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Abstract

The operating space of the TCV tokamak hés been extended to higher elongation,
k=2.8, and higher normalised current, Iy=Ip/aB=3.6MA/mT, than were previously
attainable. This has been achieved by optimising the parameters of the vertical posi-
tion control system and by optimising the plasma shape. Experimental current and
beta limits were found to be consistent with ideal MHD stability calculations, using
measured plasma shapes and profiles. The sawtooth period was measured as a func-
tion of elongation and sawtooth oscillations ‘are found to disappear, at high elonga-
tion, when the internal inductance drops below 1,~0.69. MHD events at high
elongation have been analysed, using magnetic fluctuation measurements. The elec-
tron energy confinement time at high elongation, 2.2<x<2.7, shows a strong depen-
dence on density and power flux through the plasma surface, but no statistically
significant dependence on K. Finally, we have applied off-axis, second harmonic, X-
mode electron cyclotron resonance heating (ECRH) in order to flatten the current
profile and improve vertical stbility. This gave access to previously inaccessible

domains in k-Iy space.



1. Introduction

Tokamak plasmas with elongated and shaped cross-sections have been studied in
many laboratories around the world. Elongated plasmas allow higher plasma currents
and higher beta values, and yield better energy confinement than circular ones [1-4].
However, elongated plasmas are inherently unstable with respect to an axisymmetric
mode, the so-called vertical instabilty. This instability can lead to Vertical Displace-
ment Events (VDEs) and disruptions which can produce large mechanical forces due
to induced currents in the vacuum vessel. The instability can be stabilised by a com-
bination of passive structures and active feedback coils, under the condition that
there is a finite stability margin with respect to the ideal axisymmetric mode. The sta-
bility margin is defined as m=1/(y ty), where v is the open-loop growth rate of the
n=0 mode and Ty is the decay time of the stabilising currents in the passive struc-
tures. The optimum elongation depends on a number of parameters, such as major
radius, toroidal magnetic field, aspect ratio, etc., and is by no means obvious. TCV
was designed to push the elongation as high as possible, in order to find out whether
the favourable trends which were observed in several tokamaks at moderate elonga-
tion would remain valid at higher elongation.

In this paper, we first describe how the operating space of TCV was extended to
k=2.8, we then discuss the stability limits that were encoutered in this process and
we investigate MHD phenomena and electron energy confinement of highly elon-
gated plasmas. Finally, we report on initial experiments of current profile modifica-

tion, using ECRH, with the aim of improving the vertical stability.

2. Extension of the TCV operating space

2.1. Optimisation of the vertical position control system



TCYV has a unique vertical position control system using active feedback coils both
outside and inside the vacuum vessel [5]. The external coils are driven by slow power
supplies with a response time of ~1ms. They are used for proportional and derivative
feedback. The internal coils are driven by a fast supply with a response time of less
than 0.1ms and they are used for derivative feedback only.

Closed-loop, axisymmetric stability of the complete system depends on a large num-
ber 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 of passive stabilisers and finally, the plasma parameters
themselves (shape, current distribution, plasma-wall distance, stability margin, etc.).
In order to achieve the maximum possible elongation or, equivalently, the minimum
stability margin, all of the above parameters must be optimised. This cannot be per-
formed experimentally, by trial-and-error methods, since the number of parameters
to be varied is too large. For TCV, we use a numerical model [6], the Deformable
Plasma Model (DPM), to optimise the important parameters. This model has been
shown to give good agreement with experimental results [7].

The stability of the closed-loop system depends on three feedback gains, i.e. the pro-
portional (P) and derivative (D) gains in the slow loop, acting on the external coils,
and the fast 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.1). For each value of the fast gain, G, there is
a tear-drop shaped stable island in the plane of the slow gains, P and D [6]. The size
of the stable island increases with G, but when G exceeds a critical value (G=74 ms
in Fig.1), stablity is lost. The volume of the stable domain in gain space (Fig.1), for a

given plasma, can be considered as a measure of the overall performance of the con-



trol system. We have used the DPM to optimise those system parameters that can
actually be varied in the experiment, i.e. the observer characteristics, the transfer
functions characterising the feedback loop and the configuration of the external
active coils. The result of this optimisation is that we can now operate at very low
stability margins, typically mg>0.03. A further reduction of the stability margin
would be extremely difficult to achieve and would not lead to any significant exten-

sion of the operating space.

2.2. Plasma shape optimisation

The shape of the plasma boundary in TCV can be approximately described by the
expressions R = Ry+a [cos(6+8 sin® — A sin20)], Z = Zy+a x sinb, where R and a
are the major and minor radii, respectively, Z, measures the vertical position of the
magnetic axis, and k, , and A designate elongation, triangularity and squareness,
respectively. It is well known that both n=1 external kink stability and n=0 axisym-
metric stability, at a given elongation, depend on triangularity and squareness [8]. In
order to find the best combination of & and A, at fixed elongation, we have performed
n=0 and n=1 stability calculations using the DPM [6] and KINX [9] 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 low beta 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 combi-
nation (4, A), we increase the total current, until we reach the n=1 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.

The DPM model is then used to compute the n=0 growth rate, for those plasmas



which are close to the n=1 stability limit, as a function of & and A (Fig.2). We note
that the n=0 growth rate has a minimum when 8 ~ 0.6 and A ~ 0.25 and conclude that,
for Ohmic plasmas, this corresponds to the optimum choice of the shape parameters.
This result has been confirmed experimentally. In fact, virtually all experiments at
high elongation, ¥ >2.5, were performed with triangularities in the range 0.53 > 8 <
0.63 and squareness, 0.22 > A > 0.26. Experimental variations of & and A outside
these domains have not produced any improvement in the axisymmetric 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 stabiliser.
In TCV, relatively high values of A are necessary for good n=0 stability because the
shape of the passive stabiliser, i.e. the vacuum vessel, is rectangular. In other toka-
maks with D-shaped vacuum vessels the optimum plasma shape is characterised by

lower values of A and higher values of 8 [4].

3. Comparison of experimental and theoretical stabilty limits

3.1. Stability limits in k-Iy space

Figure 3 shows the normalised current, In=Ip/(a B), as a function of elongation.
Experimental results are shown as red squares and theoretical stability limits with
respect to the n=0 and n=1 modes are shown as heavy black lines. We note that there
is an upper limit to the normalised current, given by the ideal n=1 external kink.
There is also a lower limit to the normalised current since, in Ohmic plasmas, the
internal inductance and the n=0 growth rate both increase with decreasing current,
and the minimum current is reached when the n=0 stability margin approaches zero.
The accessible operating window in plasma current becomes smaller as the elonga-

tion increases (Fig.3). In Fig.4, we show the safety factor at 95% of the poloidal flux,



as a function of elongation, and it is evident that, at high elongation, ¥>2.3, the
experimental current limit is no longer given by Qedge=2. but is characterised by pro-
gressively higher g-values as x increases. This is in agreement with ideal MHD sta-

bility calculations, using experimental plasma shapes and profiles.

3.2. Current and beta limits

The ideal MHD beta limit, as given by the n=1 external kink, for a D-shaped plasma
in TCV, with Ohmic current profile and k=2.5, is shown in Fig.5 as a function of the
normalised current. The stability limit is shown as a band of finite width to indicate
the effect of small variations in the pressure and current profiles within the experi-
mental uncertainties. On the same figure, we plot all TCV experimental equilibria
with k<2.5 and we see that the experiments are entirely consistent with the theoreti-
cal predictions. It should be noted that the theoretical stability limit was computed
for k=2.5, whereas the experimental points include all elonagtions in the range
1<k<2.5. However, at low current, the theoretical stability limit is given by the
Troyon scaling law [10], which is independent of elongation. Fig.5 shows that we
have reached the beta limit at very low and very high values of the normalised cur-
rent. At intermediate values of Iy, however, where the beta limit is highest, the exper-
imental points are still far from the limit. The reason for this is that plasmas with
Kk=2.5 and In~2 are beyond the ideal n=0 stability limit, unless the current profile can

be broadened by ECRH, as will be discussed in section 5.

4. Characteristics of highly elongated plasmas

4.1. Sawteeth



The sawtooth period, Tgr, in highly elongated plasmas, 2.3<k<2.8, generally
decreases with elongation, as shown in Fig.6. In the discharge shown here, the den-
sity was higher during current rampup than during rampdown. Since the sawtooth
period is roughly proportional to the density [11], rampup and rampdown values are
different (blue triangles in Fig.6). However, if we normalise the sawtooth period to
the density, rampup and rampdown values are approximately the same revealing the
true dependence on elongation (red triangles in Fig.6). When the elongation
increases, a discontinuity is observed at k=1.9, after which the sawtooth period, and
the relative soft X-ray fluctuation amplitude, continue to decrease up to an elongation
between 2.3 and 2.6, where the sawteeth disappear. This transition occurs at a very
precise value of the internal inductance, 1;=0.69, whereas the sawtooth inversion
radius remains approximately constant throughout this scenario, p;,,=0.49. The elec-
tron temperature profile remains practically unchanged through the transition at
1,=0.69. Even without sawteeth, the electron temperature profile remains flat in the
central plasma region with a sharp rollover in the vicinity of p;,,, suggesting that the
q=1 radius does not change during the transition. Apparently, there are unstable
modes, at very high elongation, which flatten the core temperature profile, even

though the macroscopic sawteeth have disappeared [11].

4.2. MHD phenomena

MHD activity is analysed in TCV using magnetic fluctuation and soft X-ray emis-
sion diagnostics. Magnetic measurements are obtained from fast pick-up coils which
measure fluctuations of the poloidal magnetic field inside the vacuum vessel. TCV is
equipped with two toroidal pickup coil arrays in the equatorial plane, and four poloi-

dal arrays. Bi-orthogonal decomposition of the magnetic measurements allows us to



deduce toroidal and poloidal mode numbers. Toroidal mode numbers are easily iden-
tified by inspection of the principal eigenvectors, whereas poloidal mode numbers
are obtained from a comparison of the measurements with modelled island structures
[12].

Three typical MHD phenomena which are observed in highly elongated plasmas are
shown in Fig.7. The first, a VDE, is caused by a low n=0 stability margin, m¢<0.03
(Fig.7a). We note that the vertical displacement, Z Ip, reaches large values before the
plasma current starts to decay. This behaviour reflects the fact that, in TCV, the
plasma can move a considerable distance vertically without making contact with the
top or bottom wall. Analysis of magnetic probe signals shows that the poloidal and
toroidal mode numbers of this event are predominantly m/n=1/0. The second event
(Fig.7b) is a burst of MHD activity causing a minor disruption. Such bursts usually
appear at low q, close to the current limit. In the case shown here, the burst consists
of a cascade of three different modes with mode numbers m/n=4/3, m/n=3/2 and m/
n=5/4. All three modes rotate in the electron diamagnetic drift direction with a fre-
quency which is approximately proportional to-the toroidal mode number, f=n*5kHz.
Finally, the third event (Fig. 7c) is a current limit disruption preceeded by a locked
mode with mode numbers m/n=2/1. The growth rate of this mode is approximately
1000s™!. Note that, in contrast to the VDE, the vertical displacement, Z Ip, remains
relatively small and the plasma current shows the charactristic spike due to the rapid

decrease of 1.

4.3. Electron energy confinement
Previous work on TCV has shown the energy confinement time in ohmic plasmas to

be strongly dependent on plasma shape [13,14]. Analysis of an extensive database of
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discharges with 1.06 < x < 1.86 and -0.41< & < 0.72 revealed that, for constant
plasma density and edge safety factor, the confinement time increases with elonga-
tion and decreases with triangularity. This variation is not caused by changes in the
underlying diffusivity, which in fact was found to be independent of shape; rather,
the dependence of the global confinement on the plasma shape could be explained
solely by the changes in the temperature gradients induced by the geometrical effects
of flux expansion and compression, combined with degradation of the thermal con-
ductivity with increasing energy flux. A subsequent study of ECW-heated plasmas
confirmed the decrease of confinement time with triangularity but was unable to pro-
vide an unambiguous result for the dependence on elongation, owing to a strong cor-
relation of the latter with the plasma current in the database [15].

The dataset discussed in the present paper, with 2.19 < ¥, < 2.73, has provided an
opportunity to extend the previous study of ohmic plasmas to considerably higher
edge elongations and to put part of the conclusions of that study to the test. The
present study covers only narrow ranges (+15%) of triangularity, magnetic field and
plasma current. Thus, no significant information can be extracted on the dependence
of confinement on these quantities. However, the dataset spans a broad range of val-
ues of the two crucial parameters on which confinement was found to depend in the
previous study, namely the ohmic input power and the line-averaged density: 0.6 <
Pj, < 1.5 MW and 1.5x10'° <, < 7.9x10'° m™>, Finally, the edge safety factor varies
over the range 2.6 < q, <4.1.

The global confinement is characterised in terms of Tg,, defined as the electron
stored energy W, divided by the power loss from the plasma. The electron stored
energy is calculated by volume integraton of electron density and temperature pro-

files obtained by fitting Thomson scattering measurements at 20 to 28 spatial posi-
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tions (depending on the elongation) along a vertical chord. The power loss is derived
by subtracting the time derivative of the electron energy from the ohmic heating
power, which typically constitutes only a 1-2% correction. Since no local ion temper-
ature measurements are available in TCV, we afe unable to provide a reliable esti-
mate of either the total energy confinement time or the true electron energy
confinement time; however, the quantity T, defined above constitutes a lower bound
for the latter. For simplicity, we shall refer to T, as the electron energy confinement
time. For the purposes of examining the dependence of confinement on shape, the
considerations that follow are valid provided that the ratio of ion to electron stored
energy for constant density and input power does not depend on shape.

The confinement time is studied as a function of elongation, line-averaged density n,
and edge power flux q,,. The latter is calculated by subtracting the radiated power
from the ohmic input power, and dividing the result by the surface area of the plasma
boundary. It should be noted that the radiated power represents a substantial fraction,
between 20% and 35%, of the total power loss; however, this ratio does not exhibit
any dependence on plasma shape. Over the parameter range examined in the present
study, the confinement time varies by more than a factor of 6. However, for constant
n, and qgy, Tge shows little dependence on elongation in the considered range. To
quantify this observation, we performed straightforward offset-multilinear regres-
sions on the logarithms for the two cases Tge(Nle, qops X) and Tge(Ne, qop); in both
cases error bars were obtained on the coefficients by error propagation from an esti-
mated 25% uncertainty on the confinement time, and by locating the 95% confidence
level. For the trilinear regression we obtained o, = 0.93 + 0.20, o, =-0.86 + 0.38, oy,
= 1.0 + 2.2; thus, o is essentially an indifferent parameter in the regression, showing

only a slight increasing trend. In the bilinear regression the coefficients are o, = 0.88
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+ 0.16 and 0g = -0.93 + 0.35, virtually identical to their bilinear counterparts. The
weak dependence on x is clearly demonstrated by Figs. 8(a) and 8(b), which show
the confinement time, normalised by the appropriate powers of n, and qp, respec-
tively, as a function of q,y, and n,.

Although a stronger dependence of confinement on elongation was observed at lower
K [13,14], the present result is in agreement with the interpretation of the dependence
of Tg, on shape as a geometrical flux-surface effect. This effect is quantified by the
"shape enhancement factor" (SEF), defined as the ratio of the confinement time of a
shaped plasma to that of an appropriate reference cylindrical case [13,14]. The SEF
is an increasing function of elongation with an asymptotic value of 2, and in practice
begins to saturate for k¥ > 2.2 [16]: as k¥ goes from 2.19 to 2.73, the SEF increases
typically by less than 6%.

The shape dependence could be factored out by dividing Tg, by the SEF, although
this dependence is too weak to be of any significance. Indeed, an offset-bilinear
regression for this case causes only minimal change in the coefficients from the pre-
vious one, yielding the result Tg./SEF = C n,*n q,;,%, with oy, =0.89 + 0.18 and Olg =
-0.93 + 0.39 [see Fig. 9(a)]. It should be noted that for the lower elongation database
it was found that o, ~ -0.5 [14]; the power degradation thus appears to be more pro-
nounced in this dataset. This, however, is not directly related to shape, rather to the
power itself. The average input power is substantially larger for these discharges than
those of the previous study; when the two datasets are examined jointly, it becomes
apparent that d(log(tge))/d(log(qep)) is a decreasing (negative) function of q,, and
has little dependence on elongation or triangularity.

It is worthwhile testing this database, as was done for previous ones, against well-

known scaling laws. The nearly linear dependence on density is immediately remi-
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niscent of the Neo-Alcator scaling [17], which was found to provide a good descrip-
tion of lower elongation discharges, provided‘ a correction was made for the SEF
[16]. This comparison is hampered by our lack of detailed ion temperature informa-
tion, since the Neo-Alcator scaling refers to the total plasma energy confinement
time. We find, however, that good agreement is obtained again if the total ion energy
is between 40% and 50% of the total available ohmic energy. By contrast, even the
most generous assumption for the ion energy content makes the experimental con-
finement time at high x fall well below that given by the ITER 1996 L-mode scaling
[18]. This is due to the optimistic scaling with elongation (x%%) in the ITER scal-
ing, which is invalidated at high k by the observed saturation of confinement with k.
In ohmic discharges as well as in many instances of ECH L-mode shots in TCV, the
Rebut-Lallia-Watkins (RLW) expression for the electron energy confinement time
[19] is generally found to hold remarkably well [14,15]. As shown in Fig. 9(b), the

agreement remains satisfactory for the current dataset.

5. Current profile modification using ECRH

In this section, we present initial experiments using EC wave current profile broaden-
ing to create and stabilise high elongation, high-q discharges, which would be Ohmi-
cally unstable. These experiments are motivated by the fact that, at high elongation,
the theoretical beta limit reaches a maximum at relatively low values of the norma-
lised current (In~2 in Fig.H), or equivalently, high values of q. Several different EC
schemes can, in principle, be used to broaden the current profile: off-axis ECH, on-
axis counter-ECCD or off-axis co-ECCD. PRETOR transport code simulations [20],
using local RLW heat transfer coefficients [19] show that off-axis ECH is the pre-

ferred scheme for profile broadening. The optimum deposition radius in off-axis
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ECH is approximately given by p=0.7, where p is defined as p=[V/V] cps] 2 and v
and Vi cpg are the volumes inside the flux surface under consideration and inside the
last closed flux surface, respectively [11].

The standard EC launch scenario in these experiments uses two gyrotrons at the sec-
ond harmonic frequency, with a total power of 1MW, shared between upper lateral
and equatorial launchers [21]. The discharges are pre-programmed with constant
quadrupole and hexapole fields throughout the Ohmic and EC heated phases. If we
use a high pre-programmed triangularity, similar to that used in Ohmic discharges,
we obtain a bean-shaped plasma cross-section in the EC heated phase, with 8%
indentation on the high-field side (HFS). This. leads to very high central elongation,
Ko~Kedge» and poor vertical stability due to an increased inboard and outboard
plasma-wall distance. By decreasing the pre-programmed triangularity, the indenta-
tion during the EC heated phase is removed, the elongation on axis is reduced and
the vertical stability is considerably improved. This allows operation at high elonga-
tion and high g-values (x=2.4, q95=8.3), which would be impossible with peaked
Obmic profiles. It is interesting to note that Ohmic plasmas with the same elonga-
tion, k=2.4, are vertically unstable for qgs>3:1.-

A typical discharge is shown in Fig.10a. The elongation increases from x=1.8 in the
Ohmic phase to x=2.4 in the EC heated phase. Simultaneously, the internal induc-
tance decreases from 1;=1.25 to 1;=0.83, which can be attributed to both the increas-
ing elongation and the flattening of the current profile. Open-loop growth rates of the
vertical instabilty, as obtained from a rigid displacement model [6], are \(=9965'1 in
the Ohmic phase and y=22385'1 in the EC phase, at time t=1.4s, when the elongation
reaches its maximum value. While the launch angle of the upper beam is kept con-

stant, the lower beam is swept downward during the discharge in order to keep the
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deposition radius approximately constant at p~0.7 (Fig.10b). A disruption-free ter-
mination of the discharge was obtained by shutting off the ECH power only after the
start of the pre-programmed elongation ramp-down. Off-axis ECH broadens the
electron temperature profile, as seen in Fig.11. A power balance analysis shows that
the application of off-axis ECH reduces the electron thermal conductivity in the cen-
tral plasma region, inside the deposition radius, and increases it in the outer region

[11].

6. Conclusions

Highly elongated, Ohmic plasmas with ¥<2.8 and In<3.6MA/mT have been created
in TCV. The experiments show that the normalised plasma current is constrained by
a lower limit, imposed by axisymmetric stability, and an upper limit, given by the
n=1 external kink mode. The stable operating window between these two limits
becomes smaller as the elongation increases. We have shown experimentally that the
classical current limit, defined by geqge=2, is only valid up to an elongation of x~2.3.
At higher elongations, 2.3<k<2.8, the current limit is characterised by progressively
higher values of q. This is consistent with ideal MHD stability calculations, with the
experimental plasma shapes and profiles.

Soft X-ray measurements show that the sawtooth period decreases with elongation
and that the sawtooth oscillations disappear, at very high elongation, when the inter-
nal inductance is less than 1,~0.69. Several types of MHD events have been observed
in these experiments. At high elongation, we»ffequently see bursts of MHD activity,
consisting of cascades of several different rotating modes. These bursts can either
cause a minor disruption or they can lead to a locked mode, followed by a major dis-

ruption. Electron energy confinement times at high elongation, 2.2<x<2.7, were
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measured using Thomson scattering data. A statistical analysis of these results shows
that the confinement time increases with density and decreases with power flux
through the plasma surface, but there is no significant dependence on elongation.
This is in contrast to earlier results at lower elongation, where a clear increase of 1g,
with ¥ was observed [16].

Current profile modification has been achieved by far off-axis application of second
harmonic, X-mode ECRH power. This has allowed a substantial extension of the
operating space at high g-values. For example, at an elongation x=2.4, the maximum
value of qg5 obtainable without loosing vertical stability, has been increased form 3.1
to 8.3 by ECRH current profile tailoring. In future experiments, it is planned to apply
this method to plasmas with higher current and higher elongation, x¥>2.4, using a

combination of second and third harmonic ECH [22].
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Figure Captions

Fig.1. Stable volume of the closed-loop vertical position control system, in three-
dimensional gain space, as predicted by the DPM for a D-shaped plasma with
Ip=351kA, B=1.0T, x=2.1, 8=0.42 and 7, _o=2300s"L.

1

Fig.2. Growth rate of the n=0 mode, in s™",as a function of triangularity and square-

ness, for plasmas with k=2.7, which are close to the n=1 current limit.

Fig.3. Normalised current, In=Ip/(a B), vs. elongation. Experimental results,
obtained from D-shaped, Ohmic plasmas with 0.4<8<0.6, are shown as red squares.
Theoretical stability limits with respect to the n=0 and n=1 modes are shown as black

lines.

Fig.4. Safety factor at 95% of the poloidal flux vs. elongation. Experimental results,
shown in green, include all TCV discharges between March 1994 and May 2001.

The theoretical current limit is shown approximately by the red line.

Fig.5. Toroidal beta vs. normalised current. Experimental results, obtained from
MHD equlibrium reconstructions, are shown.in green. They include all TCV dis-
charges with K<2.5 between March 1994 and May 2001. Theoretical stability limits

are indicated by the band between the two red lines.

Fig.6. Sawtooth period (blue) and normalised sawtooth period (red) as a function of

elongation for a discharge whose maximum elongation was 2.65.
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Fig.7. Typical MHD events in highly elongated plasmas: (a) Vertical Displacement
Event, (b) Burst of MHD activity, and (c) locked mode leading to a major disruption.

88, as a function of the

Fig.8. Electron energy confinement time, (a) divided by Heo'
power flux q,y, and (b) multiplied by q,,*%%, as a function of the line-averaged elec-

tron density n,. The color coding refers to the edge elongation k.

Fig.9. (a) Experimental fit of the electron energy confinement time, corrected for the
shape enhancement factor, to a power law in the line-averaged density and in the
power flux; (b) experimental electron energy confinement time vs. Rebut-Lallia-Wat-

kins scaling.

Fig.10. Current profile modification with ECRH: (a) Evolution of plasma parame-
ters, (b) Poloidal view of plasma shapes and ECRH beams at 3 times (0.55s, 0.75s,
1.40s). Cold resonance location and q=1 surface in the Ohmic phase (0.55s) are

shown as dashed lines.

Fig.11. Temperature and density profiles obtained from Thomson scattering. Ohmic

and ECRH phases are shown in blue and red, respectively.
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CHARACTERISATION OF
ION-TEMPERATURE-GRADIENT-DRIVEN (ITG) MODES IN THE
W VII-X STELLARATOR CONFIGURATION
S. Allfrey, A. Bottino, R. Hatzky!, G. Jost, L. Villard
Centre de Recherches en Physique des Plasmas, Association Euratom-Confédération
Suisse, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland
! Maz-Planck-Institut fiir Plasmaphysik, Teilinstitut Greifswald, D-17491 Greifswald,

Germany
1 Introduction

Micro-instabilities, ion acoustic (drift) waves, destabilized by spatial inhomogeneities,
are commonly held responsible for anomalous transport in tokamaks. Optimized stel-
larator configurations such as W VII-X [1] should reduce neo-classical transport to a
level close to that found in tokamaks. At this point anomalous transport properties
may become dominant. Thus it is now necessary to develop tools for the study of drift
wave turbulence in three dimensional geometries. In this article we present results from
both linear and non-linear Particle-In-Cell, global, gyrokinetic simulations, the former

in the full 3-D geometry, the latter in an appropriate system of reduced dimensionality.

2 Linear simulation

The 3D global PIC code, EUTERPE [2][3] uses a low beta approximation within the
linear gyrokinetic model with electrons assumed adiabatic. Thus the perturbed ion
distribution function obeys,

d, = _ _(BEyxBofo gz ,m0fc ( 8o 1 0f),s 7. VB
dtf(R,v“,,u,t)— VY mih E%” U||6v||+2vL0vl (E)-h x 5

The equations for the particle guiding centers are,

3 . U5 +vg /2
L

VB dyy
dt B

_lev.r dp _
dt —-2'0_LV h, =0. (2)

And the system of equation is closed by invoking quasi-neutrality,

eny

— no —p - - - - —
Foo-V.-[55V.e] = / f(&, vy, v1,8)0%(R - & — §)BdRdodoydy  (3)

This Poisson equation is solved in the PEST-1 (s, 6*, ¢) system of coordinates using a
finite element method. As a matter of noise reduction, the right hand side of equation
3 is Fourier filtered in (6*,p). EUTERPE has been successfully benchmarked against
the helical version of the GYGLES code [5].

The goal of the linear simulations was an understanding of the coupling behavior
of the ITG mode in W VII-X. Typically the magnetic geometry of a confinement
system may lead to couplings between Fourier harmonics in the periodic coordinates.
In a tokamak the predominantly m = 1 poloidal variation in |B| leads neighboring
poloidal harmonics to couple allowing the ballooning structure to the Toroidal-ITG



mode. Such behavior extends to 3D-geometries [4]. The existence of a given coupling
may be determined by choosing our Fourier filter to allow only for this coupling and
looking for the growth of a normal mode.

Helically Deformed Tokamak W VII-X

mu--34 no-‘l 4 Npu-4

A mo-—SO no-l!) Nw-s
filter: o .
0 (m.n}-{m°+|+],no-|Nw}
I=[-66] |=[-88]

filter:

-5

Log |o,|

0 1000 2000 3000 4000 5000 6000 7000 8000
Time[Q™ ]

Figure 1: Toroidal harmonics of the perturbed electrostatic potential ¢,,. The deformed
tokamak shows clear mode coupling which is entirely absent for W VII-X.

As an example, shown on the left of figure 1, are results from a tokamak configura-
tion, helically deformed such that the spectrum of |B| is dominated by B,, = By,

B, and B, », here m is the poloidal mode number, n = 1y, X Ny, is the toroidal mode

sTlper

number and N, is the toroidal periodicity of the system. The linear growth of all
modes present in the chosen filter shows that we have couplings (m,n) = (m + 1,n),
(m,n) = (m+ 2,1 —2 X Npep,) and (m,n) = (m + 1,n — 2 X Nper,) as could be
expected from the |B| spectrum by analogy to the case of the tokamak.

Equivatent Screw Pinch
T =63keV  (m.n)={-40.483)
0.437
549 m'

W VII=X
T=65keV  (m.n)=(-60.42)

N w0
time [a / Vthi]

Figure 2: Comparison of growth rates and poloidal mode structures for W VII-X and
the ‘equivalent’ screw pinch. W VII-X: v = 0.1529(vy;/a], w = 0.6804  screw pinch:
v = 0.1473, w = 0.5283.

In contrast, application of a number of different filter shapes, based on the dominant
components of |B|, to the W VII-X configuration could find no evidence of coupled
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modes. This led to the conclusion that here ITG modes would be ‘slab’ like, consisting
of a single (m,n) harmonic. This observation motivated comparison with a straight
screw-pinch configuration. This ‘equivalent’ straight system was constructed by keeping
the connection length (ﬁ) and profile shapes unchanged. This comparison, shown in
figure 2, found agreement in growth-rates to within 5% and similar mode structures,

which in both cases simply conformed to the geometry of the magnetic surfaces.
3 Non-Linear simulation

We have shown that ITG modes in W VII-X have a slab like character which indeed may
be well approximated by an equivalent screw-pinch equilibrium. As a first approach
to it’s non-linear simulation we further approximate the geometry to that of a straight
©-pinch, still allowing for such slab modes. We make this approximation with the goal
of achieving energy conservation in non-linear drift wave turbulence simulation.

The TORB [6] code has been adapted from the toroidal non-linear, global, gyroki-
netic, 0 f PIC code ORB [7]. As with the linear code, electrons are treated as adiabatic.
The markers are advanced using a 4" order Runga Kutta scheme. Cubic splines are
used for the finite element resolution of the Poisson equation. The charge density is
Fourier filtered in the periodic coordinates. This filtering process has been shown to
be energy conserving [8].

x107°

-

Field energy

Kineztic energy

@ @

QAN VyiokaTio

QAVyokgT;

n

o

time(s) X107

Figure 3: Conservation of energy and heat flux. Left 67 million tracers, filter m =
—24 : 24 n = 0 : 6, optimized loading. Right 16 million tracers, filter m = —96 : 96
n = 0: 6, solid: optimized loading, dashed: no loading optimization.

The most unstable linear modes for the equilibrium we consider are (m,n) =
(24,1); (45,2); (48, 3). Results using a filter retaining harmonics up to the fastest grow-
ing n = 1 mode (left of figure 3) show very good energy conservation well past the initial
saturation phase.
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TORB makes use of an intelligent initial loading of markers in velocity and config-
uration space. A well chosen initial loading has been found to be of great assistance
in improving energy conservation. This is shown on the right of figure 3, for two
simulations using a filter containing all the dominant linear modes, with and without
intelligent loading. Conservation comparable to that shown for the restricted filter sill
requires > 120 million tracers [8].

4 Conclusions and further work

Linear simulation has shown W VII-X to be well approximated by a straight screw
pinch with respect to pure ITG instabilities. The EUTERPE code should be extended
to include electron physics and the effects investigated.

Non-linear simulations of a ©-pinch approximation to W VII-X have shown good
energy conserving properties. The code is now being adapted for the screw-pinch con-
figuration suggested by linear results. Recently, correct treatment of the electron re-
sponse to the field line average electrostatic potential has been implemented in TORB.
This will allow consistent inclusion of the effects of zonal flows, corresponding to the
(m,n) = (0,0) component of the perturbed electrostatic potential.
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A quasi stationary regime of improved core electron energy confinement (ICEC) has been iden-
tified in the TCV tokamak. It has been obtained under conditions of dominant electron heating
using cyclotron waves at the second harmonic (82.3GHz for TCV) and is characterized by core
electron temperatures near and above 10 keV and global electron energy confinement times 3
to 4 times higher than those predicted by the RLW scaling law [1,2]. The heating scenario com-
prises two phases separated by a time delay of about 300ms : a so-called pre-heating phase with
off-axis power deposition and a high performance phase during which additional power is in-
jected into the centre in counter current drive (CNTR-ECCD) orientation with a toroidal com-
ponent of the beam launching angle of about 30 degrees. For the experiments described here,
power levels of 0.9 to 1.35MW were used for preheating at a normalized radius of p ~ 0.3,
whereas up to 0.9MW were injected for central counter ECCD. The target plasma, in limiter
configuration, is described by the following parameters : <n,>=1.5 109 m?3 , Ip =200kA ,

K=L7,9@)=7.

: Fig.1 ; , , : %
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discussed later, TCV-18639 : : : i -

L] 0.2 0.4 0.6 0.8 1

the exact location p-sart(V)

for both off-axis and central power deposition are important and have to be optimized to achieve
a quasi-stationary phase of improved performance.

Figs. 2 and 3 show T, and n, profiles measured by Thomson scattering during the 3 different
phases (ohmic, pre-heat, combined ECH & ECCD) of a shot which entered the ICEC regime
after 0.7s. During this phase the T, profiles are strongly peaked (peaking factor of 6 to 8) and
the appearance of sharp gradients suggests a spatial variation of the transport parameters (trans-
port barrier). The zone with the largest gradients lies clearly inside the g=2 surface. The electron
density profiles show rather little change, apart from a tendency towards slightly hollow shapes
during the high temperature phase, an effect which is known as particle pump-out.
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The time evolution of the central electron temperature is presented in fig.4 for 3 cases, 2 refer-
ring to the combined ECH-counter-CD scenario, which leads to the ICEC regime, and a refer-
ence case for which central CNTR-CD was replaced

by heating only. The ICEC cases are characterized £% 4 1of ToV# “1oe04 18635 16630
by a central T, , which is about a factor of 2 above 10}
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hancement is explained by the formation of a core re- 2

gion with reduced transport and is the consequence
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clusion has been based on numerical simulations us-
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High central electron temperatures of 10 keV and above have already been observed during ear-
lier experiments on TCV using only central power deposition in counter current drive orienta-
tion [5]. However, it has been found that in all of these cases the appearance of MHD activity
leads to a sudden collapse reducing both electron temperature and energy confinement time.
Fig. 8 gives an example comparing the temperature evolutions for a typical ICEC shot (TCV-#
19421, red trace) and a shot without off-axis heating (TCV-# 19420, blue trace). In both cases
central counter CD was applied during the time interval from 0.7 to 1.8 s.

Fig. 8 12000

Variation of central T, (from Thomson scattering) 19421
for d{ﬂ‘emm hearing scenarios 1 O (RNPITIEN A e
red : combined off-axis ECH & central CNTR-CD :
blue : central CNTR-CD only Sl R S R SR |
B fiillosmmiinors il oo W bl
g
The development of strong m=2 mode activitity § Prv T S o 1 ok 8
after 0.8s for shot 19420, is clearly visible in the
signals of magnetic probes and in the soft X-ray oo i
emissivity (fig.10). The mode structure has i :
been identified by SVD analysis. Further inves- 9 = time [s] " :

tigations have revealed that the amplitude of
these modes increases gradually with increasing ratio of central to off-axis power deposition.
As illustrated by the results of shot 19421, the mode activity is suppressed by balanced off-axis
heating before and during central power deposition. Therefore, stabilisation of these modes ap-
pears to be a prerequisite for a quasi-stationary phase of improved confinement.
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Another important factor in the optimisation of the ICEC scenario is the exact orientation of the
beams for central counter CD. Results from a series of experiments, during which the orienta-
tion of the 2 beams used for central counter-ECCD has been varied by a small amount (a few
degrees in the poloidal launching angle), are presented in the following figures. This study was
made possible by the flexibility of the beam launching system installed on TCV, which permits
exact and reproducible control of the poloidal and toroidal launching angles. Fig. 11 shows pro-

files of the EC power density (from TORAY) and fig. 12&13 the effect on the central electron
temperature and energy.
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Fig 11 Profiles of EC power deposition

as obtained from TORAY
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These cases have also been analyzed using the PRETOR code. A substantial reduction in trans-
port and a transition to improved confinement has only been found for central power deposition.
The ratio in the global electron energy confinement times is close to 2. Taking the EC-driven
current density as given by TORAY and assuming spatial uniform Z ¢rand Ey; , the various con-
tributions to the total steady-state current profile has been calculated. The results are given in
figs. 14 &15 showing that already a small deviation from central power deposition prevents the

formation of a current profile with a central minimum and reversed shear.
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This confirms conclusions of earlier studies concerning the ICEC regime, namely : off-axis
power deposition already during a preheating phase is beneficial for stabilisation of MHD ac-
tivity; precise adjustment of the central ECCD component is essential to obtain reversed shear,
which appears to be the key to improved electron energy confinement in the core region.
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Abstract: Electron Cyclotron Emission (ECE) measurements from the high field side (HFS) of the TCV tokamak
have been obtained from plasmas heated by second and third harmonic X-mode ECH and ECCD. Suprathermal
ECE is detected in the presence of X2 ECCD and of X3 ECH. The ECE temperature increases sharply with the
toroidal launch angle of the X2 EC power with a maximum observed at +/- 20°. The results are modelled using the

bi-Maxwellian approximation.

Introduction

The TCV tokamak (R=0.88 m, a<0.24 m, B1<1.54 T, Ip<1.2 MA) is equipped with six 0.5 MW
gyrotrons at the second electron cyclotron harmonic and three 0.5 MW gyrotrons at the third
harmonic. Essential information on the behaviour of suprathermal electrons and wave absorp-
tion physics can be obtained by a High Field Side (HFS) ECE measurement. Suprathermal elec-
trons are produced in many experimental conditions, in particular with X2 ECCD and X3-
ECH! . Since June 2000, the TCV Tokamak is equipped with a X-mode ECE radiometer with
antennae placed at the HFS of the vessel. This configuration give access to the relativistically
downshifted ECE, since it is not reabsorbed by the thermal population, as it is with Low Field
Side observation.

Experimental setup

The ECE radiometer used in the TCV tokamak is a X-mode 24 channel super-heterodyne radi-
ometer. It covers the frequency range from 78.5GHz to 114.5GHz, corresponding to the second
harmonic of the electron cyclotron frequency at the HFS. It features a choice of two horizontal
lines of sight perpendicular to the magnetic field, placed at Z=0m and Z=0.21m. The frequency
bandwidth of each channel is 750 kHz, corresponding to a spatial resolution between 0.4 (edge)
and 1 cm (center) for the cold resonance. The signals are acquired at a frequency of 100 kHz.
The radiometer is cross calibrated from Thomson scattering measurements during the ohmic
phase of the discharge, prior to ECH and ECCD.

The flexibility of the EC heating system allows both the toroidal and the poloidal injection an-
gles to be adjusted!!]. The target plasmas used in the experiments reported here have the follow-
ing parameters: 1,=200kA, qo5=3.8, k=1.31,8=0.16, Bt = 1.42T, 1,(0)=2.5x10°m™. All the
plasmas have an ohmic phase of about 0.3s followed by a X2 ’preheating’ phase with constant
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power (Px,=0.47 MW) from 0.3s to 1.3s, whereas the X3 power is applied from 0.5s to 1.2s.
The X3 power (Pyx3=0.47 MW) and the launching angles (ECH heating) are kept constant,
whereas the toroidal and poloidal launching angles of the X2 ECH/ECCD are varied.

EC emission and absorption

For typical densities and temperatures of TCV (ne(0)~2.5x1019m'3,Te(0)~2keV), the plasma is
optically thick (the bulk optical depth 7,>10) and the ECE radiometer provides a measurement
of the electron temperature profile if the distribution function is Maxwellian. The ECE from su-
prathermals is frequency-downshifted by the relativistic factor v (y=1.05 @ 10 keV). If the ra-
diation is observed from the HFS, this downshifted radiation does not pass through the EC cold
resonance and is unaffected by the bulk absorption. At any given observation frequency, the in-
tensity of the EC radiation is then the result of a sequence of emission and absorption by elec-
trons from different populations, occurring in different plasma regions. We may define the
radiative temperature 7, byl
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where I, is the intensity of the EC radiation at the frequency @ and 1 is the total optical depth.
For a Maxwellian plasma, T,=T,. Under the assumption of a bi-Maxwellian (bulk+suprather-
mal) distribution, an expression for the local in-
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Fig.1 Suprathermal emission with X2 ECCD and

X3 ECH. a) central channel of the ECE (red) and
EC emission on TCV central Thomson temperatures, b) RF power for

Typical ECE results for combined X2 ECCD and
X3 ECH are shown in Fig.1a. The traces show the

X2 (CO-ECCD 20°) and X3 ECH, ¢) poloidal be-
ta, d) soft x-ray signal (central chord), e)hard x-
ray signal (central chord).

temporal evolution of the ECE temperature from

the central channel (py,=0.1) of the ECE radiometer as well as the electron temperature from
Thomson scattering. X2 power is injected in CO-ECCD (toroidal launching angle +20°) where-
as X3 is in ECH (Fig.1b). With ECCD only (from 0.3 to 0.5s) the ECE temperature exceeds the
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electron temperature by a factor of three. The X3 heating phase starts at 0.5s and features a pe-
riod of power modulation (0.8-1s) during which an absorption measurement was obtained using
a fast response diamagnetic loop (DML), which showed that in this discharge all of the X3 ECH
power was absorbed (fig1.c%)). With X3 ECH, T, increases by a factor of two, demonstrating
that the X3 power is absorbed by the suprathermals generated by X2 ECCD. This interpretation
is corroborated by results from a hard X-ray cameral®, which shows a strong increase of su-
prathermal X-ray emission with combined X2 ECCD and X3 ECH (fig.le), while the thermal
soft X-ray emission only in-

| creases moderately (fig.1d).
The sensitivity of the ECE
on the injection angles of

2 =

e [keV]
&

the EC power is shown in

Fig.2. In this experiment the

plasma was heated with X2
ECH for 50ms before the

- -2 BT 0 10 F) £l 40
Toessal jevtion angle foe X2 {deg]

Fig.2 Temporal evolution of the central Fig.3: Central temperature compari-

channel of the ECE (blue) with a X2
ECH preheating followed by a X3 cen-
tral ECH. Between 0.8s and 1.15s a
poloidal scan of the X3 launcher is
done, The red line is the central Thom-

son for a toroidal preheating X2 injec-
tion scan. The blue line is the ratio of
the ECE temperature @p=0.1 and
central Thomson temperature during
the X2 phase of the shot. The red line
is the same ratio during the X2+X3

X3 ECH was added at 0.4s
and after X3 switched-off at
1.2s. During the X2 ECH
only phases the ECE tem-

son temperature

phase. perature profile agrees with

the profile from Thomson scattering, demonstrating that no suprathermals are generated. The
addition of central X3 ECH produces suprathermals, although T, is lower than with X2 EC-
CD. The DML measurement during the modulated phase (0.5-0.7s) of this shot shows that only
30% of the X3 power is absorbed. A poloidal scan of the X3 launching angle is then performed
from 0.8s to 1.15s from the center to r/a=0.7. All the ECE channels show the same behaviour,
including those corresponding to the X3 cold resonance. The emission is maximum at 0.8s when
X2 and X3 power are deposited on the same, near central, flux surfaces and then decreases until
the X3 deposition is near r/a=0.3. At the same time the hard X-ray emission is strongly reduced
and the bulk temperature measured by Thomson scattering diminishes by 30%, also demonstrat-
ing reduced X3 absorption. Due to the particular geometry, the X3 EC beam is reflected from
the inner wall tiles and returns to the plasma core when the first pass resonance is beyond r/
a=0.3. This explains why the T, and T, increase again for t>0.9 on Fig.2.

The dependence of the ECE on the toroidal launching angle of the X2 power is shown in Fig.3.
Typical bulk temperatures in this shot-to-shot scan are 2keV with X2 only and 2.5keV with
combined X2/X3 heating. The ECE temperature is highest for X2 injection angles of +/- 20°
with X2 heating only. During the combined heating phase the radiative temperature increases
with the injection angle up to at least 33°. These observations are consistent with hard X-ray
measurements, which show that the hard X intensity is highest for X2 ECCD or counter ECCD
at 20° launching angle.



Interpretation

The bi-maxwellian approximation (eq.2) is used to get a rough idea of the suprathermal popu-
lation by adjusting ng and T such as to reproduce the observed emission. Fig. 4 shows the result
of the calculation (blue curve) for a shot with +15° of X2 preheating plus X3 ECH,
T,(0)=3.3keV, 1,(0)=2.5¢19m"3, together with the measured apparent ECE temperature profile
and the temperature profile from Thomson scattering. A suprathermal temperature T=7.4T,and
corresponding density n,=0.01n, were assumed over the interval R=[0.76-0.89]. The resulting
calculated temperature is very close to the experimental result. The calculated profiles depend
sensitively on the shape of T and n, profiles and of the value of T,(0). A similar agreement can

be nevertheless obtained by assuming suprathermal
14

temperatures up to 20% higher (lower) if the corre-
sponding densities are assumed to be 30% lower
(higher).

The suprathermal optical depth for X2, which is
proportional to the product n T, of the suprathermal
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L
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o , { population, can be significant. For the example
al \ { shown 1~1.1 (for rzx(0)=2.5el7m‘3 and
e —— T,(0)=25keV) and hence the local radiation tem-
0.6 0.7 08 09 1 ul 12 (]
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perature is larger than the measured ECE tempera-
Figure 4: Modelling of the ECE profile. . R
Green line: Thomson Scattering temperature, red ~ tUre, in closer agreement with the hard X-ray

line: ECE temperature, blue line: Calculation —
n r =20keV).
with a bi-maxwellian distribution function with phOto temperature (Thx 20 V)

Ts/Tb=7.4 and ns/nb=1%.

The experimental results clearly show non-thermal
EC radiation over a region which is larger than expected from deposition at the cold X3 reso-
nance location. Two factors are likely to produce this effect. With electron energies up to a few
tens of keV, the relativistic downshift allows electrons distant by more than 10cm from the cold
resonance to be heated. The very presence of such electrons far away from the cold resonance
suggest that transport of suprathermals may also be important and may have to be taken into
account in Fokker-Planck ECH simulation codes.
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1. INTRODUCTION

A Diagnostic Neutral Beam Injector (S0kV extraction voltage, 0.8 A effective current) has been
installed on the TCV Tokamak for ion temperature and impurity density profile measurements.
Initial measurements of visible carbon CVI(n=8 — 7) transition at A=5291A showed that the
DNBI signal is only 25% of the measured signal at an average plasma density of 1-2. 10°m3
and ~5% at 5.10"°m™. The passive plasma emissivity profile, measured by inverting a vertical
multi-chord view of the plasma, was highly peaked at the plasma edge corresponding to a ther-
mal hydrogen neutral density of ~104-107 .n.. A model used to calculate the DNBI and back-
ground emissivity along the diagnostic lines of sight show that in order to obtain an ion
temperature measurement from the DNBI, the collection efficiency of the optical system must
be increased to improve the photon statistics and the DNBI neutral density in the observation
region must be increased by a factor of 3-10.

2. THE TCV DIAGNOSTIC NEUTRAL BEAM INJECTOR [1]

The charge exchange cross-section for carbon is maximum for a 50kV extraction voltage. The
effective beam current is ~0.8A, (73% are H,*, 20% H,* and 7% H;™) and the ~40kW injected
power is small compared to the TCV ohmic power (250kW - IMW). The extraction grid can
accept full power for the complete 2s TCV pulse duration. The beam is normally pulsed with a
2 - 100ms duty period. The beam has a divergence of 0.6° and a gaussian cross section with a
FWHM of ~7cm at the DNBI ion source focus at the TCV centre. The beam is injected at a toroi-
dal angle of 11.25° to avoid creating trapped particles.

The beam dimensions and alignment were verified inside the TCV vessel by an array of ther-
mocouples on the central column facing the DNBI entrance port. The relative intensities of the

Doppler-shifted Hy lines from the beam correspond to the expected DNBI component fractions.

3. THE CXRS DIAGNOSTIC ON TCV
Direct observation of the DNBI-plasma interaction

is not possible with the TCV port geometry. A diag-
nostic camera head was constructed inside the vac-

uum chamber composed of two sets of two

stainless-steel plane mirrors. Observation of the full

Figure 1: 3D and top views of the CXRS diag-
nostic head. (1) plane mirrors of the periscope (~60cm) DNBI path through the plasma was

(vacuum side) (1a) plasma bulk system (1b . .
plasma low-field sidy edge system (2) m (1) achieved by using one set to observe the plasma
(3) shutter movement (4) air-vacuum interface

(5) objectives (6) fibre holders, bulk and the other the low field side plasma edge.



The mirror closest to the plasma is used as a shutter to protect the optical surfaces during ma-
chine wall boronisation and all mirrors have a BERAL reflection coating, a Be-Al alloy which
showed no obvious deterioration after exposure to plasma [2]. Spatial resolution, determined by
the viewing chords-flux surfaces intersection at the beam position, is ~1.5cm in the plasma cen-
tre and ~3cm at the edge. C/X light from the beam is focused by two F3 aperture lenses onto
two bundles of 16 optical fibres with a core diameter of 600pm and a numerical aperture of 0.16.
The fibres are placed vertically at the entrance slit of two astigmatically corrected Czerny-Turn-
er spectrometers with a focal length of 0.75m and an aperture of /8.5 @5300A. The diffraction
grétings have 2400g/mm, giving a spectral dispersion of ~4.65A/mm at this wavelength. The
spectra from the 16 fibres are simultaneously imaged onto a 2D detector equipped with a front-
illuminated EEV CCD with 1152x298 square 22.5um pixels. The minimal readout time for the
CCD region which collects the spectra is ~10ms.

4. CXRS MEASUREMENTS
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Figure 2: CVI(n=8 — 7), A=5291A, emission measurements during DNBI m]ecuon into
an ohmic low density plasma.(A) Plasma poloxdal cross section and neutral beam position.
(B) Time evolution of Ip (250kA), n, (3. 10m" ), DNBI accelerating grid high voltage
(50kV) and source current (1.7eq- A), wavelength integrated CXRS signal (integrating
time: 50ms). The DNBI pulse duration is 50ms and the duty cycle 50%. (C) CXRS spectra
at 0.5s (DNBI “on” phase) and 0.6 (DNBI “off” phase). The DNBI signal, given by the
difference, represents in this case ~10-15% of the measured signal. Estimated ion temper-
ature: 520eV @p~0.6.

Fig.2 shows the CVI(n=8 — 7) emission at A=5291A detected by the CXRS diagnostic during
a low density (ne~3.10°m3) ohmic TCV shot with DNBI neutral injection (Eg=50keV/amu,
I=1.7eq-A, pulse length: 100ms). DNBI pulses are visible in the time evolution of the wave-
length integrated CXRS signal shown in fig.2-(B). The DNBI signal is given by the difference
of the signals detected with and without beam injection (integration time: 50ms). In this case,
beam C/X intensity is 10-15% of the detected signal (see fig.2-(C)). The ratio between this ac-
tive signal and the background plasma emission (A/P ratio) is plotted as a function of the aver-
age plasma density in fig.3, showing that A/P is limited to ~25% at 1-1.5.10'°m™ and decreases
to only a few percent at 5.10°m™3. A/P is similar for the CVI(n=7 — 6) transition at 3433A
despite an effective C/X cross-section which is ~2 times larger than for CVI(n=8 — 7) since



the thermal neutral cross sections for these transitions are

0

5F 0 : : ;:- ;izgj: _in the same ratio. For low A/P, measurement of T; is im-
<E g peded by the high signal noise (S/N~1.5-2). It has been ver-
?,off 151 ified that T; measurements are dominantly limited by low
é § 10 o photon statistics, as shown in fig.5, where the fluctuations
5 ¢ of the active C/X signal (7&:5291,&) are compared to the
ol - [3m_]] ¢ 5 x0” | gratistical fluctuations, Opnot = wf2-Scxrs» Where Scxgs is
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the intensity (in photons) of the total CXRS signal.

Fi 3: A/P rati d func- - . . S .
:f:,‘,’f)f the av;i;gengzzumr: d:flsalt; rt‘gr This CXRS diagnostic has two limitations: (1) low active

the carbon transitions CVI(n=8 = 7)
at 5291A and CVIn=7—>6) at

3433A. emissivity which can only be improved by increasing the

C/X emissivity compared to the plasma background C/X

beam neutral density in the observation volume (see section 6). (2) Low photon statistics. The
overall efficiency of the CXRS optical system has to be improved to increase the S/N ratio.

5. PLASMA BACKGROUND EMISSIVITY

The emissivity profile of the passive C/X has been estimated by inverting a vertical multi-chord
measurement of the background CVI(n=8 — 7)) radiation. Fig.4 shows the reconstructed “two-
step” profiles for an ohmic plasma (#19479) and a plasma with ECH Counter Current Drive
(#19419). The profiles are highly peaked at the plasma edge (p=0.8), where the emissivity is
over 20 times higher than in the centre and reaches 20-30% of the DNBI emissivity (~10'8m
3s71). Since C/X cross-section for An=1 transitions are much higher than for e’-collision or re-
combination reactions, this emissivity is ascribed to C/X reactions between fully ionised plasma
impurities and thermal neutrals. The estimated thermal neutral density at the plasma edge is of
the order of 10”-10"*.n, which is comparable with numerical estimations of the Monte-Carlo
linear transport code B2-EIRENE [4].

6. DIAGNOSTIC OPTIMISATION

Passive Emission [photms™'] Since background emissivity is concen-

#19479 3"x “ #19419 | trated at the plasma edge, its contribu-
% 2.5; ,.,._.,.\ tion to the measured signal cannot be

reduced significantly by changing the

ki

AR
it R

3 M HH 1| sivity must be increased by raising the

observation geometry. The active emis-

i ' beam neutral density in the beam-spec-

@ os. ' ﬁ trometer line-of-sight intersection vol-

ume. This may be achieved either by

t=0.6s o t=1.0s

T improving the beam focus or increasing

Figure 4: Background emissivity profile (A=52914) estimated the injected current. The plasma emis-

by inverting a vertical multi- chord v1ew of the plasma. Shot ;v | ;
#19479: standard shot, n,~3.5.101m™. Shot #19410: Ecy 1Yty along the spectrometer line of

Counter Current Drive shot, n,~1.5.101m™, sight has been modelled including the
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local plasma density, temperature, background neutral density and beam neutral density, given
by a beam attenuation code. The background brilliance was adjusted to match experimental val-
ues of A/P and the beam current was modified for reaching A/P from 25% up to 75% at
n,~5.10'°m™3. This implies that the beam density in the observed plasma-beam interaction re-
gion must be increased 3-10 fold to obtain reliable T; measurements. Immediate upgrades of the
TCV DNBI will result in an increase of the active signal by a factor of ~2 by increasing the in-
jected current and by increasing the full energy component fraction from 70% to 80% by slight-
ly increasing the beam voltage (up to 55kV), which improves the beam penetration.

A complete analysis of the CXRS optical system
has identified modifications to the optical sys-

o pctive CVI(n=8—-7) tem that will increase the collection efficiency:
j spectrum & gaussian fit . .
(1) The observation etendue has been increased
E ’ _ by ~3. (2) Two optical fibres superposed in the
- vertical direction are used to observe one radial
. position. (3) The low spectrometer etendue cur-
noise and calculated

photon noise rently limits the total efficiency. Two F6 astig-

Noise Level fphol]

matically corrected Czerny-Turner spectro-

[]
AL{A]

Figure 5: Measured and fitted CXR active spectrum

(CVI(n=8 — 7) transition at 5291A) for shot crease of the order of g

meters will be purchased, giving a signal in-
/8. sg)z

:  trar  fo : ~2. The spectral
fy] 2(7,;’iﬁ;‘;‘ﬁgﬁﬁ‘}ﬂ;‘;ﬁ‘,ﬁj‘;{‘;ﬁ’ ',,E';fo‘,;i;f,‘}‘s‘g tensi- dispersion for these 0.66m instruments will al-
low an entrance slit width of ~300pum yet permit

the measurement of T; down to 100eV. (4) Two back-illuminated CCDs with a quantum effi-
ciency of ~85% at 53004, are being constructed. Together, these changes will result in a signal

level increase >15, improving the S/N of ~4.

7. CONCLUSIONS

Although neutral beam C/X spectroscopy has given extremely useful impurity temperature and
density profiles on many machines, its implementation on modest sized machines is hampered
by relatively high thermal neutral densities in the plasma edge. In order to achieve the high qual-
ity results, most often obtained with high power heating beams, the beam density in the obser-
vation region must be increased without significantly changing the plasma power balance. The
challenge in constructing these beams, and the efficient optics that observe them, will require
considerable optimisation.
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1. Introduction

A multichordal, multichannel hard X-ray (HXR) pinhole camera, on loan from Tore Supra,
is used on the TCV tokamak to study the spatial and spectral distribution of bremsstrahlung
emission in the 10-200 keV range. Photon detection is effected by a linear array of CdTe detec-
tors [1] with an intrinsic energy resolution of ~7 keV. Eight energy channels, with adjustable
thresholds, are available for each of 14 vertical viewing chords, which span the outboard half
of the plasma cross section with partially overlapping étendues and a radial resolution of ap-
proximately 2 cm on the midplane (see Fig. 1).

Hard X-ray radiation in the energy range under consideration is emitted
by suprathermal electrons, and can thus be used to diagnose their spatial dis-
tribution and temporal dynamics; indirect information on the energy distri-
bution of the fast electron population can also be gleaned from the HXR
spectrum. In TCV, substantial HXR emission is generated when high power
electron cyclotron waves are injected in the plasma with a finite parallel
wave number; this injection scheme, which is used for electron cyclotron
current drive (ECCD), creates measurable non-thermal photon distributions
for injection angles deviating by more than 4-5° from the normal to the mag-
netic field [2]. For smaller angles, when the applied power is sufficient to
raise the electron temperature above ~4 keV, the HXR diagnostic detects
only the emission from the tail of the bulk Maxwellian distribution.

The results presented in this paper pertain to the first set of experiments

carried out with 470 kW third harmonic X-mode (X3) electron cyclotron X
heating (ECH) at 118 GHz [3]. The power was applied through a lateral Fig. 1 Geometry of

hard X-ray camera.
The chords are par-

heating phase. The target plasmas has major radius R=0.88 m, minor radius tially overlapped.

launcher to the plasma center after a second harmonic X-mode (X2) pre-
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a=0.25 m, elongation k=1.31, magnetic field By=1.42 T and central density n,;=2.5x10'° m=3.
The X2 and X3 cold resonance locations are separated by ~5 cm and are distributed symmetri-
cally on the high and low field sides of the magnetic axis, respectively. Both the X2 and X3
waves are launched from the low field side of the torus. The X2 power and launching geometry,
as well as the plasma current, were selectively varied over a set of discharges in order to char-

acterize the X3 absorption efficiency under a variety of conditions.

2. Dependence of suprathermal emission on X2 injection angle

The primary result of the X2-X3 experiments is that the absorbed X3 power fraction, meas-
ured by a diamagnetic loop (DML), is larger than the value predicted by linear calculations
based on a Maxwellian distribution function [3]. In particular, a scan of the X2 toroidal injection
angle, for constant 200 kA current and 470 kW X2 power, has revealed that the absorption has
two maxima at ¢~+20° (where ¢p=-arcsin[k'B/(kB)] at the absorption location, k is the wave
vector, and the sign of ¢ is positive for co-current drive). The two peaks are asymmetric, the
positive one being larger and reaching ~100%.

The HXR energy channels in this experiment were set at 8 keV intervals from 8 to 64 keV.

In general, the logarithms of the spectra reveal the presence of two features: a low energy com-

" ponent with a slope consistent with the bulk tempera-
2 i ture, and a higher energy component with lower
Q:é 0.5 | amplitude but a lesser slope. By excluding the first two
- energy channels, a satisfactory linear fit can generally
0F— ' be obtained for the suprathermal part; the fit is robust

(b) —— X2+X3 ; ; n e
S 30 S 3 {1 inthat the resulting photon temperature is insensitive to
g/ 20t { the elimination of additional channels. The result of the
E_:S_ (1] S S _/ { fit can be written as dy/dE=Ae'E’fT, where v is the emis-
0 : — sivity; we can then characterize the suprathermal popu-
~ 10 © lation by the temperature T, and the total emissivity
;‘, Yiot=ATpp, for a central chord, i.e. for emissivity line-in-
:-:‘oi 2 /}\ tegrated over the entire plasma cross section. These two
parameters are shown in Fig. 2 as functions of ¢, for

40 20 0 20 4 _ _
* ® (?ieg) il both the preheating X2 phase and the combined X2-X3

Fig. 2 (a) X3 absorbed power fraction, (5) Phase; the X3 absorbed power fraction is also plotted

HXR suprathermal photon temperature, (c)
integrated HXR emissivity, vs. ¢ (comple-
mentary to the angle between X2 wave vector (.2 s. The photon temperature during X2 heating in-
and magnetic field). The suppressed points
correspond to cases in which only the ther-
mal spectrum is measurable.

for comparison. The HXR signal was integrated over

creases indefinitely with |¢|, confirming earlier results

[2]; by contrast, the total emissivity peaks at the angles
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for which the X3 absorption is maximized. When X3 is applied, the emissivity increases further
in all cases and the dependence on ¢ remains qualitatively similar. The photon temperature dur-
ing X2+X3 is approximately 12-14 keV with little dependence on ¢ except at the highest angles,
where an increase with |¢| is observed.

These results strongly suggest that the anomalously high absorption efficiency of X3 ECH
is related to the presence of a suprathermal electron population in the plasma, which lies outside
the scope of linear calculations in ray tracing codes. The further acceleration of these fast elec-
trons by the X3 waves leads to a further increase in the emissivity. The final photon temperature,
and indeed the form of the HXR spectra on all the chords, are only weakly dependent on ¢. This
suggests that the intrinsic efficiency of X3 absorption by the fast electron population is relative-
ly insensitive to the detailed spectrum of the initial “seed” distribution, and that the ultimate dis-
tribution is primarily determined by the characteristics of the X3 waves. Only for the highest

toroidal angles, at which the X2 waves are able to

significantly populate energy levels in excess of
50 keV, does the final distribution retain a meas-
urable memory of the seed distribution. The most
significant factor influencing the X3 absorption
thus appears to be the total density of fast elec-

trons rather than their energy distribution.

3. Spatial distribution of hard X-ray emissivity

The spatial distribution of the local HXR

emissivity is reconstructed by assuming poloidal
homogeneity and performing profile inversions (b) X2+X3
with the Fischer regularization method. The spa- 8|
tial profiles, normalized to a maximum of unity,
are shown for both the X2 and X2+X3 phases for
several values of ¢ in Fig. 3. The 40-48 keV ener-

gy range has been chosen to prevent pollution of

0.4}

the signal by the thermal bulk. The location of the

primary peak can be taken to be at p=0 in all cases,

as the shift to p~0.1 seen in some dischargesisnot ¢

o e g 0 0.2 0.4 0.6 0.8 1
significant within the accuracy of the equilibrium Yy
n

reconstruction (p is the square root of the normal- Fig. 3 Profiles of local HXR exissivity in the 40-

ized poloidal flux). The width of the X2 profiles is 48 keV range for (a) X2 and (b) combined X2 and

_ ) . ) ) X3 heating, vs. normalized radial coordinate, for 5
an increasing function of |¢|, consistent with the values of the angle ¢.
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Fig. 4 Root mean square width
(in units of ly,,'w) of the HXR
emissivity profile, in the X2 and
X2+X3 heating phases, vs. X2
resonance angle ¢.
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increasing spread of the absorption region towards the low field
side caused by Doppler shift of the resonance frequency. The
X2+X3 profiles are close to their X2 counterparts for angles at

which there is a measurable suprathermal signal during X2; at

| lower values of |¢|, the X2+X3 profiles become broader and es-

sentially independent of ¢. This is exemplified by Fig. 4, which
shows the rms profile width as a function of ¢. It may be specu-
lated that X3 absorption, and the attendant fast electron accelera-
tion, occurs preferentially in the spatial region occupied by the
seed suprathermal electrons; at the smallest angles, for which the
seed population is negligible, the X3 absorption coefficient is
smaller and the damping profile appears to be determined by the

properties of the X3 wave alone.

In spite of the strong variation of the absolute emissivity across the plasma cross section,

the form of the spectrum is essentially constant in space, as il-

lustrated in Fig. 5 by the spatial distribution of the photon tem- _— xz;fxs
— X2
perature. This is true in a wide variety of conditions and 20
suggests that the radial diffusion rate of suprathermal electrons S 15
may not depend significantly on energy. é
g 10
=
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ABSTRACT

A characterisation of the H mode in Tokamak de Varennes (TdeV), combining results obtained from
spectroscopic measurements with observations of global plasma parameters is presented. Controlled L and H
modes are obtained by applying an external biasing on the divertor plate and/or by varying the plasma
triangularity using similar steady-state discharges with ECRH heating. The poloidal velocities are small with no
significant variations with respect to the plate biasing, EC power and plasma triangularity. Toroidal rotation
velocities show more consistent trends and have larger values in the H modes with respect to the L modes. No
significant shear in the radial electric field is observed between the H and L modes. Differences in the electric
field and in the ExB shear are observed for several discharges but they are not consistent overall. The energy
confinement time decreases with the ELM severity and consequently with the neutral fluxes. The presence of a
toroidal torque which affects the particle transport inside the plasma plays an important role in the TdeV H
modes.

1. Introduction

In this paper we present results of H modes compared with L modes created in TdeV (divertor single
null configuration tokamak). Two methods were used to achieve well controlled stationary H modes
exhibiting type III ELMs in addition to auxiliary heating (ECRH and LH): varying the plasma lower
triangularity and applying a biasing between the divertor plates and the vacuum chamber. H and L
mode TdeV discharges with similar parameters were chosen: Br =2 T, [, = 160-220 kA, <n,>=2- 5 x

10” m™ R=0.83 m, a = 0.21 m, with the B x V B drift both towards (more favourable to H modes)

and away from the X point but different plasma triangularities (0.1-0.24), biasing voltage (-310 to
250V) and deposited EC power (150-480 kW). The edge density was fixed during the discharge
(slightly higher than the L-H density threshold in order to pass easily from an L to an H mode),
leaving the central density free to vary. The machine walls were boronised, reducing the oxygen and
carbon impurities. Spectroscopic measurements of the rotational velocities are presented and discussed
together with more general results on the plasma parameters during the L and H modes. As the
temporal resolution of our spectroscopic system is low (200 ms), these results characterize the steady-
state H and L mode phases rather than the L-H transition, and are averaged over ELMs.

A typical H mode observed in TdeV is shown in Figure 1: a drop in the D, radiation with a
presence of ELM activity, a rise in the total stored energy and energy confinement time, and a rise in
the line-averaged electron density. The electron density (measured with a 9-channel submillimeter
interferometer) and temperature radial profiles (measured with a 8-channel infrared Thomson
scattering diagnostic) in H modes obtained by varying the triangularity and the divertor plate bias (not
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shown here) readjust such that the local pressure remains approximately constant. Unfortunately the
spatial resolution for both the interferometer and Thomson scattering diagnostics is too low to clearly

Fig.1 l( ’;}W@” see the presence of a pedestal inside the separatrix.

| - Lmode#34BI1 . The electron density profile around the separatrix

m*:j ECRH&W) é’ measured by the reflectometer (33-75 GHz), is
oA 7 ‘*"’\é observed to be steeper in the H mode than in the L
23: mm(m’m}_} — - = mode (see Figure 2). In TdeV, the normal
) ; o L e, peap (0 j direction of the plasma current, [ ; , refers to the

2 ; T m % clockwise  direction looking  downwards
‘-‘5'3 Ottt oo T R B x VB drift away from the divertor). The
14?;5 ) i_ central ion temperature, the total radiated power
s E . ; and Z.r were measured respectively with the
\ = W () e 3 charge-exchange analyser, bolometer system

g

Y 280 560 840 1120 1400

Tie (ms) viewing the whole poloidal section of the hot

plasma, and visible Bremsstrahlung radiation.
Two calibrated soft X-ray spectrometers viewed radially the central and half-radius plasma. Reference
[1] provides more details of these diagnostics. The emissivities, the poloidal and toroidal velocities
and the ion temperature profiles were measured simultaneously with a spectroscopic set-up” observing
the plasma both poloidally and tangentially using chords in the vertical plane (see Figure 3).
T The line integrated signals deduced from

ty

{ S?paswa i ’ S the Doppler shifts and broadenings of BV

(at 4944 nm) and CIII (at 464.7 nm)

emission lines were inverted using a

L mode, : s
#34392 Lo

Electron densi
(x10 ' m?)

matrix inversion method where the real

DIIA - r; d,’”(.“') B Bl ﬁ flux  lines were deduced from
ajor radius(m
Iiig 2 Fig. 3 experimental coil currents and a (MHD)

magnetohydrodynamic equilibrium code’.

2. Results

Considering that the maximum emission of CIII and BV is localised in the region r/a = 0.6-1.2 , only
profiles within this range are available. In Figure 4 is shown the dependence of the rotation velocity
of the applied bias for discharges with H and L modes. Averaged velocity values around r/a = 0.85
(0.8 < r/a <0.9) and 1.0 (0.95 < r/a < 1.05) are considered for bottom and top poloidal and toroidal
velocities. The biasing is applied between the upper divertor plate and the wall and one would expect
to see a stronger effect in that region. The poloidal velocity is generally low with small differences
between the values in the H and L modes. The error bars are high due to the low brightness in the
poloidal view. The biasing does not seem to affect the poloidal velocities at both locations (inside and
around the separatrix) whereas it clearly affects the toroidal velocities, more prominently inside the
separatrix. This means that the biasing has an effect deeper inside the plasma even if it is applied in
the SOL. There is a threshold in both top and bottom toroidal velocity when passing from L to H



53

mode (Av —4-6 km/s). The CIII poloidal velocity is also weak (see Figure 5). The toroidal velocities

see an effect of the biasing, more prominent in the upper part, for both plasma currents. This

observation is similar to the one observed for BV around r/a =1 but with larger velocities. The radial

profile of the electric field (E;) was calculated with the momentum balance equation from the BV line,

for the discharges with IP at 160 kA and 220 kA respectively. The BV ion density profile was
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calculated using the transport code MIST. The V, B¢ and V¢B9 terms dominate over the pressure

gradient term ( the differences between the temperatures in H and L mode are only 15-20%).

Inside the separatrix (region where the difference in the electron density gradient between the L and H

modes is observed), the contributions from the poloidal and toroidal velocities are comparable;
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differences in the profiles of the E, are observed between different biasing voltages (more prominent
further inside the separatrix at r/a<0.9). Unfortunately, the error bars associated to E; are high due to
the errors in the poloidal velocity. A similar behaviour in the E; calculated using CIII (not shown)

for r/a > 0.95 was observed, confirming the absence of a strong shear in that region.

As can be seen from Figure 6 (a) there is a jump in the energy confinement time, ELM
severity* (b), ELM frequency (c), radiated power(d), SX radiation (e) and Z. (f) when passing from
negative to positive biasing. This behaviour is similar to that observed in the toroidal velocities inside
the separatrix. H mode discharges obtained with different discharge scenarios are plotted in Figure 7.
A general tendency in the energy confinement time to decrease with the ELM severity is seen for both
220 and 160 kA. A correlation between the ELM severity and the electric pressure and the edge
electron density is observed only at 220kA, with no substantially change at 160 kA. Lower ELM
severity is observed for higher edge electron density (which is the parameter used to control the L-H
transition).

3. Discussions and conclusion

As a general observation, the poloidal velocities in TdeV remain relatively small during the
steady-state phases of both H and L modes. The experimental uncertainties are high for this parameter
but we conclude that there is no significant poloidal rotation in the H mode. Even if there is rotational
shear during the L-H transition (which we cannot measure), the velocity returns to low values. The
weak poloidal velocities might not be the crucial factor in the evolution of the TdeV H mode.

The ion temperature in the H mode is slightly higher than in the L mode but only by 10-20%.
No important shear is observed in the electric field even if there are differences in the electric field
itself and its shear between the H and L modes. The toroidal velocities are higher in the H mode than
in the L mode. This behaviour has been seen consistently for the H modes obtained using different
methods. The divertor bias and the plasma triangularity have a clear effect on the toroidal velocities
which seem to be a key parameter in the H modes in TdeV. The energy confinement time decreases
with the ELM severity and consequently with the neutral fluxes. The fact that the toroidal velocity has
high values and depends on the majority of the plasma parameters in the H modes’, suggests that the
presence of a toroidal torque which affects the particle transport inside the plasma may play the
primary role in the TdeV H modes.
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1. Introduction

Recent work on JT-60U [1] and JET [2] indicates that ELM occurrences sometimes
exhibit behaviour that is characteristic of a deterministic, non-linear dynamical system in a
chaotic state. The ELM time-series of some discharge were found to contain a specific
type of short sequence known as an Unstable Periodic Orbit (UPO). This result opens the
door to a new way of characterising the dynamics of ELMs, and also is extremely
encouraging from the point of view of controlling the ELM amplitudes by controiling the
ELM period. We extend this previous work by examining the ELM time-series from a
large number of ELMy H-mode discharges from the TCV tokamak for occurrences of
UPOs. Further, we investigate how the properties of UPOs found vary with plasma
parameters, pointing the way to establishing the necessary requirements for candidate
models of ELM dynamics.

2. The search for chaos in ELM time-series

The repetitive occurrences of ELMs strongly suggest the existence of a cyclic dynamical
system, like a relaxation oscillator. If this is the case then the observed D, emission
reflects the time variation in one of, or a combination of, the dependent variables of the
dynamical system. Generally, cyclic dynamical system may have families of periodic
solutions (called fixed points). Chaos ensues when a cyclic system is bounded, yet all of
these fixed points are unstable to small perturbations. A UPO occurs when the state of the
system momentarily approaches, and then exponentially diverges from one of these
unstable solutions. During this brief time, the system behaves in a linear way, and gives
rise to a characteristic signature in the time-series of each of the dependent variables. This
may be detected by monitoring variations in consecutive periods AT, of one of these
variables about the period of the fixed point AT’. These variations give rise to short strings
of consecutive points (at least 3) that lie in a straight line of slope s on the return map (a
scatter plot of AT, versus AT,, ), and intersect the diagonal at AT". The D, time-series for

each ELMy H-mode discharge on TCV was reduced to a sequence of inter-ELM periods
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A total of 241 TCV ELMy H- 06 07
mode discharges with up to 400
ELMs per discharge were examined, of which 143

discharges were found to contain 536 occurrences.

It is also true that sequences of ATs from a noisy
system may fit the selection criteria for a UPO
simply by chance (“fake UPOs”). Therefore no
single occurrence can be taken as evidence of
chaos, and each sequence should be regarded as a
UPO candidate. However, the statistical properties
of real UPOs will differ significantly from those
that occur by chance, because real UPOs contain
specific information about the dynamical system,
whereas fake UPOs are only subject to the
probability distribution function (PDF) of AT’s.
To test the hypothesis that at least some of the
observed UPO candidates are caused by actual
close encounters with an unstable fixed point, we
consider the null hypothesis: that ELM dynamics

are always random or noise dominated, and that all
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Figure 1: Example of UPO detection showing the
original D, time-series, the sequence of ATs and
the return map.

the UPO candidates fake. If this is the case, then no information is carried in the particular

ordering of the ELM time-series. Any random re-ordering of a given time-series, called a

surrogate set, should be equivalent to the original, and have the same probability of giving

rise to a fake UPO with a particular AT’, because the PDF is unchanged. One hundred such

surrogate sets were generated for each of the 241 ELMy H-mode discharges and each was

searched for UPO candidates using the same algorithm employed on the original data.

Summing over the 241 discharges and computing the mean and standard deviation over

the 100 surrogate series, we should expect a total of 393 = 16 UPO signals if the null

hypothesis is true. Our finding of 536 UPOs is 8.9 standard deviations larger than this
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value, hence we reject the null
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which appears on the return map as a sequence of points with constant slope s. We
examine the re-occurrence properties of these parameters for UPOs by plotting the
histograms for 8T = |AT - AT,

and 8s = |s —s,|, where AT, (with slope s,) is the nearest
neighbour to AT  (with slope s) from the same discharge. As shown in figure 2a., the
experimental data shows a clear peak above the surrogate data for lower values of 8T and
s, while the real and surrogate distributions are indistinguishable for higher values of 6T
and 8s. We therefore filter the data, removing all UPOs with 8T < 0.05 ms and &s < 0.5
(shown by the vertical lines in the figure 2a. to give figure 2b. ). A total of 168 UPO
candidates from 39 discharges passed this filter, compared to only 1043 fake UPOs from
their corresponding surrogates, hence each of these candidates has greater than a 90%
chance of being a real UPO. In figure 2c., the experimental and surrogate data rejected by

the filter are in-distinguishable, indicating the efficiency of the filter in separating the real
and fake UPOs.

3. Unstable Fixed Point Dependence with Plasma Parameters

Variations of AT with the plasma parameters were investigated to search for any
systematic behaviour. The method of analysis was to choose a specific parameter, and
remove points from the database that vary by more than a given tolerance in each of a
number of other key parameters, defining a small multi-dimensional parameter window
for examination. In so doing, the variation of AT" with the parameter of interest in each

case was estimated, keeping the other parameters roughly constant, within the tolerance in
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each parameter. Figures 3a — c. show the variation in
AT’ with I,, the plasma — inner wall distance, and n
respectively obtained by this method. These figures
show generally increasing trends of AT  with these
three parameters, and are consistent with known
scalings of the ELM frequency. This comes as no
surprise, since AT must lie within the distribution of
ATs, however our interpretation is the reverse: These
known scalings arise because of movements in AT  in
the underlying dynamical system. Another interesting
feature in figures 3b. and c. is the development of an
upper and lower trend for AT', although the scattering
of points is sparse. Figure 3c. shows repetitions of

these upper and lower trends in three separate

parameter windows.

4, Discussion

Techniques exist for controlling chaotic dynamical
systems by means of small feedback corrections.
These algorithms are designed to stabilise a UPO and
obtain regular behaviour by locking onto a desired
fixed point. The implications for the control of ELMs
are by analogy with other chaotic systems. By
choosing a fixed point with a low AT, such control
minimises the probability of large inter-ELM periods,
and hence large ELMs. To do this, a control

parameter must be found that influences ELM
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dynamics near the fixed point. The search for a suitable parameter continues.
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1 Introduction

The DINA free-boundary equilibrium simulation code [1] has been implemented for TCV,
including the full TCV feedback and diagnostic systems. First results showed good agree-
ment with control coil perturbations and correctly reproduced certain non-linear features
in the experimental measurements [2]. The latest DINA code simulations, presented in
this paper, exploit a set of 14 discharges with different cross-sectional shapes () and
different vertical instability growth rates of about 200 rad/s which were subjected to con-
trolled Vertical Displacement Events (VDE). They were carried out on limited plasmas
in the TCV tokamak to validate a deformable plasma model of the vertical instability
[4], extending previous work with the DINA code on the DIII-D tokamak [3]. The height
of the TCV vessel allows observation of the non-linear evolution of the VDE growth rate
as regions of different vertical field decay index are crossed. This work focuses on the
comparison of the most common equilibrium parameters like the vertical position 2, the
plasma current I, the elongation s, the triangularity § and the safety factor ¢, between
the TCV experiments and the DINA simulations. Additionally, the evolution of the
growth rate v of both DINA and TCV is estimated and compared with the evolution of
the closed loop growth rate calculated with the RZIP linear model [6].

2 Experimental conditions

In the TCV experiment the VDE was initiated by interrupting the control of the radial
and vertical position at ¢ = 0.45 s. Because of the plasma disturbances and noise, mainly
generated by the power supply and the diagnostics, and due to the fact that the plasma is
unstable in vertical direction, the VDE is immediately initiated. For DINA we modeled
such disturbances and noise by injecting an antisymmetric trapezoidale shaped voltage
pulse on the E1 and ES8 coils.

In general, it is obvious that we cannot expect a perfect agreement between the TCV
experiments and the DINA simulations. There are several possible reasons for any dis-
agreements of the responses between the TCV experimental results, obtained with the
LIUQE code [5], and the DINA simulations.

1. The LIUQE code reconstructs the plasma evolution of a discharge by means of a
parameterised function set for current and pressure profiles and a fitting algorithm
calculating the parameter-values of these functions. This reconstruction method leads
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to results that mainly follow the experiment but cannot show all details of the plasma
evolution.

2. When starting the simulations with badly chosen initial states, a significant transient
is observed before the simulation settled down to reproduce the TCV time traces
more or less accurately [2]. This transient can be due to the different equilibrium
parametrisation used by the LIUQE inverse equilibrium code and the DINA simula-
tion code and can lead to an offset between the responses of the experiment and the
DINA simulation.

3. The electronics, particularly the amplifiers and integrators implemented in the diag-
nostics to evaluate the magnetic fields and the fluxes, may have small offsets. This
adds offsets and constant slope drift errors to the measurements of the fields and
fluxes.

3 Comparison between TCV and DINA

Figure 1 shows, for the 5 most 9477 9481 9487 9492 9496
representative discharges, the evo- ¢ 50___\ -_ o - - N 20
S0 \
lution of the vertical position z, . N\ -50
the plasma current I,, the elonga- %% N o \ = - =h %=
. : ; 2 02 i 02
tion kg5, the triangularity dgs and =% { _ 0.15
the safety factor gos, the last three A4 - - P [ — S 14
el B == ™)
parameters estimated at 95 % flux 12 \ 12
surface. We limit the comparison 33; A 3:;
. . 0 e __pha fe——— i ¥ 10
to the time before the final disrup- Y 02
tion occurs. To distinguish the in- 5 A I | esmtgl 1
: ; 2 \ ‘\ S 1 \ERE
stant of the final disruption we used 0 o
the H, signal, illustrated in the last .+, l LS
row. The time when the disruption ) J
0.45 0.47 045 0.47 0.45 047 0.45 047 0.45 0.47
occurs is approximately determined time o) e bl tine e} o] el

by identifying the maximum value Figure 1: Comparison of the vertical position and
of H,, marked by a vertical line in the equilibrium parameters. (solid: DINA, dashed:
the other plots of figure 1. LIUQE)

For the discharges 9477, 9481 and 9492, we observe a delay between the DINA simulations
and the experiments (see for example [, and kg5). This may be due to difficulties
reconstructing the plasma evolution correctly as the disruption approaches.

The most striking feature of this comparison is that all experiments with the plasma
position z going downwards have an S-like shape consisting of a fast exponential-like
movement at the beginning and a slowing down part at the end just before the disruption
occurs. Since the z position at equilibrium is located at +20 ¢m from the vessel centre,

the distance the plasma can move, before the disruption, is shorter for the experiments
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with an upward going vertical displacement. These experiments therefore only show the
initial exponential shape. The correct reproduction of the S-like shape is a strong point
for a non-linear code like DINA. It should be borne in mind that such behaviour cannot
be modeled by linear time-independent models because of the predominant exponential
shape of the vertical instability if the growth rate is fixed.

For the TCV experiments, we observe a peak in the elongation kg5 and in the safety
factor gos when the plasma current decreases slowly (discharges 9477 and 9487). DINA
reproduces this peak only for discharge 9477. This is the most important disagreement
and could not be explained so far. The offset, which can be noticed for almost all
discharges, is typically due to the problem of determining the right initial conditions for
the simulations discussed before.

The agreement of the triangularity dgs is excellent for all discharges, except for discharge
9477. Despite the fact that for this discharge the initial values start at ¢ = 0.3 s with
approximately the same values as the TCV experiments, the system relaxes to a DINA
equilibrium, which induces a huge offset of dgs. Like for kg5, this belongs also to the
problem of determining the right initial conditions for the simulations.

4 Comparison of the growth rate

In this section we compare the growth rate evolution of the TCV experiments, the DINA
simulations and the RZIP linear model, based on the assumption of rigid displacement
of the current distribution [6].

The growth rates of RZIP are established by calculating the eigenvalues of the RZIP
linear model in closed loop (with the feedback loops closed, except for the vertical and
radial positions). For the TCV experiment and the DINA simulations, the growth rates
are calculated using the vertical plasma position data 2(¢). This calculation is based on

the assumption that z(¢) can be modeled by the function
2(t) = 20+ 6z el T 4>y (1)

where the time ¢, is the time where the VDE is initiated, in our case t; = 0.45s. We
furthermore assume that zp and éz are constant in time and the growth rate v is a
function of time.

This assumption allows us to estimate the growth rate simply from the evolution of the
vertical plasma position. We used the following method to estimate y(t):

d d [t atary _ d / i
JE— — fronjpa— t = — = 2
= Infz(t) - | dtln<|6z|e 0 ) = |In[oz] + A y(n)dr| =) (2)

The comparison of the growth rate is shown in figure 2. The first and second rows il-
lustrate z(t) — zp and In|z(t) — %] of the LIUQE and the DINA data. The third row
shows the evaluated growth rates for LIUQE, DINA and RZIP. We clearly see, especially
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for LIUQE, the noisy results in the initial phase where the growth rate is assumed to
be constant. This is due to the noisy z(¢) data which is amplified by the derivative of
In |2(t) — 29| in equation 2. By inspecting the RZIP growth rate, we see that the assump-
tion of a constant «y in the initial phase appears valid.

Comparing the 9480 9490 9492 9493 9496
4

LIUQE and RZIP

E O —
growth rates we o2 j
~ —0.4
can see good agree- -0.6
o
i
i
Hh

ment, except for
some  discharges

with downward

going displace-

600
ments. For these = | M | M
. :,‘__‘-'400 .....
discharges, we - __
observe a delay ol A v :
0.45 0.47 0.45 0.47 0.45 0.47

time [s] time [s] time [s] time [s] time [s]

when v suddenly

decreases rapidly  Figure 2: Comparison of the growth rate between DINA (solid blue),
in the final phase LIUQE (dashed green) and RZIP (solid red).

(discharges 9480 and 9493). Despite this, the good agreement seems to be obvious,
since the RZIP code uses LIUQE results to elaborate a model.

For the comparison between the LIUQE and DINA results, we can state that the agree-
ment is as good as the agreement of the vertical position z(t) (see section 3). By in-
specting the discharges 9490 and 9496 we observe a discrepancy of In |2(t) — 2| which
is a result of a small disagreement of z(t). We cannot therefore expect such a good

agreement of the growth rates for these discharges.

This work was partly supported by the Swiss National Science Foundation.
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1. Introduction

TCV [1] is a moderate-size tokamak (R=0.88 m, a = 0.25 m) with a highly elongated vacuum
vessel allowing the creation of plasmas up to k ~ 3 (k=2.8, achieved [2]). The sole auxiliary
heating system on TCV is ECH [3], consisting of 6 X2 (82.7GHz) gyrotrons and 3 X3
(118GHz) gyrotrons. The complete X2 system has been in operation since 1999 and the first
of the 3 X3 gyrotrons was used for absorption experiments for the first time in 2000 [4] by
installing a microwave switch in one of the X2 evacuated transmission lines. Thus, either X2
or X3 power can be launched from the X2 antenna of that line (i.e. the frequency from that
antenna can be changed from shot to shot).

All X3 power is intended to be launched from one antenna at the top of the machine in order
to take advantage of the increased optical depth resulting from propagation along the
elongated length of the resonance in high elongation plasmas. The standard low field side
(LFS) launch used for the X2 power would, for a Maxwellian electron distribution function,
result in only ~ 60% X3 absorption for even the hottest [5] TCV plasmas. Nevertheless, LFS
launch of the X3 has resulted in up to 100% absorption when the plasmas are pre-heated with
X2 ECCD. A vertically-viewing 14 chord hard X-ray camera [6] and 21-channel high field
side (HFS) electron cyclotron emission (ECE) diagnostic [7] provide evidence of the strong
non-maxwellian nature of electron distribution function during both X2 ECCD pre-heating
and later, additional, X3 heating. This suggests that the excess X3 absorption is on the non-
Maxwellian part of the electron distribution.

2. Experiments and Setup

The typical launch configuration is shown in fig. 1. One sees that because the frequency ratio
of X3 to X2 is less than 3/2, the X3 resonance is to the LFS of the X2 resonance. The two cold
resonances span the plasma axis at nominal field (B=1.43 T). The X3 power is always
launched in ECH from one upper lateral launcher while the X2 power is launched from one or
more of the remaining (3 upper lateral and 2 lower lateral) launchers. For the toroidal scan,
one X2 launcher is used; similar results are found using either an upper or lower launcher
For the first absorption measurements, the hottest plasmas were chosen. These are created
with X2 counter-ECCD on axis [5]. The DML measured absorption larger than expected
during mECH of the X3. Several experimental scans were carried out to identify the source of
the excess absorption [4].

The experiments are divided into 5 categories: 1) X3 polarization scans aimed at distinguish-
ing the role of first pass versus multipass absorption, 2) X2-pre-heating power scans in co/
counter/ECH configurations, 3) X2 pre-heating toroidal scans at the lowest X2 power level
yielding ~100% absorption in co-ECCD, 4) a scan of I, to study the role of E, in the X3
absorption (not shown) and 5) modulated-ECH (mECH) diamagnetic loop (DML) tests
including mECH frequency scans [8] (not covered here).
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3. X3 absorption measurements

The mECH modulation frequency was
237Hz such that the modulation period
was longer than the expected pitch
angle scattering time and shorter than
the electron energy confinement
time [8]. The phase of the reconstructed
signal was always found to be near 90
as expected for these conditions. The
DML also measures correctly the X2
power (100% absorption) using the
mECH technique with an X2 gyrotron.
TORAY calculations are performed
using time-averaged Thomson profiles
to eliminate the influence of sawtooth
fluctuations (typically over 200ms, i.e.
4 Thomson profiles).

In fig.2, the X3 absorption is shown to
decrease approximately linearly with
the fraction of X-mode coupling for the
3" harmonic even though the total
input power remains the same;
indicating that the DML measured
absorption is dominated by first pass
absorption in spite of the global nature
of the DML measurement. Secondly,
since the co-ECCD X2 power remains
essentially 100% absorbed at all times,
the absorption effect is not significantly
non-linear in X3 power at the injected
power level of 470kW; or else, any
non-linearity is saturated at even the
lowest first-pass absorbed powers and
the saturation mechanism is linear in
power.

The X3 beam was swept off-axis at the
end of each shot, after the mECH
phase. The change in the density-

normalized line-integrated soft X-ray signal is also shown in the figure and gives a rough
indication of the on-axis first pass absorption, off-axis power absorption and on-axis second
pass absorption (after reflection from the inner wall of the tokamak). This interpretation of the
signal is supported by the mECH DML measurement for one polarization (see fig. 2) in
which the mECH phase was moved to a later time in a second shot. This corresponds,
essentially, to a HFS launch of the X3 beam since the first pass absorption at the launch angle
is negligible (assuming nﬂTa2 scaling of the optical depth for X3 using the local values of the

Thomson profiles at the resonance).

Figure 3 shows the X3 absorption when increasing the X2 heating power. Three scans were
performed: in co-ECCD, counter-ECCD and ECH X2. The power was varied (for
Px>>0.5MW) by increasing the number of gyrotrons. The temperature and density at the
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absorption location varied accordingly. A clear excess in absorption is seen relative to the
TORAY calculation; especially for co-ECCD X2 pre-heating. Nearly 3 times as much
counter-ECCD X2 power is required to reach the same X3 absorption level as with co-ECCD
X2. The minimum X2 input power necessary to provide 100% X3 absorption was somewhat
less than the power of one X2 gyrotron.

: : A scan of the X2 toroidal injection angle, with

ot ey e | equal X2 and X3 powers (~470kW) was
il i . | performed. The triangles in fig. 3 show the
807 o | absorped powers for this scan. The filled
5o —5— e 4 | points correspond to the shots of the toroidal
E ' R Gl angle scan which were at the same toroidal
gos . :i’“_' | angles used in the power scan. They are seen
£04r 1 to reproduce well the power scan data. It
g3t ® 1 should be noted that during the toroidal scan
0.2t 1 the same X2 launcher was used for all angles,
oat © 1 however the results at the optimum angles are
oL = - - . ] quite reproducible using an upper lateral

Toray absorption launcher.
Fig. 3 DML measured X3 absorption versus TORAY In fig. 4a, the temperatures measured by
(maxwellian) calculated absorption during co- Thomson scattering, T,, the HFS ECE
ECCD (~20), counter-ECCD (~-20) and ECH diagnostic, T,.., and the hard x-ray camera,

power scans. Measured absorption is ~100% and . .
exceeds TORAY calculations by up to a factor of 4 Tphoton’ are shown, during X2 heating alone

Jor co-ECCD X2 heating (for triangles - see text). (lower panel) and when X3 is a_dded (upper
panel). The photon temperature is calculated

using a bi-maxwellian fit to the energy spectrum for a central chord of the camera: only the
tail temperature is shown. For near ECH heating, all three diagnostics give similar results cor-
responding to the bulk electron temperature in X2; however, when X3 is added, the
temperatures diverge indicating a non-maxwellian electron distribution. For counter- and
especially co-ECCD, the temperatures are already divergent during the X2 only phase.

Figure 4b shows the energy integrated hard X-ray emission of the tail [4,6] and the fractional
absorption of X3 during the same toroidal scan. A peaking of both measurements occurs near
22and there is a clear asymmetry of the peaks in the toroidal angle of X2. Full absorption of
the X3 occurs during X2 co-ECCD while only about half of the X3 power is absorbed with
optimum X2 counter-ECCD. The asymmetry is not as strong for the hard x-ray emissivity.

It 1s tempting to suggest that the electric field may play a role in the absorption of X3 in
addition to the X2 injection angle. Asymmetric transmission has been observed on RTP [9]
during incomplete absorption of first harmonic O-mode ECH, launched from the low field
side, at similar densities and temperatures. In that experiment, Fokker Planck calculations
showed symmetric peaking of absorption for ECH alone, with reduced absorption at near per-
pendicular angles (0 in our figures), and asymmetric peaking with the electric field added.
The experimental data were in qualitative agreement with the asymmetry but no reduction of
absorption was observed.

Nevertheless, it should be noted that the present experimental conditions are very different.
Besides the obvious difference in propagation mode, here the X3 power is insufficient to
produce a strong non-linear effect without X2 preheating; so, the X3 absorption is indepen-
dently controlled by the X2 injection angle. Fokker Planck calculations including both
frequencies are in progress; however, preliminary calculations suggest a subtle effect of the

current drive on the profiles leading to an asymmetry, rather than a direct effect of the electric
field.
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rays; although, both peak near 22. The X2
absorption is 100% except at largest angles.

4. Conclusions

X3 LFS launch provides new opportunities for
heating of higher density plasmas in TCV if the
hot electron tail of the distribution created by the
X2 co-ECCD preheating can be maintained as the
density rises past the X2 density cutoff; i.e., if the
X3 absorption is sufficiently non-linear to self-
sustain the tail. It should be noted that since the
X2 launchers allow toroidal injection, the self-
generation of the hot-electron tail with X3 alone
may be possible and for strong enough X3
absorption with toroidal injection, X3 ECCD
becomes a possibility. The mismatch in resonance
location between the X2 and X3 and the fact that
the X3 is not fully absorbed by the bulk allows
the selection of the energy range over which the
remaining X3 is absorbed. A similar situation
should exist using only one frequency but 2
resonances in the plasma (e.g. 2" and 3"
harmonics). With one resonance to the HFS of the
magnetic axis and the other to the LFS, a
magnetic field sweep will move the 2" harmonic
resonance located at p, outward in p and the 3"
harmonic resonance at p3, inward. If ECCD is
being used, when the field approaches the
appropriate value such that p3 p,, there should be
a transfer of the absorption from the HFS 2™ to
the LFS 3™ harmonic. If in addition, the power is
high enough to give non-linear 3™ harmonic
absorption then the density can be ramped to a
higher value than previously possible. Since the
poloidal location of absorption will change to the
LFS, particle trapping should change suddenly
and drastically providing a method for testing
trapped particle effects (for example, on the
efficiency of ECCD) in one shot.
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1 Introduction

Ion turbulence is presumed to play a non negligible role in anomalous transport. Several
gyrokinetic Particle-In-Cell (PIC) codes [1] have already been developed to study the
plasma instabilities caused by ion temperature gradients (ITG). The drawback of this
kind of codes is the numerical noise. In this paper we solve a 4D non-linear drift-
kinetic Vlasov problem by using a noiseless approach, called semi-Lagrangian method
[2], which has already been applied to passing ion driven modes {3] in 2D and linear
trapped ion modes [4]. We present the physical model used, the basics of the method
coupled with a time-splitting algorithm and the first results obtained.

2 Drift kinetic model : global description

Let the cylindrical coordinates be (r,6,z) = (K, z). The ion distribution function f
should normally depend on these three space variables and three velocity variables.
We consider a uniform magnetic field : B = B,é;. Besides, we neglect the Larmor
radius and so the particle trajectories are identical to the guiding-center trajectories.
Then f becomes a 4D function and the particle motion can be simply described by the
following equations :

}_'é . __Exé dz

. ez cog =4
=Vgc = B2 ) dt""‘v" ) v”—mEz (1)

The drift-kinetic equation which couples the E x B motion across the magnetic field
to the motion parallel to the magnetic field reads :

66—{+v50-6_1_f+v”g—£+’1j”%%=0 (2)
We assume that there is no fluctuating magnetic field and we use the electrostatic
approximation to compute the electric field : E = —V® where the scalar & represents
the electric potential. This electric potential is determined by using the quasi-neutrality
equation : n, — {dn.), = Z(n; — (dn;),) where n; and n, are respectively the ion and the
electron density, the symbol § denotes a perturbation and (.), represents the average on
the magnetic field lines. The ion density is given by : ny(r,0,2,t) = [ dv) f(r,0, z, v, t)
and in a first approximation we assume that the mobile electrons respond adiabatically
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to the low frequency micro-instabilities and therefore follow a Boltzmann distribution,
i.e: ne=mgexp (e&%?)i) & Ny (1 + e@—'}gﬁ) ( with e ® assumed < T, ). If we write
f like f = far + 6f where 6f is the perturbation and f)s a Maxwellian chosen such
that f fum dvj = ng, then by using the previous n. adiabatic expression, the electric
potential ® can be written like :

86,50 = 2L [ (1= (1)) d )

e no(r)

The drift-kinetic model is thus given by the three previous non-linear equations.

3 Semi-Langrangian method

The semi-Lagrangian method couples the Lagrangian and the Eulerian point of view.
Indeed this method consists, like the Eulerian method, in the direct solving of the
Vlasov equation and to use, like a Lagrangian method, the fact that the distribution
function f is constant along its characteristics.

Let f(t) be a particle position at the time ¢, then % (f(t),t) = 0 according to the
characteristic equation definition (1) and the drift-kinetic equation (2). So the distri-
bution function can be computed at each time step on the same fixed grid, by using :
f (ﬁ(tn + At), tn + At) =f (f(tn, i)t + At), tn) where ['(t,, [, tn + At) represents
the solution of the characteristic at the time step ¢, and whose value is equal to T; at
the time ¢, + At. So the method consists first in finding the foot of the characteristic at
the time ¢, : f(tn, T, t, + At). Then to compute f (f(tn, Tt + At), tn) by interpo-
lation (performed in our case with cubic splines), because at this time the distribution
function is known over the whole fixed grid. The fact of keeping a fixed grid avoids the
numerical noise which appears in PIC codes due to the finite number of particles. In
contrast to most of PIC methods the semi-Lagrangian resolution is made on the full
f, but the resolution of the 4D drift-kinetic equation can be simplified.

4 Time splitting method

In this uniform field case, the Liouville theorem, which characterizes the incompress-
ibility of the gyrocenter orbits, is verified, i.e. : V - vge + %‘l + 20— 0. With this

8‘0"
property the drift-kinetic equation (2) can be written in its conservative form:
of = 0 0
- Av~, —_— I F%1 — 4
5 TV (vécf) + 5- (v f) + 31 (v f) =0 (4)

This allows us to use a time-splitting method, i.e solving (2) in 3 steps, by splitting be-
tween space and velocity coordinates into the 2D advection equation %{ +V- (vGef) =0
and the two 1D advection equations %f + v”%E = 0 and %{ + zi”;%,%. Let 0 denotes the
shift operator in (r,8) direction over a full time step At, corresponding to the 2D ad-
vection resolution, and let Z and 7 denote the shift operators respectively in z and v
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directions, corresponding to the 1D advections in z and v} directions. To conserve a
second order scheme it is necessary to keep the symmetry in the splitting algorithm.
In our case the most efficient algorithm in terms of number of operations can be sum-
a time step and where Q denotes symbolically that at this point the quasi-neutrality
equation is solved to compute the electric potential and then the electric field.

5 Results

In the following, the temperature is normalized to T,9, where T, is defined such that
To(ro) /T = 1 (with 7y a reference point). The time is normalized to 5, where
Qy = ;'Tﬁ" is the ion cyclotron frequency. The velocity is normalized to the sonic
velocity ¢; = \/% and the electric potential to %ﬂ. The initial distribution function is
given by : f(r,8,z,v),0) = far(r,v)) x (14 €cos(k.z2-+m#b)) where € is the perturbation
amplitude. We assume no perturbation at the boundaries in r and v directions and
periodic conditions in # and z directions. The electron temperature is fixed constant
while the ion temperature (fig 1.a) and the density profiles (fig 1.b) are chosen such
that the n; = dlogT;/dlogny is superior to 2 in a sufficiently large region to develop
instabilities (fig 1.c).

ion temperature profile density profile n profile
9,985}
dinT,
0.18) mmanl,
0.4 dinn,
0.14) »
a8 |
o)
129 4
(2]
12 o+
. % N
. 0 W 2 1 a ] n . TR TR ) 2 . [y 3 10
' 4 instabiikties
(a) (b) (c)

Figure 1: (a) Ion temperature profile : T;(r). (b) Density profile : no(r). (c) 7; profile.

The results presented here correspond to a simulation with a (32 x 32 x 32 x 64)
discretisation, with 2 < 7 < 16.5, 0 < 0 < 27, 0 < z < 1500 and —6 vpp; <
v < 6 vrpi (where vpy; is the jon thermal velocity). The modes in 6 and 2z direc-
tions are initialized to m = 4 and n = 1, with a perturbation amplitude ¢ = 10~*.

¢ computad at a point
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Figure 2: Computed and analytical 7y : (a) linear scale, (b) semi-logarithmic scale .

If we consider the time evolution of ® at a fixed point, we notice an exponential increase
in the linear phase (fig 2) which is in a good agreement with the analytical growth rate
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Dy~ [(lcz'uth.-)2 w}] Y 3. But if we continue the simulation, we do not succeed in ob-

taining a saturation in the non-linear phase.

If we examine the solution at different times (fig 3), we see that it is due to the fact

that the mode m = 4 peaks more and more with the tendency to converge to a radial

§ function (fig 3.d), for which it is difficult to have a sufficient discretization after a

certain time.

(2) m)

Figure 3: Evolution of the electric potential in (z,y) cross-section : (a) initial time,

(b) ¢ = 232, ¢ = 1480 and t = 1530.

However, preliminary results show that taking into ac-
count the polarization term in the quasi-neutrality equa-
tion ensures a regularization of the solution. In this case
® is no more computed with the analytical expression
(3), but by solving (Fourier in the 2 periodic directions
and finite difference in r) the following Poisson equation :
-V [%?VLCP] + %"(3@ = n; — ng. If we compare the &
map at the time 1530 (fig 4) with the one previously obtained
(fig 3.d), we notice that the mode width stays finite.

6 Conclusion

@

Figure 4: ®(z,y) at
time ¢ = 1530

We have shown that a semi-Lagrangian method can correctly describe the linear phase

of ITG for a cylindrical plasma column confined by a uniform magnetic field, even with

relatively few grid points. However some problems are still present in the non-linear

phase, which prevent the reliable computation of the saturation phase. In the future,

we plan to address this issue in greater depth and then to improve this model to a

gyro-kinetic model and to take into account a non-uniform magnetic field.
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1 Numerical modelling The presence of a magnetic field separatrix influences tokamak
stability in the framework of ideal MHD. Full separatrix geometry divertor tokamak
plasmas and doublet configurations with internal separatrices have been the subject of
intensive numerical studies during the last seven years using the KINX equilibrium and
stability code family [1] developed for this purpose.

The finite element formulation used in the KINX code allows for a consistent treatment
of the full separatrix geometry, including the case of doublet configurations having two

magnetic axes and an internal separatrix. Numerical destabilization elimination and
ballooning factor extraction [2] recently specialized to the separatrix case considerably
improve the code convergence properties, especially when there are many rational surfaces
in plasma.

2 Beta limit The limiting beta values in tokamaks are well described by the theoretical
Troyon-Sykes scaling (3, 4] B[%] = BnIn, By ~ 4, where 8 = 2u, [pdV/(V B?), Iy =
I[M A])/(a[m]B[T)), I is the plasma current, a the plasma minor radius and B the
vacuum toroidal field in the plasma center R = R,.
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Fig.1 Combined ballooning mode and n = 1  Fig.2 Combined ballooning mode and n = 1
external kink limiting B for different aspect external kink limiting [ for different elon-
ratios, elongation k = 1.6, triangularity 6 = gations, aspect ratio A = 4, triangularity
0.3, go>1 0=03,q >1

In Fig.1 limiting values of  for the aspect ratio range from 2 to 1.4 with conventional
shape, elongation x = 1.6 and triangularity § = 0.3 are presented [5]. The axial safety
factor value gy > 1 was assumed. The "ravines” in the 3(Iy) dependence are character-
istic to the limiter plasma shape for the aspect ratio values A 2 2. They are connected
with the values of the boundary safety factor g just below the integers 2,3,4.. ., where
external n = 1 kink mode become unstable especially if current density is high near the
boundary.

Taking into account the separatrix at the boundary gives more realistic beta limit pre-

dictions without this artificial behavior. There is also an overall beta limit enhancement
due to separatrix stabilizing influence connected with the presence of rational magnetic

surfaces in plasma without decreasing the total current. The detailed calculations of g
limits for L-mode and H-mode ITER configurations [6] showed that external kink modes
are less sensitive to the plasma profiles when the plasma boundary is close the separatrix.
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For all cases the beta limits are higher with separatrix at the boundary. From § = 5.8%
for a plasma boundary defined by Ypoundary /Vseparatric = 0.95 the limit raises to § = 6.3%
for n = 1 external kink mode in the L-mode equilibrium. The difference is higher for the
H-mode case with higher current density near the boundary: 5.0% vs. 6.8%.

In Fig.2 the limiting 3 versus I are also shown for the conventional limiter plasma
shape with elongation x from 1.6 to 2.5 [7]. These results are also consistent with the
experimental data and the numerical results from [8]. Both for low aspect ratio A < 1.5
and higher elongation x 2 2 cases the "ravines” are less pronounced and even absent due
to higher shear at the boundary — the effect similar to the stabilizing separatrix influence.
However an enhancement of the current limit, which is set by external kink modes at low
gs at the boundary, can be expected for the separatrix plasma.

3 Current limit For high aspect ratio circular cross-section plasma the following suffi-
cient condition for the external kink mode instability can be written [9]: m—1 < ng <m
everywhere in plasma. For n = 1,m = 2 and ¢qo > 1 it gives the current limit defined by
¢s = 2. For low aspect ratio and/or high elongation the maximal current corresponds to
¢s > 2 for the limiter plasma case.

However for plasma with separatrix at the boundary, ¢; — 00, the results of the
computations give the limiting current values quite close to the limits for equivalent
conventional shape plasmas provided that go > 1. In particular it means that the en-
hancement of Iy with decreasing aspect ratio is reduced from a 1/(A — 1) dependence
when go > 1 [5]. On the other hand the results from START spherical tokamak [10]
demonstrated values of # > 35% and Iy ~ 8 for A ~ 1.4, which are higher than the
theoretical limits at go > 1 but consistent with the § and current limit predictions for
go < 1 with separatrix at the boundary [12].
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Fig.3 Ezternal kink limiting normalized cur- Fig.4 Toroidal n = 1 kink mode normal dis-
rent for different plasma profiles at 3 = 0; placement level lines. l; = 0.57,In = 14.3,
= 1.8, § = 0.5 with separatriz go = 0.8,q95 = 1.33, wsz?q =-3.0-10"3

For qo < 1 toroidal n = 1 kink modes set a current limit due to the coupling of
surface wave mode with m = [gs] + 1 to the internal m = 1 mode [11]. The presence of
the separatrix eliminates this resonant toroidal feature and opens the way to increase the
normalized current in configurations with gy < 1. Fig.3 shows the results of the computa-
tions of the n = 1 current limit varying the internal inductance l;(3) = 2 [ BydV/(R.I?)
of the current profiles in low 3 equilibria for different aspect ratios and the same separa-
trix cross section. The increase of the limiting normalized current values is quite strong
compared to the gop > 1 case (Fig.1). The maximal current corresponds to go < 1 and is
set by the non resonant analog of the toroidal kink mode (Fig.4).

The results of the computations seems (provided not very strong dependence on the
current profile family [12]) to suggest the restoration of the convenient scaling for the
maximal current Iy ~ 5/2(1 + x%)/q(A — 1), ¢ = 2 [5]. However the current limit for
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very low aspect ratio A = 1.1 is behind such a scaling. Moreover recent computations
indicate that the maximal current values from the Fig.3 does not significantly change for

elongations x from 1.5 to 2.5 (at least for low aspect ratio A < 2) reflecting the toroidal
kink stability deterioration with increasing elongation [11].

4 Low aspect ratio For low aspect ratio plasmas the current limit scaling with aspect
ratio implies very high § limits provided that the ballooning stability limit 35 =~ 4 holds
also for gy < 1.

Optimization of the pressure profile to ballooning modes at all radii, keeping the
q profile constant, demonstrated that ballooning stable equilibria with Sy 2 4 can be
obtained even at very low ggs with p’ localized near the boundary [12]. An example of
such equilibrium profiles are presented in Fig.5. Internal pressure driven kink modes are
stable because of low pressure gradient inside the ¢ = 1 surface. This equilibrium is
unstable against external n = 1 kink mode (Fig.6) which can be stabilized by with the
wall at a,,/a = 1.6. It corresponds to higher current limit taking into account the wall
stabilization. Reducing the value of Iy, which is close to the 3 = 0 current limit (Fig.3),
it is possible to achieve low-n stability with no wall at 3 = 107%, Iy = 24.1 [13].
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Fig.5 Profiles of the ballooning marginally Fig.6 External n = 1 kink mode normal dis-
stable equilibrium. A = 1.1, 8 = 167%, placement level lines for the equilibrium cor-
Iy =30.2, l; = 0.41, go = 0.93, gos = 1.61 responding to Fig.5. w?/w?} = —5.0-1072

The free boundary equilibrium and stability studies were also performed for the high
BN =~ 8 bootstrap current driven equilibria in the second ballooning stability regime.
Conducting wall is needed to maintain the external kink stability of such equilibria.
Proximity of the separatrix to the plasma boundary and increased triangularity were
found to be stabilizing for external kink modes, though both these effects are decreasingly
pronounced for higher-n modes, which usually set the limiting wall position [14].

5 Doublets The stabilizing influence of the separatrix on external kink modes applies
also to doublet plasmas. However no significant changes both in 8 and current limits were
found for low current density outside the separatrix compared to the single magnetic axis
plasma with the separatrix at the boundary [15]. In particular no substantial stabilizing
influence of the current-less mantle plasma outside the separatrix on the external kink
limits was found [16]. The reason for that could be very high values of ¢ in the mantle
with higher order rational surfaces having a weak effect on external kink stability.

The vertical stability of a doublet configuration is close to a single axis equilibrium
equivalent to one half of the doublet both in terms of marginal wall position and resistive
wall growth rates.

Doublet configurations provide the unique opportunity of self-consistent treatment
of the finite current density at the separatrix and the plasma outside separatrix in the
framework of ideal MHD. In [17, 18] the case of H-mode pressure profile having a maximal
gradient at the separatrix was considered and the KINX code was extended to the divertor
configurations with open magnetic field lines. For the doublet configurations current
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density and pressure profile variation in relatively thin plasma layer outside the separatrix
can influence global external kink mode stability and considerably change the 3 limit.
The conclusions for the divertor configurations strongly depend on the choice of boundary
conditions at the open field lines.
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Abstract. Helical magnetic systems in which the lines of the modulus of the magnetic
field strength B remain constant in the direction of the poloidal angle variable are
investigated to clarify in more detail the connection between the shape of the magnetic
surfaces and the topology of the B = constant surfaces on one the one hand and particle
confinement on the other. The possibilities to fulfill the pseudosymmetry condition as
well as the condition that the second adiabatic invariant J; forms closed contours are
investigated numerically for almost zero and finite 8 values.

1. Introduction. As was shown in Ref. [1], the fulfillment of the quasi-isodynamicity
(qi) condition in configurations for which the lines B=constant align with those of the
direction of variation of the poloidal angle on magnetic surfaces leads to good particle
confinement. Only the particles that are near trapped-transition boundaries can leave
the plasma volume after a large number of changes of direction in the motion. The
existence of such particles is closely connected with the presence of local maxima of B,
i.e. islands of lines B=constant on the magnetic surfaces. The possibility to eliminate
such particles is investigated numerically in the present paper. As a first step, the
optimisation of the configuration with respect to pseudosymmetry (ps) [2] is undertaken
and the confinement properties of the ps configuration is studied through the calculation
of the second adiabatic invariant contours and more directly with the computation of the
collisionless a-particles lost. It is shown that the fulfillment of the ps condition itself is
not sufficient for good particle confinement. Therefore, as a next step, the optimisation
toward the poloidal closure of the Jj contours is performed. In addition, the effect of
finite B on the shape of the magnetic field strength surfaces and the particle confinement
is studied. Some results on calculations of neoclassical diffusion are presented for the
configurations considered.

2. Optimisation toward pseudosymmetry. The initial boundary for the optimisa-
tion toward ps was obtained from that of W7-X (3] by changing the number of periods
from N =5 to N = 6 and by exchanging the six-period bumpy magnetic field com-
ponent with a three times periodic term. In this case the extrema of the magnetic
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field strength should be located at equivalent positions, all exhibiting small curvature
of the magnetic axis. The pressure gradient was taken to be very small, 8 ~ 0.05%.
The behaviour of B=constant lines in Boozer coordinates at 1/3 and 3/4 of the minor
plasma radius of the ps-optimised configuration is shown in Fig.1. Direct calculations
of collisionless a-particle loss have shown that the fulfillment of ps condition itself does
not improve the particle confinement: the bulk of the reflected particle fraction is lost
in a short time. Numerical calculations have shown that the contours of the second
adiabatic invariant Jy = [ v dl are open which leads to the particle loss. Line 1 in Fig. 2

shows the radial (with s the normalixed flux variable) dependence of the coefficient ezﬁ
for the ps-optimised configuration. This quantity characterises the strength of the 1/v
transport [4]. For a corresponding standard stellarator the egﬁ value turns out to be
0.01--0.03. So, the results obtained are only slightly better than those for the standard
stellarator.

3. Optimisation toward closure of the J; contours and finite 3 effect. In addi-
tion to the ps condition, the requirement of closure of the J)| contours was implemented
in the optimisation procedure. As in the previous step, the 8 value was 8 =~ 0.05%.
Due to the different penalty function, the optimisation leads to a configuration with a
dominating six-period bumpy component of the field strength and a different geometry
of the magnetic axis (see Fig. 3). It is seen from Fig. 4 that in this configuration the
lines B=constant have a similar form for almost all values of B, in contrast to the initial
one (see Fig. 1). Fig. 5 demonstrates the behaviour of Jj| contours for trapped particles
with different values of B,.fiect for that part of the period near the minimum of B. It
is observed that the function < Jjj >4 has a minimum near the magnetic axis for this
configuration with small 8. This corresponds to convex B=constant surfaces, as is seen
from Fig. 6. The minimum of < Jj >y is very shallow, so that small deviations from
the gi condition can create open Jj; contours.

In Fig. 7, the contours of Jj are shown for § = 5%. It is seen that now Jj has a
maximum near the magnetic axis. It corresponds to the creation of an absolute minimum
of B due to the diamagnetic effect and to the transition from convex to concave surfaces
B=constant for moderate values of B (Fig. 8). Here, the maximum of Jj is strong,
so that even large deviations from qi can conserve the closure of the J) contours. The

result of ezﬁ calculations for 8 = 5% is shown in Fig. 2, too, line 2.

The transition from a minimum of J; near the magnetic axis for small 8 to a maxi-
mum of this quantity for 8 = 5% can lead to the deterioration of particle confinement
for intermediate 8 values, when < J| >¢ becomes independent of the plasma radius.
This really occurs, as is seen from Fig. 9. Further optimisation is required for systems
with finite 8 to clarify the possibility to confine all reflected particles in configurations
without a local maximum of B on the magnetic surfaces.

Conclusions. Numerical investigations have shown that the ps condition can be fulfilled
with high accuracy in the whole plasma volume. The fulfillment of the ps condition itself
is not enough for improvement of particle confinement. The closure of the Jj contours
is defined both by radial dependence of < Jj; >4 and by the accuracy of the fulfillment
of the qi condition.
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1. Introduction: Sawtooth instabilities are periodic relaxations of the plasma core parameters
in standard tokamak scenarios. They have beneficial effects such as the ejection of impurities,
the removal of Helium ashes, or can have negative effects such as the trigger of pressure
limiting neo-classical tearing ‘modes [1] or of other coupled MHD (e.g. X-event leading to
disruption). The prediction of the sawtooth period or the possibility of controlling their
amplitude in ITER is therefore of importance.

Energetic particles resulting from either ion cyclotron resonance heating (ICRH) [2]
or fusion reactions are known to have a strong stabilising influence on the behaviour of
sawtooth oscillations in tokamaks. The role of the lower-energy fast particles in neutral beam
injection (NBI) is less apparent, although stabilisation was observed directly [3]. It has also
been observed indirectly in tritium experiments in the Joint European Torus (JET) with (NBI),
where an increase of the sawtooth period with tritium concentration was explained as a
stabilising effect of NBI [4]. In such an interpretation the NBI fast ion energy content is
changing due to the mass dependence of the slowing-down time.

2. Evidence of fast particle stabilisation effects: Recent discharges in JET have shown that
ions arising from only deuterium NBI, with the beam injection energy of 80 and 140keV, can
have similar effects. In pulses with NBI as the sole source of auxiliary heating an inverse
correlation has been found between the sawtooth period 7, and the electron density n,, as
shown in Fig 1, for different plasma shape conditions. This inverse density scaling [5] is
unlike the usual ohmic scaling laws for the sawtooth period, which show an increase in
sawtooth period with density. Slnce the beam ion pressure is proportional to the slowing-
down time, which varies as 7,"/n,, the observed anti-correlation with density suggests that
beam ions have a stabilising effect. The strong T. dependence suggested by collisionality
argur7nents is confirmed by regression analysis over the sawtooth database, which yields 7y
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The linear relation between 7, and the fast ion energy content W; 4, calculated from
the PENCIL post-processing code is shown in Fig. 2. This is a further indication pointing to
the role of the fast particles. Also, when the evolution of 7, is plotted against NBI power
(Pwar), it exhibits hysteresis behaviour as Pyp, rises and decays, which is slightly reduced
when plotted against W y (the NBI waveform is an approximation of a trapeze as in Fig. 3a).
This suggests that the changes in 75w are better correlated to the changes of W, s, than to the
ones of Pyg;. The hysteresis reduction is stronger when the time variation of the NBI power
waveform is short and comparable t0 Tsow-down (~50-100ms). In the experiments presented in
this paper however, slow NBI ramp-up and ramp-down were made to improve on sawtooth
statistics over a large power range (see Fig. 3a).

3. Sawtooth Model and Crash Regimes in JET: The sawtooth simulations presented in this
paper are making use of a model introduced to predict the sawtooth period in ITER [7]. They
include the stabilising effect of a beam ion contribution to the m=1 internal kink energy, the

dimensionless energy functional 6Wf to OW,,,, = W, + SWKO, with

fast * core
32 .
Bojust | g
1 - 0 fast 1_ p fast
6VVfast - ﬁ /2 J dl"
587 o\ dr

Note that the internal kink is unstable for 6W = —yt 4 In the JET experimental cases analysed

here, the ideal internal kink mode is always stable, since equations (1) and (2) are not
fulfilled:

_6VAVcr)re > cha)DﬁmTA (1) _(6W + 6W

e + W) > 050, 7, (2)
The experimental conditions are such that the relevant crash physics always involves
magnetic reconnection, and since p;>0,>c/wy., the relevant regime is the ion kinetic regime or

semi-collisional regime. Equations (3a) represent the fast particle trigger and (3b) the critical
shear

—c,p < —~(W,,, +W,)<0.50.7, () cmax(y .y ,) > 4/ 0.0, (3b)

trigger §;>5 ¢, Which need both to be fulfilled simultaneously to get a crash, where the
second to be fulfilled actually triggers the crash. Note inclusion of frequency w., in addition
to w.; in (3b) to be able to describe both high T; or 7, regimes, relevant to a- or ECW-heating
[8,9]. The above crash criteria are implemented in the PRETOR transport code [9,10].

4. Comparison of Experimental Results with Modelling: A detailed analysis of a few
discharges specially designed for this purpose has been performed. The approach is done in
two steps. The first step is to assess the relevant instability thresholds using above crash
criteria. This makes use of the experimental pressure profiles, of the fast particle energy from
PENCIL code, the q profile from PRETOR equilibrium reconstructions constrained by the
inversion radius and assuming go~0.9. This q profile compares well with the MSE profiles
and is an average profile over the sawtooth ramp.

Figure 3d) shows that at low NBI power, below typically 1-2MW, we have the ion
kinetic (reconnecting character) kink unstable with —6W>—6[), but the crash time is
determined by the critical shear criterion (3b), the second to be fulfilled. At higher NBI
power, we have stabilisation with —8W < —p over most of the sawtooth period, except at the
crash which is determined by this fast particle criterion (3a), the second to be fulfilled. The
measured sawtooth period, Fig. 3b), effectively starts to increase or decrease essentially from
the time —6W crosses —p, at the switching between the two crash criteria.

In a second step, the time evolution of the terms involved in the stability threshold is
calculated with PRETOR, which yields a calculation of the sawtooth period. The latter agrees
with measured values within 20%.
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_PRETOR uses the presented analytical expression for the fast particle energy functio-
nal oW, , valid for isotropic distributions. Realistic distributions, as computed by TRANSP,

are anisotropic. The effect of anisotropy on 5Wf has been computed with the NOVA-K

[{A1)

MHD code [11], which takes as input the TRANSP distribution functions and properly
describes the fast particle toroidal precession, considering the realistic geometry. The NOVA-

K calculations of 6?@:,&“ have been found in very good agreement (errors within 15%) with the

evaluations provided by the analytical formula used in PRETOR, whereas the same formula is
found to generally under-estimate the fast particle contribution compared to numerical results
obtained with isotropic distributions in NOVA-K. This validates the use of the analytical
formula in PRETOR simulations of the present JET discharges. The beam ion contribution is
found to be strongly stabilising, causing 7y, to be much longer than it would otherwise be.
When this contribution is not taken into account, the model predicts a sawtooth period, which,
at full NBI power, is about two times lower than the experimentally observed period.

4. Further experimental observations: The possible role of other experimental variables in
determining t,,,, such as plasma rotation [11], requires further evaluation. The repetitive
feature observed on the sawtooth period occurring at switch-on/-off, see Fig. 5, may give
some clues. The 7, increases 0.2-0.3s after switch-on, then decreases. The rotation first
gradually increases, as measured by magnetic coils, followed by a strong acceleration at 0.8s.
One possible interpretation of the first peak in 7, is sawtooth stabilisation by the freshly
injected non-thermalised fast particles which, when thermalisation occurs modifies both
diamagnetic rotation and momentum transfer rotation, playing a role in the later transients.
Note that at low power, rotation is a dominant ingredient of the crash trigger (equation 3b).
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5. Conclusions: Several experimental observations point to the role of NBI fast particles in
stabilising sawteeth in JET: the density behaviour of 7y, the hysteresis reduction, the linear
relation of 7y, versus Wi . In the framework of a model introduced to predict the sawtooth
period in ITER [7], we have included the stabilising effect of a beam ion contribution to the
m=1 internal kink energy. This has been implemented in the PRETOR transport code [9], and
a detailed analysis of a dedicated JET discharges has been performed. The beam ion
contribution is found to be strongly stabilising, causing 7y, to be much longer than it would
otherwise be. The sawtooth trigger condition occurring in JET, namely excitation of the ion
kinetic (also called semi-collisional, with reconnecting character) internal kink mode, was
fou-nd to be the one most likely to be relevant to ITER, with the role of beam ions in JET
played by a-particles in ITER [7]. The NBI discharges in JET thus allow us to study fast

particle effects likely to play an important role in determining the performance of Next Step
Devices.
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Introduction ,

Understanding of ballooning mode stability boundaries may lead to performance
improvement of toroidal devices through control of disruptions. Toroidally localized
ballooning modes have been found as precursors to high beta disruptions on TFTR! arising
in conditions of n=1 kink mode asymmetry. Recent optimization has shown that
magnetohydrodynamic stability as well as good particle confinement are likely to be
achievable in the National Compact Stellarator Experiment (NCSX), a compact,
quasiaxially symmetric stellarator (QAS) for values of the plasma near B = 4%, The
configuration, with a major rz;dius of 1.42 m, an aspect ratio of 4.4, a toroidal magnetic
field 1.2-1.7 T and 6MW of neutral beam heating, is stable to MHD instabilities, and is
expected to be limited by high-» kink and ballooning modes. This paper describes the
ballooning eigenvalue isosurfaces for NCSX, the first step in an examination of the kinetic
stabilization of the ballooning beta limit using a hybrid WKB approaclr.

Eigenvalue Isosurfaces of the Quasiaxially Symmetric Stellarator

The VVBAL module of the TERPSICHORE code suite* has been used to calculate
the ballooning instability for several NCSX equilibria (Fig. 1) above the désign point (B =
4.1%) with the VMEC code. The displacement of the flux surface grows with growth rate
Y; € o< exp (iwt) o< exp (yt). We define the eigenvalue A = -w?; positive values of A denote
instability, while negative values denote stability. For B = 4.3% and B = 6.8% we have
assembled a datacube of ballooning eigenvalues A(s,a,8x), of size (126,101,21). s is the
toroidal flux, o is the field line variable. Roughly, within +r, the ballooning parameter 6y
determines where the eigenfunction is a maximum. Figure 2 shows the plasma iota of the

two equilibria. These are weak shear plasmas, with vanishing shear near the edge.
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The isosurfaces of A describe the poss1ble trajectories of rays of the ballooning
equation. Consequently they characterize the quantization conditions that are used to find
the maximum wave vector, and thereby kinetic stabilization of the ballooning beta limit.
The QAS isosurfaces are found to exhibit unusual and unique topologies for the two
configurations. Distinct structures occur in differert ranges of A in the stable spectrum: a)
at A =-0.15, a helical structure is found near the plasma edge, rotating about an axis nearly
parallel to?the 6y axis, with fins stretching toward the plasma center; b) at A = -0.45,
cylinders are found nearly constant in 6, localized in s and o. At B = 6.8%, similar
structures in the stable spectrum occur, although more global in extent.

The unstable spectra are less complex, consisting primarily of planes and
topologically cylindrical and spherical isosurfaces near the outer edge of the plasma, where
shear goes to zero and the instability is more easily driven.  In general, there is a weak
dependence on the ballooning angle 6, stronger dependence on the field line o and quite
strong dependence on the radial parameter s. At B = 4.3% topologically spherical
isosurfaces are found for the maximum eigenvalues, indicative of strong quantum chaos’.
This description “quantum chaps™ for the paths of rays of the ballooning equation does not
mean that the plasma behavior is chaotic, but that the mathematics of a quantum chaotic
scattering problem can be used for instabilities far above the marginal point of the
equilibrium. At lower values of the eigenvalue, isolated unstable cylindrical and planar
isosurfaces conjoin, as the eigenvalue A drops to zero, and the isosurface is no longer
simply connected. At B= 6.8% the bands break up at maximum eigenvalues. The
configuration is Mercier stable at both values of f.

Comparison with a related axisymmetric tokamak shows that the structures of the stable
and unstable spectra of the QAS arise from the complexity of the magnetic configuration.
Finite Larmor Radius Stabilization of the Beta Limit

In practice, only finite-n modes can be unstable due to finite jon Larmor radius (FLR)
stabilization. Finite-n ballooning mode stability calculations with a three-dimensional,
linear MHD code for a two-field period QAS configuration showed that the finite n
ballooning modes (n ~ 20) are significantly more stable than the infinite-n results. For H1
and IHD finite n ballooning modes have been examined by applying the WKB ballooning

formalism and semi-classical quantization or quantum chaos theory, depending on the
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topology of the isosurfaces’. The validity of the hydrodynamic, fluid model for MHD
breaks down and kinetic corrections are required if the condition (kp;)?<<1 is not satisfied.
Here k, is the wave vector perpendicular to the field line, and p; is the ion Larmor radius,
which for the QAS is ~lcm. Near the beta limit the ballooning rays at the marginal point
(A=0) will propagate on an isosurface having topology of conjoined cylinders, with axes
parallel to 6. It does not appear that either the Einstein-Keller-Brillouin semiclassical
quantization method or the quantum chaos approach applies.
Anderson localization

Symmetry breaking localization of the ballooning mode in stellarator plasmas has been
identified for LHD, H1 and HSX® as analogous to Anderson localizatior® of electron
eigenfunctions in condensed matter. Our calculations show that localization of the QAS
eigenfunction increases for reduced plasma shear (Fig. 3). Each flux surface has a different
shape, changing the poloidal angle at which the eigenfunction is maximized. Weak shear
increases localization of the eigenfunction, in contrast to the tokamak case’. The most
localized modes in this geometry occur ih the region where global magnetic shear is
weakest, including at the shear reversal surface itself, demonstrating the existence of
Anderson localization in the QAS.
Conclusion

We find Anderson localization of the ballooning mode in the QAS ad have

obtained eigenvalue isosurfaces with which to examine kinetic stabilization of B. A new
method of regularizing the eigenfunction to estimate k, will be needed for the QAS at the
beta limit, since the topology of the marginal point isosurfaces is not simply connected.
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Abstract

The destabilisation of neoclassical tearing modes (NTM) requires a finite size seed island
which is often provided by sawtooth activity. It is shown that the beta value at the onset of
NTMs can be significantly modified by altering the sawtooth period using ICRH in JET.
Sawtooth stabilisation, leading to long sawtooth periods, enables NTMs to be triggered at low
beta value, consistent with larger induced seed islands. By destabilising sawteeth, that is with
a shorter sawtooth period, larger beta values are required to trigger NTMs. This is the first
clear direct demonstration of the relation between sawteeth and NTMs and opens the
possibility of increasing the beta threshold by sawtooth destabilisation. Adding a slow power
ramp-down, after the mode onset, shows that NTMs are metastable as long as the discharge is
in H-mode in JET, emphasising the role of seed island control to avoid NTMs.

Introduction

Neoclassical tearing modes (NTMs) are known to limit tokamak performance to normalized
beta values, B, well below the theoretical ideal-MHD B-limit (B is the ratio of the total
pressure p to the confining magnetic pressure Bo%/2|to, and Bn=B[%]/(I/aBy), with I,[MA] the
plasma current, Bo[T] the magnetic field and a[m] the plasma minor radius). The
destabilisation of NTMs requires the formation of a seed island of a finite size, larger than a
critical island width [1]. This island can be triggered by sawtooth precursor or crash, edge
localised modes (ELMs), fishbones or other perturbations like pellets [2]. Once the island is
formed, the pressure profile flattens and the resulting perturbed bootstrap current drives the
island to a usually much larger saturated width. Different methods have been applied to
stabilise the mode once it is formed, by local current drive with ECCD or by global current
drive with LHCD [3], for example. Here a new method is proposed consisting of preventing
the mode formation by reducing the perturbations such that the islands triggered are smaller
than the critical island width. The main source of perturbations in most tokamaks is the
sawtooth activity. Avoiding sawtooth altogether has been shown to increase the beta limit for
NTMs [4]. However this is difficult to keep in steady-state for standard type scenarios and
one loses the beneficial particle control provided by regular sawteeth. The idea developed in
these experiments is to destabilise the sawteeth such as to have short and regular sawtooth
periods, assuming that it will lead to smaller perturbations and seed island sizes. It is well-
known that sawtooth periods can be changed using ICRH [5] or ECCD [6] for example.
Therefore the main scenarios of Refs. [5] have been used, that is changing the antenna
phasing or the resonance location [7]. First we show the relation between long sawtooth
periods and NTMs destabilisation at low beta. Sawtooth stabilisation is obtained mainly by



- 90 -

increasing the fast particle population in the centre. In this way, NTMs can be destabilised at
any field in JET, even at By as low as 0.5-1. We shall also show that on the contrary, by
destabilising sawteeth (in the sense that shorter sawtooth periods are obtained) enables to
increase significantly the By and neutron rate at the NTM onset.

Results

We show in Fig. 1 the usual global plasma parameter domain, By versus p+, at the m=3/n=2
NTM onset in JET. The blue symbols are NBI only discharges, red/pink those with ICRH. It
shows that the cases with dominantly ICRH have much lower beta onset. The simplest
explanation is that sawteeth are more strongly stabilised by the fast particles induced by
ICRH than by NBI heating [8]. The solid blue circles are NBI only discharges which have a
low beta onset. We have checked these cases and they all occur either after a sawtooth period
of ~800ms or at the first measurable sawtooth crash out of the ohmic part, which is why they
are marked differently. To directly test the effect of sawtooth, we compare discharges with
SMW of fundamental H minority ICRH and a power tamp-up of NBI power in order to
trigger NTMs. The magnetic field is changed from shot to shot to span the resonance position
from outside the inversion radius towards the centre of the plasma. The antennas have a +90°
phasing such as to increase the fast particles pressure in the centre. With the resonance
position moving inwards, the fast particle population inside q=1 increases [5b, 7] and so does
the sawtooth stabilisation [9]. As can be seen on Fig. 2, small changes of 0.08T, leading to a
9cm shift of the resonance position, can change the sawtooth period from 440ms to 630ms. In
these scenarios, all the discharges with sawtooth periods longer than approximately 600ms
and Bn20.8-1 have triggered 3/2 NTMs at the sawtooth crash. On the contrary, as illustrated
by the shot 51790 and 51792 in Fig. 2, discharges with sawtooth periods smaller than ~600ms
have not triggered NTMs, even with more than 20MW of total power coupled to the plasma
and By up to 2. It should be noted that the effect does not seem to be linear with sawtooth periods.

A further test is to change only the antenna phasing. The -90° phasing induces a drift of the
trapped orbits outwards, reducing the stabilising term which results in much shorter sawtooth
periods [5b]. Repeating the discharge 51794 at 2.49T with ~90° phasing and otherwise similar
parameters leads to regular sawtooth periods of about 200ms and no NTM are triggered even
with 21IMW total power coupled and Bn~2. On the other hand, previously JET was unable to
trigger NTMs with NBI alone at larger magnetic field (Bg>1.7T) because the maximum
achievable By is too low. However, using fundamental minority H heating with +90° or dipole
phasing of the antennas, long sawtooth periods are induced and NTMs can be triggered at low
Bn. In this way NTMs are obtained at any field with standard type scenarios in JET, which is
useful to study these modes in a wide plasma parameter domain. By adding a slow power
ramp-down after the mode is triggered the critical beta limit can be determined, independently
of the trigger mechanism. Two examples are shown in Fig. 3, at 1.4T/1.4MA and at
3.3T/3.3MA. The first case is a NBI heating only discharge, for which the mode is triggered
at Bn~3, while the second case has ICRH with the +90° phasing and the mode is triggered
after a long sawtooth period, at fx~1. In both cases By slowly decreases and the mode is
stabilised near or even after the H-L back transition, that is at Bx~1 or 0.5 respectively. This
has been confirmed at fields between 1T to 3.3T with discharges having similar qos~3.4.
Therefore standard scenarios in H-mode in JET are metastable to 3/2 NTMs. Thus, once in H-
mode, the only determinant factor to trigger the mode is the existence of a seed island with a
width larger than the critical island width. This is why controlling sawtooth activity has such
a dramatic effect on JET. In addition, rotation has a crucial role as discussed in Ref. [10]. The
low NTM onset was also observed in NBI only cases, due to long sawtooth periods obtained
by an inadequate power ramp-up [11].

The ultimate goal is of course to suppress or avoid these modes. As they are metastable in H-
mode discharges, the best way to prevent these modes is to control the size of the seed
islands, therefore of the plasma perturbations. The idea is to destabilise the sawteeth to
shorten the sawtooth period. In this way one keeps the useful particle redistributions and
avoids impurity accumulation, while reducing the plasma perturbations. In order to better
demonstrate the effect, we need a test case of a NTM destabilised by NBI only and therefore
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work at Bo<1.7T. In this case, only 2™ harmonic heating is possible to have power deposition
and CD near or just outside the inversion radius. First we have studied the optimal position
for sawtooth destabilisation as detailed in Refs. [7a, b]. Then we have fixed the magnetic field
at an optimal value, such that the resonance position is just outside the inversion radius, and
we have added a NBI power ramp to determine By at the onset of the mode. The result is
shown in Fig. 4, where a NBI only case (in blue) and a SMW ICRH + NBI case (in red) are
shown. The total power is kept the same for both cases during the whole ramp. The discharge
is at 1.2T/1.2MA, that is a very low magnetic field for JET, and the resonance position is just
at the HFS of the inner inversion radius and moves towards the centre when beta increases. At
62.6s, a NTM is triggered at By ~3 and Ptot~8MW in the NBI only case. These values are
typical for these scenarios. Note that Py drops at the mode onset. However, the NBI+ICRH
case reaches By of 3.8 without 3/2 NTMs, close to the ideal limit. The role-over in shot 51994
at 65.2s is due to a 5/4 mode and then a 4/3 mode. At 66.1s, a 3/2 mode is triggered and By
drops even further. Note that by that time the resonance position has shifted to the inversion
radius due to P effect, however at these high b values, fishbones are present and can trigger
the mode as well [2a]. Thus up to about 20MW have been coupled to the plasma without
triggering 3/2 NTMs. As the NTM is metastable for By =1, at the L-H transition, the
perturbations have to be kept smaller in order to reach higher By values. Note also that
combined heating, NBI+ICRH, usually leads to much lower NTM threshold, as discussed in
the introduction, Fig. 1, and in Ref. [10] in relation to rotation effects. In Ref. [10] similar
plasmas as shown in Fig. 4 are discussed, except at 1.4T/1.3MA to have central ICRH. Note
that in these cases, with combined heating, Bx~2-2.5 at the mode onset. It is only by a careful
choice of the resonant position, such that it destabilises significantly the sawteeth, that we are
able to increase By at the onset of the mode in ICRH+NBI cases.

Two other important results are shown in Fig. 4. First the increase in neutron rate is even
more dramatic between the value af the mode onset for the NBI only case, ~1.2 10"s!, and
for the [CRH+NBI case, 3.8 10"°s”, This confirms that a much higher performance is
obtained without triggering NTMs and is the relevant improvement obtained by destabilising
sawteeth. The other important effect is that the island width, for the case 52712, first increases
with Py, but then saturates to a smaller value when Pnp=15MW. It follows that better
confinement is recovered, which is why both discharges have similar By values at 65s, even
though shot 51994 has no NTMs. We call this effect “self-healing” of the mode. It can be due
to increased rotation, change of A’ or global profile modification, and is probably related to
intetruptions of the mode as observed in AUG and JET [12]. Further detailed analyses are in
progress to better quantify this effect. However one should note that the neutron rate is not
fully recovered and is still 20-30% below the NTM free case. This is due to the fact that even
a small island decreases the central density and temperature values, which contribute much
more significantly to the neutron rate than to the global stored energy.

Conclusion

The main difference in By at the onset of 3/2 NTMs in JET between NBI and ICRH
dominated discharges has been clearly related to the effects on sawteeth. Note that rotation
also affects the NTM trigger [10]. Sawtooth stabilisation (long sawtooth period) has been
shown to trigger NTMs at much lower By, as soon as Bx>Bnerit. Dedicated experiments have
shown that JET standard discharges, with qos~3.4, are metastable to NTMs as soon as they are
in H-mode. Therefore better performance without triggering NTMs can only be obtained by
controlling the seed island formation and minimising the perturbations. We have shown that
by adding 2™ harmonic H minority ICRH and carefully positioning the resonance layer just
outside the inversion radius, such as to destabilise the sawteeth, higher values of Bn and much
higher neutron rates are obtained before the NTM is triggered. Therefore, on the one hand, we
have confirmed that NTMs are most likely to occur at low By due to alpha particle
stabilisation and long sawtooth periods in ITER like standard configuration, without sawtooth
control. On the other hand, the possibility of avoiding NTMs by sawtooth destabilisation has
been demonstrated with ICCD. Another method can be ECCD which is very efficient in
modifying the sawtooth period. Its potential should be better evaluated for future experiments,
in particular as its CD efficiency is much higher near q=1 than near q=1.5.
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1. Summary

Impurities determine radiation losses, contribute to fuel dilution and hence play an important
role in fusion plasmas. In view of advanced, strongly shaped reactor designs, one important
and frequently neglected aspect is the effect of operating modes and plasma geometry on the
confinement of fuel particles and impurities, specifically in relation with the energy
confinement. The extreme shaping capabilities of TCV (Tokamak a Configuration Variable,
R = 0.88m, a = 0.25m, vacuum vessel elongation k¥ = 3 and vacuum central magnetic
field B<1.51T) allow the exploration of the effects of plasma geometry on both energy and
impurity transport and confinement.

Small non perturbing quantities of laser-ablated impurities were injected into Ohmic plasmas
in TCV and the time evolution of the soft X-ray emission was measured. The global lifetime of
the impurities was obtained from the exponential decay of the X-ray emissions after the influx
phase. For constant plasma geometry a correlation between the lifetime Timp 2nd the line aver-
aged electron density is observed. Remarkably this lifetime decreases in higher elongation plas-
mas and more importantly the ratio 7y,/Tg, is reduced as well by a factor 3 when the elongation
is increased from k=1.6 to k=2.3.

By means of the 1-D particle transport code STRAHL[1] the radial dependence of transport
parameters (diffusion coefficient and convective velocity) has been modelled for different plas-
ma configurations.

2. Diagnostics

Impurities are produced by laser ablation in a dedicated vacuum chamber, which is connected
to the TCV vessel via a vacuum duct and a gate valve. The ablation target is mounted on a mo-
torised chariot, inside the chamber at a distance of ~70cm from the plasma edge, and it is re-
motely moved after each shot. The target is made by a 1um thin film, typically Aluminum or
Silicon, on a glass slab which is large enough to be used for averagely one hundred shots. A
single pulse laser beam, from a Q-switched ruby laser (up to 5J/pulse during ~20ns) is focused
onto a spot whose diameter is roughly 3 mm for a corresponding energy density of ~30J/cm?,
producing a puff of 1015-10'6 atoms.

The most relevant diagnostics which were used for impurity tracking were the soft X-ray to-
mography system and the Thomson scattering system for the electron temperature and density.
The former consists of 10 cameras with 20 channels each, viewing the plasma on a poloidal
plane. It is equipped with a 47um Beryllium filter, which gives a spectral sensitivity in the range
from 1keV up to 10keV. The time resolution is 13us, which allows the detailed separation of
the sawtooth structures superimposed onto the impurity signal.

The Thomson scattering uses 3 coaxial Nd:YAG lasers which provide profile measurements
from 25 positions at the total frequency of 60Hz.

3. Experimental results
Impurities have been injected in a large variety of TCV plasmas, with the main purpose of ex-
ploring the effects of shape on the particle transport and in particular on the impurity residence



time. This parameter is obtained from the raw X-ray signals, in which the background emissions
and the sawteeth have been removed by means of the GSVD decomposition[2]. A fit is then per-
formed on the signal tail, with an exponential function whose time constant defines the impurity
confinement time. All raw signals tend to leave a non-zero asymptotic residual plateau, typical-
ly 5% of the peak intensity (Fig.1), indicating that a small part of the impurities recycle from
the wall. Another common feature, among central chords, is the duration of the peak, defined
as the fwhm of the signal: as will be shown in Sec.4, this fact suggests a rapid diffusion driven
by sawteeth through the plasma core.

Injection in shot #19017 — Sawteeth removed

oral R i A density scan was performed in the so-called
[ “TCV standard shot” (diverted L-mode ohmic
o . ;& 1 plasma whose parameters are ¥ = 1.64 £0.02,

fwhm%’é().&ms

8 =034£0.02, I = 272+ 5kA) during which
the electronic density is normally varied during the
shot. The results, presented in Fig.2a, show that
| there is a slight increase of the confinement time
with density, as T;,;, goes from 18ms up to 32ms
.| when <n,> is increased from 3-10m™ up to
3 6-1019m™,
07 072 074 076 m?gz[;s] 08 082 084 086 A remarkable observation can be made in anoth-
er series of experiments. The elongation of limited
plasmas was varied fromx = 1.6 tox = 2.3 ina
series of ohmic limiter shots in which Qeng (Propor-
tional to the ratio Ip/B7K) was kept approximately
constant. As shown in Fig.2b, the confinement time
is more than halved as 7;,,, goes from 48ms at mod-
poloidal cross section of the “standard erate. elongation, t(l)) less 'than 20m§ wk}en k= 2'.3 :
shot”, with the position of the viewing .In this scan apossi le minor contribution of densﬁy
chords 31 32. 33, is not taken into account, since <n.> decreases with
S K by no more than 15% over the whole range of
elongations.

For the same series of injections the electron energy confinement time was calculated, as the
ratio of the electron energy content and the total heating power. As the energy confinement time
was nearly constant for the different shots around the value of 16 + 2 ms, the ratio Timp” TEe
shows the same correlation versus the elongation as Timp 2lone (Fig.2¢). This factor-of-three de-
crease of the ratio 7, mp” VEe 18 attractive for advanced, elongated tokamak reactor designs.
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Fig. 1. Raw signals provided by the soft X-
ray tomography cameras. Sawteeth as well
as the background emission have been re-
moved by means of the GSVD decomposi-
tion[2] so to reduce the uncertainty on the
Swhm and v, values. In the inset, the
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Fig.2. (a) The impurity confinement time increases slightly with electronic density, for constant
geometry in diverted plasmas. (b) Elongation scan on limited plasmas, in which Geng Was kept
approximately constant. Impurities show lower confinement times for high elongations not only
as an absolute value, but also in comparison with the electron energy confinement time (c),
which is roughly constant in this scan.
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4. Transport simulations

A series of simulations have been conducted by means of the 1-D particle transport code
STRAHL[1],[3], which provides the time evolution of the local density and soft X-ray emissiv-
ity of the injected neutral impurities. The results are used to reconstruct the signals as they
would be measured by each chord of the system. Some input parameters, namely the plasma
background (electron density and temperature), its geometry, the sawtooth frequency and the
inversion radius are directly taken from the TCV experimental results. The transport parameters
such as diffusion coefficient, pinch velocity and the recycling coefficient are free inputs and are
adjusted such as to reproduce the real signals from several chords simultaneously, on the basis
of the fwhm and the exponential decay time Tjr,,.

Even if the signal shape is very sensitive to D and v, the simulations show that the recycling
coefficient just affects the intensity level of the residual asymptotic signal, having very little ef-
fects on the shape of the peaked part of the signal. Its value, defined as the ratio N sor’ N wan of
the impurity density in the scrape-off layer and in the walls, lies in the range 5-6 - 10" and can
be kept constant in the search for the best fitting set of the transport parameters.

Simulations (Fig.3) assume a parabolic radial dependence of the diffusion coefficient,
D = A+ Bp?, and a linear radial dependence of the pinch velocity, v = V1P, where 4, B and
v| are free parameters. In agreement with the real measurements, the decay time Timp ON many
chords is the same, suggesting that the final part of the impurity outflow consists in the decay
of the fundamental mode of the solution of the diffusion equation. In order to obtain agreement
between the measured and simulated fwhm throughout the cross-section, the real sawtooth fre-
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quencies and mixing radii have to be used as conditions in the simulations. The sawtooth effect
is modelled by assuming that at crash times the profile of the impurity density is flattened inside
the mixing radius, conserving the total number of particles[3]. The mixing radius is assumed to
be 1.4 times the inversion radius. It is evident from these simulations that sawteeth play a major
role in the transport of impurities in the plasma core. As a general observation, in central view-
ing chords the simulated signal without sawteeth shows a higher fwhm. Fig.3b shows their ef-
fect on the shape of a signal, when the transport parameters are fixed for the two runs. As it can
be expected, sawteeth increase the inward flux at the beginning of the process and the outward
flux in the last part, thus shortening both the fwhm and the decay times.
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From Fig.4 it is evident that the determination of
the transport parameters presents some difficulties. In
particular the edge pinch velocity cannot be deter-
mined accurately, as the fwhm for the signals from
both lines 31 and 32 is fairly insensitive to the veloc-
ity. The central diffusivity D, is undetermined as well
by Timp and the fwhm, due to the overwhelming con-
tribution of the sawteeth to the transport phenomena
in the central part of the plasma. On the other hand,
the edge diffusivity Doy, is quite well determined,
even if various different values are assumed for the
central diffusion coefficient. In the example shown in
Fig.4, for any D) lower than 0.5 m%/s, the interval of
the possible D jge values, around 1.30 £0.05 m?/s, is
determined within a small error margin.

The best fitting transport coefficients have been
obtained for some of the shots of the elongation scan
shown above. While the velocity does not seem to
show a correlation with the elongation (Fig.5b), the
edge diffusivity clearly increases (2 1g.5a) from
D¢ ge=0. 2m?/s for k=1.68 to D,g,~1m?/s for k=2.26,
as it was expected from the lower confinement times
combined with larger plasmas. The higher sawteeth
frequency for the elongated plasmas in this scan
(fs7=0.2kHz for x=1.68 to fgr=0.4kHz for xk=2.26)
may contribute to the fast radial transport of the im-
purities in the core of highly elongated plasmas, but
their effect is not sufficient to explain the large ob-

served reduction of T;p,,.

Fig.5. (a) The dependence of the edge diffusivity on
the elongation. (b) The corresponding edge velocity
does not seem to be correlated. The best fitting pinch
velocity is found to be outward, but the uncertainty on
its value is large.
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Abstract. Collisionless particle confinement in stellarator configurations in which the
lines of the magnetic field strength B = const lie on a helical path on the magnetic sur-
faces is investigated numerically for a six-period system. The optimisation is performed
with different penalty functions that are connected with the pseudosymmetry condi-
tion and the condition that the second adiabatic invariant Jj forms closed contours. In
addition, the effect of 8 on the particle confinement is studied.

1. Introduction. The fulfillment of the quasisymmetry (gs) condition [1] for systems
in which the lines B = const lie in the helical direction on the magnetic surfaces leads
to conservation of the invariant ¥ + pyF' = const of the equations of motion in the
drift approximation and, thus, to improvement of the collisionless particle confinement.
It was shown [2] that the gs condition cannot be fulfilled exactly in the whole plasma
volume. In Ref. [3] the less restrictive condition of pseudosymmetry (ps) was suggested.
The ps condition means the absence of local extrema of B along the magnetic field lines.

In the present paper, the possibility to fulfill the ps condition is studied numerically
and the effect of its fulfillment on the collisionless particle confinement is investigated.
It is shown that the fulfillment of the ps condition itself is not sufficient for significant
improvement of the particle confinement. Because of this, the condition of closure of the
Jj) contours was added to the penalty function. The corresponding results are presented
for both small and large values of 8. In addition, results of neoclassical transport
calculations for these optimised configuration are presented.

2. Optimisation toward pseudosymmetry. The starting point for the optimisation
is an N=6 Helias-type configuration with a Mercier stability limit of about 8 = 5%.

In Ref. [4], the mathematical formulation of the ps condition was presented. It
requires dB/dfs = 0 along the lines +0B/80p + B/8(p = 0. This condition alone
was used for the construction of the penalty function. As a result, a configuration
very close to ps was found. Fig. 1 shows the behaviour of the lines B = const on the
magnetic surface s = 0.9 near the boundary (s is proportional to the square of the
average minor plasma radius) for the initial and the ps-optimised configurations. The
confinement properties of these configurations were studied by direct calculations of the
guiding centre motion of a-particles. It was shown that fulfiliment of the PS condition
does not lead to significant improvement of o-particle confinement. The number of the
lost particles was reduced by ~ 10% because of elimination of locally-reflected particles.
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3. Closure of the J; contours. The analysis of the behaviour of the Jj contours for
the ps-optimized configuration has shown that they are open, this being the reason for
particle losses. Therefore, a new penalty function was used which vanishes when the Jy
contours are closed for all reflected a-particles born at 1/4 of the plasma minor radius.
Depending on the geometry of the configuration and mainly on the 8 value, two different
possibilities can be realised, with either maximum or minimum value of Jj in the centre.
In our calculations, we have considered configurations with small (8 ~ 0.06%) plasma
pressure and have required a minimum for Jj inside the plasma column. A configuration
was identified in which the Jj contours were closed for almost all trapped particles born
near the magnetic axis. In Fig. 2, contours of Jj = const for the initial and optimized
configurations are presented. Here the pitch angle which is worst from the viewpoint of
confinement is considered.

The results of the direct calculations of a-particles lost are presented in Fig. 3. In
spite of the modification of the initial geometry, the configuration found still has a
magnetic well.

It was shown that for large enough S values (~ 15%), the radial dependence of Jj,
is reversed. The confinement in this case is good, too. It is seen from Fig. 4 that for
intermediate values of 3, particle confinement is deteriorated. A similar effect occurs
for configurations with lines B = const along the poloidal angle direction[5].

In Fig. 5, the shape of the boundary surface of the optimised configuration is dis-
played. The colours here are defined by the magnetic field strength which still exhibits
qualitatively quasi-helical behaviour.

4. Computations of transport properties. For the 1/v transport, the characteristic
features of the specific magnetic field geometry manifest themselves [6] through a factor
€eft Which is an effective ripple modulation amplitude of B and enters the expressions
for transport coefficients as a factor e2f°. Computational results for 6242 are presented in
Fig. 6 as functions of /s. For an equivalent standard stellarator magnetic field the 63/ ?
value turns out to be 0.01 + 0.03. Therefore, the results obtained are approximately 5
times better than those for the standard stellarator although they are worse than those
for the quasi-helically symmetric stellarator [1,6] by more than one order of magnitude.

The trapped particle motion can be described in terms of the second adiabatic in-
variant Jy. The variation of J; on a magnetic surface is connected with a displacement
of the trapped particle orbit from the magnetic surface. This variation is characterised
by a derivative 0J)/06, where 6y = 6 — v, 6 and ¢ being the Boozer angular coordi-
nates. In accordance with (7], we present the results for 8J;/86, in a normalised form
as a functional dependence between dimensionless parameters 5 and v = V)i/ VLo With

R 1 BJ” 3J|| e
= =4/J.By.
J_L n{|VY|) 88" 08, mc(w’ Lo 1B

Here J, = v? /B, 7, is the bounce period, 8% corresponds to the differential of during
75. The normalisation of 7 is performed in such a way that for the standard stellarator
magnetic field, the maximum 7 value, 7,,, equals 0.5. The vj quantity is v at the point
of a local minimum of B and the  parameter relates to the pitch angle at this point.
Results of the 5 calculations are presented in Fig. 7 for an outer magnetic surface.
The curves are labelled in accordance with the number of B minima along the magnetic
field line. It is seen that non-zero values of 5 exist in the 7 interval 0 < v < Ymax
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which corresponds to the trapped particles. In contrast to the standard stellarator, the
maximum 7 value turn out to be smaller than 0.5 and varies with y. Calculations carried
out for inner magnetic surfaces showed that the character of the dependencies of 7 on v
does not change but the maximum values of 5 turns out be smaller than those for the
outer magnetic surface.

Conclusions. It has been shown through numerical calculations that the pseudosym-

metry condition itself is not sufficient for good particle confinement. A new penalty

function based on the condition of closure of the J|| contours was introduced to the

optimisation procedure. As a result of the optimisation, a configuration was found in

which almost all a-particles born near the magnetic axis are confined. It was demon-

strated that good collisionless particle confinement is possible in configurations far from

omnigeneity.
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Fig.1. Optimisation of initial configuration to pseudosymmetry. Behaviour of lines B=const on the near
boundary magnetic surface s=0.9 for initial (lefi) and optimised to PS (right) configurations.
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Fig. 2. Contours J, = const for initial and optimal configurations. The worst from the viewpoint
of confinement pitch angle is considered.
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Abstract

For the precise analysis of toroidal confinement systems, the Toroidal Transport Analysis
Code “TOTAL” has been developed and applied to the Large Helical Device (LHD) plasmas
and related reactor systems. The new LHD confinement scaling law is derived, which can
extrapolate the present data to the reactor regime without confinement improvement.

Slow Relaxation oscillations called “breathing” have been analyzed using the TOTAL
code and the physics simulation modeling with impurity sputtering process. The slight
change in transport coefficient during oscillation is experimentally found, and roles of
high-Z and low-Z impurities are clarified. The breathing waveform and the oscillation period
are reproduced depending on plasma density by this modeling.

1. Introduction

Plasma confinement and related impurity behaviors are keys to getting high temperature
plasmas and starting reactor plasma operations. In the Large Helical Device (LHD) the
confinement times higher than the conventional scaling laws are achieved, which makes it
possible to extrapolate the present database to the reactor regime [1]. So-called “breathing”
phenomena [2,3] are found in LHD as a result of impurity dynamics. For the explanation and
prediction of LHD and reactor plasma confinement, precise transport analysis is required. In

this paper, “breathing” plasma analysis and reactor plasma projections are carried out.

2. LHD Transport Analysis Using TOTAL Code
2-1 TOTAL Code Development

For predictive simulation and experimental analysis of toroidal plasmas, a simulation
code TOTAL (Toroidal Transport Analysis Linkage) has been developed as an extension of
HSTR code [5]. This consists of a 3-dimensional equilibrium with ohmic and bootstrap
currents and a 1-dimensional transport with neoclassical loss determined by ambipolar radial

electric field as well as anomalous transport (empirical or drift turbulence theory).
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2-2 Global Confinement Scaling and Reactor Plasma Projection

NBI-heated plasmas on LHD are analyzed using the TOTAL code. Different from the
previous scaling laws, a new global confinement scaling law (New LHD scaling) by

regression analysis has been obtained [1] based on heliotron-type experiments:

— -0.58— 0.51 1.01 p0.64 2.5

Units used here are ¢ ,(s), P(MW), 7, (10"m™), B(T), R(m), a(m), respectively. This scaling
law suggested the strong gyro-Bohm like feature, which is different from previous scaling
laws. This feature is also verified by local transport analysis near the edge region. Using this
scaling low, Modular Heliotron Reactor plasma [1] can be predicted without confinement

improvement.

2-3 Impurity Transport Analysis Using TOTAL Code

Consideration of the transport of impurities and their influence on plasma performance is
one of important elements in a consistent predictive modeling. In particular, the development
of “breathing” oscillations in LHD [2,3] gives an interesting example of impurity effects in
helical devices.

The impurity dynamics is calculated using measured electron temperature and electron
density. Figure 1 shows the breathing oscillation of measure input profiles and calculated
radial electric field, radiation power and effective Z values. The initial total impurity density
was assumed by the
percentage of main plasma
density. Here the recycling
rates of all impurity ions
are assumed to be unity. In
this  analysis,  carbon,
oxygen, and iron densities
are assumed as 1%, 1% and
0.2 %, respectively. Their
initial profiles are

determined using coronal

equilibrium model, and the

Fig. I Transport analysis on LHD plasma.
Upper raw: experimental data (n, and T,),
charge-state impurity ions Lower raw: analyzed output (E,, P4 and Z.y)

time-variation of each
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is dynamically solved by the rate equation of each charge-state and the diffusion equation
with the transport coefficient D of 1 nf/s and without the inward flow (v = 0 m/s). The
ambipolar electric field calculated from bulk plasma is negative (ion root), which contradicts
with experimental observations. For precise determination of electric field, we might include
impurity effects on the ambipolar flux calculation The radiation profile has two peaks
(central and near edge) corresponding to iron and low-Z (carbon and oxygen) impurities,
which qualitatively agrees with experimental data.
Typical radial profiles of effective thermal diffusivity are shown in Fig. 2.
d(T, +T)

dr

dWP
Cor = ~Qpr + Qs — 7 ) (n )

In higher density, detached small plasma and low-Z impurity radiation dominant phase, the
thermal diffusivity is rather low. On the other hand, in the temperature increase, low
radiation and larger attached plasma phase, the diffusivity is slightly high. This transport

change might also contribute to the appearance of periodic relaxation oscillations.
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Fig.2 Breathing plasma waveforms and effective thermal diffusivity

3. Physics Modeling on Impurity-Induced Relaxation Oscillation in LHD

In discharges where the plasma touched wall elements of iron, an increase of the
electron density in excess of a critical level led to slow with a period of a second oscillations
in diverse plasma parameters, e.g., central and edge plasma temperature, integrated radiation
losses and intensities of selected spectral lines, line averaged density, etc. A physical picture
of this phenomenon proposed recently [5] implies the importance of radiation from both Fe

ions in the plasma core and light impurities of C and O at the edge. In phases with a hot edge
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the sputtered iron particles penetrate into the plasma core and increase the central radiation
losses. This leads to reduction of the heat outflow to the edge and detachment due to
radiation of C and O. As aresult the ironsputtering source disappears and Fe ions diffuse
out of the plasma. The growing heat flow to the edge causes its reattachment.

With an ultimate goal to perform a self-consistent 1-D time-dependent modeling of
“breathing” oscillations by the code TOTAL this has been first run in its interpretive option
to reconstruct the behavior of transport coefficients. The results for the effective heat
conductivity are shown in Fig.2. A modeling of Fe ion transport gives a diffusivity of
0.15-0.25 nf/s in agreement with that obtained by the code MIST H]. These coefficients
have been used in a simple numerical model elaborated to check the mechanism of
"breathing" proposed in Ref.[5]. The model includes a heat balance for the plasma edge and
core, the balance of the main particles and a 1-D time dependent description of the total
density of Fe ions with a self-consistently computed source of iron neutrals due to physical
sputtering of the divertor. As a result the time evolution of the plasma temperature at the last

closed magnetic surface and at the device axis,

T

of the line averaged density, total radiation
losses and luminosity of light impurities can be
simulated. Figure 3 shows an example of such
calculations for an NBI power of IMW. These
results are in agreement with measurements
including peculiarities of their time phasing.
The observed increase of the oscillation

frequency with plasma density n can be

reproduced firmly in computations if one

L5 50 T

assumes that the impurity diffusivity varies

proportionally to n as it is predicted by Fig.3 Results of Numerical Modeling
neoclassical theory.

References

[1] K. Yamazaki et al., 18" IAEA Fusion Energy Conference (Sorrento, Italy, 2000) FTP2/12
[2] Y. Takeiri et al., Plasma Phys. Control. Fusion 42 (2000) 147.

[3] B.J. Peterson et al., Nucl. Fusion 41 (2001) 519.

[4] K. Yamazaki and T. Amano, Nucl. Fusion 32, 633 (1992).

[5] M.Z. Tokar et al., Physics of Plasmas 7 (2000) 4357.



