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Abstract: During the first year of operation, the TCV tokamak has
produced a large variety of plasma shapes and magnetic configurations,
with 1.0€B_ <1.46T, I <800kA, x<2.05, -0.7<6<0.7. A new shape control
algorithm, Bised on a Tinite element reconstruction of the plasma current
in real time, has been implemented. Vertical growth rates of 800 sec’),
corresponding to a stability margin f=1.15, have been stabilized. Ohmic
H-modes, with energy confinement times reaching 80ms, normalized beta
B AB/IL) of 1.9 and ©_/ITER89-P of 2.4 have been obtained in single-
null X-point deuterium discharges with the ion grad B drift towards the
X-point. Limiter H-modes with maximum line averaged electron densities
of 1.7x10°”m™ have been observed in D-shaped plasmas with
360kA.<_Ip$600kA.

1. Introduction

TCV is a compact, highly elongated tokamak, capable of producing limited or
diverted plasmas with currents up to 1 MA. Since the main aim of TCV is to
investigate effects of plasma shape on tokamak physics, the machine has been
designed such that it can produce diverse plasma shapes without requiring hardware
modifications. This versatility can easily be achieved for plasmas with moderate
elongation, but for highly elongated plasmas, a close fitting passive shell becomes
necessary, which is clearly in conflict with the idea of variable shape. The design of
TCV can be considered as a compromise between maximum shape variability and a
good passive vertical stability.

In order to satisfy these conflicting requirements, TCV incorporates a number of
unusual design features: The poloidal field system consists of an OH transformer and
sixteen independently driven shaping coils located between the vacuum vessel and the
toroidal field coils. The vacuum vessel is a continuously welded structure with low
toroidal resistance (55 p Ohms) and a nearly rectangular cross-section (height to
width ratio of 3). First wall protection consists of high purity, isotropic graphite tiles



covering the vessel inboard wall and floor, together with a full toroidal belt limiter
mounted on the outboard wall 23 cm below the midplane. In addition, eight
symmetrically disposed, full poloidal bands of tiles afford some protection at the top of
the vessel and cover the in-vessel poloidal magnetic field probe arrays. Two fast acting
coils will be installed later this year inside the vessel to stabilize rapidly growing
vertical modes. Installation of an ECRH system (4.5 MW) will begin in 1995.

TCV produced its first plasma in November 1992, with full tokamak operation
starting in June 1993. During the first experimental campaign (June 1993 - November
1993), plasma breakdown and current ramp-up conditions were optimized and D-
shaped plasmas with Ip < 700kA, k < 2.0 were produced. Most of these plasmas were
limited on the inner wall of the vacuum vessel. TCV operation was suspended
between November 1993 and February 1994 for the installation of additional
diagnostics (Thomson scattering [1], FIR interferometer [2], camera ports, etc.). The
second experimental campaign was mainly devoted to the optimization of the vertical
position control system and to the creation of single-null divertor configurations,
suitable for ohmic H-mode operation. The TCV vacuum vessel was boronized for the
first time in May 1994 by means of a standard glow discharge in a 10% B,H¢/ 90% He
gas mixture,

In this paper, section 2 briefly describes the methods used to create highly
elongated and shaped plasmas, and section 3 discusses the vértical stability and the
limits of plasma current and elongation imposed by our present system. In section 4,
the results on the ohmic H-mode in TCV are presented and in section 5, we give a
preliminary analysis of energy confinement time in various types of discharges.

2. Shape Control

There are probably as many methods for plasma shape control as there are shaped
tokamaks in the world [3-9] but they can be broadly divided into two categories. In the
first are algorithms which use a large database of precalculated equilibria to obtain
shape parameters from the measurements. This can be achieved in several different
ways, using, for example, Singular Value Decomposition [5], Function
Parametrization [8], Neural Networks [6,7], etc. In the second category are methods
which determine the plasma shape without reference to a database, such as a local
expansion of the flux function [3] or an approximate reconstruction of the plasma
current in real time [9].

In TCV many of these methods can be tested. Here, we shall only discuss one
particular algorithm [9], i.e. the one used almost exclusively by the experiments
described in this paper. This algorithm is based on a finite element reconstruction of
the plasma current [10], performed in real time by an analog-digital hybrid computer.
The reconstructed plasma current distribution can then be used either to compute
global shape parameters (e.g. radial position, vertical position, elongation,
triangularity, etc.) or to calculate flux errors at the plasma boundary. In the former
case, the coil currents must be essentially preprogrammed, and corrections are applied
in the form of moments (radial field, vertical field, quadrupole field, etc.). The strength
of these moments depends on the difference between the actual shape parameters and
their preprogrammed values. In the latter case, the coil current corrections are
computed such as to minimize the flux errors at the plasma boundary. This second
algorithm, however, is highly non-linear since the plasma shape changes with time and
the points at which the flux errors must be evaluated move together with the plasma
boundary.

To date, the moments method has been found to be sufficient for the relatively
uncomplicated plasma shapes explored. Figure 1 shows pre-programmed and
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measured shape parameters for a typical limiter discharge. The measured shape
parameters were obtained from a full equilibrium reconstruction [11], performed after
the discharge. In a second example, figure 2 compares the preprogrammed and
measured X-point coordinates of a typical diverted plasma. The shape control
algorithm has been tested on a large variety of different configurations. Figures 3a-3g
show a selection of equilibrium reconstructions of plasmas that have been produced in
TCV.

3. Vertical Stability

One of the aims of TCV is to produce plasmas with very high elongation (x<3)
which are highly unstable with respect to n=0 modes. These modes have been studied
by many authors [12-17], and calculations for TCV [16,17] have been performed with
the NOVA-W code [18], which includes effects of passive and active feedback
elements, as well as plasma deformability. Figure 4 shows some typical results of
such calculations with the open-loop growth rate of D-shaped plasmas in TCV shown
as a function of elongation (x). For k=2, the equilibrium parameters are those obtained
experimentally and for higher values of x, the plasma current is assumed to increase
linearly with elongation and q, and B_ to remain constant. In addition, the plasma
vertical position is adjusted such thal the minimum distance between the plasma
boundary and the vacuum vessel floor remains constant. The growth rate saturates
above x=2.9, due to the additional stabilization from the top wall. A comparison
between theoretical and experimental growth rates for a plasma with Ip=260kA, x=1.6,
0=0.2 and Z,=-0.23m shows agreement to within 20%.

TCV is equipped with
sixteen shaping coils driven
independently by thyristor ' ‘ ‘ ‘ ' 1100
controlled power supplies with
a response time of the order of
1 ms. Any combination of
shaping coils can be used for
vertical position control.
However, if the growth rates of" Y
highly elongated TCV plasmas (Hz2)
(figure 4) are compared with 2000+
the response time of the
shaping power supplies, it is
clear that the plasmas with
maximum elongation cannot be
stabilized using the shaping
coils alone. Therefore, it is 1000f
planned to install a set of
internal coils driven by a fast
power supply, with a response
time of the order of 0.1 ms.
Theoretical calculations [16] . o
show that using these fast 00 237 37 25 238 30 300
coils, in combination with the
slower shaping coils, should K
allow the stabilization of
growth rates of the order of
2500 sec™".

3000

500

Figure 4. Theoretical growth rate of vertical instability (y) and
plasma current (Ip) vs. elongation for D-shaped plasmas in TCV.



Several experiments have been performed on TCV to determine the maximum
vertical growth rate that can be stabilized with the present system. No definitive value
has yet been obtained since there are many different ways to measure vertical position
and to configure the feedback system, and the optimum choice depends on the plasma
configuration being considered. In one particular set of experiments, using four
outboard cciils for vertical position and velocity control, open-loop growth rates up to
v=800 sec”” were stabilized for elliptical plasmas. Since the m=1 shell time, 'ys' , is
8.2ms in TCY, this corresponds to a stability margin , f = (y S/’y)+1 = 1.15. This is'not a
particularly low value since other machines have operated with much lower values of f
[15]. However, the open-loop growth rate in our experiments (800 sec™’) is close to
the inverse response time of the power supplies, so we are probably not far from the
limit of what is presently possible in TCV. From the theoretical results in figure 4, the
present restriction on the vertical growth rate imposes a limit on the attainable
elongation and plasma current. '

4. Ohmic H-Mode

Before boronization of the TCV vacuum vessel, experiments with a single null X-
point were performed to investigate whether an H-mode could be achieved in
deuterium discharges. Since other experiments [19-22] have shown that an ohmic H-
mode has a small operational parameter space, the initial experiments were designed
to optimize a possible H-mode transition. The X-point was placed near the inner
midpoint of the TCV vessel with a distance of more than 2.5 cm between the last
closed flux surface and the graphite tiles of the inner wall and the outer belt limiter
(figure 3a). The field directions were chosen such that the ion grad B drift was towards
the X-point, which was previously found to be more favorable [23]. In order to
maximize the ohmic power input, the nominal toroidal field (1.4T) was chosen with a
310 kA plasma current and a modest elongation, K95=1.5, which corresponds to a
safety factor q,.=2.3.

During these initial experiments, distinct evidence of an H-mode type transition
was noted in several discharges - a sharp drop in the divertor D signal coincident
with a drop in the plasma loop volts and a slight increase in global energy confinement.
These features were often triggered by a double sawtooth and appeared both during
current ramp-up and plateau ghases at a relatively constant line averaged plasma
density of <n >=4x10" m™. In the short period between these preliminary
observations and the first boronization of TCV, diverted discharges with magnetic
configurations shown in figures 3a and 2b showed no further H-mode activity. These
experiments were accompanied by a continuous increase in the divertor D, signals
and hence edge recycling, which appeared to prevent the H-mode transition.

Following boronization, some H-mode activity was again observed and, after a 30
min glow in Helium, sustained ohmic H-modes lasting up to 1 sec were obtained with
the configuration shown in figure 2b. In these discharges (figures 5 and 6), there was
clear evidence of a density threshold for the H-mode transition. As the plasma density
was increased, there was often a short dithering period, followed by the H-mode
transition and an ELM-free period. In discharges where large ELMs halted the density
rise, and the gas puff was moderate, transition from H back to L mode was achieved
without a disruption (figure 5). In cases where no ELMs were observed, the discharge
terminated with a high density disruption (figure 6). The maximum line-averaged
electroo d%nsity measured in ELM-free H-modes (configuration figure 2b) was
1.5x10“"m™, corresponding to 80% of the Greenwald limit, <n>g = 0.27 Ip/a2 [24].
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In order to determine the power threshold for the H-mode transition, a plasma
current scan was performed with the magnetic configuration shown in figure 2b, at
constant toroidal magnetic field, corresponding to a scan of q . from 2.1 at 340kA t0 3.2
at 210 kA. Previous results have shown the required ohmic Pl transition power per unit
plasma surface area to scale with the product of toroidal field and line averaged plasma
density [19]. The current scan gave a threshold for H-mode between 210kA and
240kA, which when compared with other machines [19-22] shows that TCV has easy
access to the H-regime with relatively low input power. The H-transition was indeed
found to occur at a relatively constant plasma density for each plasma current, which is
well demonstrated in figure 5. Here, the initial L-H transition occurs at the same
densitg as_the final H-L transition, when the density drops below the critical value of
4x10" m™. We also observed in these experiments that the critical density for the L-H
transition is slightly higher when the transition occurs late in the discharge.

To investigate the importance of the ion drift direction, the configuration shown in
figure 2b was inverted, maintaining the direction of B, (figure 3c). Operation with a
plasma current of 330kA indeed showed some evidence of an H-mode transition at a
plasma density very similar to that for the transition observed in the original
configuration (figure 2b) at this current. In this case, the density rise following the
transition saturated before there was clear ELM activity. Since a further He glow did
not improve this H-mode, we conclude that the power threshold in the configuration
with the ion grad B drift away from the X-point is at least 50% higher than with the ion
drift towards the X-point. '

2.0 ............... E ............................... N'e"'I'in"e"'a'i}éfé'g'éd"(’10"'1‘9”&:"':3')' ............................... S ..................
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Figure 7. H-mode in D-shaped limiter plasma (configuration figure 3d)
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The density limit, following boronization of the vessel, is often used as a measure
of the "quality" of the wall boronization. Although little deterioration was observed in
the density limit, measured from the high density disruptions during ELM free
operation, it became impossible to avoid long ELM-free discharges which inevitably
terminated with a density disruption. A 30min Helium glow immediately restored the
large ELM activity, stabilizing the density rise during the H-mode phase.

The importance of high density for the ohmic H-mode in TCV was unexpectedly
demonstrated in a series of limiter discharges with high elongation (x=1.9) and plasma
currents up to 600kA (e.g. figure 3d with Ip=510kA). As the density was raised by gas
puffing, the dxschargc went into H-mode at fairly reproducible plasma density
(<n >=8x10" m" ) and there were ELM-free and large ELM periods (figure 7). The
max1m%n line averaged electron density reached in these limiter discharges was
1.7x10°°m™ and although some discharges showed several L-H and H-L transitions,
all terminated in a major disruption. The magnetic configuration was nearly up-down
symmetric with two X-points located close to the vessel wall (figure 3d). The distance
between the X-points and the plasma boundary was 9 cm and the poloidal flux
difference between the X-point and the limiter surface was 4% of the total poloidal flux
within the plasma. This leads to an extremely wide interaction zone of the scrape off
layer with the carbon tiles, which may explain the access to a limiter H-mode in TCV.
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Figure 8. Ohmic power divided by the area of the last closed flux surface vs. n.B for
L-H transitions in TCV. Dashed line is scaling from Ref. [19].

In these experiments the power threshold for the limiter H-mode depended on the
plasma triangularity, A dlscharge with I-370kA x=1.7, 8=0.4 (figure 33@) showed
reproducible L-H transitions at line- avcragcd densities around 7x10 . When the
triangularity was decreased to 8=0.25 (figure 3f), the transition no longer occurred, but



with a slightly larger plasma current, IP=4OOkA, the limiter H-mode reappeared. This
may be explained by the fact that the distance between the X-point and the plasma
boundary increases with decreasing triangularity. In figure 3f, this distance is quite
large (17 cm), and the flux between the X-point and the limiter surface amounts to 12%
of the total plasma flux. Yet thlS configuration (with I =400kA) showed a clear L-H
transition at <ne>—7 2x1019m-3. A summary of the threshold conditions for the ohmic
H-mode in TCV is shown in ﬁgurc 8 and compared with the scaling law given in Ref.
[19].

5. Energy Confinement Time

In this section, we present a preliminary analysis of the energy confinement time in
L and H-mode discharges. Since electron density and temperature profiles are only
available for a small fraction of the discharges [1] and ion temperatures are not yet
measured, T_ is derived from cqu111br1um reconstructions [11], based on magnetic
measuremans The energy confinement time is calculated as 1 -W/(I V dw/dt -
dU/dt), where W is the plasma thermal energy, W= (3/2) fpdv, \r; is thd loop voltage
evaluated on the last closed flux surface, and U is the internal polmdaI magnetic field
energy, U= (u0/4)1 R I
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Figure 9. Enhancement of energy confinement time with respect to ITER89-P (a) and
normalized beta (b) vs. line averaged electron density, for L-mode discharges in
unboronized (LC) and boronized vessel (LB) and for H-mode discharges with single-
null X-point (H-X) and limiter configuration (H-L).
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In figure 9a, the enhancement of the energy confinement time with respect to
ITER89-P scaling is shown as a function of line averaged electron density for four
different types of discharges, The plot includes plasmas within the following parameter
ranges: 250kA<I <800kA, 1.2<x<2.05, 0.1<8<0.5, 2.1<q . <4.5, and 1.0<B _ <1.46T.
The TCV database is currently too sparse to prov1de a deﬁmte dependencc °of Tg on
plasma shape ancg current. In L-mode, the maximum enhancement in T increases until
<n >~5x10 'm™ and stays at this value for higher <n >. This depcndcncc did not
changc significantly with boronization. In contrast, for H-modes with a smgjc -null X-
point configuration, the enhancement in T_ increases up to <n Re ~1x10®m™ and then
decreases. The maximum energy confinement time obtained i in an ELM-free H-mode
was 80ms, correspondmg to an enhancement factor of 2.4. In limiter H-modes, the
enhancement in T also increases with <n_>, but the values are considerably lower
than in divertor configurations. Figure °9b shows a plot of normalized beta,
Bn= (B [%]a[m]B[T] /1 [MA]) The H-modes reach much higher By-values than L-
modes, and the maximum values obtained in single-null X-point conﬁguratlons are
about a factor of 1.4 above those observed in limiter H-modes.

6. Conclusion

Using a novel shape control algorithm [9], TCV has produced plasmas with various
shapes and magnetic configurations, characterized by 10<B <1 46T, I <800kA,
k<2.05, 6<0.7. The optimization of the vertical position control system has aflowed the
stabilization of vertical growth rates up to 800 sec "1, which is close to the inverse of
the response time of the power supplies.

Experiments with a single-null X-point and plasma currents between 210kA and
340kA showed that TCV has easy access to the ohmic H-mode if the ion grad B drift is
directed towards the X-point, and if the vessel is boronized and conditioned with
helium glow discharges. ELMy and ELM-free H-modes, lasting for 1.0sec and 0.4sec,
respectively, have been obtained. Energy confinement times of 80ms, normalized beta
(B aB/I ) of 1.9 and 1_ enhancement (t_/ITER89-P) of 2.4 have been observed in
ELM-freé ohmic H-modes. The L-H transition is observed to occur at a constant
density for each combination of plasma current and magnetic configuration. Reversing
the direction of the ion grad B drift prevented the appearance of the ohmic H-mode,
even with an input power corresponding to 150% of the threshold power observed in
the original configuration.

Limiter H-modes have been obtained in D-shaped plasmas with 360kA<I <600kA,
1.7=x<1.9. The density threshold for the limiter H-mode transition is con51dcrably
hlghcr than that found in the single-null X-point configuration, and the power threshold
is found to increase with decreasing triangularity.
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The Thomson Scattering Diagnostic on the TCV Tokamak

R. Behn, S. Franke, Z.A. Pietrzyk
Association Euratom - Confédération Suisse
Centre de Recherches en Physique des Plasmas
Ecole Polytechnique Fédérale de Lausanne

The TCV tokamak has been designed to offer large flexibility in the
generation of plasma configurations with different shapes. In particular
plasmas with highly elongated poloidal cross sections will be studied.
These boundary conditions have influenced the design of the Thomson
scattering system. When fully implemented this diagnostic will
comprise 2 independent systems for observation along a vertical and a
horizontal laser beam path. At present we have installed a basic version
of the system using the vertical chord. Good access via 3 horizontal
ports (in one toroidal sector) will give us view over the full height of the
vacuum vessel (approx. 1.3m) including the zones were the X-points of
divertor plasmas will be formed. So far measurements are limited to 10
observation points, which have been arranged to cover the lower half of
the vessel (from z= -.55 to + .21m, spatial resolution Az=35mm).

Using a repetitively pulsed Nd:YAG laser operated at 20Hz we can follow
the temporal evolution of electron temperature and density during
tokamak discharges, which can reach durations of about 2s in the case
of TCV. The lasers are located in a separate room outside the tokamak
safety area. An air-tight beam duct comprising several folding mirrors is
used for transfer of the laser beam over a total distance of 20m. The
overall transmission of the system is better than 80%.

The scattered light collected by one of the wide angle lenses (F-# = 2) is
focused onto optical fiber bundles (max. 11 for each lens assembly) and
transmitted to polychromators for spectral analysis in 3 channels on
the short wavelength side of the spectrum. We use sets of interference
filters with pass bands that have been optimized for operation over a Te
range from 50 to 2000eV. Low F-number optics are required to match
the numerical aperture (N.A.=0.22) of the optical fibers. Si-avalanche
photodiodes are used as detectors offering good quantum efficiency up
to 1000nm and sufficient internal gain for low level light detection.
After further amplification the signals are sent to a data acquisition
unit consisting of CAMAC modules (LeCroy FERA gated integrators and
buffer memory).

Assuming a Maxwellian velocity distribution the electron temperature
Te can be obtained from the ratios of the signals recorded in different
polychromator channels. This simple and fast procedure has already
been adapted successfully in the past [1,2] and has the advantage to
produce results almost immediately after each shot. Once Te is known
Ne can be evaluated from the signal amplitude in one of the channels
whose sensitivity has to be determined by an absolute calibration
method. We use Raman scattering in N3 gas for this purpose [3].

[1] J. Lasalle, P. Platz Appl. Opt. 18, 4124 (1979)
2] H. R5hr, K.-H. Steuer et al. Nucl. Fus. 22, 1099 (1982)
[3] J. Howard, B.W. James et al. J. Phys. D 12, 1435 (1979)

[4] Chr. Nieswand et al. poster D-34 at this conference
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The system has been installed on the TCV tokamak at the beginning of
1994 and is now producing data on a regular basis. So far the effort has
been concentrated on testing its performance and reliability. The
optical system has proven to be stable over periods of several months
without any need for realignment. Raman calibration measurements
have shown that the stray light level is extremely low and the
sensitivity good enough to permit measurements down to Ne=1018m-3,
We have chosen to present here only some recent results for which our
latest Raman calibration is still applicable.

The first example (TCV shot # 5769) shows data of a limiter plasma at
moderate current (Ipmax 260 kA) and elongation (kappa =1.5) with a
constant line-integrated density during the current plateau. Sawtooth
activity is observed during most of the discharge duration (see fig. 1).
The plasma is centered in the lower half of the vessel where most of our
observation points are located (see fig. 2). Fig. 3 shows the spatial
profiles of Te and Ne at 5 different time steps during the density
plateau. The marker bar indicates the location of the magnetic axis as
obtained from an equilibrium reconstruction code. From the measured
density profile and reconstruction data we have evaluated the line
integrated density, which can then be compared to measurements from
the FIR interferometer [4]. The agreement is within 20% which is
acceptable given the limited number of data points on our density
profiles. As a second example (TCV shot # 5790) we show measurements
during a controlled vertical displacement of an elongated plasma. In
this case the plasma column was shifted by about 100mm after the
current plateau has been reached (see fig. 4). The sampling rate of 20
Hz determined by the YAG laser was well adapted to follow the dynamic
behavior of the Te and Ng (fig.5). Fig. 6 shows Te and Ne profiles at 3
time steps; although the profiles are not perfectly symmetric they
clearly follow the displacement of the magnetic axis.

These examples demonstrate the capabilities of the system but they
also show its present limitations due to the restriction to 10
observation points, which are not always well placed for the particular
plasma configuration to be studied. Therefore we envisage an upgrade
to a total of 30 points in the near future. The collection optics on 3
ports is already in place such that complete vertical profiles can be
obtained as soon as the additional equipment (polychromators etc.)
becomes available. Further improvements, especially as far as spatial
resolution near the plasma boundary is concerned, are expected from
the horizontal beam system. Due to the special geometry of this
configuration - the laser beam is almost tangential to the flux surfaces
near the inner boundary - the radial resolution will be of the order of
5mm. We also intend to combine the beams of up to 4 lasers along a
single cord in such a way that the scattering volumes will be inside the
depth of field of the collection optics. This configuration will offer
improved flexibilty in the timing sequence of the measurements, since
each laser can be triggered independently using a computer controlled
timing system.

This work was partially funded by the Swiss National Science
Foundation.
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Experimental Study of Ion Phase Space in the Approach to Large Scale Chaos
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Introduction

The non-linear regime in wave-particle interaction is recognised to be of great
importance both in space and laboratory plasmas. Different natural mechanisms,
such as particle precipitation in the ionosphere!, are linked to the transition to
chaos generated by plasma waves. In fusion relevant plasmas, several applications
of chaos can be identified, including stochastic plasma heating? and, to quote a
recent development, fast particle anomalous transport in the field of one or more
global Alfven Eigenmodes both in tokamaks and stellarators3. In the latter case,
the presence of more than one mode is predicted to lower the threshold for
transition to chaos and therefore to ease the triggering of enhanced losses of fast
particles, such as non-thermal alphas in burning plasmas*. The transition to chaos
in two wave-particle interaction, producing stochastic particle orbits, has been
demonstrated experimentally in a linear magnetised plasma’. In this paper we shall
review the main results illustrating the physics of the transition to chaos, focusing
our attention on the reconstruction of ion phase space features, such as local
transport coefficients, in the approach to dynamical chaos.

Experimental set-up and diagnostic methods

The experiments are performed on the CRPP Linear Magnetised Plasma (LMP) Q-
device. The plasma is produced by a combination of surface ionisation of barium
vapours and thermo-ionic emission from a plate heated by electron bombardment,
and is characterised by a high degree of spatial and temporal uniformity. Radial
confinement is provided by a solenoidal B-field (B~2 kG). The whole plasma
column streams uniformly along the field lines away from the source at supersonic
speed (VD~2-3xVthi). Typical temperatures and densities are Tj | ~2Tj~0.2 eV and

1~109-1010 cm3. Electrostatic ion waves are excited by means of four rings
encircling the plasma column and fed with different phases by a signal in the ion
cyclotron frequency range. A single frequency is placed on the ring antenna in the
laboratory frame. The wave frequency in the plasma frame is either up- or down-
Doppler shifted according to the direction of propagation along the magnetic field.
Waves with two parallel phase velocities, differing roughly by the thermal speed,
are observed. The plasma response to these externally excited waves is measured
mainly via optical active diagnostic techniques. Laser Induced Fluorescence (LIF)
allows a local observation of the space and time resolved distribution function
f(x,v,t), which in turn embeds information on the wave characteristics. The study
of dynamical particle orbits, however, requires us to complement this local, or
'eulerian', approach, with a non-local, or 'lagrangian', description of ion phase
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space. This can be achieved through optical tagging of ions, i.e. changing their
quantum state density by means of a properly tuned laser beam ('optical
pumping'). A test-particle distribution can thus be created and followed in its
evolution both in configuration and velocity space. The scheme of optical tagging
employed here is based on the spin polarisation of barium ground state ionsS.
Different geometrical arrangements for the tag and detection beam injection allow
different phase space quantities to be directly measured or reconstructed. Fig.1
shows a sketch of the LMP apparatus, including the ring antenna, the different
injection points for the tag and search beams and the relative fluorescence detector.

Experimental results

Both single particle hamiltonian theories” and self-consistent particle simulations?
predict that in the presence of two waves the plasma particle trajectories can
assume a chaotic character for amplitudes exceeding a certain threshold. A
stochasticity parameter is usually introduced in the form’: K=2(A11/2 + A51/2),
where Ai=eVi/m(Av(p)2 is the normalised amplitude of the mode i, with V;j being

the relative wave potential. Avg is the difference between the two parallel phase

velocities. K=1 represents the threshold for the transition to chaos. For K>1
significant  particle transport and acceleration should be triggered.
Correspondingly, macroscopic fast ion heating should be achieved. Fig.2(a)
shows the steady state parallel temperature as a function of the excitation
amplitude; a threshold value can be identified, above which a significant heating
occurs. The K=1 region, as evaluated from a calibration of the wave amplitude
based on the ion dielectric response, corresponds to the shaded area on the
amplitude axis. A fast time scale, corresponding to a bulk velocity space diffusion
coefficient at least one order of magnitude larger than the collisional one, has also
been observed to characterise this heating process. Via a scheme of narrow-band
spin state tagging allowing observation of radial transport®, the exponential
separation of initially close ion trajectories has been demonstrated. The measured
exponential divergence rate is in agreement with the calculated Kolmogorov-Sinai
entropy!0. The mechanism for the observed ion heating has therefore been
unambiguously identified as wave-induced dynamical chaos. A different tagging
experiment, with a pulsed tag beam injected vertically through a cylindrical lens at
a specific axial location, is used for reconstructing the parallel ion trajectories. The
bandwidth of the tag laser is broad enough to avoid perpendicular velocity
selectivity. Conversely, the search laser is injected in parallel to the B-field and
does operate a selection within the parallel distribution. By measuring the time of
flight for the different final velocity classes, and extrapolating the initial velocity
from the average velocity, the correlation between two phase space points (Vipitial
ZinitiaD) -—= (Vfinal> Zfinal? can be established. From the spread in the time of
flight spectra, an evaluation of the diffusion coefficient in velocity space,
Dyy= <8vdv/8t>, can be obtained. If fig.2(b) we show the diffusion coefficient
for the bulk of the distribution, averaged over the wave phase, as a function of the
wave excitation amplitude. A sudden increase in Dyy occurs at the threshold for
stochastic heating (fig.2a), as expected for a transition in the orbit character from
regular to chaotic. At large excitation amplitude, a tendency to saturate is shown
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by the experimental curve, in agreement with the macroscopic estimates of Dyy
based on the time resolved heating measurements. This saturation of the heating
mechanism can be related to changes in the wave spectrum as the chaotic regime is
approached, suggesting the presence of self-consistent effects between particle and
wave fields. When different final velocity classes are selected by the tunable search
laser, the dependence of the v-space diffusion coefficient upon the velocity can be
studied. In fig.3 we report the curves relative to two different wave amplitudes, (a)
far below the stochastic threshold (K< <1) and (b) in the range of the threshold
(K~1). In Fig.3(a) we see that the diffusion coefficient peaks in correspondence of
the two parallel phase velocities (vp] and vg)), indicating a locally wave-

enhanced particle transport. When the wave amplitude approaches the stochastic
threshold, the v-space transport appears to be significantly enhanced over large
portions of the phase space (Fig.3(b)). By operating the same kind of measurement
for a series of initial phases, the ion phase space dynamical flow in the parallel
phase space plane can be reconstructed for different wave amplitudes. Structures
are observed to appear and evolve on the phase space as the wave amplitude is
increased and approaches the stochastic threshold. These structures can be related
to the form of the corresponding velocity space distributions, which show trapping
in the wave potential. Conversely, from a knowledge of linearly and non-linearly
perturbed particle orbits, one can obtain information about the self-consistent
plasma wave fields that have generated such orbits, independently of any a priori
assumptions on the linearity of the plasma response.

Conclusions

The onset of chaos has been studied within different diagnostic approaches,
providing a plasma description ranging from the collective properties to the test-
particle orbit characteristics. The velocity space transport has been observed to
increase abruptly for large regions of the particle phase space when the stochastic
threshold for the wave excitation amplitude is reached. Saturation of the heating
and transport process is observed both in the macroscopic and test-particle plasma
representations and seems to indicate that wave-particle chaos is self-limited.

This work was partly supported by the Fonds National pour la Recherche
Scientifique. The authors would like to thank Dr.M.Q.Tran for helpful discussions
and P.J. Paris for help with the experiments.

+ Permanent address: Lab. for Plasma Research, Univ. of Maryland at College
Park, MD 20742, USA.
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Electron cyclotron absorption of extraordinary waves at the third harmonic has important
applications for heating in toroidal plasmas, in particular for devices working at low magnetic
field and in high density regimes. Such machines include stellarators, reversed-field pinches
and tokamaks devoted to high-beta plasma studies; for example, TCV (Tokamak 2
Configurations Variables [1]) with plasma elongations up to b/a = 3. The main drawback of
3rd harmonic ECRH is related to the relatively low optical depth predicted by the linear
relativistic theory [2], which sets constraints both on the launching geometry and on the
minimum electron temperature for which the method is applicable. Since the value of the first-
pass absorption is a critical issue of this heating scheme, it is important to verify the theoretical
evaluations of the optical depth of a Maxwellian plasma with experiments. This motivated the
experimental transmission measurements performed on Tore Supra, using a vertically
propagating extraordinary mode at variable frequency. In contrast with horizontal propagation,
the use of vertical propagation allows a detailed comparison with the relativistic theory of wave
absorption and ray propagation. In fact, along a vertical chord the toroidal magnetic field is
nearly constant and the cyclotron frequency is slowly varying, basically because of the poloidal
field and of paramagnetic and diamagnetic effects. This means that the shape of the optical
depth as a function of frequency is very close to that of the local absorption coefficient and a
precise measurement of the optical depth will be a sensitive check of the absorption theory
including, e.g., relativistic ray-tracing and gyrokinetic corrections [3]. In the past, optical depth
measurements have been performed in stellarators [4,5] and in tokamaks in the horizontal
direction [6-8]. Vertical transmission measurements have been performed basically as a
diagnostic of superthermal electrons [9-11] and of MHD modes [12].

- The experimental arrangement used is the following. A narrow beam of microwaves
(spread angle < 2°) is launched into the torus from a bottom port along a vertical direction
intersecting the magnetic axis of a standard discharge. Both launching and receiving antennae

2 Lehigh University, Bethlehem, Pennsylvania (USA)
b LLNL, Livermore, California (USA)
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are rectangular horns, with the longest side parallel to the direction of the magnetic field at the
plasma/vacuum interface, in order to couple a pure extraordinary mode and to minimize Faraday
and Cotton-Mouton effects. A millimeter wave source of the IMPATT type is used (power > 5
T T T T T T mW; frequency range 99-109 GHz). In

X order to enhance the signal-to-noise

ratio, the launched beam is amplitude-

- modulated at ‘the frequency fy = 200
. kHz, and the received signal is video-
detected through a low-pass filter (20
kHz band). The result is an average
signal-to-noise ratio higher than 20 dB.
The problem of standing wave formation

due to multiple wall reflections is
avoided, to a large extent, because of the

- natural divergence of the beam used and
by the presence of large oblique port
100 104 108 windows. The time resolution is

frequency (GHz) . determined by the frequency sweeping

Fig. 1: Transmission spectra. a) low density; time 9f the wave source (= 3 ms) B The
b) high density | ‘ experiments have been performed in the

Tore Supra tokamak (a = 0.78 m, R =
2.36 m) in Ohmic discharges at a tor01dal magnetic field B = 1.25 Tesla. The main parameters
scanned are the density (1019 <ngg < 3 x L019 m-3) and the plasma current (150 < I < 600
‘kA), which results in temperature variations in the range 0.8 < Teg < 1.2 keV. The den31ty
profiles are measured by a 5-chord infrared interferometer and the temperature profile by al2-
channel Thomson scattering system.
Typical examples of measured spectra are shown in Fig. 1, for central densities of 1.4 x
1019 m-3 (a) and 2.8 x 1019 m3 (b). The quantity plotted versus frequency is the power
detected by the receiving antenna
normalized to the corresponding power 1.2
measured in vacuum (P/Py). P is reduced '
with respect to Py because of two effects: -
refraction losses (namely broadening and
deflection of the wave beam) which - ()8
decrease with increasing frequency, and -
wave absorption, which is localized close
to the 3rd harmonic of the cyclotron
- frequency .. The level of the signal far (.4
from 3w. (i.e., where the absorption :
vanishes) gives a measurement of
refraction losses, which are generally
found to decrease linearly with frequency
in the narrow frequency range considered 0 4 ] 8 12
(10 GHz). This allows the separation of time (s) .
refraction effects from absorption and the ~ Fig. 2 : Time behaviour of electron density and
precise measurement of the optical depth transmission signal at fixed frequency
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density, as shown in Fig. 1, as well as
in Fig. 2, where the time evolution of
both P/Py and the line-averaged density
is shown for a case in which the density
was increased by gas puffing during the
discharge. Refraction effects have
limited the experimental range to
moderate densities.” Typical ray
' trajectories obtained in this density
{ range by ray-tracing calculations are
shown in Fig. 3. An important effect to
be included in ray-tracing and
absorption calculations is the
paramagnetic correction to the toroidal
field (= 3 % of the vacuum field) due to
the plasma current. This effect causes a
measurable frequency shift of the
absorption line as the current is varied,
as shown in Fig. 4. Note that at low

current the spectra present a bump close to ®¢, on the high frequency side of the dip in
transmission. This effect is systematically observed and appears related to hot plasma effects on
the ray propagation. The measured transmission coefficient exp(-Txs) is now compared to the
theoretical values, obtained by integrating along the ray trajectones the local absorption

coefficient [2]

Ox3 =

1€12 \fﬁ
(S 3] e

)

where Ny is the cold plasma refractive index, €5, €11 are elements of the cold dielectric tensor,

K =mc/Te, Y = 0/® and Z = u(3Y - 1).
The finite size of the antennae is taken into
account by averaging over multiple rays. A
typical experimental spectrum is shown in
Fig. 5 (dashed line), together with two
theoretical curves (solid lines) which cover
the error bars in the measured density and
temperature profiles. The agreement is good,
although the experimental curve looks
somewhat broader; this is probably due to
lack of precision in the evaluation of the
magnetic equilibrium. Equation (1) shows
that oix3 is maximum at Z = 7/2 and that the
maximum optical depth for vertical
propagation will be proportional to the line-

averaged values of neTe, at least at moderate -

densities. This dependence has been checked
by slowly increasing the density during a

g

P/}
0.8}

0.4

O:|l|||I|||I|||||||-I|:

100 104 108

frequency (GHz)
Fig. 4: Transmission spectra. a) I, = 180 kA;
b) I, =300kA; c) I, = 550 kA
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Fig. 5 : Experimental (dashed ) and theoretical

(solid lines) transmission coefficients

current flat-top: the temperature also
changes, which gives an excursion in the
parameter neTe. The measured values of the
maximum optical depth Tpyax are plotted
versus neglep in Fig. 6. Within the error
bars, a reasonable agreement is found with
the theoretical prediction.

~ In conclusion, direct experimental
measurements of the optical depth have
given a global confirmation of the
relativistic theory of wave absorption at the
3rd electron cyclotron harmonic. These
results are a sound basis for heating

‘experiments at the 3rd harmonic. For

adequate first-pass absorption, long path
lengths are required and the microwave
beam needs to be launched at a shallow
angle to the resonance line, i.e., nearly
vertically [13,14]. However, the absorption

.line being rather narrow and sensitive to paramagnetic effects, this heating scenario calls for a

sophisticated launching system, providing
good localization, low beam divergence and
good control of the launching angles.
Acknowledgements. This work has been
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Abstract: Precise control of the plasma position and shape during a discharge is important
for several reasons. The vertical movement, unstable in shaped TCV plasmas, must be
under optimised feedback control in order to achieve the highest performances foreseen.
The radial position must be maintained to respect plasma-wall spacing. The elongation and
triangularity must be closely controlled at high current to maintain the safety factor close
to its limits.

These requirements are met in the steady state by precise measurement algorithms, but
when the plasma shape or internal parameters are changing rapidly, the dynamic
properties of the different feedback loops become crucial. In order to study these effects,
perturbation injection experiments have been performed. A linear interpretation of the
results requires simple models of the plasma behaviour and of the coil and vessel system.
The shape of the TCV vacuum vessel is such that more than one vessel eigenmode must
be retained. The control loops can have integral feedback as well as proportional and
derivative terms.

Introduction: In order to control shaped plasmas we must perform 4 operations. Firstly, we
must define a set of parameters which are to be controlled. Secondly, we must find a way
of extracting these parameters from the signals available in real-time. Thirdly, we must
generate the reference inputs corresponding to these control parameters as inputs to the
control loop. Finally, we must feedback the errors on these parameters to the available
control inputs. Complementary to these actions, we must measure the control loop, the
system to be controlled, as well as establish a model which can be the basis for
comparison with the experimental results. We ignore the density feedback although it is
performed by the same hardware and software.

Each of these actions can be approached in many ways, and the flexibility of the TCV
Plasma Control System (PCS) has already allowed many approaches to be tested, for
example [1]. This paper deals briefly with all of these points, as they have been applied to
some of the plasma shaping and control experiments on the TCV tokamak.

Definition of the Control Parameters: The TCV magnetics system generates a total of
120 signals for use in the PCS: poloidal field probes inside the vacuum vessel (Bpol),
differential flux-loops on the outer surface of the vessel (¥) and measurements of the
toroidal and poloidal field coil currents (Ipol). We can imagine creating control parameters
of intuitive significance, such as elongation, triangularity, major radius. A consequent
problem is that the mapping between available inputs signals and these “physics”
variables is non-linear, a problem successfully addressed using Function
Parameterisation (ASDEX-UG) or Neural Networks (TCV, COMPASS). Solving this
mapping problem leaves us with a similar problem which is that mapping the errors in this
control parameter space to the corrections of the control coil currents is now also non-
linear. We conceived the TCV PCS hardware for yet another approach, namely to construct
a piecewise-linear mapping, switching the matrices for parameter extraction and the
controller as the discharge evolves. In some ways this simple approach marries the worst
aspects of both linear and non-linear parameter extraction and has not yet been used for
creating TCV plasmas.
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We have chosen to retain a linear extraction of the control parameters, using a single A-
matrix (Fig 1.), and with a constant controller (P-,I-,D-matrices). The extraction of the
plasma current and the vertical position are performed as discrete sums over the input
signals, approximating the appropriate contour integrals. There remain some open
questions concerning the optimisation of this approximation for extracting z*Ip for avoiding
phase-shift problems at high frequency. The shape control parameters have been defined
heuristically, using combinations of [Bpol, ‘¥, Ipol] which intuitively are dominated by
certain shape characteristics, such as radial position, inner triangularity and outer
triangularity. Other than this intuitive predominance we only require linear independence.

Parameter Extraction: Having defined these linear combinations of input signals, the
question of extraction of these parameters in real-time is trivialised. The A-matrix (Fig. 1)
is defined by the combinations themselves, and remained constant in time during a single
shot, and constant from shot to shot for discharges up to elongation of 1.74 and both
positive and negative triangularity.

Reference Waveform Creation: The waveforms of the control parameter references, CP(t),
are non-linearly related to the “physics” waveforms, Phys(t), such as triangularity and
kappa. Initially, these references were drawn intuitively by hand, but subsequently we
have automated this using a Neural Network Multi-Layer Perceptron trained over a series
of discharges which were obtained “manually”. At present the “pilot” can draw the
Phys(t) and request the MLP to derive the CP(t) during the shot preparation.

Pre-Programming Waveform Creation: The TCV power amplifiers have the option of a
current feedforward control input in addition to the normal voltage control signal, and we
mix the feedback control voltages with voltage feedforward signals. Choosing the CP(t) to
be linearly related to the inputs signals gives us the significant advantage that the
mapping CP(t) --> Ipol(t) is almost linear, and good enough for use in feedforward. The
Ipol(t) are therefore generated by a linear mapping derived by SVD of the dependencies
found in achieved discharges. This approach also allows us to run multiple shaping coils
with an under-constrained feedback control. In other words, we can now preprogram the 16
shaping supplies and use only a few CP(t) to correct the particular shape parameters
chosen. The preprogramming of the ohmic transformer current is obtained by subtracting
the volt-second contributions of the shaping supplies, and assuming a simplified evolution
of the resistive voltage over 4 phases of the discharge. We derive the voltage feedforward
waveforms from Upol(t)= M * dIpo1(t)/dt, where the M-matrix is defined with no vessel
and no plasma. The errors inherent in these simplified preprogramming algorithms are all
recovered in the feedback loop. The presence of the feedforward signals allows us to
reduce the gain in the feedback, as well as work underconstrained, as mentioned.

Controller Design: The TCV PCS allows all controllers of the form:

Sipol = [P-dia -_l_— + D-diag(s-'c% + I dia ~__}j - €Cp
p P STtD

Current feedback is performed assuming a typical plasma inductance, and correcting the
mid-plane total flux. The z*Ip feedback is more delicate, and is performed by a specifiable
ratio of the control coil currents, normalised for their Br contributions on axis. The chosen
combinations can be different for the P-, I-, D-sub-matrices. The shape CP(t) feedback is
performed using identical P-, I-, D-sub-matrices and the same (Tp,T) using the
approximation :

e a B9 [} I -1 JENN
Olpol = (A 2By pOI]) - £CP
a Ipol
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where the sensitivities are measured with no plasma and no vessel. This approximation
has been found to be adequate and robust. A useful validation of the heuristic choice of the
CP is the conditioning of the matrix inverted in the above equation. The values of tp,Tp,T;
are chosen to produce the desired closed-loop responses.

Modelling: We have had to extend the simple DIII-D model of vertical motion [2] for TCV
for 2 reasons. The irregular shape of the vessel and its resistance contour force us to keep
more eigenmodes of the vessel current distribution. They are not only important spatially,
but their eigenvalues do not decrease as fast as in the more conformal DIII-D vessel.
Placing the plasma at different z-positions has also forced us to use more eigenmodes. The
full model of the vertical motion becomes :

i M T 3 B{I
s-Me + Re s. a_gp(_zl : 21Ic R. g(zpol)
Z { : Hg] - afzlpo) = — M. (22
oMep (2) 2z R 9 Bdlpol) zlp ( ep (Z))
> Tz S dz
L dz Ip oz | Y —

alpha is equal to the ratio n/nc previously used, but this expression is more suitable for use
with many eigenmodes as the numerator and denominator are calculable separately for the
vessel and for the vacuum field. We also eliminate the vertical field from the expression.
The poles of this extended model can then be derived as a function of the parameter alpha
as well as the number of eigenmodes considered. There is always one and only one
unstable pole, dependent on alpha, and on the number of eigenmodes, Fig. 2. The
remaining stable poles vary as more eigenmodes are added, but are almost insensitive to
changes in alpha.

Experiments using a cut in the vertical control were compared with a full model in the code
NOVA-W. This expanded eigenmode model predicts a growth rate of 496 s-1, within 20 %
of both the full calculation and the experiment. The expanded model also suggests that we
have succeeded in stabilising plasmas with unstable growth rates over 800 s-1, using the
algorithms described here, and in [1].

Measurements of the Closed Loop: In a series of exploratory experiments, we have
injected perturbations into the proportional controller for the z*Ip error. This perturbation
allows us to determine the poles of the closed loop system as the system evolves during
shaping. These experiments are also being used to study the properties of the different coil
pairs which can be used for vertical position control. The response gives a picture of the
closed loop which has enabled us to optimise the controller time-constants, Fig. 3.
However it also includes the dynamics of the power amplifiers.

Measurements of the System: Experiments were also performed by injecting square
pulses into the coil demand voltages, for 8 up-down symmetric pairs of coils, during a
single pulse with constant parameters and weak elongation, giving weak unstable growth
rates. The feedback loop adjusts the voltages applied to all shaping coils to maintain the
control parameters at their references, thereby “weakening” the perturbation. The actual
voltages applied to all coils were used as multiple time-varying inputs to a single system
(coils, vessel, plasmas). This method [3] allows us to explore the poles and zeros of the
system, with no “discrepancies” between separate experiments with particular coils
excited. This approach should ultimately lead to the design of an optimised controller.

Conclusion: We have operated a shaping algorithm using linear control parameters which
are fixed over a wide range of plasma currents and shapes. The algorithm for deriving the
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references, deriving the controller and deriving the feedforward waveforms has proven to

be flexible and robust. Growth rates over 800 s-1 have been stablised using a simple z*Ip
observer and controller which may need more study, or may be taking our plasmas to the
growth rate limits imposed by the switching rate of the power supplies. This optimisation

of the controller time-constants was performed using the closed-loop response to injected
perturbations.

It is a pleasure to acknowledge the Support of the full TCV team. This work was partly
supported by the Fonds National Suisse de la Recherche Scientifique.
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Introduction

The main plasma density diagnostic on the tokamak TCV is a multichannel FIR
interferometer. The system is operated during each shot and provides the signal
for the density feedback of TCV. First measurements with the system are
presented: observation of mode-locking, determination of the Hugill plot and
observation of profile changes during H-mode.

The interferometer system

The FIR laser is optically pumped by a cw COg laser and is operated at the
214.6um line of CHgF9. The laser power is about 70mW and is actively stabilized
by tuning the pump frequency and the cavity length of the FIR laser.

The wavelength allows for operating the system over a wide range of plasma
densities (5-1017m-3 - 5:1020m-3) and plasma configurations with only minor
refraction of the probing laser beam. The Faraday rotation angle for typical TCV
plasmas is sufficiently large for a future upgrade of the system to a polarimeter.
The laser is placed in a separate room about 8m away from TCV. The beam is
transferred to the interferometer by 25mm diam. pyrex oversized waveguides.
Absorption of the beam in humid air is significant. Therefore boxes made of a rigid
honeycomb fibreglass material contain all optical elements. The boxes and the
waveguides are flushed either with dry nitrogen or dried air.

The boxes are mounted on a stable concrete/fibreglass support structure close to
TCV which is completely decoupled from the tokamak structure in order to
minimize the transmission of vibrations from the tokamak to the interferometer
system. Compensation of residual perturbations will be achieved by an
interferometer at 830nm which will be added to the system.

The interferometer is of Mach-Zehnder type and is similar to the systems on TEXT
(upgrade) [1], MTX [2] and RTP [3]. The probe beam which is broadened to a
slablike beam traverses the plasma from the bottom to the top (see figure 1).
Large windows on the top and bottom of the machine allow for almost complete
illumination of the plasma cross section. The reference beam is frequency shifted
by a rotating grating and is broadened up to the same size as the probe beam.
Both beams are superposed on a crystal quartz beamcombiner.

Presently a set of only 4 pyroelectric detectors is mounted on the system. The
collection optics of each detector determines the radial position and the spatial
resolution (approx. 20mm) of the corresponding chord (see figure 1). The detectors
and the mixer electronics presently limit the bandwidth of the system to 6kHz.
The laser power per channel is about 0.5mW which is close to the limit for the
existing pyroelectric detectors. They will be replaced by a set of 15 more sensitive
and faster InSb detectors which allow for an upgrade to a polarimeter system.

The signal of the central beam is fed to a fringe counter which provides a real time
signal proportional to the line integrated density and which is used for feedback
control of the density in TCV. Furthermore, the FIR interferometer is used in the
absolute density calibration of the Thomson scattering diagnostic [4].
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Measurements

In the initial implementation only the central interferometer channel was
operational. The excellent signal to noise ratio enabled the observation of mode-
locking, which occurred in some shots. Figure 2 shows plasma current, density and
soft X ray traces. It shows the growing amplitude ( up to 4% density modulation)
and the increasing period until the mode completely locks which leads to a minor or
major disruption several milliseconds later.

A systematic investigation of density limits is not yet complete since the number
of shots with density measurements is still limited and the operational regime of
TCV is not yet fully exploited.

Figure 3a shows the Hugill diagram with data from 400 shots (disrupted, non-
disrupted, D-shaped, X-point, a variety of elongations and ohmic power, different
wall conditions etc.). The highest value of <ne>Rqgs/B of about 30 was obtained in
diverted H-modes after the first boronisation of TCV. Figure 3b shows a number of
H-mode discharges before and after boronisation. The operational regime was
clearly limited to <ne>RqgsB < 10 before boronisation and was substantially
extended to higher Murakami parameters after boronisation. In these H-mode
discharges the gas valve was completely closed by the density feedback so that
the density was solely determined by recycling and was uncontrollable.

These discharges lead to a density limit disruption only in case of ELM-free H-
modes or H-modes with very low ELM activity in which the density rises
continuously until the disruption occurs. However in strongly ELMing H-mode
phases the plasma makes the transition to L-mode before it disrupts as previously
reported on Asdex [5] and DIII-D [6].

In ELM free or grassy ELM H-modes the density ramp is accompanied by a
permanent rise in q at the magnetic axis, a reduction of sawtooth activity and by
density profile flattening. Figure 4a shows such a discharge. Starting with a short
ELM phase (310-345ms), the plasma changes to an ELM-free H-mode (345-
400ms), followed by a phase with grassy ELMs. At 420 ms large regular ELMs
appear and stabilize the density before the plasma goes back to a grassy ELM
behaviour (520ms) until the final disruption occurs (780 ms). The density profile
flattens in the beginning of the ELM-free phase (the peaking parameter as defined
here approaches 1 for flat profiles and is smaller for peaked profiles) compared to
L-Mode, peaks again during the phase with large ELMS and flattens when the
large ELMs disappear. In the late phase with reduced sawteeth activity the profile
peaks again until the disruption occurs. A more detailed analysis of the large ELM
phase is shown in figure 4b. An ELM is accompanied by a fast decrease of the
density in the outer interferometer channels and a slower and weaker decrease in
the central channels resulting in a fast peaking of the profile. Sawteeth recover the
flat profile step by step until the next ELM peaks it again. '
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The ideal MHD stability properties of a tokamak with external L=3 windings are
investigated with respect to local ballooning and Mercier modes and global external
modes. The energy and particle confinement in standard tokamaks is known to improve
with plasma current. Imposing external helical windings offers an additional knob to
vary the toroidal plasma current independently of the value of the edge rotational trans-
form. Therefore, we can reduce the plasma current and sustain a large fraction of the
rotational transform with the helical windings or conversly increase the plasma current
and correspondingly unwind the rotational transform with the current in the helical coils.
The aim of this study is to try to investigate the effect of the winding on local and global
ideal MHD stability.

We model the effect of L = 3 windings by prescribing the plasma-volume interface as

R = Roo(1) + Ri1o(1) cos u + 6 cos(2u — Nv) + 6 cos(2u — 3Nv)
Z = Ryo(1) sinu + 6sin(2u — Nv) — §sin(2u — 3Nv)

where Roo(1) is the major axis, Rjo(1) is the minor axis, so that A = Rgo/Ryo is the
aspect ratio, u and v are the poloidal and toroidal angle-like respectively, § is the shaping
parameter of the helical coil currents and N is the periods number. The configurations we
studied have the following parameters : Roo(1) = 10, Rio(1) =1, A =10, § = 0.075 and
N = 4. The resulting magnetic field produces a triangular deformation of the plasma
that only alters the external region of the plasma even when the bulk of the plasma
(where the pressure concentrates) remains essentially a conventional tokamak.

In a previous study [1], we allowed the g-on-axis to approach 2 and investigated the
inpact of external helical windings on access to the second region of MHD stability. In the
work we present here, we have adjusted the plasma current profile to constrain q-on-axis
to be approximately unity and consequently examine the first region of MHD stability.
The equilibria were performed with the VMEC code [2].

We have applied the energy principle given by

§W, — w?6Wj = 0

where

§W, = %///dﬁ*:;c[c2 +4p|V - €[> = D|¢ - Vs[?]
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to study the MHD stability of these configurations. The coefficients C? and D are
described in Refs. [3] and [4]. Applying the ballooning mode transformation [5], we
obtain

(160004 0,0-0715) + 1= Nldy +4. (0 - 8l =0
The coefficients are given in Ref. [6]. The Mercier criterion can be derived from the
asymptotic analysis of the ballooning mode equation [7]. A more detailed description for
the global stability can be found in [6]. The TERPSICHORE code [8] has been used for
all stability calculations. The pressure profiles are optimized to satisfy marginal stability
to local modes uniformly across the plasma.

We have first examined a sequence of configurations in which we have kept the toroidal
plasma current fixed. The pressure, iota and current profiles of the tokamak are shown
in fig. 1. Adding helical windings modifies the iota profiles as in fig. 2. We obtain

d3zp2? d3z
that the marginal 8* values (defined as 8* = \/fff fd3iB\{/££f

looning/Mercier modes remain about the same. However, global external modes impose
B* limit in the configurations with external coils helical that are lower than that of the
conventional axisymetric tokamak.

In the second sequence we have investigated, we have modified the current profiles so
that each configuration has the same value of iota at the edge (¢«(a) = 0.45). Fig. 3 and 4
show the corresponding iota and current profiles. Using optimized pressure profiles ( cf.
fig. 5), we obtain that §* increases slightly from £;,, = 0.986% (tokamak) to 8= = 1.06%
(B8* means the marginal §* value for the configuration with the current in the coils in the
opposite sense than the toroidal plasma current). On the other hand, helical windings
that add rotational transform make the marginal §* value decrease to f} = 0.804%.

The calculation of the 8* limit imposed by global modes were performed by rescaling
the ballooning/Mercier optimized pressure profile for each case with fixed edge rotational
transform. The 8* = 0.905% achieved in the axisymetric tokamak appears to be optimal.
This limit decrease to 8* = 0.65% for the case in which the coils unwind the transform.
For the case in which the transforms are additive, the 8* limit imposed by the global
modes is §* = 0.75%. The plasma shaping that results from the external helical coils
reduces the vacuum magnetic well regardless of the direction of the currents in these
coils. This destabilizes the global external modes.

In conclusion, for local stability, the best marginal §* value is obtained for a con-
figuration that has higher total toroidal current than the tokamak. The marginal 5~
value decreases for a lower total toroidal current. For global stability, the axisymetric
configuration gives the best marginal beta value with §* = 0.905%. The problem of the
transition and accessibility from the first stability regime with go ~ 1 to the second sta-
bility regime with go > 2 still remains an open question that requires further investigation.

) imposed by local bal-
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Fig. 1: Pressure (solid), iota (dotted) and current (dashed) profiles of the axisymetric tokamak
configuration.
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Fig. 2: Tota profiles for the sequence with constant toroidal plasma current. The solid line is the
tokamak configuration. The dotted (dashed) curve corresponds to the configuration where the
current in the helical coils is in the same (opposite) direction than the toroidal plasma current.
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corresponds to the configuration where the current in the helical coils is in the same (opposite)
direction than the toroidal plasma current.
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Abstract
MHD stability limits were studied for doublet plasma configurations using the
equilibrium code CAXE and the stability code KINX [1]. Beta limits have been

found against ballooning and n=1 external kink mode stability. For doublet plas-
mas in the TCV tokamak the beta limits are close to the values obtained for a
plasma with a single magnetic axis and the same overall elongation. The current
limit against kink modes is lower in doublets. But the maximal beta is obtained

at almost the same value of the current. . L. . )
Axisymmetric n=0 mode growth rates with resistive wall were obtained with

the KINX-W code. A comparison shows that the axisymmetric stability of doublets
is much better than that of a single axis plasma with the same overall elongation.

1 qullllbrlum The equilibrium plasma boundary is chosen to obtain two
magnetic axis equilibrium with prescribed profiles of the surface averaged toroidal current
density I* and dp/di. The following parameterization is suitable to generate a boundary
with indentations from both inner and outer sides:

r=R+aicos(f + 6;sin0)(1 — picos?8), z=Z + ak;sinb, (1)
t=1 0<f<m i=2 7<6<2r.

The values of &y, §; and k3, §; can be varied independently thus controlling the elongation
and the triangularity of the upper and lower parts of the plasma cross-section. The
relation a;(1 — p1) = ay(1 — p;) is needed to ensure the continuity of the shape.

For the profiles of I* the following expression was chosen:

I*= (1= i) 4 I, (2)

where ¢ is the normalized poloidal flux in each plasma subdomain with nested flux
surfaces and I, is chosen to ensure the continuity of I* across subdomains boundaries.

To obtain a sequence of equilibria for §-limit computations we fix the profile of 7* and
perform pressure gradient optimization to get the equilibrium marginally stable against
ballooning modes. The B-limit for kink modes is obtained by rescaling the optimized
dp/dy profile until marginal stability is reached.

2 External kink limits The following plasma boundary parameters were
chosen for up-down symmetric doublet configurations: a/R=10.65k =1.25§6=0.1,p=
0.8, which gives the boundary aspect ratio A = 3.47 and total elongation F = 2.89. This
shape fits into the TCV vacuum vessel (Fig.2a). The mantle outside separatrix was
chosen pressureless and currentless (I,,, = 0). The parameter j, was fixed and the plasma
current varied by changing j; in equation (2). The value of ¢ at the upper magnetic
axis was set to 1.05 for all cases. In Fig.l1a S-limits vs normalized current for J2=1 are
shown. Note that the definitions here are 8 = 2 [ pdV/B2 , Iy = I,(MA)/a(m)Bye(T)
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and the integrals are over plasma volume without mantle. By, is the vacuum field in
the plasma centre. The same is shown in Fig.1b for the case J2 = 2 which corresponds
to larger values of /;, Maximum beta and current are somewhat higher in this case but
the kink 8-limit degradation is more pronounced when approaching the current limit.

The influence of the current in the mantle on the stability was studied by introducing
I* = I,(1 — %) with [, = 0.1,0.2 and j, = 1 in plasma. The S-limits do not change
much . But the current limit degrades with increasing I,,. In the table below limits in
total current (1) and current inside separatrix (I;,;) are given.

I, 100 |01 ]0.2
Lioe | 2.18 | 2.08 | 1.75
Iin: | 2.18 | 2.03 | 1.66

Comparing doublet plasmas (dt) with corresponding single-null plasmas inside sep-
aratrix taken alone (sn), it was found that the n=1 external kink S-limit in doublets
is about 5% lower than in single-null plasmas. The difference in current Limit is even
smaller. In the table below the beta limits are given for three types of current profiles.
Ings is the normalized current at the beta limit for doublets.

'2 Im ﬂdt ﬂsn Ith
0.021% |2.2% [ 1.00
0.12.6%|275% | 1.16
0.0]2.7% |2.8% | 1.06

1

DN — =i,
DN = te

3 Up—dOWl’l asymmetric doublets Two examples of up—down
asymmetric doublet equilibria were considered. The first one was obtained using the
parameterization (1) with a;/R = 0.65,a3/R = 0.65,x = 1.7,6 = 0.1, p; = 0.85 (Fig.2b).
The current density profiles were I* = 1—1) for the upper domain and [* = 0.3(1 — ) for
the lower domain. The flux outside separatrix is very small in this case (about 100 times
smaller than inside the upper domain) and the separatrix closely follows the external
boundary shape which has a low triangularity.

The second equilibrium boundary was obtained from the asymmetric "TCV-D” pa-
rameterization:

r=R+acos(§+8sinf — Asin20), z=axsind,
K = 0.5(/’\31 + K&y + (Iﬂl — K?z) sin 0),

8 = 0.5(8, + & + (61 — 6,) sin 6), (3)
A= 05(/\1 -+ /\2 + (/\1 — /\2) sin 0),
0<6<2r.

This shape with a/R = 0.3,k; = 3.7,k = 1.7,6 = 0.5, = 0.2 was indented from
both inner and outer sides by 0.3a and respectively (Fig.2c). The current density was
I* =1 — 1 for both upper and lower domains.

The ballooning S-limit is higher for the second case of Fig.2c because of its more trian-
gular boundary (g = /Iy = 2.75%/0.76 = 3.6% for Fig.2b vs g = B/In =3.5%/0.81 =
4.3% for Fig.2c; the values are computed over upper domains only, lower domains were
kept force—free). The same holds for the kink limit (9 = 3.0% vs g = 4.2%). Again no

s111bstantial differences were revealed between the kink limits for doublets and single-null
plasmas.

4 Axisymmetric Stability A wall shape close to that of TCV vacuum
chamber was chosen for n=0 stability studies (using the parameterization (3) with a/R =
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Gw/Ry = 0.34,k = 2.7,6 = 0.2, = 0.8). Two versions of the KINX-W code were used

to compute the growth rates of doublet and single axis equilibria surrounded by the
resistive wall, i ) _
Four equilibria with 8 = 0 were compared : a symmetric doublet (Fig.2a) with

I" =1-4,Iy = 1.15, two asymmetric doublets Fig.2b and 2¢ with Iy = 0.90 and
Iy = 1.24 and a single axis highly elongated equilibrium of "TCV-D” shape (Fig.2d)
with R/a =3.67,k =3,6§ =0.5,A = 0.2, ]* = 1 — ¢, Iy = 2.07.

The table below shows the instability growth rates in s=! obtained assuming the
plasma major radius R=0.88m and a resistivity/wall thickness ratio of 10-5Ohm (the
growth rates scale linearly with increasing the resistivity up to 5. 10~° which is closer
to the experimental value). The resistive growth rates for doublets (first two rows in

sym. doublet (a) | asym. doublet (b) | asym. doublet (c)
doublet (1) | 44 62 360
doublet (2) | 28 ideally unstable 27
single top | 43 62 800

the table) and for the corresponding single-null plasmas from the upper domains inside
separatrix (single top) are close to each other in the two first cases where the separatrix
is near the external boundary at the top. For the asymmetric doublet (c) the growth
rates are higher due to a more triangular boundary which is not following the wall shape
like in the two other cases. The stabilizing influence of the plasma outside the separatrix

is considerable in this case and the growth rate for the single-null plasma is much higher

than for the doublet, . ] )
characteristic feature of n=0 stability of up-down symmetric doublets is the pres-

ence of two unstable modes [1]. The same is valid for the resistive wall modes: for
the most unstable mode the displacements in the two domains inside the separatrix are
mirror symmetric, the plasma is displaced mainly as a whole for the more stable mode.
The growth rates of the two modes are close to each other for the symmetric doublet.
For asymmetric doublets the two modes are mainly independent displacements of each
domain inside the separatrix. For the asymmetric doublet (b) the plasma in the lower
smaller domain is ideally unstable due to its relatively high elongation and large distance
from the wall. For the asymmetric doublet (c) the mode in the lower domain is ideally
stable and has a much lower resistive growth rate because its shape follows the wall more
closely.

For the TCV wall position with a,/R, = 0.34 the highly elongated equilibrium is
ideally unstable. Even for a wall with ayw/ Ry = 0.31 the growth rate is much higher than
for the doublets: 13Q0s~!.

onclusions Comparisons of the 8 and current limits against external n=1
kink stability for doublets and for corresponding single-null plasmas inside the separatrix
show that the limits are very close to each other. No substantial influence of the mantle
on the stability was revealed.

The maximal 8 obtained for doublet configurations is almost the same as for plasmas
having a single axis and the same overall elongation. The current limit for the doublet
imposed by n=1 external kink mode appears to be lower by 30%. But the optimum A
[2] is obtained at approximately the same current.

The n = 0 mode stability properties of doublet equilibria can be influenced by the
plasma outside the separatrix. The displacements for the two unstable modes in asym-
metric doublets are localized in either one or the other domain inside the separatrix.
However the interaction between the plasma domains can be considerable. A comparison
shows that the n=0 mode growth rate with resistive wall stabilization are much lower for
doublets than for a single axis plasma with the same overall elongation.
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In recent work [1], we have shown that it is possible to completely stabilize low n,
pressure-driven external modes in tokamaks by the combined effect of resistive walls
and toroidal plasma rotation. We have used numerical computation to study the wall
stabilization in toroidal geometry. The spectral codes MARS [2] and NOVA (3] have been
modified to include a resistive shell in the vacuum region surrounding the plasma. Rigid
toroidal rotation was modeled by making the resistive shell rotate with an externally
imposed frequency wyy while the equilibrium was static. The plasma was treated as
ideally conducting and wy, was some fraction of the sound frequency. Furthermore,
the time-constant of the resistive wall, 7,, was taken much larger than any ideal-MHD
timescale.

Sonic rotation complicates the stability problem by coupling to sound waves, for
which the MHD model predicts an unphysical resonant behavior. For realistic temper-
ature ratios, the sound waves are strongly damped by ion Landau damping, and an
accurate calculation requires a description that is kinetic along the field lines. However,
reasonable approximations of the kinetic behavior can be obtained by adding dissipative
terms to the fluid equations. We have applied three such modifications of the scalar-
pressure ideal MHD equations. Two of these consist of adding a damping term for the
Lagrangian pressure perturbations. The perturbed pressure is split into a convective
and a Lagrangian part:

pr=—€-Vpo+pis, where  8pi1p/0t = —TpoV - & — vpyy 1)

The damping rate v is taken either to be a fixed number or to represent a thermal
diffusivity following the Hammet-Perkins [4] prescription, v = x|kjuni|. As a third
alternative, we use a term representing parallel viscosity in the equation of motion along

the field lines so that vy = (B‘o /Bo) - U is computed from

Bvy /0t = —(B - Vp)1/Bopo — Klkjuumlvy (2)

When the pressure exceeds the stability limit with the wall at infinity, we find two
classes of modes that can potentially be unstable: (a) one which has zero frequency in the
frame of the plasma and hardly penetrates the resistive wall: the “plasma mode”; and
(b) one which penetrates the wall and rotates slowly with respect to it (slip frequency =
O(151) < wrot): the “resistive wall mode.” The resistive wall mode rotates with respect
to the plasma at a frequency close to the imposed rotation frequency. A typical example
of how the growth rates of the plasma and resistive wall modes depend on the wall
radius d is shown in Fig. 1. The two modes are influenced in opposite ways by the wall
distance—the plasma mode is destabilized as the wall is moved further from the plasma,
while the resistive wall mode is stabilized.

The plasma mode rotates quickly (frequency ~ wyo, > 7.5') with respect to the wall.
It does not penetrate the wall and behaves as if the wall were ideal. The plasma mode is
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unstable on the ideal MHD time scale when the wall radius exceeds the usual ideal MHD
threshold for wall stabilization, digea). This marginal wall position approaches infinity at
the conventional beta limit and decreases with increasing pressure.

The resistive wall mode becomes increasingly stable with increasing wall radius. This
counter-intuitive behavior can be understood by a large-aspect-ratio calculation of A’
at the resistive shell. We consider a magnetic perturbation in the vacuum, dominated
by one poloidal harmonic m (assumed > 0). The perturbed magnetic flux function
¥ satisfies V3¢ = 0 in the vacuum region, and the poloidal harmonic m is a linear
combination of r™™ and r™. The growth rate of the resistive wall mode is given by
v = 75dAlL, where Al = [¢/(dy) —¢'(d-)]}/¥(d). If we write the logarithmic derivative
of 1 at the plasma edge r = a as (Y//¢)r=e = —(m/a)(1 + 2) (withz =z +iy,z and y
real and y # 0 because of the rotation) a simple calculation gives A/ :

dAL /2m[1 — (a/d)’™] = z/(w — 2) = [(wx — 2% — y?) + wyl/[(w—-2z)*+94*]  3)

where w = 2/[(d/a)?*™—1]. In the case with no rotation (y = 0) and the plasma unstable
in the absence of a wall (z > 0), Eq. (3) shows that the resistive wall mode is unstable
(Al > 0)fora < d < digeas = a[14+2/2]/?™. As the wall radius increases, A!, — oo when
d — digeal, and at this wall position, the resistive wall mode connects to the ideal MHD
instability, which occurs for d > digeal. In the region of ideal instability, plasma inertia
is non-negligible and modifies (1'/1),=s s0 as to keep A!, &~ +o00. When the rotation
frequency is finite, y is non-zero. This eliminates the zero in the denominator of Eq. (3).
Consequently, Al remains finite and complex for all wall distances, and the resistive
wall mode does not join the ideal instability. Rotation effectively separates the resistive
wall mode from the plasma mode, and the growth rate of the resistive wall mode remains
O(7y?') for all d. The resistive wall mode is stabilized when dyes > a[142z/(z*+y?)]1/?™.

22 N "

0.2 207
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d/a
0 16} ©=0.03
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1,0 15 2,0 d/a 95,

Figure 1: Growth rate v, and slip frequency Awyes vs. wall radius for wyet/wy = 0.06.
Figure 2: Marginal wall distance versus Troyon factor g for the plasma mode (marked
“ideal”) and the resistive wall mode using different assumptions. Curves (a)-(e) apply
for weot/ws = 0.06. (a) and (b) give results for the pressure damping model, Eq. (1),
with (a) v/ws = 0.025 and (b) v/wa = 0.0025. (c)-(e) give results for the parallel
viscosity model Eq. (2) with (c) k = 0.1, (d) x = 0.885, and (e) x = 1.77.
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files and high ¢;. A numerical example with standard g-profile and broad pressure profile
shows an increase in the beta limit by about 30% due to the wall stabilization. MHD
stability analyses indicate that similar increases are observed experimentally in DIII-D
[6]. Stabilization by resistive walls and rotation can give even more favorable results for
advanced tokamak operation (non-monotonic ¢ and =~ 100% bootstrap fraction), but for
such equilibria, global stability becomes sensitive to edge conditions.
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Figure 3: Marginal wall distance versus Troyon factor g for equilibria with the same
pressure profile, with g, = 2.55 and ¢, = 3.55. (a)-(b) are the resistive wall modes for
gs = 2.55 with the pressure damping model, Eq. (1), with (a) v/ws = 0.025 and (b)
v/wa = 0.0025. (c) and (d) are resistive wall modes for g, = 3.55 equilibria with (c)
v/wg = 0.025 and (d) v/w4 = 0.01.

Figure 4: Stability boundaries for equilibria with negative central shear and high boot-
strap fraction. Results are shown for (a) the pressure damping model, Eq. (1), with
v/wy = 0.35, and (b) the parallel viscosity model with xk = 1.77.
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1. Introduction

The focus of the present paper is to present calculations of the nonideal stability index
A’ using the toroidal axisymmetric code PEST-3 [1], which has recently been upgraded
to treat plasmas with an up-down asymmetric cross-section. In the case of the ITER
tokamak, this up-down asymmetry is due to the presence of a single magnetic divertor.

The code PEST-3 solves the ideal MHD marginal stability equation in the plasma bulk.
The inner layers located at the ¢ = m/n rational surfaces appear as singularities. These
are resolved as a separate problem involving nonideal physics. A variational principle
is exploited to determine the coeflicients of the recessive or “small” singular solutions
normalized to the “large” singular solutions. Because we allow for the presence of N > 1
rational surfaces for a given toroidal mode number n, A’ generalizes to a matrix A{; where
t,j =1,2--- N. For the sake of generality, we also compute the matching data A};, B;
and Tj; [2] which are associated with the coupling of tearing parity to interchange parity
modes. These data are only important when A’ is large or when Dy ;, the Mercier function
at the rational surface 1 = 1, differs significantly from the critical zero-3 value of —1/4
for which the mode has a pure tearing parity (and for which the constant ¥ approximation
is particularly adequate). These matching data are conveniently assembled to form the

outer region matching matrix
A' B
r=3(p %), )

which condenses all the outer region information necessary to match the singular solutions
to arbitrary inner layer solutions. It is apparent from the expression of D’ in terms of
small and large solutions, Eq.(46) in Ref. [3] or Eq.(99) in Ref. [1], that D' is symmetric for
real singular solutions and that we must have D't = D’ in the case of up-down asymmetry.
This property is confirmed numerically.

To the outer region matching matrix D’ corresponds, in the linear theory, an inner
layer matching matrix D(y). The matching condition then takes the form of a dispersion
relation det[D’ — D(y)] = 0, which is used to extract the growth rates v’s by scanning
in the complex plane. In small 8 plasmas, we have |[A/| >> |B/| ~ |IY| >> A’, so that
the dispersion relation can often be simplified to det[A’ — A(y)]= 0. Furthermore it
is well known that in the linear zero-8 theory of tearing modes [4], A ~ ~%/4, so that
the dispersion relation immediately gives the condition that A’ be negative definite for
stability. This criterion remains valid in the collisionless limit {5,6], but becomes only
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sufficient when pressure gradient and compressibility are accounted for [7] and when the
resistive Mercier function Dg; < 0. Rutherford [8] showed that in the nonlinear regime,
the magnetic island width grows proportionally to A’ and more recently, Waelbroeck [9]
and Zakharov et al. [10] have shown that Ay = /A’ provides the basic matching condition
to resolve the helical near equilibrium, magnetic configuration of the inner layer, which
is thought to develop in the early nonlinear stage of sawtooth reconnection.

2. A’ and linear resistive growth rates

We perform the matching of the tearing parity solutions arising in the ITER plasma
shown in Fig. 1, to the resistive inner solutions of Glasser et al. [7]. In this case, we have

the diagonal matrix
A;
a0 = (5% 65), @)

and
) = a0 (1- 228) )
as inner matching data defined in the inner layers i = 1,2--- N, where
Qi =7/Q: (4)
is the normalized growth rate, and p; = (/—Dj,; is assumed to be real by virtue of

Mercier’s criterion. Expressions for Dy;, Dg;, the characteristic growth rate @; and
the layer width L; are given by Eqgs.(139)-(149) in Ref. [1]; they depend entirely on the
equilibrium quantities evaluated at given flux coordinates. Recall that Q; and the layer
width L; scale as the resistivity # to the power 1/3. A direct consequence of (2) and
(3) plus the fact that D’ is Hermitian is that the growth rates always come as complex
conjugate pairs.

The safety factor profile is monotonically increasing from ¢o = 1.1 to g, = 3.1, yielding
two rational surfaces, m = 2/n =1 and m = 3/n = 1, which are located at 0.89% and
0.99% of the plasma boundary flux #,, respectively. Figure 2 shows the convergence of
the two eigenvalues Ay/; and Asjy of the A’ matrix. The boundary conditions applied
on the displacement field are those of an infinitely conducting wall at the plasma surface
(b = a), at distance b = 1.2 times the plasma boundary radius a and at infinity. The
destabilizing effect of increasing b is particularly noticeable for the 3/1 tearing mode,
which remains nevertheless stable (negative eigenvalue) even after complete removal of
the wall. The 2/1 mode has a marginally positive eigenvalue Ay/; = 0.209 for the fixed
boundary case whereas Ay/; = 0.532 for b = 1.2a and A,/ = 3.58 for b — co.

Due to finite pressure gradient effects (Dg; = —0.0027), the instability only occurs
when the eigenvalue exceeds a threshold A, which increases as 7 decreases. This leads to
complete stabilization for n < 7., where 5, ranges from 107® to 10~° depending on the
boundary conditions. There is a second branch in the dispersion relation which gives a
much smaller growth rate (not shown). As 5 decreases, this branch however merges to
the dominant one to form two complex conjugate growth rates. The particular value of
n where this takes place is made apparent by the abrupt rise of the imaginary part (only
one complex root is shown).
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