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Abstract

Recently, an experimental campaign has been launched on TCV with the aim of

exploring and extending the limits of the operating space. The vertical position control system

has been optimized, with the help of extensive model calculations, in order to allow operation

at the lowest possible stability margin. In addition, the growth rate of the axisymmetric insta-

bility has been minimized by choosing optimum values for the plasma triangularity and

squareness and by operating close to the current limit imposed by the n=l external kink mode.

These measures have allowed us to reach record values of elongation, K=2.8, and normalized

current, IN=3.6, in a tokamak with standard aspect ratio, R/a=3.5.



1. Introduction

The advantages of elongated and shaped plasma cross-sections are well known and

have been demonstrated in several tokamaks [1-4]. For a given safety factor, the plasma cur-

rent increases with elongation, IP~ (K2+1)/2, and according to Troyon scaling [5], the maxi-

mum beta value is proportional to the normalized current, IN=IP/(a*B). MHD stability

calculations [6-8] have shown that the beta limit indeed increases with elongation, in rough

agreement with Troyon scaling, but only up to a certain value of K. Beyond that value, the beta

limit stays constant or decreases. The elongation at which the beta limit reaches its maximum

depends on a number of parameters, such as the current profile, triangularity, squareness,

aspect ratio, etc. In tokamaks with conventional aspect ratio, 3<R/a<4, this optimum elonga-

tion is between 2.2 and 2.4 [6]. In low-aspect-ratio tokamaks, the elongation which maximizes

beta is considerably larger [9]. It should be noted, however, that very large tokamaks, such as

ITER, are constrained to operate at relatively low elongation, as a result of the large mechani-

cal forces which arise during vertical displacement events and disruptions.

The study of highly elongated plasmas and the experimental investigation of MHD sta-

bility limits at high elongation is one of the main aims of TCV. In Ohmic plasmas, i.e. plasmas

without localized heating or current profile tailoring, axisymmetric stability imposes a lower

limit to the normalized plasma current, and simultaneously, the non-axisymmetric modes

impose an upper limit to the current. The stable operating window between these two limits

becomes smaller as the elongation increases [8]. In a given tokamak, axisymmetric stability

can be improved in several different ways. First, the passive stability can be improved by

adapting the plasma shape as closely as possible to the shape of the vacuum vessel. Second,

the vertical position control system can be optimized such that operation at very low stability

margins becomes possible. Third, the current profile can be widened either by operating at the

maximum possible plasma current or by applying localized Electron Cyclotron Heating or

Current Drive [10]. Non-axisymmetric stability, on the other hand, can be improved by operat-

ing at low beta or at low current, since at high elongation, the current limit increases as beta

decreases [11].

In this paper, we describe how the methods for improving plasma stability, as men-

tioned above, were implemented in TCV and we show that this has led to a considerable

extension of the accessible operating space.



2. Optimization of the vertical position control system

The vertical position control system of the TCV tokamak uses active feedback coils

both outside and inside the vacuum vessel [12]. The external coils are driven by slow power

supplies with a response time of ~lms. They are used for proportional and derivative feed-

back. The internal coils are driven by a fast supply with a response time of less than 0.1ms and

are used for derivative feedback only. The TCV control system is somewhat similar to the one

used on DIII-D, with the exception that DIII-D uses inboard poloidal field coils, rather than

coils inside the vacuum vessel, for fast derivative feedback [13].

Closed-loop, axisymmetric stability of the complete system depends on a large number

of parameters, such as the properties of the vertical position observer, the signal processing

electronics, the PID gains, the power supply characteristics, the location of active coils, the

geometry and electrical resistivity of the passive stabilizers and finally, the plasma parameters

(shape, current distribution, plasma-wall distance). In order to reach the maximum possible

elongation or, equivalently, the minimum stability margin, all of the above parameters must be

optimized. This cannot be done experimentally, by trial-and-error methods, since the number

of parameters to be varied is much too large. For TCV, we use a numerical model [14], the

Deformable Plasma Model (DPM), to optimize the important parameters. This model has been

shown to give good agreement with experimental results [15].

Here, we use the DPM to determine the stability properties of the vertical position con-

trol system, as a function of the three gain settings, i.e. the proportional and derivative gains (P

and D) in the slow feedback loop, feeding the external coils, and the derivative gain (G) in the

fast loop acting on the internal coils. As an example, we show the stable domain in three-

dimensional gain space, predicted by the DPM for a typical TCV plasma (Fig.l). For each

value of the fast derivative gain, G, there is a tear-drop shaped stable island in the plane of the

slow gains, P and D. The size of the stable island increases with the fast gain, G, but when G

exceeds a critical value (G=74 jis in Fig.l), stability is lost. As a consequence, the cone shaped

stable domain is cut off abruptly at G=74|U,s. The reason for the abrupt cutoff is an instability in

the fast control loop, caused by a limited bandwidth and, consequently, a large phase shift at

high frequency. This will be discussed below in more detail. The volume of the stable domain,

for a given plasma, can be considered as a measure of the overall performance of the control

system. We have calculated the stable domain as a function of those system parameters that

can actually be varied in the experiment, i.e. the observer characteristics, the transfer functions



and the configuration of the external active coils. The main results of these calculations are

summarized in the paragraphs below.

The standard vertical position observer which is used in the fast active loop consists of

a linear combination of magnetic probe signals [12]. Varying the coefficients by which the

probe signals are multiplied does not lead to significant gains in the stable volume in gain

space, with one notable exception. Some of the B-probes are located very close to the internal

active coil (probes #14 and #26 in Fig.2) and, in the past, it was thought that the coefficients of

these probes had to be zero to avoid direct coupling between the active coil and the observer.

However, DPM simulations have shown that it can be advantageous to use non-zero coeffi-

cients for the probes in the vicinity of the active coil. If the sign of these coefficients is chosen

correctly, the effect is equivalent to a reduction of the self-induction of the internal coil and

hence it allows a faster response of the coil current to a given voltage signal.

The overall transfer function of the fast control loop determines the fundamental reso-

nance frequency at which the total phase shift reaches 180°. The choice of this frequency

reflects a compromise between noise sensitivity on the one hand and fast response on the other

hand. Originally [16], the resonance frequency was chosen to be 2.5kHz, but DPM calcula-

tions have shown that the stable volume in gain space can be increased by increasing this fre-

quency to 3.5kHz without unduly aggravating the problems of noise propagation. This

modification is equivalent to increasing the bandwidth of the feedback loop. The maximum

allowable gain is defined by the condition that the overall loop gain at the resonance frequency

must be less than unity, which corresponds to G=74 (is in the example of Fig. 1.

In TCV, any combination of external shaping coils can, in principle, be used for verti-

cal position control. DPM calculations have confirmed earlier results [17] indicating that there

is an optimum vertical distance between the positive and negative feedback currents. If the two

currents are too far apart, global modes of the vacuum vessel are excited and the penetration

time of the control fields becomes large. If, on the other hand, the currents are too close

together, the magnetic fields cancel each other partially and the coils become inefficient. For

highly elongated plasmas in TCV, whose magnetic axis lies slightly above the midplane

(0.05m<ZAxjs<0.10m), the best choice for slow active feedback is to use two pairs of external

shaping coils, i.e. [F3, F4] and [F6, F7] (see Fig.2), where the feedback voltages applied to the

two coils within each pair are identical and the voltages applied to coils in different pairs are

opposite.



3. Plasma shape optimization

3.1. Plasma-wall distance

In TCV, the main passive stabilizing element is the vacuum vessel. The vessel has a

rectangular shape (Fig.2) and, ideally, the plasma should have the same shape in order to

achieve the maximum stabilizing effect with respect to axisymmetric modes. This is not

entirely feasible in TCV, but as a guiding principle, we assume that the average plasma-wall

distance should be minimized. This implies, in the case of limiter configurations, that the

inboard boundary of the plasma cross-section should be a straight line, and that indented equi-

libria should be avoided. In addition, the outermost point of the plasma boundary should be as

close as possible to the outboard tile surface. This last condition is a consquence of the fact

that in TCV, the elongation of the vacuum vessel, as defined by the surface of the carbon tiles

(K=2.9), is larger than the maximum plasma elongation. In other tokamaks, where the vessel

elongation is less than the maximum plasma elongation, this condition does, of course, not

apply. Originally, TCV had a toroidal belt limiter, installed on the outboard side of the vessel.

The belt limiter was removed in 1998 and this allowed us to increase the plasma major and

minor radii by 1.2cm. The effect of this modification is a significant reduction of the n=0

growth rate for a given plasma shape and normalized current. For example, at K=2.5,1^=2.9,

the growth rate is reduced from 3190 s to 2380 s . It should be noted, however, that reducing

the plasma-wall distance does not always improve vertical stability. There are cases where the

opposite is true, as will be discussed in section 3.2, below.

3.2. Variation of triangularity and squareness

The shape of the plasma boundary in TCV can be approximately described by the

expressions R = R-o+a [cos(0 + 8sin0 - Xsin29)], Z = Zo+a K sinG, where RQ and a are the

major and minor radii, respectively, ZQ measures the vertical position of the magnetic axis, and

K, 8 and A, designate elongation, triangularity and squareness, respectively. It is well known

that both the n=l external kink stability and the n=0 axisymmetric stability, at a given elonga-

tion, depend on triangularity and squareness [8]. In order to find the best combination of 5 and

X, at a fixed elongation, we have performed n=0 and n=l stability calculations using the DPM

[14] and KINX [18] codes. The DPM model gives us the n=0 growth rate in presence of all

passive conductors in TCV and KINX is used to calculate the current limit for a given plasma

shape and current profile. As a starting point, we use a reconstructed experimental TCV equi-

librium with K=2.70. We then vary triangularity and squareness and, for each combination (8,



X), we increase the total current, leaving the profile shape unchanged, until we reach the n=l

stability limit. The reason for increasing the current to its limit is that, in Ohmic plasmas, the

internal inductance and, consequently, the n=0 growth rate decrease with increasing current.

We find that the current limit increases with 8 but decreases with X (Fig.3A), in agreement

with earlier results [8]. The n=0 growth rate is then computed with the DPM model for those

plasmas which are close to the n=l stability limit, as a function of 8 and X (Fig.3B). We note

that the n=0 growth rate has a minimum for 8 ~ 0.6 and X ~ 0.25 and conclude that this corre-

sponds to the optimum choice of the shape parameters. The minimum in y is relatively shal-

low, indicating that small variations in 8 and X do not change the growth rate by a large

amount. It is important to note that the optimum shape parameters do not coincide with the

minimum overall pasma-wall distance. The shape of the vacuum vessel corresponds, approxi-

mately, to 8=0, A,=0.7, and the plasma-wall distance would be minimized if the plasma had the

same shape parameters. The fact that the minimum axisymmetric growth rate is obtained for

much lower values of A, (Fig.3B) is a consequence of the decrease of the current limit with

increasing X (Fig.3A). This implies, in Ohmic plasmas, a peaking of the current profile and,

consequently, an increase of the n=0 growth rate, inspite of a decreasing plasma-wall distance.

The theoretical results presented in Fig.3 have been confirmed experimentally. In fact,

virtually all experiments at high elongation, K >2.5, were performed with triangularities in the

range 0.50 < 8 < 0.63 and squareness, 0.22 < X < 0.26. Experimental variations of 8 and X out-

side these domains have not produced any significant improvement in n=0 stability. It should

be noted that the optimum plasma shape, as it is defined here, depends, to a large extent, on the

shape of the conducting shell which serves as a passive stabilizer. In TCV, relatively high val-

ues of X are necessary for good n=0 stability because the shape of the passive stabilizer, i.e. the

vacuum vessel, is rectangular. In other tokamaks with D-shaped vacuum vessels the optimum

plasma shape is characterized by lower values of X and higher values of 8 [4].

Vertical stability of elongated plasmas can also be discused in terms of the "decay

index",

n = -

which measures the local curvature of the poloidal vacuum field [13]. However, in a highly

elongated equilibrium, the decay index varies typically by a factor of 4 between the inboard

and outboard edges of the plasma, and it can even change sign within the plasma volume. Con-

sequently, it is not obvious which value of n should be used to characterize the system and to



measure the driving force of the instability. Using the value of n on the magnetic axis is some-

what arbitrary and does not reflect the global character of the instability. For this reason, we

prefer to use the open loop growth rate, rather than the decay index, to characterize the insta-

bility and to optimize the system. The dependence of the open loop growth rate on elongation,

triangularity and internal inductance has been discussed previously [14].

3.3. New plasma shapes

The classical shape parameters, K, 8 and A,, do not exhaust the possibilities for shape

variation in TCV. Several alternative shapes, some of which are shown in Fig.4, are theoreti-

cally possible. We have calculated n=0 and n=l stabilty properties of these equilibria and, in

Table 1, we compare ideal MHD current limits and n=0 growth rates, at the current limit,

Elongation

195

I N , MA/mT

Yn=0. s"1

Table 1:

D-shape

2.7

2.36

3.65

2504

Parameters of various plasma shapes

Trapezoid

2.7

2.35

3.25

1327

Peapod

2.7

2.47

3.39

>10000

Racetrack

2.7

2.51

3.25

3080

Triangle

2.7

2.26

3.54

>10000

assuming a constant elongation, K=2.7, and constant beta, |3tor=l%. We note that the trapezoid

(Fig.4B) is the only shape which has a lower n=0 growth rate than the classical D-shape. In

addition, it was found that the current limit of the trapezoid increases with decreasing internal

inductance. This property is important since the internal inductance can be varied by current

profile tailoring, using ECRH [10].

Motivated by these theoretical results, we decided to test the trapezoidal shape experi-

mentally. The creation of new plasma shapes is easy in TCV thanks to the MGAMS shape and

position control algorithm [19]. MGAMS uses a preprogrammed evolution of the plasma

shape and current to compute the poloidal field coil currents as functions of time. This implies

the calculation of a number of free-boundary equilibria, using estimated values of poloidal

beta and internal inductance. In Fig.5, we compare a trapezoidal plasma with a D-shaped

plasma at the same elongation, K=2.6 and the same beta value, p=l.l%. The D-shaped plasma



has a normalized current of IN = 3.35 MA/mT, which is close to the limit, as seen in Fig.6. In

these experiments, the current limit manifests itself by the appearance of MHD modes, with

toroidal mode numbers, n>0, and subsequent disruptions [11]. In the trapezoidal scenario, we

also pushed the current as high as possible, and we reached a maximum normalized current of

IN = 2.77 MA/mT. Open loop growth rates, as computed on the basis of the reconstructed

experimental equilibria shown in Fig.5, are y=2730 s'1 and y=2118 s"1, for the D-shaped and

trapezoidal plasmas, respectively. These results are consistent with the theoretical results pre-

sented in Table 1, showing that the trapezoid has a lower current limit and a lower n=0 growth

rate than the D-shape, at the same elongation. Attempts to extend the trapezoid scenario to

higher elongations were unsuccessful, so far, due to the appearance of locked modes and sub-

sequent disruptions. However, it is conceivable that the trapezoid will eventually reach higher

elongation than the D-shape.

4. Limits to the operating space

4.1. Normalized current

Figure 6 shows the normalized current, IN=IP/(a B), as a function of elongation. The

upper limit of 1^ increases dramatically with K and, at the highest elongation, K=2.8, the max-

imum normalized current is 4.5 times larger than at K=1. The extension of the operating space

obtained with the new, optimized vertical position control system consists of all data points

with K>2.58 and/or IN >3.05 MA/mT. For K<2.3, the current limit is approximately given by

q95=2, as seen in Fig.7. For K>2.3, however, operation at q95=2 is not possible and the mini-

mum q-value increases with K (Fig.7). This increase is consistent with ideal MHD stability

calculations, as we shall see in section 4.4, where we compare theoretical and experimental

current limits for a plasma with K=2.5. There is also a lower limit to the normalized current,

imposed by the axisymmetric mode. In Ohmic plasmas, both the internal inductance and the

n=0 growth rate increase with decreasing current, and the minimum current is reached when

the n=0 stability margin approaches zero. This lower limit depends on the current profile and

can be influenced by profile tailoring, using electron cyclotron resonance heating (ECRH) or

current drive (ECCD) [10]. The extension of the operating space due to this technique is seen

in Figs. 6 and 7, where the red data points represent experiments with ECRH. It should be

noted that these results are somewhat preliminary since, due to lack of experimental time, no

attempt has yet been made to reach high elongation with ECRH at normalized currents IN>1.



4.2. Greenwald fraction

Although we have not made a systematic effort to reach the maximum density for all

possible shapes and elongations in TCV, it is nevertheless interesting to plot the Greenwald

fraction, i.e. the line averaged density divided by the Greenwald density, nG [20], as a func-

tion of elongation (Fig.8). Very high densities are usually achieved in TCV in ELM-free H-

mode. However, this mode is only accessible for a limited set of plasma parameters [21]. In

particular, at very high elongation, ELM-free H-modes cannot be produced in TCV because

they require a divertor configuration, with a minimum plasma-wall distance of the order of

1cm, and these configurations are beyond the ideal n=0 stability limit. The striking decrease of

the maximum Greenwald fraction with elongation can be explained by the fact that, in highly

elongated, Ohmic plasmas, K>2.3, the density limit coincides with the beta limit [11], and the

beta limit is typically reached at Greenwald fractions between 10% and 30%. The results pre-

sented in Fig.8 do not imply that the density limit decreases with elongation. If we consider

elongations in the range 1<K<1.9, we find that the density limit is approximately constant,

since the maximum Greenwald fraction decreases by about the same factor as the maximum

current increases (Fig.6). This is in agreement with results from DIII-D [22].

4.3. Axisymmetric stability margin

Using reconstructed experimental equilibria, we have calculated the stability margin of

a subset of time slices in the TCV data base, covering mainly elongations K>2.2 and triangu-

larities 0.3<5<0.6. The stability margin is defined here as ms=l/(y Tv)> where j is the open-

loop growth rate of the axisymmetric mode and Tv is the decay time of the stabilizing currents

in the vacuum vessel. Since, in the present context, we are mainly interested in general trends,

rather than ultimate accuracy, we calculate the open loop growth rates with the Rigid Plasma

Model (RPM), which is much less time consuming than the DPM [14]. This is justified by the

fact that, within the parameter ranges considered here, the differences between RPM and DPM

growth rates are small [14]. In Fig.9, we plot the stability margin as a function of elongation

and we note that the maximum margin drops rapidly with elongation. The minimum stability

margin, corresponding to the ideal n=0 stability limit, is theoretically given by ms=0. In prac-

tice however, the margin must be slightly positive to allow for small pertubations such as saw-

teeth and ELMs. In TCV, the minimum stability margin is approximately ms=0.03. In DIII-D,

the achievement of ms =0.02 has been reported [4]. Large tokamaks operate at much higher



stability margins. Typical values for JET and ITER-FEAT are ms>0.3 and ms~0.5, respec-

tively.

4.4. Beta limit

The ideal MHD beta limit, as given by the n=l external kink, for a D-shaped plasma in

TCV with Ohmic current profile and K=2.5 is shown in Fig. 10 as a function of the normalized

current. The typical uncertainty of the theoretical stability limit, as a result of small variations

in the pressure and current profiles, within experimental error, is shown by an upper and a

lower estimate (two blue lines in Fig. 10). On the same figure, we plot experimental results rep-

resenting virtually all TCV discharges with K<2.5. We note that the experiments are entirely

consistent with the theoretical predictions. In particular; experimental and theoretical current

limits agree very well. The beta limit has been reached at very low and very high values of the

normalized current. At intermediate values of 1^, however, where the beta limit is highest, the

experimental data points are still far from the theoretical limit. There are two reasons for this.

First, Ohmic plasmas with K=2.5 and IN~2 cannot be created in TCV since they are ideally

unstable with respect to the axisymmetric mode and cannot be stabilized by any feedback sys-

tem no matter how fast it is. Such plasmas can only be stabilized by broadening the current

profile, using off-axis ECRH, but up to now this technique has only been tried at low current,

IN<0.8 MAAnT [10]. The second reason for the discrepancy between experimental and theo-

retical stability limits is that the main heating system on TCV, i.e. 2nd harmonic ECRH, can

only be used at low density [23], and under these conditions it is impossible to reach high beta.

In Fig. 11, we plot the normalized beta, PjspPtor^N' a s a function of the safety factor, q95, for

all TCV discharges, irrespective of elongation. Ohmic and ECRH experiments are shown in

green and red, respectively. It should be pointed out, however, that the results presented here

do not represent the ultimate capabilities of TCV. A 3rd harmonic ECRH system has recently

been installed on TCV [24] and this will allow us to heat plasmas at higher density and to

reach higher beta-values.

5. Conclusions

The TCV operating space was previously limited to K<2.58 and IN<3.05 [12] due to a

non-optimal vertical position control system and the presence of a toroidal belt limiter, which

restricted the plasma minor radius. The operating space has recently been extended to K<2.80

and IN<3.60, as a result of a systematic optimization of the vertical feedback system and of the

10



plasma shape. Extensive DPM calculations have been performed in order to optimize the ver-

tical position observer, the transfer function of the feedback control loop and the configuration

of active coils. This has allowed us to operate much closer to the natural plasma limits than

was previously posssible. MHD stability properties of a large number of theoretical free-

boundary equilibria have been computed with the aim of optimizing the plasma shape. It was

found that, for a given elongation, K=2.7, the n=0 growth rate at the n=l current limit has a

minimum in the (8, X) plane and that the values of 8 and A, at the minimum are in good agree-

ment with optimum experimental conditions for reaching high elongation. Finally, we have

shown that the experimental current and beta limits are consistent with ideal MHD stability

calculations, using measured plasma shapes and profiles.
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Figure Captions

Fig.l DPM predictions of stability limits of the TCV vertical position control system, in

three-dimensional gain space, under closed-loop conditions, for a D-shaped plasma with

IP=351kA, Btor=1.0T, K=2.11, 5=0.42, yn=0=2300 s"1.

Fig.2 Poloidal cross-section of the TCV tokamak, showing the OH transformer (Al, B1, B2,

Cl, C2, Dl, D2), shaping coils (E1-E8, F1-F8), internal coils for vertical position control (Gl,

G2), magnetic probes (1-38) and flux surfaces of an experimental plasma with IP=750kA,

Btor=0.8T, K=2.80, 5=0.53, Yn=0=2623 s"1 (TCV shot 19373).

Fig.3 (A) Ideal MHD current limit, in kA, due to n=l mode and (B) n=0 growh rate in s at

the current limit, as a function of the shape parameters (5 and A,), for D-shaped plasmas with

K=2.7.

Fig.4 Theoretical TCV equilibria of various shapes: (A): classical D-shape, (B): trapezoid,

(C): peapod, (D): racetrack, (E): triangle. Current and pressure profiles are taken from an

experimental discharge with K=2.7 (# 19034).
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Fig.5 Comparison of D-shaped and trapezoidal plasmas in TCV. (A) D-shape, K=2.60,

IN=3.35 MA/mT, p\or=l.l%, yn=0=2730 s"1 (B) trapezoid, K=2.61, IN=2.77 MA/mT,

p tor=l.l%,7n=0=2118s-1.

Fig.6 Normalized current, IP/(a B) [MA/mT], vs. elongation for all TCV discharges between

March 1994 and May 2001. Ohmic and ECRH experiments are shown in green and red,

respectively.

Fig.7 Safety factor (q95) vs. elongation for all TCV discharges between March 1994 and

May 2001. Ohmic and ECRH experiments are shown in green and red, respectively. Ideal n=l

stability limit is shown by the solid blue line.

Fig.8 Greenwald fraction, <nc>/r\Qi^, vs elongation for all TCV discharges between March

1995 and May 2001.

Fig.9 Axisymmetric stability margin, ms=l/(y t v ) , vs. elongation, as obtained from RPM

caculations, using reconstructed experimental equilibria.

Fig. 10 Toroidal beta, as obtained from LIUQE equlibrium reconstructions, vs. normalized

current, for all TCV discharges between March 1994 and May 2001 with K<2.5. Ideal MHD

stability limits for a D-shaped, Ohmic plasma with K=2.5 are shown in blue. Ohmic and

ECRH experiments are shown in green and red, respectively.

Fig. 11 Normalized beta vs. q95, for all TCV discharges between March 1994 and May 2001.

Ohmic and ECRH experiments are shown in green and red, respectively.
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