid lines or closed
B chlaoranla deﬂs_lty wﬁli circles) carbonization. B =0.94T.
inc_rgaseci “th'o_?e:; '8,;.(1 G. The arrows indicate the timings
g;irati;; witg cohbinatitg when the profiles wers measured.
of gas and pellet fuelling. The 0.0 . . ,
recycling coefficient, which was
estimated from the time-variation of & Fluctuations
the density, changed from more than
1.5 to nearly 1 in one shot. The = !
total number of the plasma particles w200 | LT
was estimated to be almost the same o A Disruption
as the number of hydrogen particles P
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the carbon film. Thus, at present, -~ 2 3
low density plasmas cannot bs 3 |gp| '?4 Sawteeth _
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Since the wall carbonization & D% el

suppressed the radiative loss of high 0.0 L : 1
Z impurities that was the dominant 0.5 1.5 .5 35 4.5
loss channel for high @ plasmas n

before carbonization [3], quasi-
steady plasmas with the volume-
averaged beta value <@> of about 2 %
were maintained at B,=0.94 T. Figure
2 shows the correlation of the cosine
coil signals with the density-profile

Fig.2 Correlation of the

cosine coil signals with the
density-profile peaking
parameter I} (=ﬁé(center
cord)/ﬁ;(peripheral cord)).
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peaking parameter n (=n_(center cord)/n_e(peripharal cord)) [4]. The cosine
coil signal is observed to be proportional to <>, and n,(r) becomes more
peaked as R increases. The plasmas after carbonization are indicated by
the hatched region in the figure. After carbonization, broad density
profiles were easily achieved because of the strong recycling on the
carbonized wall. Therefore, through the "stable pass" (Q pass) [5] without
causing the pressure driven instability (m=1/n=1), <f > was increased.
However, fluctuations which appeared in the region of r/a » 0.8, were
observed in the enhanced <ﬁ > plasmas.

I1I. Confinement Scaling Study
The data analyses are performed with the ORNL-developed transport-

analysis code, PROCTR [6] together with the PPPL-developed LOCUS database
system [7] for scaling stydies. Figure 3 shows the scaling of the gross
enexgy confinement timeG "CE derived from the profile analysis at B, =1.9 T.
7% is defined as TE = Wp{plasa internsl anergy)/Pheat(plasma heatinE
power). In this figure, the vertical axis indicateg the experimental i
and the horizontal axis &ndicates the paedicted Tg éxithﬂaggustment of the
coafficdl.ent. of the Ty scaling ("Cp o Pygae ™  t iy~ ?%) in ref. [R].
The Ly~ after carbonization was improved by %‘actor of about “.3 compared
with that before carbonization.

Next we address the question which is responsible for the improvement
of confinement with carbonization, the electron or ion confinement.
Generally the electron confinement time (defined as the ratio of the
plasma-electron internal energy to the total electron-loss power including
the radiation-loss power) tends to decrease compared with the ion
confinement time (defined as the ratio of the plasma-ion internal energy to
the total ion-loss power) as the heating power of NBI, Pp..i» is
inereased. The carbonization is found to suppress this decrease of the
glectron confinement time. Figure 4 shows the electron-loss anomaly factor,
defined as the ratio of the total electron loss (including the radiation
loss) to the neo-classical electron loss (including heliecal ripple
contribution) at r=2a/3, as a function of the line averaged density, fi_.
The bolometer power (used as the radiation power in the profile analysis?,
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Fig.3 Scaling of the gross Fig.4 FElectron-loss anomaly
energy confinement t-l{l'le Ty factor (including the
derived from the profile radiation loss) at r=2a/3,

analysis at By=1.9 T. as a function of n_e'




which seems to increase with an increase ia the injection power, was
observed to decrease after carbonization. As showa in Fig.4, the
electron-loss anomaly factor before carbonization was higher than that
after carbonization. On the contrary, at r=a/3 the electron-loss anomaly
factor was almost unchanged between before and after carbonization. This
result is considered to correspond to the broader profile of the electron
temperature after carbonization, as shown in Fig.1. Therefore, the
2lectron internal energy at the plasma periphery (r=2a/3) was increased
with carbonization. As a result, the electron conf‘anement time was improved
and the gross energy confinement time ’Z’E became longer after
carbonization than that before carbonization. At the low field (Bh=0.9l,T),
the similar analyses show the reduction of the electron-loss anomaly factor
at the plasma periphery (r=2a/3), although the operational space was rather
narrower. The reduction of the radiation loss with carbonization is
considered to be responsible for the decrease of the electron-loss anomaly
factor (including the radiation loss) at the plasma periphery (r=2a/3)
after carbonization.

VI. Summary

We have described the effect of the wall carbonization on plasma
confinement in neutral-beam heated currentless plasmas. The wall
carbonization in Heliotron E was effective for improving the gross energy
confinement time and obtaining high pressure plasmas. As a result, the
quasi-steady plasmas with the volume-averaged beta value of about 2 % were
sustained. However, low density plasmas were not realized at present due to
the strong recycling. The profile analysis showed that the improvement of
the gross energy confinement time with carbonization was ascribed mainly to
the reduction of the radiation loss.

Acknowledgements

The wall carbonization was performed as a collaborational work with
the following groups ; the research group of Prof. Yamashina, Hokkaido
Univ., the group of Dr. Sakamoto, the Institute of Physical and Chemical
Research, and Profs. Amemiya and Sugai, Nagoya Univ.. This collaboration
was supported by a Grant-in-Aid for Science Research from the Ministry of
Education, Science and Culture in Japan.

References

[1] K.Uo, A.Iiyoshi, T.Obiki, et al., in Plasma Physics and Controlled
Nuclear Fusion Research 1980 (Proec. 8th Int. Conf. Brussels, 1980),
Vol.1, IAEA, Vienna (1981) 217. )

[2] K.Uo, A.Iiyoshi, T.Obiki, et al., in Plasma Physics and Controlled
Nuclear Fusion Research 1986 (Proe. 11th Int. Conf. Kyoto, 1986), IAEA-
CN-47/C-1-1. *

[3] F.Sano, T.0biki, 0.Motojima, et al., Nucl. Fusion 26 (1986) 473.

[4] H.Zushi, O.Motojima, M.Wakatani, et al., Nucl. Fusion, to be published.

[5] 0.Motojima, F.Sano, M.Sato, et al., Nucl. Fusion 25 (1985) 1783.

[6] H.C.Howe, "Physics Models in the Toroidal Transport Code PROGTR",
ORNL/TM-Draft (1987).

[7] J.A.Murphy, "The LOCUS Data base System ISAM Version 4.C", PPPL-TM-36/-
R (1986).




LOW-ASPECT-RATIO TORSATRON REACTOR.
AND ATF-II STUDIES*

J. T. Lyon, B. A. Carreras, 5. L.. Painter and J. 5. Tolliver, Oak Ridge National
Laboratory; and I. N. Sviatoslavsky, University of Wisconsin, Madison

ORNL studies of stellarator reactors and of a large next-generation stellarator
experiment (ATF-1I) are focused on low-aspect-ratio { = 2 torsatrons. The most
developed reaclor concepts studied elsewhere have 2 = 20-25 m with plesma aspect
ratio A = R/a > 12 and coil aspect ratio R/r..qy = 4.4-6.6. We have studied
stellarator reactors one-half to one-third this size in order to extend the options
available for an attractive reactor. The reactor cases found have I = &11 m with
R/d = 3.9-7.8 and R/rc.ii = 2.5-4.5. The potential advantages of a more compact
reaclor are: smaller size, weight and cost; smaller size of components; better access
for fabrication, assembly and maintenance; and higher power density. The main
physics concerns are electron transport at low collisionality and equilibrium beta
limits, which can only be resolved by experiment.

The magnetic configurations were chosen to be similar to that of ATF with a
magnetic well and ¢(0) = 0.35, ¢(d) = 0.95 because this allows high (#) and operation
in the second stability region. The three coil configurations studied are shown in
Fig. 1. The increasing distance between the coils for plasma and maintenance access
as R /re.i is decreased is evident in the figure. Cases 1, 2 and 3 have m (number
of field periods) = 12, 9 and 6; R/r..i = 4.49, 3.24 and 2.50; R/a = 7.78, 4.66 and
3.87; and 6 = R/A = 9.50, 8.64 and 6.62, respectively, where A is the plasma edge
to coil center distance.

Configuration Studies. At low aspect ratio, beta limits are expected to be set
by equilibrium limits and fragility of flux surfaces rather than by stability limits.
The conventional wisdom indicates a critical beta value . o« A since 3. 4:2/44
and ¢ « A. However, our calculations using the stellarator expansion and constant
helical pitch show that 8. only varies from 0.15 to 0.21 as +?/A varies from 0.11 to
0.5.

The most important issue relating to the equilibrium beta limit at low A is
the fragility of the magnetic surfaces. The method of Cary and Hanson has been
used to determine the winding law for the HF coil which gives the largest plasma
radius for the m = 6 and m = 9 cases. The resulting winding laws, ¢ = (£/m)(# —
o sind) + 3 B, sin(nfd) where the modulation o is the dominant term (o ~ 1/2),
have approximately constant pitch in a toroidal coordinale system. Combining an
outward shift of the magnetic axis with the HF coil optimization for the m = 6
case leads to configurations ranging from A = 3.4 for ¢, = 0.88 and a = 0.795 to
A = 3.7 for ¢, = 0.94 and o = 0.446. A similar optimization has been performed
by distributing currents in a poloidal field coil set. The effect of shaping the cross
section of the torus on which the HF coils are wound has also been studied and is
found to be similar to that caused by changing the HF coil winding law.

Equilibrium beta limit calculations have been performed using the stellarator ex-
pansion method and the more accurate 3-D VMEC and NEAR codes for the m =6
configuration. The stellarator expansion calculations assuming flux conservation give
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equilibrium beta limits (§) = 5-7%, depending on the pressure profile. The 3-D
calculations with approximate flux conservation indicate a higher equilibrium beta
limit, () ~ 10%, based on the increase of the toroidal shift with beta.

Transport Studies. A major concern [or low A torsatrons is the scaling of electron
transport losses in the 1/v regime where y, o 52/25% o 1/A%. WHIST 1-D transport
code calculations have been performed for the m = 6, 9, and 12 cases for a variety
of assumptions to study these losses and their sensitivity to various parameters.
The transport calculations assume the electric-field-dependent neoclassical model
for ripple-induced losses formulated by Shaing for ions and electrons, the Hinton-
Hazeltine value for axisymmetric neoclassical transport multiplied by two for ions
and twenty for electrons, and twice the neo-Alcator anomalous transport value for
electrons. Fixed radial profiles for the plasma density and electric field are assumed
because of the large uncertainties in particle transport and in the self-consistent radial
electric field.

Figure 2 shows the results for an m = 9 case where contours of constant aux-
iliary power input, fusion power produced, and volume-averaged beta are plotted
in a (n) — (T') plane. Here (n) is the volume-averaged electron density and (T) is
the density-averaged mean plasma temperature. This reference case assumes: D-T
plasma, R = 10.25 m,a = 2.2 m, B =5 T, Gaussian external power deposition
profile e~/ with b = @/2 and a fraction f; = 0.7 to the ions, a potential
profile ¢ = o[l — (r/a)?| with p = 2 and ¢q = 2 T;(0), and density profiles
no[1— f(r/a)?]? with f = 0.9 and ¢ = 2. The light lines indicate auxiliary heat-
ing powers ranging from 200 MW to 0 (the heavy ignition line), the dark lines indicate
the thermal runaway contour (to the right of which 9P /9T < 0) and the 4000 MW
fusion power (1200 MW electric power) contour, and the dashed lines indicate con-
tours of constant (). A path to a 4 GW operating point at (n.) = 2 x 10! em—2
requiring ~ 30 MW auxiliary heating is indicated by the dotted curve. At the oper-
ating point shown, 73(0) = 10.4 keV, T,(0) = 11.1 keV, (T') = 9.4 keV, (§) = 6.3%,
and n7 = 3 x 10" ¢em~* 5. Compared to the reference R = 10.25-m m = 9 case,
the B = 8.01-m m = 6 case requires about the same power for ignition but achieves
it at a higher value of temperature and beta, whereas the R = 11.02-m m = 12
case requires about half the power to reach ignition but again at a higher value of
temperature and beta.

Sensitivities to the parameters R, d, B, b, f;, ¢o/T:(0), p, f and g have been stud-
ied in detail for the m = 9 case. For the base case ignition occurs at (T') = 10.1 keV
for (n) = 10" em ™2 and (T) = 7.1 keV for (n) = 2 x 10'* em™3. Ignition does not
occur, or only at higher densities with large auxiliary heating powers, if the potential
if zero or the density profile is broad (q = 3/2). Less margin for ignition occurs if
the field is reduced (B = 3.5 T), the edge density is increased (f = 0.8), ¢ is linear
in r (p = 1), or all the auxiliary power goes to the electrons (f; = 0). The igni-
tion margin is increased if the density profile is more peaked, the field is increased
(B =7 T), the potential is increased (¢,/7:(0) = 5) or is broader (p = 4), the edge
density is reduced (f = 0.95), or the reactor is larger (by 25%). There is little effect
if the auxiliary heating profile shape changes (b = @ or @/4) or all the power goes to
the ions (f; = 1).
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Engineering Feasibility Studies. The minimum size for m = 6, 9, and 12 reactors
is determined by constraints on plasma-wall separation, coil shielding requirement
and material, dewar and coil case thickness, and current density and elongation for
thehelical field coils. The largest reduction in reactor size results from two measures
under the inboard (small R) portion of the helical field coils: the use of tungsten
rather than stainless steel for coil shielding and the elimination of the tritium breeding
blanket at these locations. The minimum size is given by R = 0. 2562[5 + (€2 +
4:1:/6)1""’]2 where € = [7B,/2uomj(weoit/deoit)]'/? and x is the constant plasma edge
to coil edge distance, most of which is due to coil shielding. Assuming B, = 5 T,
Wweoit/deoit = 2, 7 = 5 kA/em? and = = 0.92 m (2% cooling power for coils, 3 x
10'° rads/30 years, and 8 year coil anneal) gives 2 = 11.02 m, 10.25 m and 8.01 m,
with @ = 1.42 m, 2.20 m and 2.07 m, for the three cases. Increasing the coil shielding
by a factor of 10 only adds 0.98 m to R for the m = 9 case. Decreasmg] 10 3.5 kA /cm?
only adds 0.52 m to R for this case.

An engineering analysis gives the following parameters: neutron wall loading of
3.40 MW/m?, 2.42 MW /m? and 2.85 MW /m?; reactor core mass of 8444 tonnes,
10,683 tonnes and 9,160 tonnes; net electrical outpul (assuming 36% electrical el
ficiency and 1.58 blanket energy multiplication factor) of 5.90 GW, 5.85 GW and
5.86 GW; and a mass utilization factor (kW_.j..; /tonne) of 251, 197 and 230, respec-
tively, for the m = 12, 9 and 6 cases for 4 GW [usion power. This study indicates
that all three cases look attractive as reactors and that there is margin to relax some
of the constraints.

[igure 3 shows a sketch of a reactor cross section for the intermediate (m = 9)
case with R = 10.25 m. As presently envisaged the reactor would be contained in
an evacuated toroidal enclosure which has fixed vertical walls and rotatable lids with
hatches. The HF coils, shield, blanket, etc. are supported on the massive fixed
cylindrical vertical sides. The coils are supported at the outer midplane perimeters
by cold/warm struts which are flexible enough to make allowance for expansion and
contraction. Service lines all penetrate the vacuum chamber through the side walls
and are recessed out of the way for vertical extraction of blanket modules. During
maintenance periods, the lids are unsealed and rotated about the reactor axis such
that the access hatch indexes over the area to be maintained. To remove a blanket
segment, vertical motion has to be accompanied by rotation in order to extract the
segment from between the coils.

ATF-1I Studies. There are many more options available for an ATF-IT (H vs
D vs D-T operation, copper vs superconducting coils, pulsed vs steady-state opera-
tion, physics goals, etc.) than for a reactor. D-T versions of an ATF-II have been
studied using the WHIST transport code and show similar results to that for the
larger (reactor) cases. For example, a copper-coil m = 9 D-T burner with # = 4 m
and B = 5 T requires ~ 10 MW of auxiliary heating power to reach ignition at
(T) = 20 keV where =~ 100 MW of fusion power is produced at {n) = 5 x 10'* em .

*Research sponsored by the Office of Fusion Energy, 11.S. Department of Energy, under Contract No.
DE-AC05-840R 21400 with Martin Marietta Energy Systems, Inc.




Fig. 1. m = 12, 9 and 6 torsatron coils sets.

Fig. 2. Contours of input power, fusion power and (3

Yim,
for m = 9 R =10.25-m reactor.

Fig. 3. Cross section of m = 9 R =10.25-m reactor.
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STATUS OF THE ATI TORSATRON PROGRAM

J. F. Lyon, B. A. Carreras, T. C. Jernigan, R. L. Johnson, M. Murakami and
G. H. Neilson representing the ATF design, construction, and operating groups.

Oak Ridge National Laboratory

The ATF torsatron (1) will be the world’s largest stellarator when it starts
operation in the Fall of 1987 and the first large device of this type in the U.S. since
the Model C Stellarator shut down in 1969. A sketeh of ATF is shown in Fig. 1.
The ATF device and plasma parameters are: R ~ 2.1 m, r.oy = 046 m, @ = 0.3 m
(Rla=1T),V,; =3.7 m?, and B, = 2 T for a 5-s pulse and 1 T steady state. ATF
has 10 m?* of port area, including twelve 0.6 = 0.9 m porls, for heating and diagnostic
access. The standard magnetic configuration characteristics are: £ = 2, m = 12,
¢(0) = 0.35, ¢(a) = 0.95, and 0.7% vacuum magnetic well depth. The helical field
coil set was optimized to permit direct access to the second stability region and
has the potential for stable volume-average () = 8%. The two helical field (HF)
windings and the three poloidal field (PF) coil sets allow study of a large variety of
stellarator configurations including those with helical and bifurcated magnetic axes.
Magnetic configuration parameters can be varied over a wide range: +(0) from 0 to
0.5, ¢(a) from 0.8 to 1.2, A¢/# from 0.65 to 2, AV'/V' from 5.2% well to ~ 20%
hill, and ryejicar /@ from 0 to 0.75.

The ATF program studies include: scaling of beta limits and plasma behavior
in the second stability regime; transport scaling at low collisionality and the role
of the ambipolar electric field; control of plasma density and impurities with pump
limiters/divertors and pellet fueling; plasma heating with NBI, ECH and ICH,
magnetic configuration optimization; and long-pulse to steady-state operation. High
power heating is being provided to meet these objectives: 3-4.5 MW, 0.3-s, 40-kV
H® NBI; 0.4-MW cw ECH at 53.2 GHz; and 2 MW cw ICH at 5-30 MHz.

ATF performance can be estimated from scaling laws derived from Heliotron-
E data by the LHS design team. The LHS scaling laws (2) used are
ne(s) = 0.217,(10" ¢cm—3)*56 B (T)™53 P(MW) ~%53a(m)2R(m) and rzg(s) =
0.17(7, )59 BU-8O p=0-5842 RO.T5 The estimates for B, = 1.9 T, P = 4 MW and
high density (i, = 2 x 10" ¢m~2) are rp = 34-42 ms, nrp = 1-1.3 x 10" em ™2 s,
and T, = 1.7-2.1 keV for parabolic profiles. Higher temperatures are obtained at
low density (7, = 2 x 10'"* em™?): T\, — 1.5-4.7 keV. High {8) is obtained at high
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(2 x 10 em™?) and low B,: (4) — 3.7-5.8% for B, = 1 T and 7.5-14.9% lor
B, =:0.5T,

The physical mechanisms behind the LHS scaling laws need to be clarified.
There are uncertainties in the power deposition for near-perpendicular neutral beam
injection for fast ion orbit losses and in the size scaling, and the confinement could
be affected by resistive Vp-driven turbulence, magnetic braiding due to error fields,
low-m, n MHD activity, impurities, and electric fields. These mechanisms may
be different in ATF: ATF has tangential NBI and larger @ with larger plasma-
wall separation; theory predicis that the beta sell-stabilization mechanism in ATF
should stabilize low-m, n MHD activity and reduce resistive Vp-driven turbulence
so that confinement may improve with increasing f; and control of impurities and
electric fields may differ in ATF. WHIST 1-D transport code calculations have also
been done using the Shaing neoclassical electric-field-dependent ripple transport
model for ions and electrons, Hinton-Hazeltine axisymmetric neoclassical transport
(with multipliers of 2 and 20 for the ions and electrons, respectively), and a Neo-
Alcator anomalous x.. The 1-D transport code results depend sensitively on how
the density profile and the electric field are determined. The WHIST predictions
are generally higher (up to a factor of 2-3) than the LHS scaling would indicate for
both fixed density and potential profiles or profiles determined by the ambipolarity
condition.

The two helical field coils shown in Fig. 1 each consist of 12 identical segments
(180° in poloidal extent) connected by bolted joints and supported independently
of the vacuum vessel, This allows parallel fabrication and testing of the ATF com-
ponents: the HF segments, the PF coils, the structural shell segments, all of which
were successfully manufactured to the required high accuracy (~ 0.1%), and the less
critical, helically contoured, thin (6 mm) vacuum vessel, which had some problems.
Anomalous shrinkage in the ~ 1 km length of welds connecting the ~ 1200 shaped
pieces composing the vacuum vessel led to too small a major radius and a long
repair process, now successfully completed. Completion of the ATF construction
is expected in July 1987 and first plasma operation at 1 T with 0.2 MW ECH in
September 1987.

A tentative program plan for the first two years is shown in Fig. 2. The Phase |
operating periods (I-A and 1-B) are aimed at commissioning the facility and estab-
lishing the basic capabilities needed for the main program. The first experimental
plasma will be produced with ECH at the second harmonic (B = 0.95 T). A brief

target plasma phase (I-A) has been planned tn permit a preliminary characterization




of the ECH plasmas. Between Phases I-A and I-B, many of the basic confinement
diagnostics will be installed, and magnetic surface mapping studies will be carried
out in order to verify the accuracy of the ATF magnetic configuration. Neutral
beam heating will be initiated in Phase 1-B. Two tangential beam systems, one co-
and one counter-, will be commissioned in this period. Physics objectives include

initial assessments of global confinement properties with high-power heating and
of currents and momenta resulting frém balanced and unbalanced tangential in-
jection. With the machine, heating, diagnostic, and analysis capabilities in place,
more detailed studies will begin in Phase 11, starting in early 1988. |

*Research sponsored by the Office of Fusion Energy, 1.8, Department of Energy, under Contract
No. DE-ACO05-840R21400 with Martin Marietta Energy Systems, Inc.
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A UNIFIED THEORY OF RIPPLE TRANSPORT IN STELLARATORS, AND
A SELF-CONSISTENT CALCULATION OF STELLARATOR TRANSPORT.

W. N. G. Hitchon, C. D. Beldler, W. D. D'Haeseleer and J. L. Shohet

Torsatron/Stellarator Laboratory
University of Wisconsin-Madison
Madison, Wisconsin 53706 U.S.A.

T Ripple Transport

An expression for the transport due tu particles trapping and detrap-
ping in the stellarator field

B = B, (1 + st(r} cosh - ch(r) cos(28 + pd))

which is valid for all low collision frequencies (not just in some asymp-

totic limit) has been obtained by power series solution of the bounce-

averaged kinetic equation

£36 | 'd sind 5 = g lz’j'i‘m‘z}iz
h A'(k7) 3k ak

for f, the perturbed portion of the distribution function. In the above

equations, Ct(eh) 1s the magnitude of the toroidal (helieal) mfgnefic

-Q {1

field ripple, 0, is the poloidal precessional frequency due to the E x B
drift, vg {s the VB drift velocity, v 1s the ninety-degree deflection fre-

quency and k2 is a particle's pltch-angle variable defined by

2 . r/uBo = ] o= g cosf + gy
N 2, (2)
5

with ¥ the kinetic energy of the particle and y its magnetic moment. Par-
ticles trapped in local helical ripple wells satisfy 0 < kZ ¢ 1. The ex-
pressions A(kz} and A'(kz) represent functions of complete elliptic inte-
grals which have k“ as their argument. In particular A(k?y =
E(k)—(l—kz) K(k) and A'(kz) = dA/de, where K(E) 1s the complete elliptic
integral of the first (second) kind.

The method of solution for the kinetlc equation begins by assuming
that the perturbed portion of the distribution function may be written

aF
£ 5= (3;2) (X(kz) cosf + Y(kz} sing) (3)

Given this assumption, the kinetic equation separates into a palr of cou-
pled, partial differential equations. It 1is further assumed that X and Y
may be expanded as power serles in ko, X = 7T % (k )" and

Y = Ezzﬂ Yn(k )™ and that A(kz)/A'(kz) = k%, The sclﬂE?onnis glven by

X(k2) = Xoh - Yo8 = vy/%%
(4)
7(k2) = Y h + X8
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where

= 2

he 1D [E) )
n=0 Y i}
2 = 2
k n k®sn 1 2

g==— 1 (-7 [(=) ] (5)
v o= 5 (Zn+t1) 1

with v = u/ZehﬂE.

To complete the solution, boundary conditions at 2= (the Inter-
face between locally trapped particles and those particles which are not
ripple trapped) must be applied to obtain Xo and Y,- To do so, one passes
to the cgilisionless limit, where 3f/3k (k2 = 1 may be written (-3f/28)
(3k“/38) ~. This expression 1is then evaluated at ® = w since particles
detrapping on the outside of the device retrap almost immediately, due to
the very short length of their toroidally blocked orbits, and hence are
the most collisionless. This, as well as symmetry considerations, re-
quires that ¥(kZ = 1) = 0. Calculating 3f/3k“(k“ = 17, 8 = ) and requir-
Ing continuity of the_derivative of f at this point ylelds a second houn-
dary condition, 3X/3k“(k“ = 1) = - 2¢, X (k“ = 1)/e_, allowing one to ob-
tain X, and Y, and thereby complete the solution. ©

To test the validity of this solutlon, particle diffusion coeffi-
clents were obtalned by the appropriate numerical integration of f and
compared with results obtalned computationally from (1) a "hybrid" bounce-
averaged gulding center Monte-Carlo numerical sfmulation, and (2) a numer-—
ical Drift Kinetic Equatlon Solver (DKES). These results are shown in
Figure 1. Solid lines represent the ripple contribution as obtained by
applying the results of the serles solution outlined in this work and the
purely axisymmetric portion obtained from an expresslon of Rosenbluth,
Hazeltine and Hinton. The dashed line {s the sum of the two solid lines.
Open circles enclosing plusses and open, empty eclrcles denote Monte-Carlo
numerical points for E_ > 0 and E. < 0, respectively. Solld circles de—
note DKES numerical points (the formulation of DKES, like the formulation
of the analytic theory, does not differentiate hetween the signs of the
radial electric fleld)., The insert shows the magnitude of B along a field
line. 1t 1is evident from the figure that the agreement 1s excellent be-
tween the analytic prediction and the numerical data points.

D (m?/sec)

LY T
.Nwﬂﬁuﬂﬂ*ﬁ

. L -~
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11, Self Consistent Transport

The goal of this research is the self-consistent computatlon of 1n-
teresting "observables” such as transport fluxes, parallel flows, Pfirsch-
gchluter and bootstrap currents and the ambipolar electric field, in the
low collision frequency regimes in stellarators. We are solving the prob-
lem numerically and utilize ideas employed in a bounce-averaged transport
study done by Mynick and Hitchon, (M/H) and concepts based on the moment
formalism developed by Hirshman. The moment approach points out the
{mportance of the "parallel viscous force density” <B * ¥ « w> in that it
{s the quantity that gilves rise to the bootstrap current and the so—called
“axisymmetric flux". TIn order to find <{B « ¥ - m>, two important require-
ments must be satisfied: the collision operator must be momentum conserv-
ing and the distribition functlion must have the correct variation along a
field line. The first polnt necessitates adjustment of the collision
operator in the M/H code, which uses a Lorentz operator. For non-
helically trapped particles momentum balancing terms in C must be added.
This requires non-trivial adjustments in the MH code. (The DKES code
developed by Hirshman et al., computes the parallel wvisceslty only
approximately, for the same reason. The error introduced by using only a
lorentz operator 1s of the order of fq, the fraction of trapped
particles. Since fqp ~ V7€ and € ~ 0.1, this might not be negligible.
Both codes, M/H and DKES, find the distribution  function 1n
stellarators. Both codes should be considered as complementary hecause
each makes certain approximations to make the ecomputation numerically
tractable.) The issue of variation along the field line of the distribu—

tion function requires interpretation. The bounce-averaged output £ of
the M/H treatment is averaged over the helical ripples, but not over the
"tokamak-1ike" variation of the B-field. The equation solved for toroi-
dally blocked and passing particles s the same as that In a tokamak. 1t
is important to recognize however that the boundary conditions are totally
different: collisional and collisionless en- and detrapping are properly
{ncluded. There 1s a continuous flow in phase space across the trapping

boundary K2 o= 1 (kZ {s the ripple-depth parameter). Hence this f does
contain important parts of <B « ¥ » T, 1f not all of them (glven that
C(f) is momentum conserving). The direct contribution to the viseosity of
the ripple trapped particles (and the helical ripple induced perturbation
on the "tokamak-like" blocked particles) 1is evidently not ineluded.  Tts
importance 1is expected to be small, but examination of this 1issue is
called for.

To find the higher otder corrections to <B « ¥ - >, we nse the

bounce-averaged £ to calculate the non-bounce averaged f which does in-—

clude the mod-B ripple variations along a fieldline, We set f = [+f,

F << f £ o~ F! o~ F! ‘ s i
where since Wi N/ueff OB = Wiy M{'u)e which is the width of a

"superbanana”, whereas f ~ Vir FM' T heing the width of a small helical

banana. The equation for the non-bounce-averaged f follows from subtrac—
ting the hounce-averaged equation Erom the total one. For ripple trapped
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particles this leads to
¥ o g BB
Yy 5t Yar FM +wg we = CCE) « (h)

In this equation ¥ 1is known, and smaller terms like Ba af/ae, c(f) and

C(f)nba have been neglected as a first approximation. C(f) conslsts of a

Lorentz part CL(f) and two momentum balancing parts going like vy and

which we represent by
v“(V(V) + R(v)) . (7)

The first order correction for the viscosity is
- 3 A f
B3+ =<Bfdvav v 1>
(8)

(degv mvf(u(v) + R(v))>

Yet higher corrections can be found by reiterating the part of F that

comes from the Vv
dr

of the passing particles a similar equation to (6) must be considered.

Fh, EB 3f/30 and CL(f) terms. To find the contribution

At present the numerical work is being implemented. First adjust-—
ments to the M/H code have been made. The present code uses poloidal
flows of forward and backwards moving particles which differ somewhat from
the free streaming part (as it should physically). The resulting distri-
bution 1s shown in Fig. 2.

Figure 2 _ &3

Constant f contours in the ol
k2 0 phase space, *

=

&

3

* This work was supported by the DOE Grant Nos. DE-FGO2-86ER53201 and DE-
FGO2-86ER53216.,A000 and ORNL Grant No. 19X27434C.
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VERTICAL FIELD AND DIVERTOR EXPERIMENTS IN THE IMS STELLARATOR *

D.T. ANDERSON, F.S.B. ANDERSON, R.P. DOERNER, P.H. PROBERT,
J.L. SHOHET, C.A. STORLIE, J.N. TALMADGE AND P. K. TROST

Torsatron/Stellarator Lahoratory
University of Wisconsin-Madison
Madison, Wisconsin 53700 U.S.A.

Introduction

IMS is a modular, seven fleld period, 2=3 stellarator which has oper-
ated to date at a central magnetic Fleld of 2.6 kG (Bg,, = 6 kG). A 7.27
GHz ECRF source of 3 kW is used to create and sustain the plasma for up to
10 ms duration. Plasma density profiles are characterized by hollow pro-
files over a wide range of plasma and operatling parameters. Recent exper—
imental and theoretical efforts have centered upon understanding varia-
tions 1in the plasma profiles, modular divertor structure and particle
flux, and fluctuation levels, as a function of applied vertical magnetic
field strength. Attainable vertical magnetic field strengths introduce a
magnetic well into the central reglons of the device, but are not suffi-
clent to create a well at the =2 surface near the separatrix of the de-
vtcs. Global plasma parameters (T, ~ I0-12 eV, T; ~5 eV, n, ~ 2 X ol
em 2, t_ (particle confinement time) ~ .6 —1.2 ms) do not change signifi-
cantly fith the application of the vertical field.

Hollow Density Proflles In IMS

Density profiles of hydrogen ECR produced and heated plasmas without
external applied vertical magnetic field are characterized by p=2aks in the
edge region and centrally depressed values. The ratlos of the edge to
central denslty can vary between 3 and 10 depending upon the location of
the electron cyclotron resonance layer, with lower values of the ratio at-
tained with the resonance on the inboard side and largest valucs when the
resonance is in a relatively flat region of fleld strength on the outhoard
side of the device. High energy talls of the electron distribution were
observed with the outboard resonance by the radiometer, Thomson scattering
system, and through use of probe-mounted gridded energy analyzers. Bulk
electron temperature measurements showed no evidence of large temperature
gradients, although the error bars on these measurements do not rule out
this possibility. Maps of space potential have been obtained using an
emissive probe and reveal variations in the potential on magnetic surfaces
which could provide the convection necessary to maintain the hollow pro-
files in a steady plasma. As a first step to understanding the mechanism
which produces the observed profiles, experimental investigations and
modeling efforts into the transport in [MS ECRH plasmas have been under-
taken.

The hollow density profiles in IMS under ECRH can be accurately
modeled by including a radial convection term, V, in the particle halance
equation

an

aT=-V-{-DVn+Vn)+Yn. (1)
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In this equation, n 1s the density, D is the diffusion coefficient, V is
the convection velocity and y is the lonlzatlon rate. Because the dls-
charge is fairly constant over the 10 msec period of ECRH, the particle
balance equation may be solved in a steady state with 91 - 0. Due to the
high neutral density and fairly flat electron temperature profile, the
ionization rate y = rlO <gv> can be approximated as constant throughout the
plasma.

The resulting equation in cylindrical coordinates, with variations

only in the radial direction, is
"2t G @

where we 1ﬁve taken V and D as constants in the plasma. The equation is
solved numerically and a best—fit to an experimentally measured density
profile {is calculated. A best-fit solution along with the experimental
data poilnts are shown in Fig. 1. |QHNotice from Eq. 2 that this snlution
does not give unique values of V, D. and y but rather V/D and y/D.

Because the steady state analysis does not define V, D, and y inde-
pendently it 1is necessary to determine one of the three terns through an-
other method. The two remaining terms may be evaluated by the relations
found through the equilibrium equations. A time dependant pulse propaga-
tion experiment provides us with the additional informatlon. A Langmuir
probe 1s positioned at the plasma center and 1s pulsed to lon saturation
with a square wave, modulated at lkHz. A second probe, which can be moved
radially, 1is maintained at ion saturatlon and can detect ths perturbation
as 1t propagates throughout the plasma. The input and detection signals
are analysed using a Fast-Fourier transform routine to deternine the phase
shift as a function of harmonic number at various radial positions.

Analytically one can solve for the phase shift as a funztion of dis-
tance 1in slab geometry in a manner similar to that of Jahns et al.' hy
expanding the perturbation density in a Fourler series and substitutling
that expression into Eq. l. The result is;

Ab = X sinY Ax

2. 2 2.2
where X = ((“ QEY) L 11/& -
16D n
Y= 1/2 can™ [_EETE_]
v =4Dy

In the above expressions, m is the harmonlc number and w is the modulation
frequency. It should be noted that since V and y are always coupled to-
gether as vZ - 4Dy, only D can be determined uniquely. However, by com-
bining the steady state solution with the pulse propagation results, all
three terms can be determined.

The mechanism for the radial ceonvection is believed teo be a polnidal
electric field. The existance of this field can be seen from space poten—
tial measurements of the plasma, (Fig. 2). The solid curves show equi-
potential surfaces, the dotted ones show the magnetic surfaces. Tt can he
observed that on a magnetic surface there exists an electric field that
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produces an E x B drift In the radial direction. Calculation of the drift
velocity averaged over a magnetlc surface results In a net outward flow of
particles.

Thus, we are able to calculate a radial convection of plasma by two
methods. From the equilibrium/pulse propagation experiments we find con-
vection velocities approximately 300-800 em/sec. These are consistant
with the values found from the E x B drlfts due to poloidal electric
fields where V is found to be approximately 300-500 cm/sec.

Divertor Structure and Particle Fluxes

IMS possesses a serles of discrete bundle divertors as a natural con-
sequence of the magnetic topology of the device. Recent experimental ef-
forts 1In the divertor area have focussed upon measuring the effects of ap-
plied vertical field by monitoring the net particle fluxes to neutralizing
plates located outside the coil minor radius at the emergent flux bundle
locations. Modeling of the divertor structure through a field-l1ine trac-
ing techniqu33 predlcts a significant Ffocussing of the divertors to the
inboard side of the device with application of a vertical field which
shifts the surfaces inward. This effect has been confirmed experimentally
with divertor fluxes to the outboard side of the device reduced several
orders of magnitude from the case of no vertical field. The divertor
modeling also predicts a reduction of the inboard divertors with the
application of a vertical field which shifts the surfaces outward into a
magnetlic well configuration.

Divertor shield blasing experiments have heen performed while moni-
toring the particle flux to a gridded energy analyzer (GEA) array located
in one of the outhoard divertor reglons. Particle currents could be re-
duced by as much as 70% and increased by as much as 30% to the GEA through
applicatons of bias on the order of 3 kTE to divertor shields up to half-
way around the torus from the GEA toroidal location. Measurements of the
floating potentlial contours in one of the divertor locatlons showved a re-
glons of high electric field in the center of the divertor with low-field
reglons surrounding the central core. The floating potential at the top
and bottom of the divertor are of opposite sign, consistent with a strong
curvature force acting on the particles as they enter the divertor.

Fluctuations and Vertical Field

The use of a multi-probe to examine the density fluctuation levels in
IMS as a function of position and vertical magnetic Field has shown a
marked decrease in amplitude in edge fluctuations under magnetlec well con-
ditions. The fluctuatlions were found to he conslistent with a wminor radial
efflux of plasma. Dramatic density decreases in the interior region of
the profiles (50-70% density drop over a 10 microsecond pericd occurring
at intervals of 50-200 microseconds) are associated with density increases
in both the outer regions of the profiles and in the diverted particle
fluxes. The reduction in fluctuation amplitude for the magnetic well casc
is accompanied by a sharp reduction I{n the hnllowness of the density pro-—
files as well.
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GENERALISED ENERGY PRINCIPLE MINIMISATION APPLIED TO MHD EQUILIBRIA
WITH HELICAL SYMMETRY
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I. THEORY

The generalised energy principle W = Iffdax[B2/2po+p||,’(1“—1)] is
devised for magnetic confinement schemes that have anisotropic plasma
pressure. For an adiabatic index I' > 1, W is positive definite which
guarantees that the minimum energy state corresponds to a magnetohydro—
dynamic (MHD) equilibrium. The parallel pressure is expressed as
Py =M(p)(d®/dp) " (1+p) /<1+p>T, where <p> represents the flux surface
average of p and p is the coordinate that labels the flux surfaces. In
systems with a coordinate of symmetry ¢, the vanishing of the MHD force
balance F camponent along the magnetic field lines yields the relation
F = —(ap"/ap)_pﬂ(xB and demonstrates that the energetic species contri-
bution p to the pressure has the functional form p(p,B). The energy W is
minimised with respect to an artificial time parameter t in such a manner
that the mass function M, the magnetic flux functions ® and ¥, and the
magnetic flux coordinates p, 6, and ¢ remain invariant. The variation of
p is performed through its dependence on B. As a result, we obtain for a
fixed boundary calculation that dw/dt = =~ [[[dpdods(FydX/dt +
FOY/at+F\00/0t), where Fy = /gV¥xv¢eF/h and F, = v/gV¢xiX<F/h are
the components in the covariant representation of the force balance F in
the rotating Cartesian frame (X,Y,¢) that appropriately describes systems
with helical symmetry. The Jacobian of the transformation from the
(X,Y¥,4) to the (p,8,9) coordinates is denoted by /g and h is the helical
pitch. The function A(p,9) is a periodic renormalisation parameter that
determines the optimal poloidal angle & which minimises the spectral
width of the Fourier series expansion of the quantities that are required
to adequately represent the equilibrium state [2]. The corresponding
angle that straightens the magnetic field lines is 8+\. The minimisation
of the binomal force component F, =-/g(d®/dp)BxVp-F/B’ makes the
function oBy a flux_ surface quantity, where the anisotropy factor is
o = 1/u+(p-py)/B> and By is the axial magnetic field in the
covariant representation. A prescribed effective current algorithm is
inclur:led by noting that in the equilibrium state F = 0, so the vector
K = Vx(oB) satisfies the propertles Ke¥p = VK = 0. The effective axial
‘current I(p) = [[dpde/g(K+7s) is thus defined and reduces to the actual
current in the limit py = p;.[2] The absence of induced currents in
stellarator configurations makes I(p) = 0 a natural choice. 2n accelera-
ted steepest descent procedure is applied to iterate the Fourier ampli-
tudes of the inverse coordinates X(p,8) and Y(p,0), and the function
A(p,0) to minimise the total energy of the system till the force
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amplitudes vanish within some tolerance level.[1] We are thus able to
generate anisotropic pressure helically symmetric MHD equilibria, which
can be diagnosed by examining the radial force balance condition
YgvexV¢-F = 0 that corresponds to the anisotropic helical Grad-Schliiter—
Shafranov equation.[3]

II. APPLICATIONS

The scheme that we have described is applied to obtain straight
scalar pressure TJ-II and anisotropic pressure EIMO Snaky torus numerical
equilibria with &8/dp = p and h™' = 0.375m. Five different potential
TJ-II configurations that can be generated with the coil system as
presently envisioned [4] are examined with M(p) = M(0)(1-p2)? prescri-
bed. The flux surfaces at a beta (B) value of 15% for the three most
distinctive cases are shown in Fig. 1, and as can be seen, the reference
case A has the largest average minor radius. The remaining two cases have
similar shaped cross section as A, but with smaller minor radii. In the
vacuum state, all five equilibria have a global magnetic well that ranges
from 2.5% for case A to almost 8% for case E which has the largest inden-
tation. As we increase B > 20%, we find that the rotational transform
(1 = d¥/dp) is approximately conserved in case A and can vary signifi-
cantly in the more indented examples.

0.304 01607 0.204

0184 0.961 0124

0,06 0.324 0.04+

=006 -0.32 -004

=018+ -0.967 ~0124

-0.30

S0 — -020

0074 0138;( 0202 0.266

Fig. 1 The flux surfaces for three TJIII configurations at g = 15%.
Note that the scales on the axes vary from case to case.

The EIMO Snaky torus equilibria are obtained with a trapped hot
electron camponent that is modeled by p(p,B) = pplp)[Buip)/B]L,
where By is the minimum value of B on each surface, ph(p) is a
Gaussian profile of halfwidth A centred about a chosen flux surface near
the plasma edge, and the integer L is the anisotropy parameter. The
conditions at zero thermal pressure with which the energetic electron
layer induces a localised magnetic well on the outemmost flux surfaces
are investigated as a function of L and A. The hot electron beta (fp)
that is required is insensitive to L, but increases with A. However, we
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find that BR < 1% for A < 0.2. To generate equilibria with finite
thermal beta (Bgnh), we tailor the M(p) profile so that the pressure
gradient is concentrated in the region where the magnetic well prevails
in the vacuum state and is non existent in the region of magnetic hill
(which 1is susceptible to MHD instabilities). It can be observed in
Figs. 2 and 3, respectively, that the position of the megnetic axis and
the region of magnetic hill do not vary significantly with increasing
Bth because the pressure gradients are gmall throughout the plasma
bulk.

Present addresses:

* Universidad Catdlica de Chile, Casilla 114D, Santiago, Chile
+ Oak Ridge National Laboratory, Oak Ridge, TN37831, USA
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DISSIPATIVE HMODE STABILITY IN A PINITE-PRESSURE PLASHA
OI' AN 1=2 TORSATRON

V.V.Demchenko, P.V.Demchenko*), A.Ya,0mel'chenko

Kharkov Institute of Physics and Technology, the Ukr.SSR Academy
of Sciences, 310108 Kharkov, USSR

The confinement properties of a finite-pressure plasma in
stellarator-type currentless traps are determined by the stabil-
ity condition of small-scale MHD modes [f]. The stabilization
of small-scale ballooning modes in the ideal-conductivity plasma
takea place with the plasma pressure growth., For ideal mode sta-

bilization the plasma stability depends on the buildup of re-

sistive ifHD-modes. In the plasma pressure-linear approximetion [2],

the destabilizations of the gravity-dissipative mode (g-mode)
are determined by the value of the vacuum magnetic hill, wvhose
influencecan be compensated by the stabilizing effect of the fi-
nite magnetic shear,

In this report we study the influence of plasma pressure
cubic components on the g-mode stability in an 1=2 torsatron.
The stability criterion which demonstrates the destabilizing
eflfect of the finite plasma pressure due to the magnetic hill
increase has beecn derived,

The gravity-dissipative mode stability aenalysis was carriced
out using the general-geometry criterion W - A2>-O [3].

The quantities W and A2, which denote lhe magnetic well and
the finite plasma pressure elfect, respectively, cen be found

using the method of [4,5].

Kharkov State Upiversity, Kharkov, USSR
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K ana 3.{, are the curvature and torsion of the magnetic axis,

% is the displacement of the magnetic surface centre relative
to the torsatron geometric axis caused by plasma pressure, o is
the magnetic surface ellipticity, ‘}if = J +ER L, W o= J\"/q)- %
In relations (1)-(2) M, and MQAD denote the vacuum rotational

transform
J”f?-mgilm’ual B)- m’>|.\’sl @0+ m~a Q m? u*)[ (1)1 e 2

and the magnetic hill of the straight stellarator

- |
Vs “é, [ &L o-s Lo deleln B, w

where E& is the ratio ol the helical-to-toroidal magnetic field

ratio for the 1=2 torsalron, m is the number of helical magnetic
field periods over the torus lenglh.

Por an arbitrary plasma pressure profile the siability
criterion is rather cumbersome. For this reason, we rveatrict

ourselves to the analysis of stability for ihe parabolic lnw




375

; 4 5 2 .
of plasma presgsure distribubtion P = PU{W = O / 02 ). In this
*Q
case the MHD stability criterion of Lhe g-mode in the 1=2 lorsa-

tron is convcniently written as

Wy ) r e G R “‘*0& e S
1 ) 2%
-3%&20@3 ?‘gum {ﬁ., (R mG % LY}

Ky
‘QN“H G ab 03;311.6& ) } (5)
where ?egﬁ

In (5),°tﬁe effects of finite plasme pressure are described

SO e RES

E.'J*

X
0

by the terms proportional to ESE ; therefore, to calculate these
terms, it was sufficient to determine the displacement of
the magnetic surface in the pressure-linear approximation:
3-‘-_"5‘?39\(&@-%%) , and the magnetic surface ellipticity ol -
in the pressure-squared approximation: %.—.:—F%U{{}‘}Z ¢ I#
the low plasma pressure limit, where the effects of finite
plasma pressure can be neglected, the g-mode gtability criterion
transforms to the corresponding expression of [jl. If the current
of helical conductors is assumed to equal zera, then the stabil-
ity criterion of the gravity-dissipative mode (5) goes over to
the criterion of the gravity-dissipative mode stability in fi-
nite plasma pressure of the magnetic trap with a helical mag-
netic axis [6].

The stability criterion analysis shows that the effect of
the components cubic with respect to the plasma presgsure on
the g-mode stability is determined by geometric and physical
parameters of the magnetic trap. The stabilizing effect 0£‘%9 -
linear components shows up in the central part of the plasma
column [5], while at the plasma periphery (Q» %K/E(}D ) the g-

mode is unstable in the 1=2 torsatron. In the centre of tke plasma

NF
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column, as the plasma pressure grows ( _ﬁg‘vm ), the _%9_ non-
linear componenis involved in the stability criterion (5) become
comparable in magnitude with the linear components and produce
a destabilizing effect on the plasma stabilily. With a further
plasma pressure growth and the ESB value becoming greater than
( ﬂ\&a /Ko )2/3, the components, cubic with respecl to plasma
pressure, play a predominant role in the g-mode deslabilization.
Let us employ the obtained results to determinc-the gravity-
dissipative mode stabilily in the designed torsatron "U-2I" with

the parameters: A/R = 0.176; E,= 0.375, 8 = 0.2, m =2,

vac
We obtain that for (},));J’{% the effects of finite plasma pressure
destabilize the g-mode in the central parlt of the U-2ii torsatron

plasma column.

References

1. Shafranov V.D. Phys. Fluids, 1983, v.26, N2, p.357.

2. Kovrizhnykh L.il., Shchepetev 5,V. Piz. Plazmy, 1S81, v.7,
N9, p.419. '

3. Mikhajlovskij A.B. Nucl. Fusion, 1975, v.15, N1, p.95.

4, Shafranov V.D, Nucl, Tusion, 1968, v.8, N3, p.253.

5. Mikhajlov M.I., Shafranov V.D. Plasma Phys., 1982, v.24, N3,
P.233.

6. Demchenko V,V., Mikhajlovskij A.B., Omel'chenko A.Ya.
Fiz. Plazmy, 1984, v.10, N3, p.509.




377

THE NEW FINITE~DIFFERENCE CODE POLAR-3D AND RESULTS OF ITS
APPLICATION TO CALCULATING THE MHD EQUILIBRIUM AND STABILITY
OF PLASMA 1IN 3D CLOSED CONFIGURATIONS

Degtyarev L.M., Drozdov V.V., and Poshekhonov Yu.Yu.

Keldysh Institute of Applied Mathematics
USSR Academy of Sciences, Moscow

1. The POLAR~3D code is based on the approach developed in{ﬁ,21.
According to it the ideal magnetostatics equations
(v:B(BxVG))\VQ\ = dP(a) /da , (1)
v-8=0, (B:va)=0 , v-(Bxva)=0 , (2)
where a(r) = const are magnetic surfaces, can be reduced to a system
of three equations for the scalar functions that determine the magne=~
tic field vector B. The mixed representation of the field (in terms
of the external poloidal flux Y (a) and the current F(a)) hes the

form — i

B=vy¥xb, + F.B, . (3
When substituted into (1) it leads to the 3D generalization of the
Grad-Shafranov equation, and the flux representation

B=IYxVEY + ydxvOY (4)
is traditionslly used in the 3D codes [3 4]. Here the pairs (B;,Bw)
and (08Y, $‘V\ are such that each summand in (3), (4), satisfy

all properties of the field (2).

2, A discrete model on an arbitrary nonregular grid is based on
the finite~difference analog of the variational principle, which has
the form

g{(g*72 -p)d* =0 .
The model is constructed so that on the grids adapted to the magnetio
surfaces it admits reformulations corresponding to different repre~
sentations of the magnetic field, and as a result an adequate appro~
ximation of the original equilibrium problem (1), (2) can be obtained.

The POLAR-3D code yields a result in the form of the magnetic
surfaces parametrization r(a, © , ﬁ ); it has high performance in ac~
curacy and speed of calculations, and operates is essgentially 3D con-
figurations with large values of g « The code usage is restricted by
the condition of nested magnetic surfaces, of which the external one
is supposed to be given, In symmetric systems the code operation is
identical by the result to its 2D predecessor POLAR [ 5] which has
proved = be good in various applications.

3. 14 the results shown in Figs. 1-2 the plasma configuration

is given parametrically in the cross-sections formed by the planes

-5: conal




U«(ﬂmu,@,g)z @(wse '%I‘S'th'e) '
(A ,0,%) = £ b5in 6 gef0,27) ,

where 6 - © are the characteristic dimension, elongation end
triangularity, respectively, while (U, VU , ) are the local coordi-
nates T(u,v,8) = R (4) + U (%) + v-b (%) with
the geometric axis of the system rLQ(% as an origin. A% ", (5)
we choose the left "helical" line that winds kyv times on the torus
of major radius__Ro and minor radius R, and Fitﬂﬁ) is the external
normel to it, Gc(_ﬂf) ~ (d%, /‘15) x Vi, . The flux variebles
e+ & ,-§ ) are such that ¥ /da = const , end the 6 =
= const are the straight lines in the plane ( K , V" ). Other nota=~
tions are as follows:

- il
b= apdie / [Bid , 4(¥)= - (§=2 ot sy )
M(¥) = const - €7 (At /d¥)* (0.25 + L1 dPdY )

is the function that determines the stability of localized modes
(DQ{\H) 2_0 is the necessary Mercier criterion). Pugures 1 and 2
show the results on the grid 12x24x32 for kw = 142, the pressure
profile dP/d¥ = const and the zero longitudinal current 7(?) = s
If kw = 2 the instebility zone can be obgerved @ £ 4%, and further
on the configuration is stable by the Mercier criterion up to @::25%
due to the selfwstebilizaetion. If kw = 1 the stability zone is con-
tinuous on the interval 0 £ 20%.
4+ Conclusions. The POLAR=3D code is an efficient tool developed
to calculate the plasma MHD equilibrium in the 3D systems. Rather
simply shaped magnetic traps with a spatiel exis are obtamined, where
the Mercier criterion shows favorable values up to 6,2;20-30%.
Acknowledgement
The authors express their gratitude to V.D. Shafranov for
helpful discussions and useful comments concerning a cheice of geo-
metry for the plasma configurations.
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MAGNETIC FLUX SURFACES DETERMINATLON IN THE TJ-2 FLEXIBLE HELIAC.
SIMULATION RESULTS.

A.L. Fraguas, M.A. Pedrosa and A.P. Navarro

Asociacion EURATOM/CIEMAT
28040 Madrid, SPAIN.

INTRODUCTION

TJ-I1 is a flexible heliac device to be built at CIEMAT. This device
will have the capability to change its rotational transform in a wide
range, +:0.8 — 3.2, and in a much less reduced range, its profile going
from shearless up to moderate shear cases (l1). In almost all the
configurations magnetic flux surfaces have a pronounced bean shape (Fig.
1)

In the goal to scan the +t space for experimental determination of the
most adequate conditions for plasma confinement, it is important to have
diagnostic techniques that provide the magnetic flux structure and its
variation along the discharge. Due to the expected high plasma
temperatures, internal probing is not possible and it is necessary to
develop techniques to infer magnetic structure from external measurements.
The most general approach would be to use these data as input for an
equilibrium code, adequated to the TJ-II configuration, but this is too
time consuming and rules out any on-line time evolution study.

In this paper techniques are present to address this problem using
approximations to reduce the computer time requirement so they can be used
as monitor of the evolution of the plasma magnetic structure along the
discharge. One technique is based on the simulation of the TJ-1I1 by sets of
filamentary currents (2), deduced from the mode analysis of the magnetic
signals. This tecnique could provide the outermost magnetic surface in the
device. Going deeper in the magnetic reconstruction is not possible with
this technique due to the distortion coming from the presence of the
virtual currents. So, to get a total reconstruction without using an
equilibrium code, a possible approach is to develop an analytical model for
the magnetic field in the TJ-II and deduce its parameters from the
adjustment of the outermost magnetic surface of the previous method or
directly from the magnetic array data. Figure 1 shows a typical set of
magnetic coils in a poloidal sector of the TJ-II device.

SIMULATION WITH FILAMENTARY CURRENTS

In order to simulate the TJ-II magnetic structure, ircluding the
plasma contribution, a set of six circular conductors at fixed positions is
assumed. Currents in these conductors are determined from the resolution of
a linear equation system. The coefficients C; are the Fourier components
of the magnetic field produced at the magnetic coil array by I kA current
in each conductor, and the independent terms 5, are given by the Fourier
component of the magnetic field measured at that array. Signals were
simulated using the Be component computed fer the real TJ-II conductor
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structure.
Yig =X baydj
J

Figure 2 shows both the measured transverse field in the array and the
reconstruction obtained with the six currents deduced with this technique.
In Figure 3 the outermost transverse magnetic field contours are shown.
They are relatively insensitive to the conductor locations. Table I
presents the currents and locations for each conductor in this case.

Net current in the plasma can be deduced from the sum of these
currents or by the S, mode amplitude. Reconstruction time is less than a
minute for a PDP 11/44 plus the display time.

TABLE I.-Conductor locations and currents

R (m) Z (m) I (ka)
1.5 0.0 314. (HC)
1.72173 0.0 -1572.26
1.72173 -0.01 327.84
1.82173 -0.01 163.78
1.82173 0.0 589.03
1.82173 0.01 163.78
1.72173 0.01 327.84

SIMULATION WITH AN ANALYTICAL MODEL FOR B

The model we have assumed includes the leading fields present at the
flexible heliac configuration. As a vacuum field, the B field can be
derived from a magnetic potential, written as, (3):

g = fr + fo t Frr + fu=

where:
v = Boz is a constant toroidal field which describes the average
toroidal field existing in the device.
fo = beB is the poloidal field produced by the hardcore currents.
frr = a1l Chr)sin(®-hz) is the 1=1 field associated to the helical
swing of the toroidal field coils.
#rz = ba1Ky(hr)sin(®-hz) is the 1=l field produced by the hardcore
helical winding.
z is proportional to the toroidal angle and h is the helical pitch.

The model assumes helical symmetry and uses cylin&rical coordinates
with the circular hardcore as axis in the infinite aspect ratio limit.

Bo value is the average toroidal field in the magnetic axis of the
real configuration.

The remaining parameters of the model 21, b: and b are determined by
a least squares fit to the simulated B field at points located on circular




383

arrays defined by the experimental setting shown at Figure 1.

Due to the 3D properties of the actual configuration the results of
the fit are dependent on the toroidal position of the array. As an example
fitted parameters are shown in Table II for arrays placed at toroidal
angles ¢ = 09 22.5% 45° and 67.5° ,in all cases at 0.33 m avay from the
coil centers. The most suitable parameters have been determined by
averaging those fitted values.

Flux surfaces obtained by field line integration of the model magnetic
field computed by this model for those parameters are shown in Figure 4.
The CPU time in a VAX 11/785 is about 10 sec. to fit the data and 50 sec.
to trace 5 magnetic surfaces.

The model reproduces reasonably well flux surface shapes and
qualitative features of the configuration. However, the axis 1is shifted
inwards about 0.04 m and the transform value results to be +,=1.35 for a
reference value of 1.46.

Magnetic field reconstruction from inner input data, (array at 0.15 m
from the center), notably improves the axis position and + value. Hence, a
fair configuration description is expected if field values coming from the
modal method are used as input data.

TABLE II.-Model parameters

o 0° 22.5° 459 67.5°

ay | 5.2 10%|7.6 10-2[1.3 10-1|7.6 10-2

by | 10 301 207°] 13 1070 1.3 a0

5.6 1072 5.5 1072|5.8 1072 5.5 10-2

SUMMARY

Magnetic structure determination for TJ-II flexible heliac, from
signals in pick-up coils located around the plasma, have been addressed
with some approximations in order to get time resolution in the analysis
between discharges. Modal analysis, using FFT, can provide the outermost
magnetic contcurs and the net current in the plasma. Analytical B modeling
makes possible to deduce the complete magnetic flux structure when the
signals at different toroidal locations are averaged.
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TOMOGRAPHY TECHNIQUES FOR THE TJ-II FLEXIBLE HELIAC

J.Vega and A.P.Navarro

Asociacion EURATOM/CIEMAT
28040 Madrid, SPAIN.

INTRODUCTION

The TJ-II Flexible Hellac is a stellarator to be built at CIEMAT to
study the effect of helicoidal magnetic axis on plasma confinement at
different 1 values (1). The device incorporates the capability to change,
in a wide range, its rotational transform value ,( t/N 0.2 to 0.5) and, in
a minor range, its profile (2). In any configuration, the plasma will have
a bean-shaped magnetic structure that rotates poleidally when one moves in
the toroidal direction (Fig.l).

&8
o
-
d
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FIG.1 TJ-II REFERENCE CASE
a) Top view b) Poloidal section.

To deduce local values for those diagnostics measuring magnitudes
along a chord in a plasma wilth this shape requires inversion techniques
much more complicated than the usual Abel inversion, applied in circular
plasmas (3), or the modified one for displaced circular or elliptical
plasmas (4). In this paper three different techniques are considered for
TJ-I1: LOW ORDER MODE APPROXIMATION (LMA), GENERALIZED FOURIER TRANSFORM
(GFT) and MAXIMUM ENTROPY (MEM), in order to determine its aplicability and
computer requirements. Line integrals for soft-X-ray emissivity (in the 1
to 30 Kev range) were simulated for different detector arrays, assuming
emissivity proportional to poloidal flux to some power (between 1 and 3).
These array signals were used as input for the different algorithms to
deduce local emissivity wvalues, comparing them with the initial
distributions used in the simulation process.
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LOW ORDER MODE APROXIMATION

In this method (5) the local plasma emissivity 1s considered as:

M-1
E=£f(r,60) = Z (£,(x) cos m@ + gm(r) sin mg ) (11
m=c
so, signals in the detector arrays can be expressed by:
M-[ .
S5(B) = » (F.(B) cos m(s+B) + G, (B sinm(s+B)) (2]
M=o

where ﬂ 1s the angular position of the detector in the array and & 1s the
angular position of the array itself (Fig.2a). Once F, and G, are deduced
by solving the linear equation system (2], in a number of harmonics equals
to the number of arrays, it is possible to obtain the f (r) and gm(r) by
modified Abel inverslon and recomstruct the plasma emissivity using (1].

For the expected plasma shapes in TJ-II, harmonics up to order 3 could
be enough, so in the simulation process three different arrays have been
consldered with 10 detectors each. Using this setup, we obtain
reconstructions as that one shown at Fig.2b. Computer time requirements for
these conditions in a PDPl1/44 are one minute plus the display time.
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FIG.2 LOW ORDER MODE APROXIMATION
a) Detector arrays position b) X-ray emissivity reconstruction

Reconstructions fail at the plasma edge where the bean shape 1s more
pronounced. This can be due to a need for higher order harmonics, that
implies more arrays and development of inversion formula for them, or to
the fact that X-ray emilssivity is very low at those points, where n and T
decreases drastically. We are here assuming the TJ-II reference case with
Tep= 700 ev and ngg = 1.3-10%7 m™3, with parabolic profiles.

GENERALIZED TFOURIER TRANSFORM

Based in the projection slice theorem, this technique (6) does not
make  assumptions on  the number of harmonics to dinclude 1n  the
reconstruction, so we can avoid, Iin principle, the limitations of the
previous method and check if reconstructions improved at the plasma edge.




387

The technique uses arrays with the detectors looking through the plasma
along parallel chords (Fig.3a), and computing its DFT, obtains a sample of
Flwy ’”1)' DFT of the two-dimensional distribution to be reconstructed
(Fig.3b). With M equally spaced arrays located in a poloidal section we can
deduce M slices of that distribution and, by interpolation, deduce the
complete F(w »wy). Inverse Bidimensional Fourier Transform will provide
the local emissivity distribution. Fig.3c shows the result when only 3
parallel arrays , with 11 detectors each, are used. Computer time
requirement in a VAX-785 was 1 minute, plus the display time.
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Rl v.)
FIG 3. GENERALIZED FOURIER TRANSFORM RECONSTRUCTION
a) array set-up b) F(wy ,w, ) polar raster c) Reconstruction

Results with this method shows a better reconstruction for the plasma
edge. Its poor quality is due to low number of F(w sy ) slices for the
interpolation process. Nevertheless to improve it will require a higher
number of arrays , which is impossible, not only for the high cost but also
for the requirement in access to the plasma due to the need for parallel
arrays. Also the computer requierements make very difficult to obtain
several reconstructions for a discharge.

MAXIMUM ENTROPY METHOD

Trying to determine sharp variations in the emissivity
distribution without the need for a high number of detector arrays, we have
considered an algebraic approach, where no mode consideration is implied.
For that purpose the MEM technique has been chosen. It is based on the
assumption that the emissivity distribution corresponding to a particular
set of chord meassurements is that one with the maximum entropy, given by
two terms: one defined by the object spatial entropy and the other from the
noise. Maximizing this total entropy with the constraints of the detector
array signals, enissivity and noise for each cell in the assumed grid are

given by (7): , i
E, = exp| -1 - —g; b’ SﬂCJ

T
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where {l“‘and M are multipliers to determine, S, the system point spread
function ‘and { the object to the noise entropy ratio. With the additional
constraint that the noise follows a X~ distribution, a new set of
equations is obtained (8). We are using this technique for simulation of
two parallel arrays, 26 detectors each, one at the top and the other at the
side of the desvice. Reconstructions using formulae from (7) do not approach
enough the initial distribution for cpu times of several minutes in a
VAX-785. So it 1is not possible to wuse this technique to obtain more than
one frame image between discharges. A possible approach to speed up the
technique could be to use as starting point for this method a LMA solution,
but in this case the generality of the method could be lost.

SUMMARY

Three different methods have been considered for tomography
reconstruction in the TJ-II Flexible Heliac. The LMA is the most
restrictive in assumptions but can aproximate TJ-II case. GTF and MEM
methods could improve the analysis but they require a larger amount of
detector and computer time.
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EFFECTS OF MAGNETIC AXIS SHIFT ON TJ-IT HELIAC
J. GUASP, J.A. FABREGAS

JEN, Madrid. Spain

ABSTRACT:

The position of magnetic axis in TJ-II heliac [l can-be controlled by
means of the vertical field coil currents. Around the usual reference case
a |l em axis shift can be attained by changing the VF coil current 237 with
inward shift corresponding to an increase in the current value, this
relation mantains a remarkable constant value up to 6 cm excursions.

Under these shifts average radius decreases for either shift sign, and
other magnitudes change too, mainly the magnetic well depth, each magnitude
reaching an optimum for some shift value, usually different for each one.
The limits of attainable shift, before substantial loss of average radius
or magnetic well happens falls around 3 or 4 cm.

Another observed effect is the disymmetry on the magnetic surfaces
between the outer part (zero toroidal angle) and the inner one (half a
period further), two characteristics have been considered: the difference
in the elongation of the magnetic axis and the difference in equatorial
diameter, both magnitudes show opposite behaviour: the first one increases
with outer shifting, the other one decreases, In consequence the magnetic
surface cross section shape changes too. For the usual coil current
settings adopted a compromise between both magnitudes is taken, so as to
maximise the available plasma average radius. This leads to similar shapes
for magnetic surfaces that are separated by half a period. The trajectory
of this "optimal" point in the helical versus circular coil current diagram
when rotational transform at axis varies is an almost straight line.

Nevertheless this "optimal" compromise does not optimises usually the
magnetic well depth that instead points to another shift choice.

In addition magnitudes of paramount importance, as well for equilibrium
as for stability, are the Pfirsch-Schlutter currents. The optimization of
the symmetry between magnetic surfaces can be contradictory with the
toroidal current minimisation given the different curvature radius of both
surfaces. For this reason the effect of axis shift upon P.-5. currents has
been analysed confirming that disymmetry minimisation can be contradictory
with toroidal current minimisation that leads to different optimal shift
choices.

As TJ=II is being designed to have the possibility for VF current coil

variations it will allow experimental tests of these effects.

[1]. TI-11 and ATF Group. 12th EPS Conferemce. Budapest 1985, Vol.
9F-1, p. 441
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RELATIVISTIC AND FINITE LARMOR RADIUS EFFECTS FOR 2nd
HARMONIC OF X-MODE ON MICROWAVES ABSORPTION FOR
TJ-I1I DEVICE

by Francisco Castejon and Jose Guasp
EURATOM/CIEMAT ASOCIATION.MADRID (S5PAIN)

TJ-II device is an helical magnetic axis stellarator of
Heliac type to be built at CIEMAT in Madrid, whose main
charateristics are high flexibility, high potential beta and
bean-shaped plasma cross-section [1].

ECRH is the intended first stage for plasma heating in
TJ-II (allowing a volume average density about 1.6E13 cm-3)
while later neutral beam injection will be used. In this paper
we analysethe microwave injection problems in this helical
configurationat about 56 GHz in order to heat the B=1 T region
and using the 2nd harmonic of X-mode (O-mode absorption is
negligible at 2nd harmonic as it has been verified).

As it is well known the problems of accesibility and
heating lie on the situation of cut-offs and resonances in the
plasma. Resonances must be reached by the waves before than
cut-offs to get plasma heating. In our case, we want to reach
the Electronic-Cyclotronic-Resonance (ECR) at 2nd harmonic of
X-mode. To elucidate this fact, we must study the signs of
Re{N"2) and Im(N"2)(N: refractive index): Wave propagation will
be possible if Re(N"2)>0 and absorption will occur if Im(N"2)>0.

Regarding the results for cold plasma [2], the best
situation for heating happens at toroidal angles of about 17
deg. and poloidal angle about -67.5 deg., injecting from the
low field side. The highest volume average density at which it
is possible to achieve heating is about 1.57E13 cm-3, and the
local one is 1.94El3 cm-3; when X-mode cut-off reaches the ECR
area. The upper hybrid resonance appears always inside the
X-mode cut-off layer.

The model which has been used, proposed by Bornatici,
Cano, De Barbieri and Engelman [4), is useful to study the
absorption and propagation near harmonic f-secuencies, for a
weakly relativistic plasma and taking in zccount finite Larmor-—
radius effects up to lst. order. In this - - we have limited the
study to cuasi-perpendicular propagation. Tispzrsion relation is
given by:

“bNY + (2b Cku-kx) ~ky) N + (kf-Kkd2) =0
where:

wp \* £ 2w,
_b=-—(!,_— (I‘E) F’/z Ci'l) 3 Q:m—_'f (l— 7135)
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Kx,Ka: Components of dielectric tensor for cold plasma.

_ wplx (wck) i Wp“
K= g, poRse é P o
k: ions,electrons

-8
N
Eo Mo J W

n: density

From the dispersion relation we can see that there exist
two branches of the X-mode. One of them resembles the branch of
the cold X-mode which propagates for densities lower than upper~
hybrid resonance (X-mode), and the other one (Z-mode) resembles
the other branch of cold X-mode (this notation has been taking
from [5])). Far from the resonances, the real part of refractive
index is closely aproximated bv cold plasma dispersion relation.
Mode conversion is possible where the real parts of index of the
two branches coincide and this happens around the upper-hybrid
resonance, which can be reached only by tunnelling, since it is
beyond the cut-off.

In Figure 1 we can see the magnetic and density profiles
of TJ-II device along the injection line.

In Figure 2 we have plotted Re(N"2) and Im(N"2) of the
two branches against incident frecuencv (for electronic-T=1 Kev,
B=1 T and n=1E13 cm-3). Both branches are absorbed at
frecuencies near and below 55 GHz (cold 2nd harmonic ECR-
frecuency for B=1 T). The zZ-mode can propacate only in a narrow
range of frecuencies. So, hot plasma effects make resonance
appear at some lower frecuencies than 56 GHEz. To study the
behavior of refractive index against the frecuency is just the
reverse of studying it against magnetic field. Refractive index
deppends strongly upon magnetic field near the resonance.

In Figure 3 we have plotted Re(N"2) and Im(N"2) of the
two branches against density (for electronic-T=1 Kev, B=1 T, and
Frec=55.93 GHz). We see that X-mode is strongly absorbed.

Figure 4 is the plot of Re(N"2) and Im(N"2) for the two
branches against the distance to the hardcore (central and
helical conductors), in a range close to the area of B=1 T. We
have taken for this the calculated prefilzz 2f magnetic field
and density of TJ-II device. We havs slectronic-T=1 Kev,
mean density eqguals 1E13 cm-3 and Frs

As we inject from the low fie=ld anly Z-mode reaches
the resonance,because Z-mode would = wn+1nq in the inner
part.This is only possible by mode ¢ zr.. but that does not
happen at these densities and frecuesncies .%o, for this mean
density, only X-mode is useful for heatinc¢ znd not Z-mode. We can
see also that the absorption occurs some cantimeters inner than
the B=1 T layer, and that it is localized in a narrow layer of
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about 2 centimeters width.
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The three-dimensional nature of stellarator geometry makes
HHD equilibrium analysis complicated. The stellarator expansi-:m1 re
duces the equilibrium problem to a two-dimensional Grad-Shafranov
equation. However, it assumes in the lowest order axial symmetry, and

is, therefore, limited to systems with nearly planar axis.

Koniges & Johnson2 have developed an asymptotic expansion fer
helical axis systems, in which the lowest order is given by a con-
stant toroidal field and the rotational transform is order 6§, being
§, the expansion parameter, the relative strength of the helical field

to the toroidal field.

Here, we develop an expansion which takes as lowest order a
helically symmetric vacuum field with finite rotational transform. An
analytical model corresponding to the TJ-II flexible heliac is compared

with numerical calculations.

1
J.M. Greene and J.L. Johnson. Phys. Fluids 4 (1961}, 875.

2A.E. Koniges and J.L. Johnson. Phys, Fluids 28 (1985), 3127.
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MHD Mode Studies for a Topological TJ-1I

A. Varias*
Division de Fusidn
CIEMAT
Madrid (Spain)

A modified version [1] of the spectral stability code HERA [2] is used to study the
MHD stability of a straight (helically symmetric) model of TJ-II [3]. The equilibria are
calculated in the flux coordinate representation of the MOMCON code [4]. The helically
symmetric equilibria are constructed according to the prescription used in [5].

To investigate the influence of the basic stabilizing mechanism of Heliac equilibria on
the eigenvalues w? of the internal modes with poloidal mode number m, a sequence of
high < B > equilibria is generated by varying the curvature £ = Rh?/(1 + R?h?) of the
magnetic axis between £ = 0 and x = 0.17, the last value close to the actual values in
TJ-II. (Here R is the distance of the magnetic axis from the symmetry axis and h = —0.40,
where 27 /h is the helical pitch). The rotational transform per period at the axis ¢o and
at the boundary ¢p varies between 1o = 0.26 and 1o = 0.35, and ¢ty = 0.16 and tg = 0.41,
respectively. The occurrence of unstable modes will be discussed taking the topological
constraint of 4 periods into account.

[1] A. Varias, IPP internal Report (1987)
[2] R. Gruber et el.,, Comput. Phys. Comm. 21(1981) 323

[3] A. Perea, J.L. Alvarez Rivas et el., 12th Eur. Conf. on Contr. Fusion and Pl. Phys.,

Budapest 1985, ECA Vol.9F, Part I, 433
[4] S.P. Hirshman and D.K. Lee, Comput. Phys.Comm. 39 (1986) 161
(5] J. Nithrenberg, R. Zille and S.P. Hirshman, this conference

* Present adress: Max-Planck-Institut fiir Plasmaphysik, IPP-EURATOM Association,
D-8046 Garching bei Miinchen
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INFLUENCE OF RADIAL ELECTRIC FIELD ON THE CONFIMEMENT OF
FAST IONS IN A NBI HEATED HELIOTRON E PLASMA

K.Hanatani, F.Sano, Y.Takeiri, K.Kondo, H.Zushi, H.Okada, O.Motojima,
R.Takahashi, M.Sato, S.Sudo, T.Mutoh, K.Akaishi, H.Kaneko,
T.Mizuuchi, N.Noda, S.Nishimura, T.Aikiyo, A.Iiyoshi and K.Uo

Plasma Physics Laboratory, Eyoto University,
Gokasho, Uji, Kyoto, JAPAN

1. INTRODUCTION

Fast neutral beam injection in both Wendelstein VII-A and Heliotron E
showed effective heating of plasmas /1,2/ even though nearly perpendicular
beams were used in these devices. Reasons for the effective heatings in
the two devices, however, have been considered to be different. 1In WVII-A,
the reason is attributed to the enhanced confinement of beam ions as well
as of thermal ions due to the effects of large radial electric field, E..
In Heliotron E, by contrast, E_ field has been considered to have only
small effect on beam ion orbits. The purpose of this paper is to extend
the previous work on the fast-ion confinement in Heliotron E /3,4/ and to
clarify the influence of E_ field. Our recent particle orbit calculation
in nonaxisymmetric plasmas has shown that resonance caused by ExB drift
affects the confinement of suprathermal ions /5/. 1In this paper, we will
first describe the orbit theory on the ExB drift resonance and its effect
on the fast-icn orbit loss in Heliotron E. We will then describe an
experiment which was carried out to verify the theoretical prediction about
the resonant orbit loss in the perpendicular NBI experiment on Heliotron E.

2. E x B DRIFT RESONANCE

In nonaxisymmetric plasmas with Er field, confinement of a group of
particles in the velocity distribution function deteriorates when the ExB
drift cancels the poloidal motion of these particles. This condition is
called "resonance'". Two different resonances were confirmed numerically
/6/. One 1is toroidal resonance ( tvn/R + & ; p = 0) and the other is
helical resonance ( Qp T2 pgp = 0). The toroidal resonance affects
helically-untrapped particles when ExB drift resonates with rotational
transform t. The helical resonance affects helically trapped particles
when the ExB drift cancels Qh due to helical field ripple e,. Either
ions or electrons are affected by the helical resonance depending on the
polarity of electric potential #. The numerical calculation showed that
"resonant superbanana" orbits, which are much harder to be confined than
transit banana orbits, appear near the condition of helical resonance.

The relevance of the two types of ExB resonances depends also on the
magnetic field configuration--in particular on ey. The confining mechanism
of perpendicularly injected fast ions in WVII-A was explained by the shift
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of toroidal resonance in the velocity space /6/. On the other hand, the
helical resonance can have dimportant influence on dritt orbits in
Heliotron E because it has a deep helical ripple; ep(a) = 0.3. 1In the
Heliotron E experiment, the effect of the helical resonance was discussed
/4/ as a possible reason for up-down asymmetry observed in charge-exchange
outflux of fast ious in a low energy regime { E <3-4 keV).

3. VELOCITY SPACE LOSS REGION WITH Er FIELD

The loss region of fast ions in the velocity space is an informative
diagram for interpreting the performance of NBI heating. Our concern here
is to see the influence of positive and negative potential on the loss
region in Heliotron E. In the calculation, we assumed parabolic potential
profile, ¢ = éo(l— v/ wb). Figure 1 (a) shows the velocity space loss
region for 4, = +lkV. As was already reported /3/, the loss region in
Heliotron E split into two parts, indicating the containment of deeply
trapped particles. The loss region with the ¢, = +1kV potential was
narrower than that without potential. When we assumed an negative poten-
tial (éo = -1kV), however, the two parts combined into a larger loss region
(Fig.1(b)). Confinement of deeply trapped ( vu ¥ 0) particles deteriorated

Fig.l Potential dep-
endence of velocity
space loss region in
Heliotron E.
Calculated at r/a =
0.5 out side of the
torus. 34 : 3 : ¢
(a) 6. = +1 kv, gl I v : T 25l auls

(b; é: = -1 kV. -40 -20 0 y, 20  40keV
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near the condition of the helical resonance, E. ¥ -qf /e, (a), owing to the
resonant superbanana orbits. In contrast to the loss region in the WVII-A
Stellarator /6/, the toroidal resonance found to have little effect on the
loss region in Heliotrom E. It must be emphasized that presence of E
field is not always favorable to the fast ion confinement. If a large
negative potential is created in the Heliotron E plasma and if the resonant
energy, E is close to the injection energy, Eo(=2?kev), no substantial

res
heating by the perpendicular injection is expected.

4. POLOIDAL ROTATION MEASUREMENT
Since the possibility of the resonant superbanana loss depends on the
polarity of potential, it is important to know the E, field in the plasma.
To obtain the information about E. field, we measured poloidal rotation
velocity V_ of plasmas in the experiment. Doppler shift of impurity line
emission ( C V; 2271A) was measured by using a Czerney-Turner type visible
spectrometer. The NBI heated plasmas (ﬁe?belO cm-3) were found to
rotate in the direction of electron diamagnetic drift, indicating the
presence of negative ( inwardly
pointing) E_ field. TFigure 2 shows x105
the measured V_ for wvarious PyBI = (e))
( port through power); circle for
B= 1.9T, diamond for B = 0.94T.
The maximum rotation speed was about
(4—6)}{105 cmf/s at T/a ¥ 0.7. The
rotation speed was much slower than
that measured in the WVII-A Stell-
arator. In ECH plasma ( @i, T 0.6x
10°“em™~), the direction of poloidal
rotation was opposite to that of the 0 Ll [ i d

1
NBI plasmas. 0 1.0 20 3.0

Ligal Pner (MW)

5. CHARGE-EXCHANGE ENERGY SPECTRUM

The poloidal rotation measurement suggested the presence of negative
potential in the NBI plasma. Although negative p_ corresponds to the E
field which cen cause helical resonance of ions, the magnitude of do
estimated from V_ is so small ( - 1 kV < éo < 0) that the resonance does
not directly affect fast ions near the injection energy Eg (=27 keV). The
inferred small potential 1s consistent with the previous observation of
confinement of perpendicularly injected beam ions in the high energy regime
/5/. The estimated potential 150 suggests that the helical resonance will
occur in the low energy regime ( Ty < B & Eoigele Here, E. .= 14.8T,
is the so-called critical energy. This means that fast ions suffer the
resonant-orbit loss after they slow down below E.pie- As a result, the
helical resonance can reduce the ion heating efficiency of NBI.

In order to verify the existence of the resonant superbanana loss of
fast ions in the Heliotron E experiment, we have examined the charge

3]
|
o
o

Vp (cm/sec)
]
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exchange energy spectra in the low energy regime. Figure 3 shows the
energy spectrum of perpendicularly injected fast ions. The neutral
particle analyzer was oriented also perpendicular to the field lines so as
to detect the energy spectrum along v; axis in the velocity space. Around
the expected resonant energy Eles = 3 keV, we found a depletion of fast
ions in the distribution function. The relative dip in the B = 0,94T
spectrum compared with the reference (B = 1.9T) spectrum is interpreted as
been due to shorter
toroidal drift time
of resonant ions in
the loss region.
Note that scattering
time is unchanged.

T T -}

Arb. Units

Fig.3 Charge-exchange iﬁ
energy spectrum of an ﬂhg
exactly perpendicular I
beam. Open symbols
for B = 1.9T7, closed
symbols for B= 0.94T.
External parameters
were fixed except
magnetic field, B.

Log(E

6 i 2 15
NERGY  (keV
6. SUMMARY E ¢

In this paper, we have investigated the role of ExB drift resonance in
the confinement of helically trapped fast ions in Heliotron E. Instead of
the toroidal resonance, which plays major role in the beam-ion confinement
in the WVII-A device, the helical resonance becomes important in the

Heliotron E device. The poloidal rotation measurement of NBI plasmas
suggested the presence of small negative E, field, which can cause the
helical resonance of fast ions in the low energy regime. The charge

exchange energy spectrum showed a correlation with the predicted helical
resonance in the Heliotron E configuration.
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DEVELUPMENT OF CIRCULARIZER
FOR ENDLESS MIRROR DEVICE WITH 1=2 HELICAL SYSTEM
S.lkezawa, T.Yamazumi, Y.Taki. S.Takeda, S.Nagao
Department of Eleclironic Engineering,

Chubu University, Kasongai 487, lapan

To build the endless mirror device of racefrack Lype thal has
helical system as the curvelinear part . il is imporfant to conneci the
magnetic surfaces between Lhe helical and the mirror parts. The four
circularizers ( the length L ) , which are mounted by space W at the
mirror ends , have some times large pilch me compared with thal of the
helical system ( m=4 ). The aspect ratio R/a=4.5 keeps constant(R=45cm).
In this paper ve will report here the design of the circularizer of
length L , current lc , pich mc and

space V.

Fig.1 shows the winding of the
coil in the endless mirror. In the
caliculation , the toroidal
magnetic field Bt=2.5kG at the
center of mirror , the helical
current |h=10kA and the vertical
current lv=0.8kA keep constant. JZi
Fig.2(a) , (b) and (c) show the

magnetic surfaces in case of the

circularizer currents lc=0, 5 and

10kA , respectively. When |c=0kA Fig.l Winding of coil
(Fig.2(a)) , the magnetic fields

cannot compose the magnetic surface , because the magnetic fields are
resonant and become magnetic island. When Ic=5kA (Fig.2(b)) , the
resonance does not occur and they can compose the magnetic surface.
However, as the |lc increases untill about 10kA (Fig.2(c)), the magnetic

fields begin to be disturbed and do not compose the magnetic surfaces.
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o 0.0 [0 ol 0.0 [H o 6.1 0.1

(a) (h) ced

Fig.2 Magnetic surface at center of mirror ( me=2¥m , L=30cm , W=2cm )

The plasma volume confined is depend on the cross section ( S ) of
ihe most outside magnetic surface. 1i is hoped thal the confinement
cross section is controlled to he large . because the generation of
fusion energy output is proportional to the volume.

With regard to Fig.2 , we have computed the effect of lc , L . mc
and W on S. Fig.3 shows Lhe relation between lc and S. The other
parameters keep constant ( L=30cm , W=2cm ). In cases of mc=2fm , mc=3km
and me=m , the cross section S of magnetic surface hecome maximum around
lc=3-4kA. In Fig.4 , the relation between L and S is plotted. In cases
of me=2#m and me=3km , there the maximum S at L=30cm. But when mc=m the
relation is reversal. Because when mc=m , the magnetic surface is
disturbed. Fig.5 shows the relation hetween mc and S. When mc=2km , S
becomes maximum in lc=3-kA. Fig.6 shows that S does not depend on the
space W.

Ve summarized the parameters of the circularizer of the maximum cross
section of magnetic surface in Table.2 , for the basic endless mirror
device ( Table.l ).

Now we discuss the comparison between our results and the others
[1,2]. Friman et al.[1] proposed the circularizer first in C-Stellarator
device , and Gavrlov et al.[2] carried out the experiment for 1=3. They k

presented the formulation of the best conditien for the circularizer , !
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as follows |
La.=n/l, Ih/e=Klc/a., —— €1)

Where a=2n/Lh and @.=2n/Lc { Lh : the length of helical coil and
Lc @ the length of circularizer coil ). They also obtained the relation
K=2.2 for 1=3. While in our case , L=30cm , Lh=188.9cm , Lc=122.4cm ,

601 SOI'
Me=
lxm
st S
wu Mes= W
without 2xm  withaut 3xm
Circularizer ;7= 3Xxm Circularizer o
Ixm
N N 5 = N 50 I N 3 .
500 1 2 3 4 5 0 10 20 30 40
Ic (kA) L{cm)
Fig.3 relation between Ic and S Fig.4 relation between L and S
( L=30cm ) ( le=3kA )
60¢ o lc=2kA 60
A lc=3kA
0 Ic=4kA
— x le=SkA = -
E E Oo—O0—0—a 2xm
L 55¢ EE5F A A A A 3xm
wn n 0O——0—0——0 Ixm
without
Ci::ﬂi':.‘ijzte? -------------------- Circularizer ~ | 7T
50 3 I 1 1 N I 1 I
0 1 2 3 4 L R R TR
me («xm) W(cm)

Fig.5 relation between me and S Fig.6 relation between ¥ and S
¢ 1=30cm ) ¢ lc=3kA , L=30cm )
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1=2 , Ih=10KA , Ic=3KA are substituted into eq.(1) , then K=5.1 is
obtained , where Lh denotes a qu%}er length of one turn helical winding
as the four circularizers are mounted in our racetrack device.

Next , the Pfrish - schliiter current in herical part may disturb the
magnetic surface[3] in the rectilinear mirror part , so that the
Dracon’s condition that the current does not flow into the mirror part

must be satisfied[4] by the circularizer.

Table.l Basic Parameters of Table.2 Parameters of
Endless Mirror Device Circularizer Developed

Helical Cail pair of coil I =2
pair of coil 1 =12 pitch me= 8 ( 2km )
pitch m=4 length L =30cm
current 1h=10kA space W= Zcm

Vertical Coil current le= 3KA
current |v=0.8kA = SN e

Toroidal Coil

magnetic field B1=2.5kG
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DESIGN STUDIES ON COMPACT HELICAL SYSTEM (CHS)

M. Fujiwara, K. Matsuoka, K. Yamazaki, K. Nishimura,
T. Amano, T. Kamimura, H. Sanuki, J. Todoroki
Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan

I. Introduction

In helical systems, toroidicity introduces two contradicting factors
each other, that is, MHD stability beta limit Bgp o A-l (here Ap is aspect
ratio) and particle confinement which is better in a Earger Ap device. The
recent development of theoretical research on helical systems presents the
possibility to ostimize the configuration for stable confinement of plasmas
by the effect of ambipolar potential, and the localization of helical ripple
to reduce transport in a low aspect ratio device (the works developed by
Mynich, Boozer, Kovrizynykh and a series of ATF-1 design studies).

On the other hand, the experimental research at present is carried out
in large aspect ratio devices H-E (Ap = 10-11), W7A (Ap = 15-20) and L-2
(Ap = 9-10) except JIPP T-II (Ap = 7-8). ATF-1 will be tested near future
to prove the possibility of plasma confinement in a lower aspect ratio (Ap
= 7) helical system, In this report we present the design study of a more
compact helical system (Ap = 5) CHS based on the recent theoretical and
experimental results.

The CHS device is now under construction and will be in operation in
1988 at the Institute of Plasma Physics, Nagoya University.

IT1. Configuration Studies

Selection of configuration is carried out from several key points
listed as follows: (1) Plane axis helical systems are torsatron/heliotron
and stellarator types. The later configuration needs helical coils and
toroidal coils except modular coil systems, but the former ones compose of
helical winding and poloidal coils to cancel the vertical fields induced
by helical coils. From the viewpoint of simple structure to keep good
accessibility, CHS employs torsatron/heliotron type configuration.

The pole number 1 of helical winding is determined to be 1 = 2 in
order to keep the rotational transform angle on the magnetic axis t(0)
finite (t(0) = 0 in 1 = 3 systems) from the viewpoint of low axis shift for
finite B plasma and good confinement in the central core region. To reduce
the aspect ratio without lowering t(0), the pitch of helical winding y =
map/1Ry, where m, ap and R, are the toroidal period number of helical field,
minor radius of helical winding and major radius of the torus, is around
1.25 which is lower than the values of H-E, ATF-1 device.

(2) Pitch modulation of helical winding is also employed for the forma-
tion of clean and large magnetic surface without the bifurcation in a low
aspect ratio helical system. According to Cary-Hanson's theory, the
modulation includes multi-harmonic helical fields for the ideal case, but
CHS device uses a simple winding law 6 = (m/1)¢ + a*sin(m/1)¢ (here 0, ¢
and o* are poloidal and toroidal angle and the constant value of the pitch
modulation factor) to build a real experimental device with a high accuracy.
a* is selected 0.3 (v ap/Rg). The positive o* is effective not only to
form clean and large magnetic surfaces but also to reduce the vertical
fields induced by helical windings by a factor 2/3.
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(3) CHS device is also equipped with the main vertical coils and the
additional coils called SF whose role is shaping the averaged magnetic
surface by controlling the component of the quadrapole fields. The major
parameters of CHS are listed in Table 1. The top view of the device is
shown in Fig.l. The magnetic surfaces at different toroidal angle, the
radial profile of the rotational transform t(r) and the well depth are shown
in Fig.2.

MHS studies are also carried out for CHS configuration by using H-
APPOLO code, which uses an averaging method, for the equilibrium/ballooning
stability and H-ERATO code for stability. The 5 value is not limited by
the stability but is determined by the destruction of equilibrium in a fat
helical torus such as CHS. One example of computer results is shown in
Fig.3 which indicates the magnetic axis shifts as a function of the averaged
B for three different fixed vertical fields. MHD equilibrium calculation
for CHS carried out by different codes such as VMEC for NEAR (ORNL) pre-
sented consistent results with those in Fig.3. The maximum B is estimated
to be around 5-6 Z.

Confinement times are also evaluated by various methods such as the
point model of reo-classical transport, 1-D transport WHIST code by ORNL
people and the empilical scaling obtained by H-E group. The energy confine-
ment time is 3-10 ms for the plasma parameter of ne = 1-5 x 1013/cc and Ta
= 500-1000 eV. The role of ambipolar electric field is found to be extreme-
ly important for plasma confinement in a low aspect ratio helical system.

IIT. The Experinental Program

(1) After the device construction, ECH of 18 GHz/30 kW (B = 0.64 T)
and 28 GHz/200 kW/75 ms (B = 0.5 and 1.0 T) are tried to study the basic
confinement characteristic of CHS device. The RF plasma heating is also
tried to produce a high dense plasma (ng 2 1013/ce) in various magnetic
field strength (B = 0.3-1.5 T). The development of RF and production
heating makes it possible the B dependence of confinement, high B studies
in a low magnetic field case, and preparation of target plasmas for a neu-
tral beam injection.

(2) In 2nd phase, high power NBI heating (30-40 keV, 3-4 MW) and high
power ICRF are planned to study the confinement of a finite B, high tem-
perature plasma, Higher frequency ECH (60 GHz/200 kW/100 ms) is also
carried out in this stage.

(3) CHS device will be up-graded to be operated at B ~ 2T by changing
the power supply system of coils.

(4) The helical windings (1 = 2, m = 8) of CHS can be operated at
different coil currents, so the helical axis like configuration can be
studied in the later stage of the experimental program.
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Table 1 Major parameters of C.H.S

Major radius R 1.0m

Helical coil radius ay 0.313 m
Avarage plasma radius a 0.2 m

Plasma aspect ratio Ap 5
Multipolarity 1 2 &

Number of field period m 8

Pitch parameter 1.25

Pitch modulation factor 0.3

Field strength on axis B 1.5T=2.0T
Central transform 0.33

Edge transform 0.8-1.0

Pulse length 28 At 1,57
Access port diameter 30 cm,50cmx38cm
Neutral beam power 3-4MW/40kev/1s
ECH

ICRF

30 Kw/16GHz/cw
zooxwlzacﬂz/75ms
zouijﬁosuz/1ooms
SDDKWIS—ZBMHZI10ms
2MW/20~-40MH,_ /30ms

.

Fig.1

Top view of CHS device.
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ABSTRACT
latveeva E. A., Pustovitov V. D.

EFFECT OF THE PLASMA ELONGATION O EQUILIBRIUII IH STELLARATORS

In this pzper ihe effect of the boundery sghzpe of plasmn on
the —value, the geonetry oif internal magnetic surfaces cnd the

rotational tronsform profile {aJin odincry stellaritors ( with
plancr circular axis ) is investigated. Averaged magnetic surieoces
are degerived by three parameters- toroidel shiift A , elongation K
and triangularity (51 . The values of K and A on the plasma
boundary ere si)ccified as initial date. Two-dimensional equilibri-
um equation is solved nuwmerieczlly using the methed of electrodynemic
monenis.

It is shovm that in stellarators with shear elongaetion of the
avernged boundery gives rise to significont increase of the ellipti-

city of the internal mognetic surfeces, end, correspondingly, to the

considerable increase of ( 2+2,5 tines for rother moderate
"4 N & a 2\ T =zt lototode giloat oo la o amAL A e
Y oW Inm IadeXsss THOUS SastE Shis oo AF miohk

weaker. The dencndence of 24,00 K@ is the sone as for the to-

kamal: with the waiform current ﬂcll"‘luj'
Py (£ 6)/J3M (1) = (5/\56 7‘1) /fgwi/

In this woxlk L_n..la.uc_l devendence of on geonetric pora-

netors /C and been derived:

(/f‘(ﬁ): fa/ﬂ S J[Co _,(_ _7/,/4..{?’{‘, a,& /S?‘f'/ 7‘_54

et 3%7// A h*
o // T Gl KT 2 ‘ WEEh
It follovg thnt ‘uhc‘/L{ ~profile control in stollar\tolsﬁle"r is

7

in pwingipal vossible Uy elonzating of the avercged mngnetic suric-

ces only. Prom (1) it is =lso clesr thot in shezrless stellirciors

with ilozl—zel‘oJ?) negetive sheas
L/t( [a) bron;

A Ys Porsale (1) 5 ond
sood gquilitotive woveenent with esleulsted JL{, ~Lzolide,

;1 denend§ upon pressurc dizbribusion /J(a)( Ver

in "= Copust approsirstion ,




406

HIGH-J& EQUILIBRIUM IN A STELLARATOR

L.l Kovrizhnykh, S.V.Shchepetov
General Physics Institute, USSR ncademy of Sciences
D.P.Kostomarov, D.Yu.Sychugov

Hoscow State University

As a rule, in analyzing plasma equilibriwm in magnetic confine-
ment systems, it is not apriori clear, what is the topology of

the magnetic surfaces. The presence of a finite pressure or the
currents flowing in the plasma, in particular, lead to the appea-
rence of magnetic islands or geparatrix.dere the problem of stel-
larator equilibrium is numerically solved and the topology of
magnetic islands is studied. The case of fixed total current
flowing in the plasma is congidered as well as that of stationary
plasma equilibrium in a stellerator with a zero-current, flowing
through the crogs section of each magnetic surfaece. analytical
estimations are given.

Using the system of averaged MHD equations, which reduces the
problem to study axisymmetric case 1, it is easy to obtain the
equation for the poloidal flux of a magnetic field W :

TSR R X ',?-z-a}ﬂ’ Y[l . J.az‘wwe,;)] nlg (1)
where p is the plasme pressure, I(W¥) is the poloidal current,
B - is the loagitudinel magnetic field at the axis of the system.
The dependence of‘P (r,z) and B*(r,z) functions is governed by
the type of helical fields confining the plasma and we shall
congider it to be given in our case. In numerical calculations
we use the Cartesian coordinate system (r,s,z) where s is the
angular coordinate along the axis of the torus. Later on we
shall consider that at p=0, J =O level lines in the cross=-
aectlon 8 = consgt are concentrlc circles, at the same time
'\y B"S.P _F.e*d._p sy where -b is the rotational transform produced
by helical windings, B%/B, _-_N'R;zj 9’9 %de , N is the period
number of helical w1nd1ng,-€ is represented in a form:

£eZ Cux™, x=§/p,, Cu>0. |
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Here p, is the minor radius of magnetic surface,_p:d(_'z— Y.,)’* 22,

for the sake of certainty we shall consider later on that plasma
column is bounded by an ideally conducting shell with a major ru-
dius iy and minor £o - In numerical calculations we used the
L-2H stellerator parameters ( General Physics Inst.)?
§=ps/igy = 1/6, Cy = 20, = 2C5/5 = 0.22, Oy 5 =0, I = 4.

At p~ const IE(W) ?"" , n=0,1 ¥q.(1) may be solved analytically
the toroidicity being arbitrary. Here we shall limit ourselves
to the case B;/BO ¢¢ 1 that seems to be optimal for reaching
maximum @ 3 :

Let us name the properties of the solution to Eq.(1) at n=0:
1) when the current flowing through the crosssection of the plasma
column is fixed and nonnegative, ¥ cease to be a non-negative
function at a certain value Ofgmax = 2pmﬂx/]3§:_-=_g,m . This value
of the parameter & is the maximum one since V<0 corresponds
to a physically meaningless negative pressure;
2) when 2# Q, Ck>'.!. =0 at W30 the system has a single axis;
3) when 03 # 0 the number of magnetic axes may vary depending on
the value ufﬁ, . At low p values, the configuration with a
single axis is realized, while @& value grows the configuration
with three axes appear - two elliptical exes and one hyperbolic
axis ( See Fig.1 );
4) when &* is growing arbitrary function of x the number of axes
does not exeed three, at an arbitrary p and W20 .

Ommiting straightforward algebra let us formulate the follo-
wing properties of solution to Eq.(1) at n = 1 :
1) non-negative solution for W exist at 0§ Pmageo |
2) when 01 £ 0, ckﬂ = 0, that corresponds to a shearless stella-
rator, the magnetic configuration has a single axis;
3) in a stellarator with large shear, magnetic islands may appear
and the number of magnetic axes does not exeed three;
4) when @ velue continue to grow, the magnetic islands may dis-
appear due to the decrease of W value on the inner circuit of
the torus.

Now let us consider a stellarator with zero current flowing
through the cross-secftion of each magnetic surface. We shall
show that under this condition the solution to Eq.(1) cennot have
a local minimum surrounded by a local structure of smooth or
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piecewise-smooth surfaces, assuming~a'Y* = g(r,z) > 0. Suppose
by contradiction that there is a local minimum et & certain point
M in the inner region, surrounded by closed level linesy = const.
For the level lines located sufficiently close to the point M,

the inequalityrtv <0 s volid | yhere n, is the inner normal to
the level 1ine. In 8 currentless regime, integrating Eg.(1)

over the region Stg bounded by one of these level lines, and
transforming the left-hand side according to the Hauss-Ostrograd-
skii formule we come to the contradiction:

03§ £ de=[fgemridS o
"0512 fNe

The maximum poggible number of axes in the case of completely
currentless stellarator is, thus, equal to two.

The numerical calculations show that for n = 1 the second
magnetic axis is formed at very high pressures j;wua~2€3 , which
are unlikely to be of practical interest.

The lower velue of the parameter‘§ e ﬁ; , at which the
gystem has the second axis in the inner region, is obtained for
the pressure profiles, whose gradient maximum is reached at low
(VY/Vmon) s that may be explained as follows. Since the finite
pressure causes the shift of the magnetic surfaces, aligned with
the major radius increamse, and the value of poloidal flux on the
inner circumference decreases the maximum value of the Pfirsh-
Schluter, which is negative there, is located in the regionm,
where confining field 'ﬁ; =[PV 5€) 2 s small.

The discussion above is illustrated by Figs. 2 a,b which
present the calculation results for the pressure profiles:

Y i 2
P=Pmaox j Fepdy/ j Fapdy, Fly=exp(-C44078), Y= W/ ¥mox

the maxlmum of pressure gradient is located at y = Yo 8 = 0.1s
The minimal value of_p parameter at which the system forms an
additional axis is reached at Ys~0.2 . The calculations show
the plasma to be stable against the interchange modes in the
vicinity of a zeropoint of a poloidal magnetic field.

1. L.i.Kovrizhnykh and S.V.Shchepetov, Fiz.Plazmy 6, 976 (1980)
[Sov.J.Plasma Phys. 6, 533 (1980)} .
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2. I.8.Danilkin, 0.I.Fedyanin, I.S.Shpigel, L.M.Kovrizhnykh, in:
Proc. US-USSR Topical lMeeting: Magnetic Configurations, BEqui-
librium end Stability of Stellarators, 1, Rep.1 (1986).

3, L.M.Kovrizhnykh, S.V.Shchepetov, Usp, Fiz. Nauk 148,637(1986),
{sov. Phys. Usp. 29, 343 (1986)] .
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ESTIMATION OF PRESSURE RADIAL PROFILE AND BNEKGY
CONFINEMENT TIME IN STELLARATOR-REACTOR WITH THE LARGE SHEAR

A.V.Komin, A.B.Mineev
D.V.Efremov Scientific Research Institute of
Zlectrophysical Apparatus, Leningrad

I.S.Danilkin, L.k.Kovrizhnykh, S.V.Shchepetov
General Physics Institute of the USSR
Academy of Sciences, loscow

Abstract

Mpthod /1/ of estimation of the energy confinement time
qa; in tokamaks has been applied to describe the ﬁﬂk behaviour
and pressure profile in a large shear stellarator.

Approximations for finite beta plasma displacement in stel-
larator have been given, which correspond to the data of . other
works.

The LHD plasma stability criterion /2/ in stellarators has
been analyzed. When the plasma pressure increases, the plasma
region on periphery, where pressure profile is defined by stabi-
lity criterion, decreases. This situation allows to conclude
that in stellarators, unlike tokamaks /1/ there must not be
essential confinement degradation due to plasma instability.

The probability of energy confinement improvement in low
collisionality region of stellarator has been studhd. It has
been shown that if radial profiles of particle and energy sour-—
ces coincide within complete neoclassical gystem of equations
/3/, the essentiml improvement of confinement is possible.

/1/ J.¥i.Connor, J.B.Taylor, li.F.Turner Nucl. Fusion v.24, no.5,
p.b42, 1984.

/2/ Le.l.Kovrizhnykh, S.V.Shchepetov Uspekhi Fiz. Nauk, v.148,
no.4, p-637, 1986.

/3/ L.li.Kovrizhnykh Nucl. Fusion v.24, no.4, p.435, 1964.
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MODULAR STELLARATORS WITH IMPROVED CONFINEMENT PROPERTIES

E. Harmeyer, F. Herrnegger, J. Kisslinger, A. Montvai*, F. Rau , and H. Wobig

Max-Planck Institut fiir Plasmaphysik, D-8046 Garching, FRG, EURATOM-Association.
* Guest from: Central Research Institute for Physics, H-1525 Budapest, Hungary.

Abstract Vacuum field properties of stellarators with modular coils are compared
in order to select the configuration with optimum confinement, small bootstrap current,
and prospects to achieve a high beta value.

In an effort to select an optimized configuration for application to Wendelstein VII-X, the
next step of the Garching stellarator program, vacuum field properties of three types of
stellarators with modular coils and reduced secondary currents and a modular Heliac system
are investigated:

(1) : asystem W VII-X-1D with 6 elliptically shaped coils in each of the five field periods,
otherwise similar to that of the forthcoming Garching Advanced Stellarator Experi-
ment Wendelstein VII-AS;

(2) : a Bean-shaped Advanced Stellarator configuration BSX derived from item (1), with
some indentation of the flux surfaces at particular toroidal positions, realized by 9
elliptical coils per field period and otherwise similar to a system described in /1/;

(3) : several Helias systems with 4 to 6 field periods, HS4, HS5 and HS6, with topologies
similar to those published in /2/ or /3/ , realized by 10 to 12 coils per field period;

(4) : a modular Heliac with 5 field periods similar to those published in /4/.

These types of modular stellarator configurations were discussed in a recent ‘Workshop on
Wendelstein VII-X’ /5/. Examples of coil shapes and magnetic vacuum fields are given in the
five columns of Fig. 1. The coils of W VII-X-1D and BSX 5-2 are centered along planar
curves R(p) = R, (1 + bcos(5¢)), with B, = 5m and § = 0.016 and 0.075, respectively.
The coil bores have elliptical minor cross section. This would ease the maintenance of a
future reactor. Indeed, W VII-X-1D is a downgraded version of ASRA6C, the reference
configuration of a recent study /6/ of critical issues of Advanced Stellarator reactors. The
Helias configurations studied so far require coil contours matched to the shape of outer flux
surfaces. In the modular Heliac identical coil shapes should be possible. The coils for the
Helias (Heliac) systems are arranged along spatial curves with moderate (large) values for the
vertical excursion and coil tilt. Consequently, the magnetic axes follow also spatial curves,
whereas W VII-X-1D and BSX have nearly planar magnetic axes.

A typical dependence of the electromagnetic forces in such a coil systems is visualized by
the effective force Fy., shown as arrows in the top part of Fig. 1. These forces are largest
near the ‘corners’ of the coil systems, they point radially outwards in BSX 5-2 at the middle
of the field period, and they are spiralling in the Heliac. Other engineering aspects of the four
types of stellarators are also investigated, like the support of local electromagnetic forces and
the resulting stresses and strains. Reinforcement of the coils is required, by some ceil housing
and by intercoil structural elements. The stored magnetic energies amount between 0.3 and
1GJ at a field B, = 4T on axis; the maximum fields at the coils are below 7.57T".




jons with magnetic flux surfaces

Fig. 1 : Top view on the coil systems, and coil cross sect
shown at three typical positions along a field period.

A8
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The rotational transform ¢ of modular stellarators depends strongly on the coil aspect
ratio and can be varied in double layer coils, utilizing different current densities in the inner
and outer coil parts /7/. The above configurations have low shear and a magnetic well,
AV'[V' <0, in their vacuum fields of aspect ratio A = 11 to 16. The aspect ratio raises
with £ and also with the number of field periods. The magnetic well can be deepened by a
large number of coils per field period (on the expense of the access between coils, however),
and also by a lowered r—value in W VII-X-1D and BSX. Configurations with a magnetic hill
are excluded from this study because, at vanishing or low shear, they would lack interchange
stability.

In order to estimate the stability behaviour of the above configurations from their vacuum
fields, in Fig. 2 the quantity J* = ((BZ/B?)- (1+ (jj/s1)?)) is shown, which enters the
stability criterion of resistive interchange modes. Here {...) is the average over a flux surface,
and jj and 7 are the parallel and perpendicular current density, respectively. The ratio jj /7.
is derived from the poloidal variation of [ d!/B taken along one field period. In the Helias
and BSX configurations typical reduction factors of = 3 are seen for the parallel currents,
as compared to values obtained in a standard stellarator like Wendelstein VII-A, which are
characterized by |j||/j_1_| ~ 2/t. Low values of J* indicate good reduction of the parallel cur-
rents, a small Shafranov—shift at finite beta, and low transport losses in the Pfirsch-Schliiter
and plateau regimes. Resistive interchange modes are studied for Helias configurations in /8/
at finite 3, and stable values up to an average f of 9 % are found.

Guiding center orbits of circulating and trapped charged particles have been studied in
the absence of electric fields. Trapped particles usually are lost in local mirrors between two
adjacent coils. In the Helias, BSX and W VII-X-1D configurations the radial offset of drift
surfaces of circulating particles normalized by the Larmor radius, A/p, is improved by a
factor up to 3, in comparison to values of a standard stellarator. The latter scale ~ 1/¢.
In the Heliac the deviations of drift surfaces are small, which is due to its large rotational
transform ¢ = 2.

For a further quantitative comparison of the different systems, in TABLE I the factors Cpy
and Cy are calculated from Fourier-coefficients of |B|. These factors describe the plateau
diffusion coefficient and the bootstrap current normalized to axisymmetric values /9/ of an
equivalent configuration with the same rotational transform ¢ and aspect ratio. Reduction
factors Cp; between three and four are found in BSX 5-2 and the Helias configurations with
4 and 5 field periods; Cj is lower by a factor of four in BSX 5-2 , and nearly vanishes in the
modular Helias HS4-8 with four field periods. Transport losses in the long mean free path
regime increase with the magnetic ripple and the effective drift velocity. Following the theory
of /10/ an equivalent helical ripple €cquiv. can be calculated which includes the reduction of
the radial drift velocity of trapped particles. An optimum behaviour is obtained again for
the case of HS4-8. An equivalent ripple amplitude is roughly 0.5 %. This configuration has
a considerably small radial dependence of Bpin on the radial coordinate r.yy, see Fig. 3,
which implies that deeply trapped particles have a rather small drift velocity.

Conclusion : From the above studies, summarized in TABLE I, preference is given to the
Helias type configurations. The number of field periods is not yet definite, although the low
coil and plasma aspect ratios, as well as the small value of C}p; and the vanishing Cp favour
the four period system. If possible, the toroidal invariance of the coil bores, a characteristic
feature of BSX 5-2 , should be incorporated in the definition of Wendelstein VII-X.
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B3 Jif y2
J* =< EE (1 +(;I} ) > S HS4-8
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Fig. 2 : Dependence of J* on the rotational
transform ¢ for modular systems with re-
duced secondary currents.

Fig. 3 : Dependence of minimum and max-

imum induction Bmin y Bmaz on the effec-
tive minor radius for HS4-8.

TABLE [: Characteristics of different WVII-X approaches.
Major radius R, = 5.0m , magnetic induction B, = 4.0T

rplm] | re[m] &, AV (V%] | J* Afp Cpt Cy

WVIL-X-1D 0.45 122 | 045 -1.7 7. | L7124 015 0.55

BSX 5-1 040 | 080 | 0.41 -0.1 3,

BSX 5-2 0.30%) | 089 | 0.9 -0.1 23 | 0.3-09 | 02203 | -0.25
HELIAS 4-1 | 0.44 -1.0 26 | 0.3-1.0
HELIAS 4-5 | 044 | 080 | 051 0.4 2.2
HELIAS 4-8 | 045 | 090 | 055 0.7 2.4 027-0.3 | =0
HELIAS 5-3 | 0.38 | 0.72 | 0.72 04 16 | <06 | 03035 | -1.2
HELIAS 6-1 | 0.34 1.03 0.1 13 | <04 | 061-0.8 | -28
HELIAGC 5-1 | 0.45 085 | 1.99 |  -0.1 25 | 0.2-1.0 | 2425 | -33 |

]

+) determined by preliminary vacuum tank, separatrix r, = 0.38 m

TpyTet
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STABILITY OF LOCAL MODES IN TJ-I1

J. NUHRENBERG, R. ZILLE

Maz-Planck-Institut fir Plasmaphysik
IPP-EURATOM Association
D-8046 Garching bei Miinchen
and
S.P. HIRSHMAN
Oak Ridge National Laboratory
Oak Ridge, TN 37831/USA

The TJ-II four-period heliac [1] derives its flexibility largely from the replacement of
an axisymmetric toroidal heliac current [2] by a combination of this current with a
helix-like one twisted around it [3]. Two key parameters, the rotational transform
and the magnetic well, can be controlled in this way. In this paper, various TJ-II
configurations are analyzed with respect to their local mode stability properties [4],
only resistive interchange stability results being described because they are very close
to Mercier stability results for heliacs.

Vacuum field calculations approximating TJ-II configurations are performed with fixed
TF coil line currents, fixed VF coil line currents, and various circular-coil (cc) as well as
helical-coil (hc) line currents. A selection of configurations from the TJ-II operational
space is obtained with the following prescription for the cc and hc currents:

Ij. [kA] = —2.1(1, [kA] + 257.2).

Figure 1 shows configurations of this type; the rotational transform per period ¢y is
in the range %Ebpi%; the magnetic well W is given by 0 <W <£0.06; deep wells and
large rotational transform occur simultaneously. For these configurations, magnetic
surfaces inside but close to the boundary of the confinement region are selected as
plasma boundary for the VMEC fixed-boundary 3D code [5]. Such a surface is Fourier
analyzed in a form suitable as input for VMEC. Figure 1 shows these boundaries
which approximate the original magnetic surfaces sufficiently well. Improvement of
the representation is still necessary for the very indented case.

Case Il is described in some detail. The currents (I, I.) = —(200,120) kA result
in ¢o (at the magnetic axis) = 1.58, ¢; (at the boundary) = 1.592. The boundary is
chosen such that V" =~ 0, and the overall magnetic well is W ~ 0.03. This boundary
lies just inside the ¢, = % resonance. Use of the VMEC code with approximately
10 Fourier amplitudes and 25 radial grid points yields 1o &~ 1.63, tpin = 1.58, 11 =
1.598, and W = 0.038 for the § = 0 case. While these values are fairly accurate,
the fictitious increase in twist near the magnetic axis artificially introduces the %
resonance. Calculation of a finite 8 equilibrium with a bell-shaped pressure profile,

which is close to the optimum (for stability) because of V" = 0 at the boundary,




416

(H]

(ETN]




417

8
BIN] [Ln (D0
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Fig.1: Five TJ-II configurations characterized by the relation between I;, and I, given

in the text and for

case I I, = —163 kA, 1o = 1.90, ¢g (last flux surface shown) = 1.90, Wg =

0.064, |
case II: I;; = —175 kA, tp = 1.81, v = 1.82, ¢ty = 1.79, Wg = 0.05, W, = 0.036,

case III: I, = —200 kA, o = 1.58, tp = 1.61, ¢; = 1.59, Wi = 0.03, W; = 0.03,

case IV: I.. = —240 kA, o = 1.15, 15 = 1.24, ¢y = 1.22, Wg = 0.006, W; = ‘
0.008,

case V: I, = —257.2 kA, ¢p = 0.92, tp = 1.05, Wg =~ 0.
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yields a stable equilibrium at (§) = 0.01. At this value of § the change in rotational
transform is negligible; <j|f2/ﬁ) = 2 at tp = Lymin, where the 2 resonance is not impor-
tant, and becomes large at the boundary owing to this resonance. At {3) = 0.015 the
stability condition becomes approximately marginal; at () = 0.02 the equilibrium is
unstable over most of the plasma cross-section. If the resonant contribution to the
parallel current density is neglected, i.e. only the non-resonant part of the paralle|
current density drives the interchange instability, the equilibrium is stable. It has been
verified that this behaviour leads indeed to stability at (8) ~ 0.02, with resonances up
to order 10 being taken into account, if the configuration is carefully adjusted between
Lp:%audnp=§. '
The results for the other cases shown in Fig. 1 exhibit the same basic features. Case
IV, for example, avoids low-order resonances, but ¢, = -1% occurs. Without taking
this resomrance into account, the stability boundary is (8) = 0.01, with this resonance
slightly lower. As expected, these results verify that deeper magnetic wells and larger
transforms yield larger stable § values if low-order resonances can be avoided.

A sequence of TJ-II-like equilibria is defined as follows. Suppression of small Fourier
amplitudes of the boundary and symmetrization of those which are non-vanishing in
helical symmetry yields a neighbouring boundary (see Fig.2). With the aspect ratio
of the period fixed, the number of periods N can be used to obtain the limit of helical
symmetry by taking N — co. Figure 3 shows f-values obtained in this way.

<p>

2 4 [}

Fig.2: Flux surfaces of a TJ-II and a symmetrized TJ-1I configuration.
Fig.3: @ limit as a function of the number of periods.

[1] A. Perea, J.L. Alvarez Rivas et al., 12th Eur. Conf. on Contr. Fusion and Pl. Phys.,
Budapest 1985, ECA Vol. 9F, Part I, 433.

(2] 8. Yoshikawa, Nucl. Fusion 23 (1983) 667.
(3] J.H. Harris et al., Nucl. Fusion 25 (1985) 623.

[4] J. Niihrenberg, R. Zille, 5th Int. Workshop on Stellarators, Ringberg 1984,
EUR9618 EN, Vol. I, 339.

[5] S.P. Hirshman, W.I van Rij, P. Merkel, Comput. Phys. Comm. 43 (1986) 143.
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FIXED- AND FREE-BOUNDARY n > 1 MODES
IN TOROIDAL ! = 2 STELLARATORS

F. HERRNEGGER
Maz- Planck-Institut fir Plasmaphysik
IPP-EURATOM Association
D-8046 Garching bei Miinchen

1. Introduction.

The magnetohydrodynamic equilibrium and stability properties of toroidal | = 2 stel-
larator configurations of large aspect ratio A (4 = Ry/a = 10 to 20 as for the WEN-
DELSTEIN VII-A device, Ry is the major torus radius and a the mean minor plasma
radius) are accessible to the asymptotic stellarator expansion procedure STEP 123). So
this is an adequate tool to study some characteristic equilibrium and stability proper-
ties of stellarator configurations without longitudinal net-current, which also apply to

Advanced Stellarators ¥). Results of a mode analysis of Heliotron-E configurations using
the three-dimensional BETA- code are given in Ref.5, and in Ref.6 ideal and resistive
n = 1 modes are studied for that configurations based on the average MHD equations.
In the present paper a classification of unstable free-boundary modes occurring in toroi-
dal | = 2 stellarators is given. The normalized eigenvalues of fixed- and free-boundary
modes with mode numbers n = 1,2,3,.. in toroidal direction and various radial node
numbers of the eigenfunctions are given as functions of the position of an electrically
conducting wall the mean minor radius of which is denoted by b.

2. Asymptotic Equilibria.

The [ = 2 equilibrium configurations consist of M = 5 field periods of period length
Lp/a where the aspect ratio A is related to the period length by A = MLp/27a =
M/ha. The value of the twist (angle of rotational transform divided by 2x) at the
boundary is kept below 0.5 for the finite-beta magnetic field configurations. For these
equilibria, the lowest-order resonance condition n/m = 1/2 = ¢ is not satisfied inside
the plasma region (m is the poloidal mode number of the dominant Fourier mode).

The vacuum magnetic field is given by B = Bg[€; + (6/h)VIy(hr) sin(20 — h2)] in the
pseudo-cylindrical coordinate system gr, 0, z), where the Bessel function I(hr) appears
in the solution of the Laplace equation for the straight system (Bessel model); é describes
the amplitude of the helical ! = 2 field. The asymptotic value of the twist on magnetic
axis is given by £ = M§?/16 for the vacuum field. The eprofile of the vacuum field as
function of the mean minor radius r of the magnetic surfaces is approximately given
by ¢(r) = 5[l + (hr)2/2 + 7(hr)*/96]. At finite 3, the e-profile is changed as shown in
Fig.1. The local shear r¢/ /¢ (= (hr)* in leading order) of these configurations is rather
small compared to Heliotron-E configurations because of the long period length. The
pressure profile p = po(1 — 9) = po(1 — (r/a)?) is approximately a parabolic function in
7 (1 is the normalized poloidal flux). The aspect ratio is A = 7.7.

Figure 1 shows the twist ¢ and the normalized specific volume (V' —V{)/V{ as functions

of r/a and (r/a)?, respectively, for two different A-values and vanishing longitudinal net
current. The corresponding vacuum fields have a large average magnetic hill meaning
that (V' —Vg)/Vy > 0. By superimposing ! = 3 fields with the same period length
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Lp or half of that, vacuum fields with a magnetic well can be obtained having more

favorable stability properties .
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Fig.1. Twist and normalized specific volume Fig.2. Eigenfunction and displacement vec-
(V! =V{)/V} as functions of r/a and tor of a free-boundary n = 2 mode
(r/a)?, respectively (A =~ 7.7). g{:;) one maximum (ry = 0.43,6 =

3. Stability Results.

For all stability computations the equilibrium mass density p is assumed to be p ~ ,/p
except for the results in Fig.4. The eigenfunction 7 of a free-boundary n = 2,m,.s = 4
mode is shown in Fig.2 as function of ¥ together with the corresponding displacement
vector. The eigenfunction assumes its maximum at the boundary. The equilibrium
configurations have been chosen so that the n =1,2,3 and myes = 2n %‘n/mm =1/2)
modes are not resonant to ¢ inside the plasma region. As shown in Fig.3, the free-
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boundary n = 1,2,3 (myes = 2n) modes are unstable if the conducting wall is at infinity
(a/b = 0}; as the wall approaches the plasma boundary (e/b > 0), these modes are
completely stabilized at a finite but small wall distance (b/a ~ 1.05). So fixed-boundary
modes of that type have not been found.

The scaling of the eigenvalues with the wall distance depends weakly on the equilibrium
mass density p as shown in Figs.3,4, but the threshold value of a/b for marginal stability
is not affected. In Fig.5 the normalized eigenvalues of unstable modes are computed for
Bo = 1.9% showing that the absolute eigenvalues increase and that the stability margin
of a/b is changed.

Other classes of unstable modes with one or two main extrema of the eigenfunctions
inside the plasma region are shown in Fig.6 for n = 4,m,.; = 2n + 1 fixed-boundary
modes which are resonant to ¢ inside the plasma region and are rather localized around
the resonant surface. The location of the resonant surface can be seen from Fig.6. In
Figure 7 the eigenvalues of n = 4,5, ... fixed boundary modes are plotted, the absolute
eigenvalues increase with n. If unstable fixed-boundary modes occur, the corresponding
free-boundary modes will also occure.
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to=0.43, £ =0.49, Bo=15%
el F | 1T 0 @ 1 0.008 AV'J"V‘;:'L-S °J'=,P=1 =]
003 mps=2n modes —
~ t0=043, £p=049, [3°=!.5 o 1
~ AV/Vg=-45%, p-/p
= = ~ 0006 ~]
. i ..
002~ B . -
o - n=2 = E—
& - . ' 0.004 -
= P |
o i !
001 —
5 — 0.002 =
00 i P B S o i a 00 L | l\:\o\ L
0 05 10 0 05 10
&
(a/b) !Cll'b)"

Fig.4. Kigenvalues as functions of (a/b)*
for n = 1,2, 3 free-bourdary modes
(r=1).

Fig.3. Eigenvalues as functions of (a/b)*
for n = 1,2, 3 free-boundary modes.
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STUDIES OF THE MAGNETIC SURFACES IN THE STELLARATOR WEGA
H. Hailer, J. Massig, F. Schuler, K. Schwirer, H. Zwicker

Institut fir Plasmaforschung, Universitdt Stuttgart
D-7000 Stuttgart 80, FRG

Abstract: Following its reassembly, the vacuum magnetic field of the stel-
larator WEGA is investigated. The magnetic field lines are trazed by an
electron beam. To detect the electron beam various methods are used, in-
cluding a new method to take high-quality pictures of drift surface cross
sections. At rational values of the rotational transform magnetic islands
are observed. Experimental data are compared to numerical results. The fea-
8ibility of eliminating the magnetic islands by additional magnetic fields
is tested.

The toroidal device WEGA, formerly a joint undertaking of the CEN Grenoble
and the IPP Garching, has been transferred to the IPF Stuttgart and reas-
sembled in its stellarator version (see e.g. [1], [2]). This stellarator
has 40 equally spaced toroidal field coils allowing for B, up to 1.4 T and
=2, m=5 helical windings mounted on the shell of the vessel, The major and
minor radii of the vessel are R_=0.T2m and a=0.19m, respectively. The resi-
dual gas pressure in the torus ?s about 2x10°' mbar.

The structure of its vacuum magnetic field is investigated experimentally,
feeding the toroidal field coils and the helix w&ndings independently by
highly stabilized power supplies (better than 10™ ') producing a magnetic
field of about 0.06 T and values of the rotational transform up to + = 0.6,
The magnetic field lines are traced by means of a low-energy electron beam
(from 30 eV up tc 120 eV), pulsed or de, using various detection methods.

To begin with, a well known technique was used ([3], [4], (5], [6]): The
intersection points of the electron beam with a meridional (poloidal) plane
are detected point by point with an electric point probe. If the beam is
pulsed, by this way the rotational transform can be evaluated, too, via
time-of-flight measurements. This method is accurate but very time consu-
ming. Fig.1 shows drift surface cross sections mapped this way at values of
the rotational transform +, slightly below 1/2 (1a) and next to 1/2 (1b),
unveiling two large islands. In Fig.1b the inner closed surfaces have van-
ished totally. Moreover, these two pictures indicate the sensitivity of the
islands to the ratio of the toroidal field current to the helix current
{ITF/IHF is 0.44C01 in Figda and 0.4373 in FigJdb).

Much faster detection of the electron beam transit points is achieved by
using a fluorescent mesh as has been done in HELIOTRON E [7]. Our mesh
(stainless steel, wire diameter 0.8 mm, spacing 5.8 mm) has a transparency
of about T4.3 %, slightly higher than that used in HELIOTRON E. This value
prooved to be much too low, resulting in a rapid decrease of the beam in-
tensity at consecutive transits and leaving, for example, after 100 tran-
sits a relative beam intensity of only 1.3 x 10 '>., Fig.3 shows two ex-
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amples for this method, a nearly elliptic drift surface at «; = 0.118 (3a)
and islands at +4=1/2 (3b). Only small parts of the two islands can be
identified because of overradiation at the first transits and rapid de-
crease of beam intensity

Calculations of electron trajectories indicate that some 50 to 200 beam
transits are needed to identify magnetic islands properly. If after 100
transits a remaining beam intensity of only 1 % seems to be acceptable, the
average transparency of the mesh has to be higher than 95.5 % resulting in
a wire diameter of less than 0.11 mm at 5 mm spacing givinga rather poor
spatial resolution.

Optimum spatial resolution as well as minimum beam interception are
achieved by moving a linear fluorescent detector, e.g. a thin coated rod,
across the beam path, while imaging this detector on a photographic film or
on the target of an electronic camera and exposing for at least one sweep
time. This is a fast method producing high-quality pictures of electron
drift surface cross sections (Poincare plots), and it is especially suited
for the detection of magnetic islands. Multiple exposures with varying po-
sitions of the electron gun, practicable because of the high spatial reso-
lution, give pictures of groups of adjacent drift surfaces, and thus fast
surveys of actual magnetic field configurations can be obtained. Fig.}
displays results obtained by this method. Fig.4a (*o = 0.118) and Fig.4b
(*D = 1/2) correspeond to the neighbouring Fig.3a and 3b taken by the
fluorescent mesh. In addition, Fig.lc shows island formation at A 1/3
Parallel to the measurements electron guiding centre trajectories have been
calculated using an up-to-date version of the GOURDON code [8]. The drift
surface plots of Fig.2 are obtained for the experimental parameters of Fig.
la, i.e. toroidal field current I p = 40u4.5 A, helical field current Tyr =
919.1 A, electron energy E= 30eV, E; = 1 eV, and assuming a displacement
of 1.5 mm between the main axes of the helix and of the torcidal field coil
arrangement to be the only perturbation. Size and direction of this displa-
cement have been deduced from geometrical as well as magnetic field measu-
rements. The good agreement between the measured (Fig.1a) and the calcu-
lated (Fig.2a) drift surfaces, although the contours of the islands are
highly sensitive to the parameters, indicates that the islands shown are
predominantly caused by this displacement. Fig.2b shows the same drift
surfaces at the position of the fluorescent detectors, thus corresponding
to Fig.3b and Fig.4b.

This helix displacement has not yet been corrected, in order to continue

studying its effects and to check the feasibility of compensating such de-
fects by additional magnetic coils. A substantial reduction of the size of
the islands has already been achieved.
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Pictures: The scales of all pictures are equal. Relative to the position of
the electron gun the toroidal position of the fluorescent detectors is
g =1/2 x 2m and the position of the point probe is ¢, = 4/5 x 2m.

Z/mm Fig. Fig. Zrmm

la 1b

Fig.1: Electron drift surfaces at + = 1/2 mapped by means of a point probe

Parameters: Iyp = 91 9.1 A, E = 30 eV and a) Ipp = 4ou,5 a,
b) ITF’ = 401.9 A
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Fig.2: Calculated electron drift surface cross sections. Parameters corre-
spond to Fig.la. a) Cross sectionsat the position of the point probe
to be compared to Fig.la, b) Cross sections at the position of the
fluorescent detectors to be compared to Fig.3b and Fig.ib.
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Electron drift surface cross
sections made visible by a

Fig.3: fluorescent mesh
Fig.4: moved fluorescent rod

where a) +, = 0.118
B) #5 « 142

e) ty = 1/3
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TOROIDAL HELICAL FIELDS

M.Y. Kucinski and I.L. Caldas
Instituto de Fisica, Universidade de Sao Paulo

C.P. 20516, 01498 Sao Paulo,SP, Brazil

ABSTRACT

Using the conventional toroidal coordinate system
Laplace's equation for the magnetic scalar potential due to
toroidal helical currents is solved. The potential is written
as a sum of an infinite series of functions. Each partial sum
represents the potential within some accuracy. The effect of

the winding law is analysed in the case of small curvature.
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V.D. PUSTOVILOV.
TIEORY OF EQUILIBRIﬂﬁ CURMENTS IH STELLARATORS

o

I.V. Kurchaetov Ingtitute of Atomic Bnergy, loscow, USSR

It is shovm in this repori that cquilibrium curreonts in atells

tors are very sensitive to the chonges in the inmmer geometry of pla
coluna,” Observed in experiments on Uragan stellarators second cosince
harmonic of 10n"itudina1 current density cen be connected with the
plagiz toroidal shift due to finite pressure. Thie shift and isore
efTeetively - elliptiéity of the magnetic surfaces determine the
lonzitudinal current generated during fost heating of a plasma.

fnaliticnl expressions of this current through pleswa geomeiricul
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