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Abstract

Confinement in TCV (Tokamak & Configuration Variable) EC heated discharges is studied as a function of
plasma shape, i.e. as a function of elongation 1.1 < K <2.15 and triangularity - 0.65 < § £0.5. The
electron energy confinement time is found to increase with elongation, in part due to the increase of plasma
current with elongation. The beneficial effect of negative triangularities is most effective at low power and tends
to reduce at the higher powers used.

The large variety of sawtooth types observed in TCV for different power deposition locations from on axis
to the g=1 region can be simulated with a model including a local power deposition, a growing m/n=1 island
(convection and reconnection), plasma rotation and finite heat diffusivity across flux surfaces.

1. INTRODUCTION

The improvement in tokamak performance over the last 25 years is not only due to the fact
that tokamaks have grown in size, but is also a result of modifications of the basic tokamak
concept. The evolution from circular to noncircular cross sections and, in particular, the vertical
elongation of the plasma cross section «x allows for higher plasma current, since the maximum
current scales as 1, ~ (1+K°)/2.

Increasing the plasma current offers two advantages. The first advantage is that the global
energy confinement time increases with current, according to several widely used scaling laws
[1, 2]. The second advantage is that vertically elongated and D-shaped cross sections allow much
higher normalised pressures, i.e. 3 values, than circular ones [3, 4]. The S-limit, determined from
numerical MHD stability analysis [4], B(%) = c¢[,(MA)/[a(m)B(T)], scales with the plasma current
Iy; a is the minor radius, B the toroidal magnetic field, and c¢; is the Troyon factor, which is
typically between 2.5 and 4.0, depending on the pressure and current profiles. The good
agreement of ideal B-limit calculations in highly elongated plasmas with experiment [5, 6]
strongly suggests to increase the design k in ITER.

Electron Cyclotron Heating [7, 8] (ECH) experiments on TCV (achieved parameters:
R=0.89m, a=0.25m, x=2.58, -0.7<0<0.9, I,=IMA, B=1.43T) are presently aimed at the study of
the confinement properties of variably shaped plasmas. For these studies, an ECH power of
1.4 MW is injected at the second harmonic, 82.7GHz. This power level is already an order of
magnitude larger than the Ohmic power during ECH, but represents only a third of the planned



total power (B3MW at the second harmonic and 1.5SMW at the third harmonic, 118 GHz). EC
heating has been chosen for TCV, to cope with the large variety of plasma shapes. Each 0.5 MW
gyrotron is connected to a steerable launcher, which can be moved during a tokamak discharge. A
universal polariser is included in each transmission line to provide the polarisation needed at the
plasma boundary for optimal power coupling.

A number of improvements have been made to the first wall graphite protection during the
1997 shutdown. Surface coverage has been increased from ~60% to ~90% by addition of new tiles
on previously exposed areas on the low field side wall. These new elements now allow for heating
of negative triangularity discharges. The central column tiles have been completely redesigned
and have now a toroidal profile optimised for high power experiments. The wall is boronised
regularly.

2. CONFINEMENT AS A FUNCTION OF PLASMA SHAPE
2.1 Confinement study: definition and parameter range

The aim is to study confinement as a function of elongation x (1.1 < x¥<2.15), and
triangularity 6, (-0.65<6<0.55). Two values of g,,, (4eng=5abB/RI), 1.7 and 3 are used, (2.3<¢,<6;
0.2<I;<0.7MA). The engineering safety factor g,,, is used instead of the usual g, to parametrise the
plasma current since constant g,,, results in similar normalised profiles independent of the plasma
shape [9]. The standard central density n,, is ~2-2.5%10" m*, while the influence of density is only
studied for a restricted number of shapes. All discharges are limited L-mode discharges. Up to
1.4 MW ECRH was injected, with the power deposition region located near the magnetic axis,
largely inside the sawtooth inversion radius. At higher g.,,, due to finite beam width and shrinking
of the g=1 surface, together with a smaller paramagnetic resonance shift at lower current, the beam
moves somewhat off-axis, but is still well inside the q=1 radius. Thus, we have always central power
deposition conditions.

Three gyrotrons were used for this study, two of them launching from the upper lateral ports
and one from the equatorial port. The power was raised to its maximum value in three steps of
typically 0.2 s duration. Confinement data are used after the establishment of a constant soft X-ray
flux, which led to the exclusion of a 40-50 ms transient period at the start of each power step.
Between the 2nd and 3rd step the power was modulated during 0.2s. The power deposition
location was obtained from soft X-rays at the EC shut-off, from power modulation experiments,
and qualitatively from the sawtooth shapes (see section 3.1).

The EC power, Py, is measured near the torus calorimetrically between discharges. The
gyrotron power can be set within 5% and is indeterminate to £10%. The elliptical polarisation of
the X2-beam is adjusted to maximise the power coupling at the plasma boundary for all
geometries. In most of the cases studied, the power coupled to the X-mode was calculated as
greater than 98%.
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FIG. 1. Thomson electron temperature FIG. 2. Electron confinement time
profile for x=1.5, 6=0.2, n,=1.3x10"m’ versus total power for xk=1.5, 6=0.2
during Ohmic and ECRH (1.4 MW). The (squares: n,,;o>3, triangles:
central deposition aimed with upper lateral 2<n,,,<3, hexagons: n,,;,<2).

and equatorial launchers is indicated.



The electron energy content Wy, is obtained from Thomson scattering measurements, taken
every 17 ms. The T, and n, profiles, measured along a vertical chord (at R=0.9m), are projected
onto normalised flux co-ordinates and fitted with cubic splines. Therefore the calculation of We.
depends on the equilibrium reconstruction and on the profile fits. This procedure is
straightforward for positive triangularity and low elongation discharges, where MHD mode activity
is low, as shown in Fig. 1. For negative triangularity and high elongation, the profiles show
occasionally large fluctuations within the sawtooth inversion radius, which can make the fitting
procedure problematic. Such shots were rejected from the database. The electron energy
sometimes fluctuates strongly in time owing to large sawtooth relaxations at positive triangularity
and with 1.4 MW of ECRH. Typically ten Thomson profiles were available after the exclusion of
the initial transient period at the beginning of each step. These multiple profiles were averaged to
reduce the influence of fluctuations.

Typical values of the effective charge Z;, calculated from soft X-ray flux (dominated by
carbon emission) and Thomson temperatures, are Z,, = 4 during the Ohmic and ECRH phases. Ion
temperatures from neutral particle analysis range from 200 to 250eV. Therefore the ion
contribution to the total energy is negligible.

2.2 MHD activity

MHD activity does not only influence the T, profile reconstruction but can also degrade
the confinement itself. In particular for § < - 0.2 the m/n=2/1 mode has been frequently observed
during phases with and without auxiliary heating power and irrespective of the edge safety factor.

Sawteeth were present in a wide range of the investigated plasma shapes. Ohmic sawteeth, at
x=1.5, 6=0.2 and typical densities of 2-3x10"°m™ have a period 7y ~ 2 ms. Their period and size
increase with triangularity up to 7y ~ 3 ms and up to a relative crash amplitude, observed with a
soft X-ray diode viewing the plasma core (Iyg), of 20%. For negative & the relative crash
amplitude decreases down to a few % and can disappear within the resolution limit [10]. The crash
amplitude as well as the sawtooth period decrease with elongation. Occasionally, no sawteeth have
been observed in discharges with x >2.

With ECH deposition within the g=1 surface, different forms of sawteeth have been
observed, ranging from normal triangular sawteeth for on-axis deposition to saturated and inverted
sawteeth for deposition closer to the inversion radius. For qeng=2, k=155, 0=0.25, the observed
sawtooth shapes change with increasing heating power from normal to saturated to inverted
sawteeth. For higher g.,=3, saturated sawteeth already appear at lower heating power, indicating
that the actual deposition was somewhat off-axis (see section 3.1.1).

The effect of power on sawtooth period and size depends on triangularity: for instance at
k~1.5, for 6>0.2 and low ¢, to ensure central deposition, the sawtooth period and crash amplitude
increase with increasing heating power up to 7 ~ 5ms and up to a relative crash amplitude of
35%, whereas for 6<0.2 the sawtooth period decreases with increasing heating power.

2.3 Scaling of electron energy confinement time

The dependence of the electron energy confinement time on total power and density was
studied over a wide power range in the centre of the (x,6) scan (x=1.5, 8=0.2), as shown in Fig. 2.
The electron energy confinement time is clearly seen to decrease with power and to increase with
density.

In an attempt to obtain a simple general power law to describe the dependence of 7., on n,
P, x, 6 and I,, we have applied a multi-variable regression to the database. The dependences on k
and I, cannot be separately determined, owing to the strong correlation between these quantities in
our data set. The power law we are able to express so far must therefore contain a free parameter,
as follows:

T [ms] = 1.9%x 6.5 n_ " P* I £ (1+6) ® [m>, MW, MA], (1)
Ee[ p

e_avl9
where ¢,=0.4510.2, 0=-0.7510.1, o;=-0.35£0.3, a,=1.5(1-04,)%0.4 and o, remains undetermined.
These uncertainties result from a 25% error on 7. Good fits are obtained with ¢, in the range
0 <0;,<0.7, as illustrated in Fig. 3 for the case a;=0.5.
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FIG. 3. Empirical scaling law for TCV FIG. 4. Fit to Rebut-Lallia-Watkins scaling
ECRH data set, see equation (1). law. The triangularigy is not in the RLW
scaling. Negative appear favourable

(squares:  6<0, triangles:  0<8<0.3,
hexagons: 8>0.3).

Naturally, such a general scaling, being based on the entire data set, may overlook more
detailed effects in particular regions of the parameter space. For instance, power degradation can
be calculated for each discharge separately, using the different power steps. This shows that the
power degradation increases with density. Also, the beneficial effect of low triangularity or slightly
negative triangularity appears to be stronger at low total power.

Most of the improvement with shape in Ohmic plasmas had been explained earlier in terms
of geometrical effects. The thermal conductivity of ohmic plasmas was found to be independent
of the shape. This observation, combined with geometrical effects on the temperature gradient and
degradation with increasing energy flux, was able to explain the observed variation in the energy
confinement time [11].

The TCV data is plotted against the Rebut-Lallia-Watkins confinement scaling [12] for
comparison, in Fig.4, and is seen to fit satisfactorily. Since the RLW scaling contains no
triangularity dependence, the data points are subdivided in three triangularity classes, showing the
beneficial effect of negative triangularity.

2.4 Transport modelling (PRETOR, ASTRA)

Some of the EC heated discharges have been simulated using the code PRETOR [13].
PRETOR is a predictive time-dependent transport simulation code for tokamaks: it couples a 2-D
equilibrium solver with the flux-surface averaged 1-D transport equations to compute the
evolution of temperature and density of electrons and ions. The RLW model [12], which is
implemented in the code, has been modified, only in its geometrical dependence, to simulate
discharges with an edge safety factor larger than 5, as the original model does not allow
satisfactory simulations of Ohmic TCV discharges in this domain [14]. The experimental
temperature profiles of a single shot in the ohmic phase have been analysed and the heat
conductivity has been adjusted to reproduce the experimental behaviour, which implies a relatively
large transport at the edge (¥.(0=0.8)~2m"/s).

With this model, keeping fixed parameter values in all the transport coefficients, discharges
have been simulated in the Ohmic and in the ECH phases. A satisfactory agreement is obtained for
the temperature, Fig. 5, and density profiles, the electron thermal energy and confinement time,
assuming total absorption for the different ECH powers injected.

Simulating the same discharge with ASTRA, a transport code based on the canonical
transport model [15], a model of self-consistent profiles, good agreement is found with
temperature profiles and confinement time. With a measured ratio of P,/P.;~0.2, using the
radiated power measured from bolometry, one must assume only 90% absorption of injected
power. A higher radiation level, around P,/Poy ~0.3, would result in full power absorption. Thus
our data can satisfactorily be simulated by both transport codes.
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3. SIMULATION OF CENTRAL RELAXATIONS WITH LOCALISED POWER DEPOSITION
3.1 Central relaxation shape modelling

3.1.1 Experimental description

Non-standard sawtooth traces have been observed in TCV during intense localised EC
heating [16]. Fig. 6 shows a sequence of soft X-ray traces obtained while varying the ECH
deposition radius. With on axis deposition, standard, i.e. triangular, sawteeth are observed.
However, as the ECH absorption region is moved off-axis, the soft X-ray traces change their shape:
partially saturated and saturated sawteeth are observed when the heating is still within the g=1
radius. Interestingly, the precursor oscillations that precede the fast relaxation phase of a saturated
sawtooth sometimes double their frequency. Humpback sawteeth, first reported by the T-10 team
[17], are observed in TCV when the heat is deposited close to the inversion radius. For slightly
larger deposition radii, the soft X-ray traces acquire hill-like shapes of low amplitude. Another
intriguing experimental observation concerns the optimal deposition radius for obtaining high
central temperatures: this radius appears to be close to the g=1 radius. In fact, the sawtooth or
humpback period is longest in this case, and the confinement time is at least as large as for central
deposition.
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3.1.2 Model of a growing island under localised heating and diffusion

A theoretical model has been recently developed, which accounts for many of the observed
features [18] as a function of the heating deposition region. The model is based on the combined
effects of m/n=1 magnetic island dynamics, localised EC heating, finite heat diffusivity across the
magnetic field lines and plasma rotation. According to this model, the flux surfaces acquire a
distinct m/n=1 topology in the plasma central region. The thermal energy distributes uniformly on
flux surfaces because of the large (practically infinite) parallel thermal conductivity. Rotation
spreads the deposited heat on several flux tubes intersecting the ECH absorption region. Then, the

temperature evolution is dominated by heating and perpendicular diffusion (a constant y is

assumed) in periods during which the m/n=1 island is either absent or has a stationary width, while
convection and mixing due to reconnection become important when the island is growing, the



convection pattern being associated with the specific m/n=1 internal kink mode structure. The
model was originally applied to explain the multi-peaked temperature profiles and transport
barriers observed in high ECH power density experiments such as RTP [19] and TEXT-U [20]. In
this paper, we present two examples which indicate the model ability to reproduce the observed
sawtooth shapes in TCV.

In the first example, Fig. 7, a saturated sawtooth is simulated. In this simulation, the heating
deposition region is assumed to be between about 2 cm and 4 cm from the equilibrium axis on the
high field side; the g=1 radius is at 7 cm. Thus, the heating is off-axis, but is well within the g=1
radius, consistently with the experimental indications. Fig. 7a) shows the simulated temporal trace
of the local electron temperature at a distance of about 2 cm from the equilibrium magnetic axis.
In Fig. 7b), three temperature profiles at different phases of the saturated sawtooth are shown.
These profiles are non-monotonic within the mixing radius, p,;, and can become rather spiky. In
Fig. 7c), a simulated 3D reconstruction of the electron temperature corresponding to the fast
relaxation phase at time 7 = t,0f Fig. 7a) is shown.

FIG. 7. Simulation of partially saturated

mix sawteeth  with  power  deposition
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For both simulations, the island width, w(z) is assumed to grow rapidly during the observed,
fast relaxation phase. More specifically, for the case of the simulated saturated sawtooth, w(t)
grows from 0.4 p,, to 1.6 p_. in about 200 ps (corresponding to a radial displacement of the
original magnetic axis between 0.2 Prmix and 0.8 p,.,); for the humpback sawtooth, w(t) grows from
practically zero to 1.8 p,,, in a similar time interval. These values of w(t) are consistent with nearly
full reconnection. This behaviour is not predicted theoretically, but it can be inferred from the




experimental data. Nevertheless, the model is applicable as well to cases of partial sawtooth
reconnection. The typical radial width of the heat deposition region used in the simulations is

between 1 and 2 cm. The results are not particularly sensitive to this width when it varies within this
range.

Thus, the model successfully reproduces the shapes of different types of central relaxations
as the heating radius is varied, at least qualitatively speaking. In addition, consistently with the
experiments, the relative amplitude of the relaxations for central versus off-axis deposition comes
out correctly. For example, at constant power injection, high amplitude triangular sawteeth are

obtained for on-axis heating, while low amplitude humpback oscillations are obtained when the
heating region is close to the g=1 surface.
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3.2 Sawtooth period simulation with localised power deposition

The transport code PRETOR (see section 2.4), including a sawtooth model developed earlier
[21], had been used earlier to simulate sawtooth periods in Ohmic discharges of TCV [22]. It is
now used to simulate ECR heated discharges, since it is known that temperature and density
profiles are strongly influenced by the presence (or absence) of sawteeth. In particular, the strong

dependence of the sawtooth period on power deposition location observed experimentally can also
be simulated.

The magnetic shear s,=p,q’(p,)/q, at g=1 and s,,, a critical shear above which the
resistive internal kink is triggered, define the time at which the sawtooth crash occurs. The
sawtooth period depends on the relative time evolution of s , and s,.;, and therefore mainly on the

local plasma parameters. This explains why the sawtooth activity is very sensitive to ECRH as seen
in TCV [16]. Indeed, local heating can change both s,(z), by changing the local resistive time and
the current profile, and s,.,(¢) by changing the temperature gradients and confinement time.
Moreover, localised deposition affects the g=1 radius both in the transport code and in the
experiment, as revealed by measurements of the sawtooth inversion radius. We have simulated a
case with 0.5 MW of ECRH deposited over a radial width of 0.15 a. Changing the mean deposition
radius from p =0 to 0.3 to 0.5, the code gives p/a = 0.44, 0.40 and 0.27 respectively. In addition,
in the first two cases, s, is relatively large, 0.35, because heating inside g=1 gives large gradients
at g=1. Therefore long sawtooth periods are obtained, while heating outside p, gives a very small
S;w and short sawtooth periods. This is in qualitative agreement with the experiment where



sawtooth periods of 2 ms are observed when heating outside g=1 and sawtooth periods increase
rapidly to 7-8 ms when heating near the ¢g=1 surface. However, heating closer to the magnetic axis
results again in shorter sawtooth period; this indicates that a more detailed simulation including the
magnetic topology described above, will be required.

4. CONCLUSIONS

The electron energy confinement has been studied as a function of plasma shape, i.e. as a
function of elongation and triangularity in EC heated discharges, with Py exceeding Py, by up to
an order of magnitude. The electron energy confinement improves with elongation. The bene-
ficial effect of low or negative triangularity on confinement, manifested in Ohmic plasmas, is also
observed in EC heated plasmas, but tends to decrease with increasing power. Results of transport
simulations, using two different models, are found to be consistent with the experimental data.

A variety of different types of central relaxations (sawteeth) are observed when the location
of power deposition is moved from the magnetic axis to the g=1 region. The observed sawtooth
shapes have been successfully simulated, using a model with localised power deposition, a growing
(convection and reconnection) and rotating island at g=1, and finite thermal diffusivity across
field lines. Sawtooth shapes similar to those observed in the experiment are reproduced when the
power deposition location is moved from the magnetic axis to the g=1 region.

The observation that the sawtooth period is maximum when the power is deposited close to
the g=1 surface has also been reproduced by simulation. The model simulates the evolution of the

local magnetic shear and includes a critical shear above which the resistive internal kink is
triggered.
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Abstract

A coreless compact magnetic confinement system that consists of sets of helical windings
and vertical magnetic field coils is investigated. The helical coils produce a small toroidal
translation of the magnetic field lines and seed paramagnetism. The force-free component of
the toroidal current strongly enhances the paramagnetism such that isodynamic conditions near
the plasma centre can be approached. At 3 ~ 5%, the configuration is stable to local MHD
modes. Global MHD modes limit the toroidal current 27J to about —60kA for peaked J.
Bootstrap-like hollow current profiles generate quasiaxisymmetric systems that require a close
fitting conducting shell to satisfy external kink stability.

1. INTRODUCTION

The magnetohydrodynamic (MHD) equilibrium and stability properties of the
Sphellamak concept [1] are investigated. The configuration is characterised by a com-
bination of 10 helical coils wound on a sphere of 1m. radius, has no central conductor and
has a set of vertical field (VF) coils. A model with 4 filaments per coil is shown in Fig. la.
The helical coils extend to a latitude of 60° and are connected by circular arcs. They are
modular with the currents flowing up a helical segment, across the upper connecting arc,
then down the adjacent helical segment and then back across the lower connecting arc.
This corresponds to a stellarator arrangement of the coil current flow. Part of the current
in the inner vertical field coils compensates the current in the connecting segments of
the helical coils. The helical coils cause a toroidal translation of the magnetic field lines
and assist in providing a seed paramagnetism. Similar coils sets previously proposed [2-4]
did not explore the potential to seed paramagnetism, to improve confinement properties
and to study MHD stability. A toroidal plasma current, nevertheless, must be driven in
this device. The force-free current that it produces generates the toroidal (and poloidal)
magnetic flux that guarantees the formation of flux surfaces and the confinement of the
plasma. Furthermore, the current enhances the paramagnetic effect very strongly. A pre-
vious investigation has modelled the plasma current with fixed toroidal filaments and field
line tracing studies have been applied to investigate the configurational properties of the
system [1]. In this work, we apply the free boundary version of the three dimensional (3D)
VMEC equilibrium code [5] using a distributed toroidal plasma current to obtain MHD
equilibria that model the device. The local stability modules of the TERPSICHORE
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code [6] are applied to determine the Mercier criterion and the ideal ballooning stability
characteristics of the equilibria. The global stability modules of this code are used to
determine the stability with respect to internal and external kink modes.

2. MHD EQUILIBRIUM AND STABILITY

The parameters that have been investigated correspond to a current of 300kA in
the helical coils (75kA per filament), while the upper VF coil carries —150k A, the lower
VF coil carries +150kA and the outer VF coils have —20kA. The plasma current is
varied from —50kA to —550kA with a peaked profile. The pressure, inverse rotational
transform and differential volume profiles for a case with —200kA and volume averaged
B = 2uo f dPxp/ [ d®xB* = 5.2% is shown in Fig. 1b. The pressure profile is prescribed
as p(s) = p(0)[250(1 — s%)? + 5(1 — 5)]/255 and the toroidal current profile is prescribed
as 2mJ'(s) = 0.57J'(0)[3(1 — s)° + (1 — s°)?], where the symbol ’ indicates a derivative
with respect to s, where 0 < s < 1 constitutes the radial variable proportional to the
toroidal magnetic flux (plasma volume enclosed). The total toroidal plasma current is
2nJ(1). The mod-B distribution on the cross sections at the beginning of the period
and at half period are displayed in Fig. 2. The magnetic field has a maximum value of
1/3T at the magnetic axis and is much smaller towards the edge of the plasma. In the
central region of the plasma, the mod-B contours align closely with the flux surfaces.
They diverge towards the plasma boundary. The equilibrium state thus is nearly iso-
dynamic [7]. In stellarator configurations, the curvature of the magnetic axis precludes
the strict existence of isodynamicity. In our case, the plasma current induces a strong
paramagnetic effect which produces the isodynamic conditions near the axis. However,
this condition does not hold close to the plasma edge. Consequently, the configuration
can be more closely associated with quasi-isodynamic [8] or pseudosymmetric [9] systems.
The strong paramagnetism in the bulk of the plasma also produces a magnetic hill. This
is not particularly favourable for MHD stability. The ballooning modes are stable and
the Mercier modes are only unstable very locally near mode rational surfaces at 8 ~ 5%
as shown in Fig. 3a. The Mercier criterion is marginally stable at midvolume and is more
restrictive than localised ballooning modes. A further increase in 3 could be realised
because there is room to increase the pressure gradient in the outer 1/3 fraction of the
plasma volume and still remain stable to local modes. The large global magnetic shear
generated with peaked current profiles constitutes an important stabilising mechanism
for local MHD modes for 8 < 6%. External m/n = 1/1 and internal m/n = 1/3 limit
the toroidal plasma current to about —60 to —70kA. It must be noted that this limit
is extrapolated from unstable configurations with higher current and that we have been
unable to converge an equilibrium state when the current is smaller than —90kA. This
could possibly indicate an equilibrium limit at low toroidal current, but has yet to be
confirmed because we have calculated equilibria with broader current profiles at —50kA
and lower 8. The configuration is clearly three dimensional for the parameters we have
chosen. For the broader current profile cases we have investigated, the main effect of
reducing the toroidal current to —50kA (keeping the vertical field fixed) is to shift the
plasma inwards away from the helical coils. The helical modulation becomes very weak
and the system becomes practically axisymmetric. This configuration retains its strong
paramagnetic character with the mod-B contours closely aligned with the flux surfaces
near the central region. The plasma volume and cross section become smaller and the
rotational transform increases.
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THE SPHELLAMAK CONGEFT

avids (=10 ais) _ ois)

Fig. la. (left) The coil system of the Sphellamak configuration. There are 10 helical coils,
an inner pair of vertical coils and an outer pair of vertical coils. Fig. 1b. (right) The

differential volume (x10), normalised pressure and inverse rotational transform q profiles
for a case with —200k A toroidal current and 8 = 5.24%.
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Fig. 2. The mod-B distribution in the Sphellamak at the beginning of the period (left) and
at half period (right) for a case with —200kA toroidal current and 3 = 5.24%.
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Fig. 3a. (left) The Mercier criterion (circles) and the ballooning eigenvalue (squares)
profiles for a case with —200kA peaked toroidal current and 8 = 5.24%. Fig. 3b. (right)
The eigenvalues of global modes dominated by the m/n = 1/1 (circles), the m/n = 1/2
(diamonds) and the m/n = 1/3 (squares) components as a function of the toroidal cur-
rent for a sequence of Sphellamak equilibria with peaked current profiles and 8 ~ 5%.
The marginal points have been obtained by extrapolation. Negative eigenvalues indicate
stable (unstable) conditions for local (global) MHD modes with the normalisation we have
adopted.
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The structure of the magnetic field implies that particles can be trapped only towards
the plasma edge which localises any bootstrap current drive to that region. To model a
bootstrap current, we prescribe a hollow current profile. The configuration under these
conditions becomes quasiaxisymmetric. It is stable to Mercier and ballooning modes at
B ~ 10% when the pressure profile is modified to have very weak gradients in the regions of
vanishing global magnetic shear. However, it requires a tightly fitting conducting wall to
stabilise external m/n = 1/1 kink modes with a toroidal current of ~400kA. We have also
considered a case with a mildly hollow current profile where we have changed the direction
of the current in the helical coils so that the contribution of these coils to the rotational
transform is opposite that of the plasma current. With a toroidal current of —150kA
and a tailored pressure profile to guarantee local MHD mode stability at 8 ~ 5%, a close
fitting conducting wall is also required to satisfy stability. This case is quasiaxisymmetric.

3. DISCUSSION AND CONCLUSIONS

The Sphellamak concept that relies on the toroidal plasma current to generate the
toroidal magnetic field displays an extremely strong paramagnetic effect without requir-
ing dynamo action. This results in a system that is nearly isodynamic, at least near the
centre of the plasma. The resulting transport properties could approach classical levels
making it a potentially very attractive system. A large fraction of the confining magnetic
fields are produced from the force-free currents rather from external coils. Consequently,
the values of # we have reported are significantly larger with other more conventional
definitions of this parameter. If we replace the volume averaged magnetic energy density
in the definition we adopt for # with the magnetic energy density from the vacuum fields
only at the centre of last close flux surface, the value of 8 would exceed 500%. Global
kink modes limit the maximum toroidal current that can be achieved in these configura-
tions. A close fitting conducting wall is required with hollow toroidal currents that model
the bootstrap effect. With peaked toroidal current, marginal stability with respect to
kink modes with a conducting wall far from the plasma is satisfied for values of current
(—60kA) where the computation of equilibria with the VMEC code has had difficulty to
yield a converged solution so far.
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Abstract

The control of ITER provides several challenges which can be met using existing techniques
for the design of modern controllers. The specific case of the control of the Poloidal Field (PE)
system has sollicited considerable interest. One feature of the design of such controllers is their
dependence on a sufficiently accurate model of the full system under control. To this end,
experiments have been performed on the TCV tokamak to validate one plasma equilibrium
response model, the CREATE-L model. Using a new technique, the open loop response of TCV
has been directly measured in the frequency domain. These experimental results compare well
with the CREATE-L model. This model was subsequently used to design a PF system controller,
using methods proposed during the ITER EDA and the first test on TCV has been successful,

1. INTRODUCTION

Present tokamaks typically use low order PID controllers. Recently, considerable attention has
been focused on the design of plasma position, current and shape controllers for the ITER
Poloidal Field (PF) system. The controller is restricted to demand as little power as possible, to
limit surges in the total power required for the PF system and to maintain the specified shape in
the presence of disturbances. Simulations using modern controllers have provoked a great deal of
interest due to their ability to deliver this performance. These design techniques require an
accurate model of the tokamak, which is used in a mathematical optimisation to find an optimal
controller. There has been some concern that the rather unpredictable nature of a tokamak,
together with plasma noise and internal disturbances, might pose problems for these controllers. A
long term program was therefore undertaken to validate the full ITER EDA design procedure of
such an advanced controller from both modelling and controller design aspects. The TCV
tokamak possesses a large number of PF coils, all separately powered, and represents a suitable
device for such studies; technical details of TCV control are in [1].

Firstly, we required an accurate model of the TCV tokamak and there are two standard approaches
to do this. The most prevalent method for modelling the plasma response has been
phenomenological. A mathematical model is constructed from the relevant physical laws with
appropriate, but often debated, simplifying assumptions. Benchmarking a linearised deformable
plasma equilibrium model, CREATE-L [2] was started with closed loop performance comparisons
between the modelled tokamak and experiments on limited discharges [3] and diverted discharges
[4] in the presence of external PF coil voltage perturbations. These experiments showed no
discrepancies between the model and the experiment. A new circuit equation model of TCV also
showed good agreement (RZIP [5]).

The second approach to modelling the plasma response is based on system identification. No a
priori physics knowledge is assumed. Instead, a fit to experimental data is used to determine a
suitable mathematical model. The main features of TCV, that it is unstable with a large number of
inputs and a large number of outputs, make identifying TCV a challenge for such techniques. The
open loop response cannot be measured by simply opening the feedback loops, since the vertical
position of the plasma is unstable once the plasma cross-section is elongated. However the open
loop response can be recovered from sufficient closed loop data. These experiments lead directly
to an open loop model of the current, shape and position responses at a set of driving frequencies.
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These frequency response estimates can be compared directly with open loop plasma response
models. This open loop comparison corrects a recognised deficiency in previous model-
experiment comparisons of the closed loop behaviour in TCV [3,4]. A feedback system generally
tends to reduce the sensitivity of the closed loop system to variations in the open loop plasma
response model, whereas the success of a high-performance controller design depends on the
accuracy of the open loop model. The effect of the feedback controller is no longer present in
our new open loop data and a direct comparison is possible.

Finally, we designed a modern controller and tested its functionality on the TCV tokamak using a
fast digital plasma control system [6]. The complete life-cycle of a priori modelling, closed loop
comparisons, open loop measurements and controller design illustrates that such new techniques
can be considered for a future large tokamak.

2. MEASUREMENT OF THE OPEN LOOP RESPONSE

A weakly shaped plasma was chosen since no experience of this type of multivariable
identification was available. A low vertical instability growth rate (~200s™) implied a low open
loop bandwidth which was considered to be more suitable for this first attempt. The main
Par?‘%ﬂ;et?rosw vsgere: R=0.87m, a=0.24m, B=14T, [=200kA, ky=1.4, 6,=0.23, g¢,=4.6,
n.=2.2x10"m".

Point frequency estimates were obtained by exciting the system with a multi-sinusoidal signal with
29 sine waves spanning the angular frequency range 20rad/s to 3000rad/s. The smoothness of the
underlying response as a function of frequency is assumed. The period of the slowest sine wave in
the excitation signal was designed to be 0.3s, resolvable during the experiments. The highest
excitation frequency was designed to be below half the sampling frequency and also above the
assumed TCV bandwidth. The excitation signal is injected at point s in Fig. 1. The phases of the
different frequency components were chosen to minimise the maximum amplitude of the total
stimulation waveform. During each identification experiment, the input voltages and the output
signals were acquired at SkHz, over a time interval of 0.5s. The transients following the start of the
stimulation were allowed to decay. Any offsets and linear drifts were removed from the signals
before analysis.

The test signal was scaled to ensure that it was within the linear range of the power supplies but
also large enough to provided sufficient signal-to-noise ratio in the resulting data. The final
voltages applied to the PF coils lay within 80% of the power supply limits. If the response is noise-
free, linear and time-invariant, the frequencies of the spectral components in the measured signal
will match those in the test-signal exactly. The frequency spectrum of the measured signals at
these frequencies was obtained by a least squares fit. The amplitudes of the residuals, which cannot
be decomposed into the measurement frequencies, are a measure of data corruption due to
external disturbances, measurement noise and non-linearities of the system. The smaller the
residuals, the greater the confidence in the results of the identification procedure. The residuals in
these experiments were small compared with the signals.

The frequency spectra of all of the input and output data collected during the identification
experiments was then used to obtain the open loop frequency response. For the j* experiment we

J
define the input frequency spectrum as U/ (@,) and the output frequency spectrum as Y (w) ,

where [ indexes the inputs. Our estimate of the system frequency response at each measurement
frequency is then given by,
1 T 1 -1
V(o) || U(@) -~ Uyw)

Glw)=| : . : (1)
Y'(o)] |[Uf@) - Ui(o)

The invertibility of the matrix (U;) at each frequency is a mild assumption that is satisfied if the
corresponding matrix for the designed test-signals is invertible. If that is the case, then the
experiments performed are said to be independent. Since TCV has 18 separate PF coil voltage
inputs, 18 experiments were required. The condition number of the U, matrices varied from 3 to
30, with lower values at higher frequencies, and so were easily invertible.

The agreement between the a priori models (CREATE-L and RZIP) is excellent for almost all
parameters. Three representative results of input-output frequency responses are shown in Fig. 2.
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Many responses show a relatively weak dependence on the model and even agree with the
plasmaless model (centre row) and these are always accurate. Some cases show a difference
between the plasmaless model and the plasma models (upper row) and the plasma models all
agree. Only a few cases are sensitive to the plasma model details (Iower row). We also developed a
“Grey-Box” model allowing only 6 plasma parameters in the RZIP model to be fitted, fixing all
the electromagnetic properties of the tokamak with no plasma, The Best Grey Box Model (BGBM)
gave a better result than the a priori models in only a few cases. The BGBM approach also
indicates which parameters of the plasma response model are most accurately determined by the
experimental data and are therefore most important for generating an adequately accurate model.
Fig. 3 shows the variation of the Grey Box Model agreement as the 6 plasma coefficients are
varied, showing that apart from the plasma inductance and the radial force balance (M33 in Fig.
3) the a priori model is barely different from the fitted model. This method has therefore allowed
us to measure specific elements of the RZIP circuit equation model.

3. CONTROLLER DESIGN AND TEST

We chose the tracking of separate square pulse reference excursions as a suitable test [1],

positioning the plasma above the mid-plane. In this case the natural decoupling between the

vertical movement and the other 4 control parameters is lost. Since this was the first attempt, a set

of relatively conservative design goals were chosen. The controller should:

¢ stabilise the reference plasma and similar weakly shaped, symmetric, plasmas positioned at the
midplane;

* tolerate uncertainties in the PF coil currents with respect to the nominal model;

* be robust to unpredictable behaviour of the PF coil supplies;

* be insensitive to real experimental noise in the estimators;

* have a low closed loop bandwidth for lower power and minimising voltage saturation.

The main design challenge was therefore to demonstrate that the Heo controller could function

given real conditions in the tokamak operation, not included explicitly in the linearised model. A

simple algorithm was used to avoid large transients when switching between the digital

implementation of the PID controller and the Heo controller. Details of the Hoo controller design

and implementation are found in [7].

The new controller was implemented in the DPCS and shadowed the analogue control system
during the operation of a single tokamak discharge, including the switching between PID and Hoo
controllers during the flat top. This open loop verification of the controller and switching
algorithms was adequate to believe that the closed loop control would be acceptable. Following
this single test discharge, the DPCS was given control of all the PF coils and the first successful
closed loop operation of this controller was achieved. Closed loop stability was obtained. The
switching produced no visible transient effects on the overall closed loop control. Fig. 4 shows the
behaviour of the 5 controlled parameters during this experiment. The decoupling performance is
superior to the PID for all responses and all parasitic cross-couplings. The tracking and
decoupling benefits of the Heo controller have been clearly demonstrated and no unforseen
difficulties were encountered. Work will now concentrate on Power Management strategies,
saturation strategies and the explicit control of separatrix gaps during the flat-top.
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Abstract

New H-mode power threshold scaling expressions have been found which incorporates an assumed 1/M
isotope dependence for hydrogenic plasmas. Preliminary power threshold predictions using discriminant analysis
have also been made. However, the ITER predictions are still uncertain. The log-linear confinement scaling
expressions suggest that the L-mode is governed by Bohm type transport, whereas the ELMY H-mode is
governed by gyro-Bohm transport. Various non-linear scalings also fit the ELMy H-mode data and a confidence
interval for the predicted confinement time in ITER has been established which takes the predictions of these into
account.

1. INTRODUCTION

The ITER H-mode Power Threshold, L-mode and H-mode Confinement Databases [1-3] have
all been expanded with new data in the last two years and the number of contributing tokamaks has
increased. Here some of the recent findings using these databases will be presented, see also [4-6].

2. H-MODE THRESHOLD POWER

The ITER Threshold Database contains data from 10 divertor tokamaks (ASDEX, ASDEX
Upgrade, Alcator C-Mod, COMPASS-D, DIII-D, JET, JFT-2M, JT-60U, PBX-M and TCV). Since
the previous IAEA conference [7] efforts have been made to understand the causes of the large scatter
of the data and to improve the quality of the database by adding new data.

Regressions on the points just at the L-H transition yield the following two expressions (units
of M, nyq, S, Pihres» B, R and a are AMU, 1020 m-3, m2, MW, T, m and m, respectively):

Pihres = 0.082 M-1.0 n,,0.69 B0.91 §0.96, RMSE = 25.2% 1)

Pihres = 2.76 M-1.0 r,200.77 B0.92 R1.30 a0.76, RMSE =25.1% )
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The ASDEX (only circular device), COMPASS-D and TCV (smallest devices with an open
divertor) data have not been included in the regressions because their data are above the prediction
according to both regression models, see Fig. 1. For the latter 2 devices, neutrals may be the cause of
the increased power threshold. Both Egs. (1) and (2) are dimensionally correct within the
uncertainties. The dependence on S is in agreement with the L-H transition being an edge
phenomenon. The expressions were determined for pure deuterium. The dependence on M, only valid
for hydrogenic plasmas, was imposed based on operation in hydrogen and deuterium as well as
tritium [8]. The extrapolated values for ITER using Eqs. (1) and (2), at nyg = 0.5, are 85 (56 - 153)
MW and 107 (63 - 179) MW, respectively. The uncertainty on Py is largely due to data scatter that
can reach a factor of 2 within a single device. The data scatter has several causes that vary from
device to device. One effect is wall conditioning, the threshold being higher in high recycling cases. It
has been shown in several devices that the edge electron temperature is almost constant for given
values of B and I. Therefore, to reach the required temperature, more heating power is necessary at
higher edge density (i.e., high recycling). Using the edge density instead of the line-averaged density
in the analysis would be preferable. However, the lack of data and the large scatter of the available
measurements have prevented a reliable result to be obtained. Moreover, the edge density in ITER is
not known with accuracy. Therefore, at present, using the edge density does not improve the
prediction. A second cause for scatter in several devices is due to the sawteeth. The heat pulse
following a sawtooth crash can trigger the L-H transition when it reaches the edge. Depending on the
plasma conditions and time evolution of the discharge, the L-H transition may be triggered by a
sawtooth heat pulse with variable efficiency or not at all. Presently, it is not possible to reliably take
this effect into account, but modelling is being carried out. A cause of data scatter in Alcator C-Mod
is attributed to the variation of the ICRH absorption. Correcting the heating power with experimental
absorption factors has decreased the scatter and the density dependence in this device. However, the
overall results did not change significantly.

Discriminant Analysis is used to determine a set of hyperplanes in multidimensional space,
which best separates two classes of data: one containing the L-mode points, the other the H-mode
points. An investigation of power threshold using this approach has been initiated [5]. In order to
increase the number of data points all 3 databases (L-mode, H-mode and Threshold database) have
been merged together. However, only data from tokamaks contributing to both L-mode and H-mode
data have been considered. The resulting dataset is thus significantly different from the one used in

the previous section. R, B, K, qgs, n and the loss power P constitute the multidimensional space. The
discriminant function (constant on each hyperplane) can be transformed into a function that gives the
probability of a data point to belong to the H-mode class. With this model about 75% of the data are
well classified. The model can be used to predict the H-mode threshold power in the following way.
For design values of R, B, x, q¢s and n, the loss power P is increased until the model shows a
probability larger than 0.5. That value of P is considered to be the threshold power. The prediction for
ITER is 80 (25 - 200) MW. Threshold predictions for independent scans of R, B, k, qg5 and n have
also been calculated. They show that this model is equivalent to a threshold power scaling which
increases with R, B and x but decreases with qos and n. The latter dependence is not in agreement
with the results obtained by regression analysis and hence deserves further consideration.

3. L-MODE CONFINEMENT

The present public L-mode database consists of data from 14 tokamaks (Alcator C-Mod,
ASDEX, DIII, DIII-D, FTU, JET, JFT-2M, JT-60U, PBX-M, PDX, TEXTOR, TFTR, Tore-Supra,
and T-10). In {4] a dimensionally correct fit to the thermal confinement data for the combined limiter
and divertor data subsets is given (in units of s, MA, T, MW, 10!°m=3, AMU, m, -, -):

fcthL-mode =0.023 10.96 g0.03 p-0.73 n190.40 M0.20 R1.83 £-0.06 0.64 3)

The RMSE is 15.8% with no apparent difference between the divertor and limiter data. The scaling
predicts 2.1 s L-mode confinement time for ITER. Eq. (3) is equivalent to

Tipl-mode o T P, 0.15 B‘l-‘” V. 019 and is a Bohm-like scaling.
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4. ELMY H-MODE CONFINEMENT

The new public version (DB3vSp) of the ITER H-mode confinement database, ITERH. DB3,
was released 1st of June 1998 and is detailed in [4]. This version contains data from 12 different
tokamaks: Alcator C-Mod (C-Mod), ASDEX, ASDEX Upgrade (AUG), COMPASS-D, DIII-D, JET,
JFT-2M, JT-60U, PBX-M, PDX, TCV and TEXTOR.

This new ELMy H-mode standard dataset (1398 obs. From 11 Tokamaks) [4] is significantly
larger than the IAEA 1992 ELMy standard dataset (833 obs. from 6 Tokamaks) [10]. Only 3
correlation coefficients (Dip, Pre and Pry) are now larger than 0.7 and the principal components have
changed significantly. The extrapolation to ITER is now only larger than 4 standard deviations around
the largest principal component. The factor {1+ > 4 in the classical statistical interval formula [11]
is ~ 40% lower compared to that of DB2 implying that the log-linear interval for the ITER prediction
is significantly reduced. The ELMy H-mode data now satisfies the Kadomtsev constraint [9] - i.e., the
scaling expression derived by log-linear regresion on this standard dataset is dimensionally correct -
which was not the case with earlier versions of the dataset. The reasons why the Kadomtsev
constraint is now satisfied, apparently as a result of the inclusion of the C-Mod data, is being
investigated. One possibility is the reduction in the correlation between B and R. The new dataset is
quite robust in the sense that the log-linear regression results and subsequent ITER predictions do not
change appreciably if the dataset is perturbed. The Kadomtsev constrained ELMy H-mode log-linear
scaling expression with the lowest RSME (15.64%) is obtained with the TAUC93 renormalisation
[12]. This expression is given by (in units of s, MA, T, MW, 1019 m-3, AMU, m, -, -);

TthELMy = (0.0297 10.89 BO0.18 p-0.64 n190'43 MO.13 R1.83 £0.24 10.88 4)

and is 8ractically identical to the EPS97P(y) scaling [13]. It is equivalent to TELMY o Tp p,-0-983-
0.50y,-0.10 ¢, a gyro-Bohm scaling. Comparing the H-mode (Eq. 4) and L-mode (Eq. 3) scalings, it
is apparent that the H-mode enhancement factor will exhibit an inverse P« scaling and therefore will
tend to be larger for larger devices. The ITER prediction is 6.15 s. The scaling obtained without any
renormalisation is o< Tg P41-153-037v,-0.12 which predicts 7.08 s for ITER. It is the ASDEX
corrections that make the  degradation stronger in Eq. 24) and reduce the p* dependence which leads
to the lower ITER prediction. The scaling is o< Tg P4"0-083-0-50v,-0.12 if only the ASDEX corrections
are applied and the prediction is 5.75 s for ITER. With the TAUC92 [10] or TAUC93 corrections
applied only to the PDX data the scalings are o< Tg Pa1-323-036y,-0.11 or oc Tg p,149-0.36y,-0.11
respectively, which thereby counteracts the ASDEX corrections on the p* dependence. In [4] the
equivalent of Eq.(4) using TAUC92 instead of TAUC93 can be found as well as fits using another
definition of elongation, k = area / (ma2), which seems appropriate to use for the indented, bean
shaped PBX-M and also START [14]. In [6] uncertainties of the exponents for the individual
dimensionless physics variables have been estimated by a mapping of the RMSE minima from a
series of constrained regressions. Two constraints are applied: the Kadomtsev constraint plus a
constraint corresponding to a given value, y, of the exponent of one other dimensionless parameter.
The 95% confidence interval + 8y can then be estimated from the plot of RMSE versus y. Typical
values for &y are 0.27, 0.24 and 0.08 for p«, B and v, respectively.

Based on the log-linear models applied to various subsets of the data [4], the interval estimate
for the ELMy H-mode confinement time in ITER is (4.4-6.8 s). This comes close to a classical
statistical interval estimate based on the log-linear fit using TAUC92, allowing for a multiplication
factor of 2 to roughly account for some of the modelling imperfections. Notice that scalings based on
TAUC92 are slightly more conservative in the prediction for ITER than scalings based on TAUC93.
Several non-linear scalings with lower RMSE’s than that of the log-linear scalings have been found
[4, 15, 16]. Allowing for these non-linear models, and a number of additional considerations as
presented in [4], the 95% interval estimate is (3.5-8.0 s). Hence, in this case the (4.4-6.8 s) interval
corresponds roughly to a 66% interval estimate, see Fig. 2.
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FIG. 1. Comparison of experimental power thresholds with ~ FIG. 2. Interval estimates of the
scaling expression Eq.(1). confinement time in ITER at the

standard operating point.
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