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Abstract

In the TCV tokamak the sawtooth period and the sawtooth amplitude are observed
to depend strongly on the shape of the poloidal plasma cross section. Systematic scans
of plasma elongation and triangularity show small sawteeth with short periods at high
elongation or low and negative triangularity, and large sawteeth with long periods at
low elongation or high triangularity. Additional central electron cyclotron heating power
further amplifies the shape dependence of the sawtooth properties. The sawtooth period
can increase or decrease with additional heating power depending on the plasma shape.
This shape dependence is determined by the role of ideal or resistive MHD in triggering
the sawtooth crash. For plasma shapes where additional heating and consequently a
higher pressure shortens the sawtooth period, the low central pressure limit is consistent
with ideal MHD predictions. The observed decrease of the central pressure limit with

elongation is also in qualitative agreement with ideal MHD theory.



1 Introduction

The shaping of the poloidal plasma cross section can be used to improve tokamak per-
formance and efficiency. In order to determine the optimum shape for a tokamak reactor
the effects of shaping on confinement and on stability limits have to be considered. The
sawtooth instability, characterized by an internal disruption resonant on the ¢=1 flux
surface [1], is present in most standard tokamak scenarios and has an important effect on
core confinement.

In this paper, we show the strong dependence of the sawtooth amplitude and period
on plasma elongation « and triangularity ¢ observed in recent TCV (Tokamak & Config-
uration Variable) experiments, supplementing the previous results in ohmic plasmas [2].
Furthermore, we analyze the response of sawteeth to centrally deposited electron cyclotron
resonance heating (ECRH) power (preliminary results in [3]). Since the sawtooth period
is determined by the evolution of the current and pressure profiles from a relaxed to a
sawtooth-unstable state, it depends on transport processes, in particular the energy and
the current transport, and on a stability criterion for the sawtooth crash. Both, the trans-
port and stability criteria depend on the plasma shape, which can consequently induce
variations of the sawtooth period. Sawtooth amplitude and period are linked via the core
power balance. As the sawtooth period in the analyzed discharges is smaller than or equal
to the energy confinement time, the re-heat of the plasma core is mainly determined by
the central heating power leading to a linear sawtooth ramp.

We show that the dependence of the sawtooth period on elongation, triangularity, and
heating power can be linked to the stability of the ideal MHD and resistive internal kink
modes, which are deemed responsible for the internal disruption. The ideal internal kink
is stabilized by toroidicity up to a critical pressure gradient [4], which can be expressed

in terms of a poloidal beta on the ¢=1 surface defined by

By = (p), — p(r1) ’ (1)
Bi(r1)/2u0

where (), denotes a volume average within the g=1 surface. Note that 3, ; = 0 corresponds
to a flat pressure profile within g=1. The predicted stability limit of 3, < 0.3 for a large
q=1 radius, r;, and a circular cross section [4] is considerably lowered by elongation, with
combined toroidicity and ellipticity effects being particularly important [5]. When the
ideal MHD potential energy is close to zero, i.e. the equilibrium is in a state close to
marginal stability, non-ideal effects like resistivity are assumed to determine the mode

dynamics [6].



2 Experiment

The TCV tokamak (major radius R = 0.88 m, minor radius ¢ = 0.25 m, vacuum vessel
elongation xrcv = 3) is equipped with 16 independently controlled poloidal field coils
which allow for a large variety of plasma shapes. In the experiments presented in this
paper the elongation was varied from 1.1 to 2.1 and the triangularity from —0.25 to +0.45.
The flux contours of a typical discharge together with the ECRH beam location and
the vacuum vessel are shown in Fig. 1(a). The sawtooth period 7., and its amplitude
Asaw are obtained from a soft X-ray emission measurement I, along a chord passing
through the plasma center. The crash amplitude is normalized to the total chord intensity
(Asaw = Alc/Iy). Both characteristic sawtooth parameters are averaged over stationary
intervals of typically 100 ms corresponding to 20 to 200 sawtooth periods (Fig. 1(b)). The
crash amplitude can be corrected for the temperature dependence of the X-ray emissivity
of the dominant impurity, carbon, using the factor a = d(In Ix)/d(In Ty). This correction
factor decreases from 1 at 900eV, typical for Ty in ohmic plasmas of the presented
experiments, down to 0.6 at 2.5keV in plasmas with additional heating. With density
variations assumed negligible, o™ A,,, then provides an estimate for the relative core
pressure loss due to the sawtooth crash.

In order to separate the shape dependence, other plasma parameters like the tem-
perature, density, and current profiles, which can influence the sawtooth behaviour, have
been kept similar. It has been shown that over a wide range of plasma shapes the profile
broadness is related to the position of the ¢=1 surface or the sawtooth inversion radius
pinv [7] accordingly:

(pe> /peO R Piny R <.7> / (quO) ) (2)

where () denotes volume averages and p is a normalized plasma radius defined by p =
(Vip)/ Vtotal)l/ 2. The inversion radius, and consequently the profile broadness, was kept
constant throughout the scanned parameter range. Experimentally this was achieved by
carefully adjusting the plasma current, while the edge safety factor ¢, increased with
elongation from 2.5 to 3.5 and with triangularity from 2.5 to 3.0. The sawtooth inversion
contour was determined from the tomographic inversion of soft X-ray emission measure-
ments 8] and then mapped onto a flux coordinate using the reconstructed flux from the
equilibrium code LIUQE [9]. For all explored shapes the inversion radius was found to
be piny = 0.45 £ 0.05. The remaining variations are neither correlated with variations
in shape nor heating power and are of the order of the uncertainties of the tomographic
inversion and of the equilibrium reconstruction.

The electron temperature and density profile measurements were obtained from a
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Figure 1: (a): Poloidal cross section of a plasma (I, = 400kA, & = 1.45, § = 0.45)
and ECRH launching geometry for central power deposition. The absorption layer for
the X2-mode and the sawtooth inversion radius are indicated. (b): Soft X-ray emission
measurements [y along a central chord show the variations of sawteeth during the stepping
up of the ECRH power. Their period 7., and crash amplitude A, are determined in
intervals with constant plasma parameters.

multi-chord Thomson scattering diagnostic [10]. There are 10 to 25 measurement loca-
tions inside the plasma, depending on the plasma elongation, which are mapped onto
flux coordinates. The measurements were not synchronized with the sawteeth and, there-
fore, the profiles have to be averaged over the stationary intervals. Since the Thom-
son scattering diagnostic measures with a sampling rate of 60 Hz, typically 6 profiles
were used for averaging. Throughout the scanned plasma shapes, the broadness of the
ohmic electron temperature profile (T,) /Teo = 0.57 & 0.05 and electron density profile
(ne) /neo = 0.74 &£ 0.03 remained constant. The values obtained for the inversion radius
and profile broadness are consistent with previous work [7].

The sawtooth period also depends on particle density. For example in a moderately
shaped (k~1.5, § ~0.2) ohmic TCV plasma 7y, increased from 1.7 ms at a central electron
density ne = 1 x 10m™ to 3.0ms at ne = 5 x 10®m~3. However, this dependence

is weak for low densities. In the narrow range of ny between 2.2 and 3.1 x 10*®m—2 the



period of ohmic sawteeth varied only from 1.9 to 2.2 ms. In order to exclude the influence
of density, all plasmas of the shape scans have been in this narrow density range.
Auxiliary heating power was applied to increase the plasma pressure. Three 82.7 GHz,
500kW gyrotrons for heating at the second harmonic of the electron cyclotron resonance
were used in this study [11]. The chosen density range is well below the cut-off den-
sitY, Necut-off = 4.25 X 10"m™3, of the second harmonic extraordinary mode (X2-mode).
The ECRH power, Prc, was increased in three steps and included an interval where
the power was modulated (Fig. 1(b)). A central power deposition was chosen so as to
guarantee similar effects on current and pressure profiles and increase the global pres-
sure rather than induce local changes in the vicinity of the ¢=1 surface. In particular
non-standard sawtooth behaviour such as saturated, inverse, or humpback sawteeth [12],
which usually result from localized off-axis heating [13], were avoided. Figure 1(a) shows
the X2-mode launching geometry and the resonance position for a vacuum field of 1.43 T
which is increased by the paramagnetism of the plasma. Some ordinary mode (O-mode)
component of the injected ECRH beam, which is weakly absorbed at first path, leads to
more distributed absorption after multiple reflection on the wall. The deposition profile
is obtained from the response of the soft X-ray emissivity to the switch-off of the ECRH
power. The resulting deposition agrees well with the calculations from the ray-tracing
code TORAY [14]. Both methods confirm a peaked power absorption in a region well

inside the ¢=1 surface.

3 Variations of sawtooth characteristics

In a moderately shaped (x = 1.5, § = 0.2) ohmically heated TCV plasma with n. =
2.5 x 10"m™ sawteeth typically have periods of 2ms and crash amplitudes of 10%.
Triangularity and elongation scans were performed around this shape, keeping either
k ~ 1.5 or 6 = 0.2 constant.

In ohmic plasmas the modification of the triangularity introduces significant changes
of sawtooth characteristics (Fig. 2(a,c)). Increasing § from 0 to 0.45 almost doubles
the sawtooth period and increases the amplitude of the crash by a factor of 4. The
modification of gy and As.. saturates for negative triangularities. As already noted in
[2] the increase in amplitude with triangularity can be explained by a combined effect
of a longer sawtooth period and a higher ohmic heating power density. The dependence
of elongation on the sawtooth period is weaker (Fig. 2(b)), with a trend for shorter
sawtooth periods at higher elongation. Despite the weak trend in the behaviour of 7eay

the crash amplitude decreases drastically with elongation (Fig. 2(d)). For x = 2 the crash
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Figure 2: Sawtooth characteristics in ohmic plasmas as a function of triangularity (a,c)
and elongation (b,d), while density and inversion radius are kept constant. The values
of the sawtooth period (a,b) and the sawtooth crash amplitude (c,d) are averaged over
stationary phases. The error bars indicate the standard deviation within these phases.

amplitude measures only a fourth of the amplitude in an almost circular plasma although
the inversion radius was kept constant throughout these experiments. Again, the variation
of Teaw is not sufficient to explain the variation of ™! Ag,y. As for decreasing 6, the ohmic
heating power density decreases with increasing & (while piy is kept constant), which
results in the observed drop in crash amplitude.

Central ECRH deposition enhances the effect of shape previously observed in ohmic
plasmas. For high positive triangularity auxiliary heating increases 74, even further up
to 4ms and o 'Agw up to 65%, where it saturates. Small and negative § results in
even shorter and smaller sawteeth (Fig. 3(a,c)). We further note that the assumption
of constant density throughout the sawtooth cycle is no longer valid in ECRH heated
plasmas [15] and therefore a~!Ag,, fails as an estimate for the central pressure loss.
With additional heating a distinct dependence of the sawtooth period on elongation also
becomes apparent (Fig. 3(b,d)). For nearly circular plasmas the additional heating further

increases Ty and Agay, while at high elongation 74,y and A,y are decreased further below
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Figure 3: Sawtooth characteristics as a function of auxiliary heating power density within
the ¢=1 surface for various triangularities (a,c) and elongations (b,d). Electron density
and sawtooth inversion radius were kept constant. Shown is the dependence of sawtooth
period (a,b) and the relative sawtooth crash amplitude (c,d) on ECRH power. The values
are averaged over a stationary phase with the bars indicating the standard deviation
within these phases.

ohmic values.

Thus, the enhancement of the effect of shape on sawtooth behaviour is due to the
shape dependent response to ECRH. The shaping parameters for which the increase of
Pro results in a decrease of Tyaw, i.e. auxiliary heating is destabilizing, and the shaping
parameters for which an increase of Py is stabilizing are shown in Fig. 4, clearly indicating

this shape dependence.

4 Comparison with a sawtooth model

The observed response of sawteeth to heating is compared to a model, which was developed
to predict the sawtooth period in JET and ITER [6] and has already successfully been
applied to ohmic TCV plasmas [17].

According to this model an ideal internal kink triggers the sawtooth crash if its growth
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Figure 4: The discharges where 7y, decreases (filled triangles) or increases (open triangles)
with Pgc are shown as a function of shaping parameters at the plasma edge.

cannot be stabilized by plasma rotation, i.e. if

—6W
TA

Yideal = > ChWidia (3)

where §W is the total potential energy of the internal kink mode, w; g, = kT;/(L,eBory)
the ion diamagnetic drift frequency, 75 the Alfvén time and ¢; &~ 0.5. In a low density
TCV plasma, the amplitude of the term which can stabilize the internal kink mode is
typically chwigia & 5 x 10%s™1, a value which is observed to decrease with the auxiliary
electron heating power. The potential energy §W is determined by summing the ideal
MHD potential energy and by the stabilizing contribution of thermal trapped ions and
fast particles

5W = 6WMHD + 6Wtrapped + 5Wfast- (4)

In the presented experiments, the stabilizing effect of fast particles on sawteeth can be
neglected. Also the stabilizing effect of collisionless thermal trapped ions in the present
low density plasmas is small, with §Wiyappea/Ta of the order of 5 x 102s~. Therefore the
internal kink can be destabilized by 5WMHD becoming negative once the plasma pressure
sufficiently exceeds a critical value. This critical value is believed to depend strongly on
plasma shape [5, 16]. Thus, the additional heating increases the plasma pressure which
should increase the drive of the ideal mode and result in a decrease in the sawtooth period.

If the plasma is stable with respect to the ideal mode (Eq. (3)), resistivity becomes
important. In ECRH heated TCV plasmas the ion-gyro radius p; = 0.2 — 0.3 cm is larger



than the resistive layer width &, ~ 0.03 — 0.12cm and the growth rate 4, of the resistive
internal kink in the so-called ion-kinetic regime has to be considered [12]. A typical value
is 7, ~ 10*s™!. The mode can be stabilized by different diamagnetic effects leading to a

condition for the onset of the resistive internal kink mode proposed in [17]:

CxYp > (we,diawi,dia)1/2 (5)

with ¢, being of order unity. Since wegia ~ 10%s™! both sides of Eq. (5) are of similar

amplitude. The resistive growth rate v, o 3(13/ i essentially depends on the magnetic shear
on the ¢=1 surface s; = p; (dg/dp1), whereas the stabilizing electron diamagnetic rotation
increases with pressure. Additional ECRH increases p. but also influences the evolution
of s, leading to different dynamics with respect to the ideal mode (Eq. (3)). In particular
the stabilization of a resistive mode by electron diamagnetic rotation offers a possible
explanation for an increase of the sawtooth period with additional electron heating.

Therefore, the response of sawteeth to auxiliary heating is expected to depend whether
ideal or resistive MHD determines the mode dynamics. As discussed above this essen-
tially depends on the potential energy of the ideal mode § WMHD, which contains the shape
dependence. A necessary condition for ideal MHD stability is the Mercier criterion. Nu-
merical simulations have shown that in elongated plasmas with weak central shear the
Ppa limit is set by a violation of the Mercier criterion leading to an n = 1 mode with large
growth rates and more importantly, that the shape dependence of §Wiypp is similar to the
shape dependence of the Mercier criterion [16]. In cases where the Mercier criterion was
violated within the whole ¢ < 1 region, the eigenfunction of the unstable mode resembles
the standard step function of the internal kink. An expansion of the Mercier criterion up
to second order in toroidicity e=r/Ry and first order in ellipticity e=(x — 1)/2 including
the contributions of order e’e [16] illustrates the effect of elongation and triangularity.
For ¢=1, stability requires

- % (k1= 1) Bp1 (1 — ﬁl—) > 0. (6)

S €1

—D; =

Iy

In Fig. 5, marginal stability according to the Mercier criterion (Eq. (6)) is shown for two
values of f;,1, with s; = 0.1 and p; = 0.5 assumed constant, as a function of the local
shaping. The discharges in Fig. 4 are shown in Fig. 5 as a function of the local shaping
parameters at g=1, which are obtained from the equilibrium reconstruction. A comparison
of the sawtooth response to ECRH with the Mercier stability boundary shows that the
critical B,1 is particularly low for discharges where additional heating could not improve

sawtooth stability (filled triangles in Fig. 5). For these plasma shapes the potential energy
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Figure 5: The discharges of Fig. 4 are shown as a function of shaping parameters on the
g=1 surface. The plasma shapes are compared to the shapes corresponding to marginal
stability according to the Mercier criterion (Eq. (6)) for two different values of 3,; and
assuming constant shear s; = 0.1 and inversion radius pyy = 0.5.

of the ideal mode can be sufficiently negative to determine the sawtooth trigger which is
consistent with the interpretation of the decrease of the sawtooth period presented above.

The shape dependent response of sawteeth to heating power can also be seen in the
electron pressure profiles. In Fig. 6, the time averaged pressure profiles of a plasma
where Ty increased with Prc (a) are compared with the profiles of a plasma where 7o,y
decreased with Pgc (b). In the first case (a) the increase of the central heating from ohmic
to 1 MW of auxiliary heating power leads to a peaking of the pressure profile whereas in
case (b) the central pressure profile remains essentially flat. The variation of the pressure
profiles with heating can be summarized in the variation of S,1, which increases with
Prc in case (a) but remains constant in case (b) (see inserts in Fig. 6). Thus, case (b) is
consistent with an imposed central beta limit, independent of heating power, leading to
the observed decrease of Ty, for this plasma shape. This supports the idea of ideal MHD
being responsible for the triggering of the sawtooth. However, note that the measured
betas are time averages of measurements, which were not synchronized with sawteeth and
are therefore lower than the critical beta obtained right before the crash.

For all plasma shapes, where 7., decreased with Pg¢, the limiting 3, ; was indepen-
dent of heating power (like Fig. 6(b)), whereas for the other plasma shapes 3, increased

with power (like Fig. 6(a)). For the shapes where 3, reaches a limit, this limit is shown
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Figure 6: Electron pressure profiles (averaged over typically 6 time slices) for different
ECRH powers for a shape (£ = 1.44, § = 0.46) where 7, increases with heating power
(a) and a shape (x = 1.68, § = 0.19) where 7,5, decreases with heating power (b). The
inserts show the ECRH power dependence of 5, at p=0.45, corresponding to the inversion
radius.

as a function of the triangularity and elongation (Fig. 7(a) and (b)). Despite a large
scattering of the data, a stabilizing trend with increasing triangularity and decreasing
elongation is observed. The dependence on 1 can be compared to an expansion of the

energy functional of the ideal internal kink [5)

A 3
OWwmmp = — Z(Kl —1)Bp
13 K1 — 1 1
+ Ag|g 368, + B (1352,1 — 2B 1)} . (7

The expansion (Eq. (7)) contains terms up to the second order of ¢ and first order of
e, including O(e®e) and is given for a parabolic current profile. The value of By for
marginal stability, calculated from Eq. (7) assuming Ag = 0.1, is shown in Fig. 7(b).
The experimental limiting 3,1 shows the same trend as the analytic 8,1 cit, albeit with

a weaker dependence.
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Figure 7: The poloidal beta on ¢=1 in discharges, where it could not be increased with
additional heating, is shown as a function of triangularity (a) and elongation (b) on
the ¢g=1 surface. The measurements are averaged over typically 6 times and the error
bars indicate the standard deviation among different power levels. It is compared with
the poloidal beta for marginal stability of the ideal internal kink according to Eq. (7),
assuming Ag = 0.1 (dashed line in (b)).

5 Summary and conclusion

High triangularities and low elongation are seen to improve the stability of sawteeth in
TCV plasmas, but also lead to large sawtooth crashes. High elongation and low trian-
gularity reduce the sawtooth amplitude, which can both reduce sawtooth related heat
pulses and decrease the risk of possible seed island generation resulting from large saw-
tooth crashes. However the core confinement remains at a low level.

Besides their period and amplitude, the response of sawteeth to a variation of heating
power strongly depends on the plasma shape. For the plasma shapes for which ideal MHD
predicts a low critical 3,1, the experiment also shows a low pressure limit, which cannot
be increased with additional heating and consequently leads to shorter sawteeth. In the
frame of the presented model of the sawtooth trigger [6], this is consistent with an ideal
internal kink mode triggering the sawtooth crash. In particular the x;-dependence of the
limiting beta is in qualitative agreement with an analytic prediction [5]. For shapes where
the ideal MHD mode is expected to be marginal or stable, in particular at high positive
triangularity, the core pressure can be significantly increased with additional heating. This
can be explained by an increase of the electron diamagnetic rotation which is expected
to increase with the electron pressure and has a stabilizing effect on the resistive mode.
However, a prediction of the sawtooth period has to take into account the evolution of the

current profile, which has been successfully done for ohmic TCV plasmas [17]. As shown
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in the present article, the simulations of sawteeth in ECRH heated TCV plasmas require
an accurate description of the shape dependence of ideal MHD stability.

These experiments suggest that in low density TCV plasmas at low triangularity and
sufficient elongation ideal MHD significantly contributes to the triggering of the sawtooth
crash. In this regime, the observed shape dependence supports theoretical predictions of

the shape dependence of the ideal internal kink mode [5].
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