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INTRODUCTION The TCV tokamak
(B1<1.5 T, R~0.89 m, a<0.25 m, [ <1.2 MA)
has produced a wide variety of plasma
configurations, both limited and diverted,
with elongations, k in the range 0.9 — 2.58
and triangularities, 8 from -0.7 — 1.0. A few
recently produced plasma equilibria are
shown in Fig.1. Three gyrotrons at 82.7 GHz
and 0.5 MW each are presently installed and
have been used in the second harmonic X- |G’  Sed” Qe | '_ e o
mode (X2) for the ECH and ECCD [ =146 '« =135 & =5 =16 Kk, =125
experiments described in this paper. These Pa=-0.45 3 =05 8,=0.5
sources are capable of a pulse length of 2 s, [p~ %A & KA 1 .=290kA 1y = 80kA
with the microwaves being delivered to the - 12,1.0s #1
plasma by poloidally and toroidally
steerable mirror systems for flexible power
deposition and current drive. The
implementation of another six gyrotrons (a
further three for X2 and three for X3 at 118
GHz) is in progress. The in-vessel graphite
armour has recently been upgraded for high
power ECH experiments, with new tiles on
the central column and low-field-side wall
of the vacuum vessel providing almost 90%
internal surface coverage.

TOKAMAK OPERATION AT HIGH
ELONGATION Elongations up to 2.2 in Figure 1: Illlustrating the flexibility of TCV for plasma
single null (SN) divertor configurations and shape  experiments. The equilibria above are
up to 2.58 in limited plasmas have been representative of the range of shapes used in the
obtained on TCV. The highest elongations aperimenis dexarioed s pope.

(x>2.2) are only possible for qy5<3 and require the use of fast feedback coils inside the vessel.
They correspond to stability margins mg>0.08 (computed using a variant of the rigid current
distribution model) and growth rates up to 2000 s*![1]. Crossing q¢s=3 during discharge
formation is not observed to be associated with increased disruptivity provided that a modest

(#14388,1.0s #14443 0.8 #15005,1.0s #15131,1.08)

Ka Ka=16 k=22 K,=15 K,=19
Bi=08 . Cm0E  Ble0f Be0d S a5
bF:MSkA I, = 380kA I, = 350KA L, = 125kA I,,==zsukA




1.25 , ! : : - amount of shaping is already present (typically
k=1.4,6=0.3 [2]).

| A series of SN diverted discharges with
1.65k<2.2, 2.5<qys<3.5 and & > 0.45 has been
{ developed with the goal of assessing their
confinement properties. For ohmic heating
A\l | alone and sufficiently high values of plasma
( \ Limited A current and density, these discharges undergo
I I“@ SNL — ) | H-mode transitions [3]. The latter are invariably
z followed by ELM-free H-modes (especially for
favourable ion VB drift direction), rapidly
M2 14 1s s 20 22 terminated by a disruption. Confinement data in
_ Elongation _ stationary conditions are therefore available
F:gure. 2:  Electron ‘energy .conﬁnemem time only in ohmic L-mode, as shown for the
z(_)rmakz'?d to RLW scaling for highly elongated SNL ' o140t in Fig, 2. In comparison with limited
ischarges compared with limited equilibria of diardy th el :
similar triangularity (ohmic L-mode only). Open IepTEes, WD WIS GCary 1 major
symbols, gg5>3, closed symbols, ggs<3. differences in confinement time at high
elongation and low qg5 in SN equlibria.

DIVERTOR DETACHMENT Despite its small size, the possibility for plasma shape
variation in TCV permits the creation of magnetic equilibria allowing the detached divertor
state to be accessed, even in completely open geometries [4]. Long midplane to target
connection lengths, L, can be generated in SN configurations with the interesting feature that
most of L. appears in the poloidal
distance between X-point and target and
not between midplane and X-point as in
more conventional geometries. Two
examples are shown in Fig. 3 where, for
fixed plasma current, the X- pomt height
is varied for fixed main plasma
parameters, reducing L, near the
separatrix from 20 m to 13 m, of which
only =5 m 1is above the X-point.
Detachment at the outer target is clearly
seen in both cases (reduction of ion
current, j,,) with simultaneous increase in '
divertor D, intensity. For higher L., 201 M

detachment occurs at lower densities and  { 'oe - i M
the absolute particle flux is lower than for #15521 * Time[s] '
shorter connection length. In each case, Figure 3: Identical ohmic density ramp discharges for two
the electron temperature in the divertor equilibria with varying X-point height and :}m.s connection
reaches low values (=5 V) at detachment length. Both have radiation fractions approaching 75% and

; : A . low Z,at the highest densities. I, = 340 kA i h 3
and, at high L, the divertor is already in ¢ "¢ MERET AENSIMES. 5 IR
the high recycling regime, even when n, is low at the start of the discharge.

H-MODE TRANSITIONS WITH ECRH Below a density of n, = 3. 5x10'" m3 for the ion
VB drift direction towards the X-point and elongation in the range 1.5<k<2, ohmic H-mode
transitions are not obtained in TCV. Recent ex%erlments [3] using ECRH (for which cut-off
occurs at a local densny of i, = 4.3x10" m™) have shown that this threshold density is
significantly reduced in the presence of heating. Figure 4 shows that transitions do not occur
for o, < 2.5x10 ' m3 with the 1.5 MW of power currently available. No systematic
dependence of threshold power, Py, on elongation has been observed in these preliminary
experiments. In ECH plasmas, Py, increases sharply as the density is reduced, in contrast with
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the scaling (Py,, oc 07 approximately [5]) : N2

generally observed with heating systems - hreshold n, fo

other than ECRH. The decoupling of the £ - | \ECRH H-mode 19

ion population from the electrons at low = 4 : :

density and high electron temperature may & - hreshold n, for

be the cause of this behaviour. g 0.8r "Qig": § =

ECCD EXPERIMENTS The ability to 3 ol S| ™ |2F

change both the poloidal (real time) and § . '”:* I{Eh &)

) ? Z o 5

toroidal (between discharges) angles at < 04r | (7 P

which ECH power is injected permits a £ : . .

wide variety of experiments aimed at & %% :

investigating both pure ECRH and ECCD. ML ; : : : 15
2 25 3 35 4 45 5

In one such study, the toroidal launching ‘ _
angle, ¢, has been varied from -35° to Line average density [10"m~]
+35° with a total of 1.5 MW of power Figure 4: P(?wer at the L-H :ransitign Jfor ohmi.c and ECR
being injected near the plasma center (the ﬁeared SN diverted plasmas cfrf varj.)mg elonga@n and the
0° case correspon ding to pure ECH). 2{1;}?( drift Jf)j.vards the X-point. ¥: Q—H transitions,

: ! L-f1 transitions
Figure 5 shows the ¢ dependence of the
fast-electron bremsstrahlung emission from the plasma centre in the photon energy range
40<E;;<50 keV measured using a multichannel hard X-ray camera on loan from the Tore Supra
tokamak [6]. For ¢ ~ 0°, there is no measurable suprathermal population and the photon energy
spectra are consistent with a Maxwellian distribution at a temperature close to that measured by
Thomson scattering. During ECCD, photon count rates increase with increasing ¢ in both co-
and counter-ECCD directions. The highest values of T, ever measured on TCV (T,y=11 keV)
[7] were obtained with counter-ECCD at ¢ = -7° and -14°, for which electron energy
confinement times up to twice RLW are obtained, indicating that improved confinement
related to shear modification is occurring in the plasma centre under these conditions.

As also shown in Fig. 5, the highest current drive
efficiencies have been measured for ¢ = +35°.
Under these conditions, stationary, full current
replacement has been achieved, sustaining nearly
125 kA for 1.9 s, limited only by the gyrotron
pulse length [8]. Figure 6 shows how the ohmic
transformer current reaches a constant value
almost immediately after switch-on of 1.5 MW
of co-ECCD yielding a current drive efficiency
of Ycpao # 0.01 AW m2 for ngy = 1.5x10' m=,
Tep = 3.5 keV and R = 0.88 m. Although full
non-inductive current drive occurs rapidly after
the application of heating, the time variation of
the plasma inductance and elongation included in
Fig. 6 demonstrates that the current profile

x10°

e

Photon counts [s]

A coECeD |
30 20 -0 "0 20 30
Toroidal launching angle [degrees]

| CNT-ECCD

-40

40

Figure 5: Toroidal angle variation of the hard X-

ray emission from the plasma centre in the energy
range 40-50 keV during a shot-to-shot angle scan
at constant [, = 170 kA, & 1.3, 86 = 0.3 and
ng=2-2.5%100 m'3.

requires about 500 ms to relax. These stationary
conditions are obtained only if the power
deposition of the three available sources is
distributed carefully over the minor radius,

leading to broader current and pressure profiles
and avoiding the generation of MHD modes. The latter are at the origin of disruptions in
alternative scenarios in which on-axis co-ECCD of all three sources produces higher current
drive efficiencies at the expense of very peaked profiles and susbsequent rapid loss of
confinement. A number of experiments have also been performed demonstrating that even in



the case of pure ECH, sweeping the power 140
deposition location off-axis can have considerable 120 e N
effect on MHD activity, notably sawtooth periods 100 / H - 15 MW Co-ECCD \
and amplitudes [9]. This is a result of local heat ' )
deposition and finite current drive components due 15}

to a non-zero projection of the parallel wave vector — 14f S
onto the local field when moving off-axis. The
degree to which sawteeth behaviour is modified :
depends on the direction of this current drive, itself o5\~ /
dependent on the toroidal field direction and ;
deposition location (above or below the magnetic 757 [ ™ =~ =
axis). With increasing central ECH power 155
deposition,  positive triangularity and low
elongation have a stabilising effect on sawteeth - :
leading to longer sawtooth periods and higher crash ~ 1:2[\ /e
amplitudes, in qualitative agreement with the effect 1 o5 - i s 24
of triangularity on Mercier and resistive MHD ' Time [s] '
stability [10]. High x or negative & would therefore Figure 6: Steady-state, full plasma current
appear to be attractive for the reduction of heat replacement for 1.9 s with 1.5 MW of co-ECCD
pulses and seed islands which can follow high dfsznbutez.f over the minor radius in a limited
power sawtooth crashes. There is also evidence for P/@ma with8=0.3 and I, = 125 k4.

a marginal increase in electron energy confinement time with negative triangularity at
absorbed ECH powers of up to 1.4 MW [10].

CONCLUSIONS The traditional capacity of TCV for creation of a wide range of plasma
shapes has led to a large database of equilibria showing that, for stability margins of current
interest, there should be no difficulty with plasma control using external coils only. In addition,
at least in L-mode, SN discharges with k>2 and low qqs appear to have similar confinement to
limited equilibria at lower elongation. Divertor detachment is now regularly obtained in TCV
and its characteristics are being studied, in particular with respect to variable and extremely
open magnetic geometries. With the addition of the first third of an eventual 4.5 MW of ECH,
important new ECRH and ECCD studies are now being pursued. The high degree of flexibility
in toroidal and poloidal launching position and high power density has revealed interesting
features in the plasma response to off-axis deposition, yielded new results regarding the
characteristics of ECCD at high toroidal angles and produced the highest electron temperatures
so far observed in TCV (T, > 10 keV). Steady-state, full current replacement of 125 kA has been
demonstrated for 1.9 s using co-ECCD distributed over the minor radius. This corresponds to
more than 400 energy confinement times and 4 current diffusion times.
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INTRODUCTION

The use of electron cyclotron waves for plasma heating (ECH) and non-inductive current drive
(ECCD) has the advantage of local power deposition determined by the location of a resonance
layer in the plasma and the orientation of the microwave beams. Localized deposition of heat-
ing power can be used as a means to modify the shape of temperature and pressure profiles and
their gradients with substantial consequences on the current distribution as well as on heat and
particle transport. Local non-inductive generation of current provides a tool to optimize the
shape of the g-profile with the aim of reaching regimes of improved confinement.

Depending on the exact location of the power deposition with respect to the rational g-surfaces
of the plasma (in particular q=1), different types of sawtooth oscillations have been observed
on the signals from soft X-ray emission. These lead to transient perturbations in the millisec-
ond time scale of the electron temperature (T,) and density (n.) profiles. In the following, mea-

surements by Thomson scattering are used to investigate these characteristic changes in the
spatial and temporal variation of T, and n, during different scenarios of EC-heating and EC-
current drive.

THE THOMSON SCATTERING SYSTEM ON TCV

Using a laser beam, which passes the TCV vessel in vertical direction at the position of its major
radius, and 35 viewing chords distributed on 3 horizontal ports, the system provides
measurements of T, and n,, profiles with a spatial resolution of about 40mm along the laser beam
and 3mm in toroidal and radial directions. Recently the system has been upgraded and now
comprises 3 high-power Nd:YAG lasers. By combining the beams of these lasers in a fan and
focusing them to a common spot inside the plasma, the system permits us to measure profiles at
sampling intervals which can be varied via delayed triggering of the individual lasers. The
minimum time interval between laser pulses is 0.4ms, limited by the data acquisition system.

T¢ AND n, PROFILES DURING ECH AND ECCD

Apart from sweeps in the direction of the microwave beams or variations of the toroidal
magnetic field strength, the location of power deposition in TCV can also be changed by
moving the plasma in the vertical direction during a shot. This method has been used in the cases
presented here, in order to investigate the effects of central or off-axis power deposition. The
parameters of the plasma and the heating system were the following :

I,=170KA, line-integrated n, > 1.10°m™2, qoyq.= 4.4, k = 1.25, Pgc = 1.5 MW (3 beams),
82.7GHz (second harmonic), X-mode.
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Fig. 1 T, -profiles measured by Thomson scattering for different conditions of EC-heating and -current drive
total injected power using 3 beams : P;,; =1.5MW
a) ECH (inject. at 0°); b) co-ECCD (inject. at +14°); ¢) entr-ECCD (inject. at -14°)
top row : power deposition on-axis; bottom row : off-axis (near g=1 surface).
The fitted curves (in red) assume constant T, on flux surfaces.
The T, -profiles of an ohmically heated plasma with the same parameters are given for reference
(curves in green, labeled by * ). The dashed vertical line marks the z-position of the magnetic axis.

The power deposition in the centre and near the g=1 surface (off-axis), respectively, is confirmed
by calculations using the TORAY code, which predicts full absorption in both cases.

In the case of perpendicalur injection (EC, fig. 1a), the T, and n,, profiles measured by Thomson
scattering at different time steps during the two phases show a clear trend : high central
temperatures and peaked profiles for central power deposition and a significant broadening of
the profiles in the off-axis phase. This can be quantified by a variation of the profile peaking
factor (defined as T,(0) / To(avg) ), which drops from about 6 to values below 4. The region of
central heating is delimited by sharp gradients in the vicinity of the location of the q=1 surface.
During the phase with off-axis deposition local minima and side lobes appear on the profiles.
These structures vary with time and seem to be located close to the q=1 surface, which suggests
the presence of islands. Compared to the very pronounced changes of the T, profiles, there is
only little change in the n, profiles, which remain fairly flat (peaking factor around 1.7).

In a similar scenario and starting from the same target plasma, two cases of non-inductive cur-
rent drive (ECCD) have been investigated (figs 1b,c). In the first case, the toroidal angle (14°)
was adjusted to produce current drive in the co-direction, whereas the second case refers to a
counter-orientation.

For co-injection aiming at the plasma centre, there still is significant heating and peaked T,-

profiles are observed with the central value reaching that of the pure heating case (T,(0)> SkeV,
see fig. 1b). The phase with off-axis deposition is again characterized by lower central temper-



atures and smaller peaking factors. The density profiles do not show any significant change
(peaking factors varying around 1.5).

It is regularly observed on TCV that launching conditions with counter injection lead to the
highest central electron temperatures. For the case shown in fig. lc, the central T, reaches 10 to
12keV during the phase with on-axis power deposition. This results in extremly peaked T,-
profiles and an electron energy content close to 6kJ . Again, during the phase with off-axis
deposition the central temperature is lower and hardly exceeds the ohmic reference value by
more than a factor of 2. During this phase slightly hollow T,-profiles have also been observed.
The behaviour of the electron density is similar to the case with co-ECCD.

Table 1 summarizes the results of these measurements.

Table 1:
TCV-shot type on axis off axis
y Te(0) | T,-prof. W, T(0) | T,-prof. W,
[keV] peaking [kJ] [keV] peaking [kJ]
157833 ECH, £0° 5-6 6-7 45-5 [22-27 3-4 3.0-32
15’854 ECCD-co, +14° 5-6 7-8 4-5 2-3 3-4 3-4
15°855 ECCD-cntr, -14° 8-12 9-11 5-64 2-3 3-35 | 35-45

INFLUENCE OF SAWTOOTHING ACTIVITIES ON T, AND n, PROFILES

Under conditions of local deposition of auxiliary heating power, which is typical for EC-heat-
ing and EC-current drive experiments, the appearance of the sawtooth oscillations changes sig-
nificantly [1]. Apart from the ordinary triangular shaped sawteeth the oscillations can take the
form of saturated or inverted sawteeth or features with a more sinusoidal variation interrupted
by a short crash (so-called “humpbacks”).

Although observation of the soft X-ray emissivity
provides essential information for investigations

of these phenomena, measurements based on 3000——
other diagnostic methods are required for inter- T
pretation. Thomson scattering offers the advan-
tage of local measurements and a clear separation

of the contributions from different plasma param- = "*°[ "™

U
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The data of fig.2 refer to an EC-heated plasma with power deposition inside the q=1 surface

and a prolonged phase of large regular sawteeth
clearly identified as a collapse of the central part
of the T, profile, which in this case reaches an

amplitude of more than l1keV. Variations on the n,

profile are small and within the uncertainty of the
measurement. For comparison with the soft X-ray
emissivity, measured approximately along the
same chord, expected emissivity profiles have
been calculated using T, and n,, data as input (fig.2

bottom right). Integration of these profiles along z
produces a data set, which has been superposed
on the signal of the measured soft X-ray emission
(labeled 1,2,3) to compare the tendency of the
temporal variation.

Due to the recent upgrade of the Thomson scatter-
Ing system, it is now possible to take a series of
measurements within a single sawtooth cycle. Fig.
3 shows a set of profiles measured within a 2ms
time interval before and after a sawtooth crash.
This type of sawteeth has been observed for EC
power deposition close to the q=1 surface. They
are characterized by an unsually large variation of
the central density and fairly rapid reheating after
the crash. At the start of the reheating phase hol-
low profiles have been measured by Thomson
scattering and soft X-ray tomography.

During “humpback”-type relaxation oscillations,
the short crash in the soft X-ray emissivity is fol-
lowed by a rapid recovery (see fig.4). The mea-
surement closest to the crash reveals a clear drop
of the central T,, whereas the density profile
remains almost unaffected. In this particular case,
the rise in the soft X-ray emissivity after the crash
is larger than would be expected from the mea-
sured increase in temperature. However, the T,
profiles during “humpbacks” show fluctuations
which make it difficult to establish a clear trend.

This work was partly supported by the Swiss
National Science Foundation.
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Fig. 1 Geomelry of hard X-ray
camera viewing chords for a typi-
cal EC-heated TCV plasma
(R =88 em, a = 23 cm). The
chords are partially overlapped.

1. Introduction

A multichannel hard X—ray (HXR) diagnostic system de-
veloped for the Tore Supra tokamak [1] has been employed on
the TCV tokamak with the aim of characterising the spectral
and spatial distribution of fast-electron bremsstrahlung emis-
sion during electron cyclotron heating (ECH) and current drive
(ECCD). The system consists of a vertically viewing pinhole
camera equipped with an array of CdTe detectors. CdTe technol-
ogy was chosen for this system in order to satisfy the combined
requirements of good temporal and spatial resolution, of effi-
cient y—ray rejection and of compactness. On TCV, 14 partially
overlapped viewing chords span the entire outer minor radius of
the plasma, with a radial resolution of ~2 cm on the midplane
(Fig. 1). The intrinsic energy resolution is ~5—7 keV. After am-
plification, each signal is distributed to 8 discriminator-counter
chains, generating spectra in the range 10-150 keV. Count rates
up to 1.5x10% s™! can be detected before the onset of pileup.
The time resolution, determined by the requirement of a relative
statistical noise <10%, is in the order of 1-5 ms.

The ECH and ECCD experiments described in this pa-
per have been carried out with up to three 0.5 MW gyrotrons,
operating in X-mode at the second harmonic (82.7 GHz) [2].
The launching mirrors can be independently rotated in both the
poloidal and the toroidal direction, providing great flexibility in
the choice of heating locations and parallel wave numbers. The
HXR camera constitutes a crucial tool for investigating the loca-
tion of the power deposition and the distribution and dynamics of
suprathermal electrons. Initial results are presented in this paper.

2. Suprathermal electron population during ECH and ECCD

The parallel wave number of the electron cyclotron (EC) wave was scanned in a set of simi-
lar discharges by varying the toroidal launching angle ® from -35° to +35° (this angle is defined



at the launcher, the 0° case correspond-
ing to pure ECH). In these discharges
the plasma current was 170 kA, the
toroidal field 1.4 T, the peak density 2—
2.5x10'* cm™3, the plasma elongation
1.3 and the triangularity +0.3. A total
power of 1.5 MW was injected near the
plasma center.

The intensity of hard X-ray brems-
strahlung emission increases with |®|,
in both the co- and counter-ECCD di-
rections (Fig. 2). In the co-ECCD case
the current-drive efficiency has also
been found to increase with @, and the
largest non-inductive currents in TCV
to date have been generated at the max-
imum toroidal angle explored in this
scan (35°). This is somewhat in con-
trast with code predictions, which have
generally placed the optimum angle be-

& 10 =

x 10
I

St |
. |
Tw |
% ol |
g |
3 4t |
o
S |
2 |
a®) 2t |

CNT-ECCD ' CO-ECCD
0 i "
40 -20 0 20 40

Toroidal launching angle (degrees)

Fig. 2 Hard X-ray emission from the plasma center in the
range 40-50keV as a function of the toroidal launching angle,
at constant current, density and plasma shape (central heat-
ing, 1.5 MW).

tween 25 and 30° [3]. This scan has proven fruitful also in allowing us to identify a range of
angles (5-15°) in the counter-ECCD direction in which very high central electron temperatures

(up to ~10 keV) are obtained.

In the pure ECH case the shape of the measured spectrum is consistent with the emission
from a Maxwellian plasma of temperature equal to that measured by the Thomson scattering

diagnostic; this comparison can be

quantified by calculating an effec-

£X tive photon temperature through an
exponential fit to the spectrum: an
6f example is shown in Fig. 3. Rough
analytical estimates of the expected
3 absolute photon emission from a
% il Maxwellian plasma are also in good

e agreement with the measurement.
=3} In the ECCD cases, not only
is the intensity considerably higher
2t than in the ECH case at all energies,
C LT (Th : but the effective photon temperature
Lr entral 1. (1homson is typically in the range from 20 to
O Tirom fitto HXR spectruim 60 ieV (sge Fig. 4), cg;early reveal-
00 0:5 1 1: s ,  ing the presence of a suprathermal
Time (5} ?;Lm the electron velocity distribu-

ion.

Fig. 3 Comparison between central electron temperature mea- o wm
sured by Thomson scattering (solid line) and effective temperature The dissimilarity between the
obtained by a 3-point exponential fit to the hard X-ray spectrum from ECH and ECCD cases, further seen

the plasma center (circles), with 1.5 MW of EC heating (off-axis in in the integrated Spatial profiles in

the middle part of the discharge, on-axis elsewhere).

Fig. 5, is in qualitative agreement
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with numerical simulations carried out with the CQL3D Fokker—Planck code [4]. In the pure
heating case the effect of the EC wave is to increase the temperature of the bulk plasma without
appreciable modification of the shape of the distribution function, owing to rapid thermalisation
of the heated electrons. By contrast, the preferential heating of suprathermal electrons on the
low-field side of the resonance in the ECCD case permits the generation and sustainment of a
non-Maxwellian tail, which carries the non-inductive current.

3. Investigation of fast electron dynamics

Studies of fast electron dynamics in large tokamaks have generally indicated [5,6] that
collisional slowing-down (momentum destruction and pitch-angle scattering) is the dominant
relaxation mechanism, whereas radial
diffusion plays only a secondary role. 10°

In the TCV tokamak the charac-
teristic times for these phenomena are
comparable with the temporal resolu-
tion of the HXR camera. In order
to study the response and relaxation
phenomena in detail, we have carried
out an experiment with modulated EC
power. Under stable plasma condi-
tions, the excellent repeatability and

10°}

O CO-ECCD

Emissivity (keV/s/keV)

4 X CNT-ECCD
localisation of EC-wave—plasma cou- 10 -T B Sy ® ECH
pling have allowed a substantial en- co '
hancement of the effective time resolu- Tent=51.2 keV
tion. (down to ~300 ps) through sum- Teey= 5.1 keV
mation of the photon counts over mul- 10° : : :
tiple modulation periods. The modula- 0 20 40 60

Energy (keV)
Fig. 4 Central hard X-ray emissivity for similar shots with co-
ECCD (® = 2]°), counter-ECCD (® = 21°), and pure ECH,
respectively (central heating, 1.5 MW). In the exponential fits
in the ECCD cases the lowest energy point was ignored, as it is
influenced by the bulk Maxwellian distribution.

x 10’

31| © CO-ECCD
X CNT-ECCD
® ECH

tion period must of course be a multiple of the sam-
pling interval for the HXR diagnostic. In the ex-
ample shown in Fig. 6, | MW of ECCD power
was modulated at 100% with a period of 9.36 ms;
the HXR sampling time was 585 ys and the counts
were then summed over 10 periods. The resulting
signal 1s shown in Fig. 6 for a central chord and
four different energy levels. The relaxation dynam-
ics at turn-on and turn-off are clearly adequately re-
solved.

Emissivity (cm~2sterad~'s™1)

5 10 15
Chord number
Fig. 5 Spatial profiles of line-integrated hard
X-ray emissivity (24-32 keV), for the same con-
ditions as in Fig. 4. The chords are numbered

Sfrom the plasma edge to the center, with a ra-
dial separation of ~2 cm.

To extract the essential physics of the supra-
thermal electron dynamics, we have employed a
simple model consisting of a source (the localised
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Fig. 6 Hard X-ray emission from the plasma center, for four different en-

ergies, and EC power vs. time (central co-ECCD, & = 2]°). The photon

counts are summed over 10 successive EC modulation periods.
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EC power), a Krook collision
operator, and a radial diffusiv-
ity. The characteristic times
are varied to simulate the time
history of the experimental
HXR emissivity. In a pre-
liminary comparison, we have
found that satisfactory agree-
ment is obtained only when
the collisional term is domi-
nant, with characteristic relax-
ation times of the order of 1-3
ms: these values are consistent
with the collisional slowing-
down time for the energy range
under consideration.

Under these conditions,
the spatial distribution of the
HXR emissivity can be taken
as a good measure of the EC
power deposition profile.
More detailed studies are cur-
rently in progress. Compar-
isons between the experimen-
tal local (Abel-inverted) emis-
sivity profile and the power de-
position profile calculated by
ray tracing are also underway.
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1. Analytical examples of 3D toroidal magnetic fields. Analytic 3D plasma equi-
librium configurations with the current density j = AB, ) = constant can be obtained
as a superposition of several 2D magnetic fields with one coordinate of symmetry (planar,
axial or helical). Each of them is given by the following "mixed” representation of the

magnetic field:
2rB=VV¥ xb+ Fb, F=F(¥) (1)

where for specific force free configurations F' = \¥, the base vector b and the exact
solution ¥ of the corresponding Grad-Shafranov equation are known.

In particular, for axisymmetric force-free configurations, B = B, (r,2),b = b,y = V¢,
the following partial solution can be obtained for the poloidal flux function ¥ = U, :

\Ilam(r, Z) = T.]l (/\27') cos(/\lz), /\% + /\g = /\2. (2)

The up-down symmetric system of isolines of the function (2) has a set of ” o-points”
(magnetic axes) in equatorial planes A\;z = 0, &7, £2, ... with 7 satisfying Jo(Ao7) = 0.
The elongation of the magnetic surfaces near the axes is E = |Ay/)1|. An example of the
axisymmetric configurations generated by (2) for the values A = 0.95, \; = ), is presented
in Fig. 1. For this equilibrium the safety factor g decreases from gy = 0.58 at the magnetic
axis with a resonant surface ¢ = 0.5 somewhere inside.

More complex combinations of the exact solutions allow to model more sophisticated
configurations including, for instance, doublets. Fig. 2 demonstrates such an example
corresponding to the following ¥, function

Voo (7, 2) = rJi(Aar) cos(A12) — 0.67J1(AgeT) sin( Ay, 2) (3)
with the same )\ = 095, /\1 = /\2 and )\23 = 1.2)\2, /\% -+ )\% = /\%s + /\%s = /\2.
: N ] AN~
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Fig. 1 Magnetic surfaces for an azisym- Fig. 2 Magnetic surfaces for an azisym-
metric analytic equilibrium from . Eq. metric analytic equilibrium with a ”fig-

(2). ure eight” separatriz from Eq. (3).
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2. Scalar function model for 3D MHD equilibrium. The same representation
(1) of the magnetic field as in a symmetric case was proposed earlier [1] as a basis for the
description of three-dimensional MHD equilibria with ”good” (but not necessary nested)
magnetic surfaces. The model includes the equations corresponding to basic properties
of magnetic field divB =0,B-V¥ =0, div(B x V¥) =0, and the following 3D
W-equation

div (*V¥) + rotb-b x V¥ = Fb- rotb — 27j-b (5)

with a few possible variants for the representation of the current projection term j- b
taking into account the force balance equation Vp = j x B, p = p(¥). In the general
case, this term can be represented as follows

21j - b = 4n%p’ + B*F(F' + o), (6)

the function « satisfies the magnetic differential equation: B - Va = 2rp'q - V(In B?),
q = b/b%. In the particular case of force free equilibria considered, the term j - b in (5)
takes the form 27j - b = \b?F.

3. Numerical experiments for force free equilibria. The determination of the
magnetic flux function given a known magnetic field can be considered as a step in a 3D
equilibrium solution. A formulation and numerical solution of this problem is a nontrivial
task especially in the case with islands. Moreover in this case, it is not obvious what
magnetic flux could be used for the magnetic field description. In a more general formu-
lation, any scalar function ¥ satisfying the condition B - V¥ = 0 (label function) can be
searched for. Together with an arbitrary choice of the function F (V) allowed, it leads to
a violation of the closure condition for the base vector b that was assumed originally [1].

Equation (5) can naturally be considered as an equation for the label function ¥
assuming that the base vector b that satisfies the basic properties of the magnetic field is
known (exactly or approximately). Corresponding numerical experiments were performed
for the force free equilibrium magnetic fields described above.

In all computations, the base vector field b was assumed to be prescribed inside the
computational domain. When the magnetic field B and some approximate label function
Wy are known, then the vector b can be found from the following representation

B x V¥, + FB
S TATES R )

which is equivalent to (1) if b- V¥, = 0. Different label functions ¥, and the same
function F = constant = 1 were mostly used in the experiments undertaken. The scalar
label function ¥ can represent magnetic surfaces with its isosurfaces only if |[V¥| = 0 at
the island magnetic axis (similar to the helical flux function). So the input label function
with a small gradient at the position of the magnetic island was specified.

The following choices of input function were used in experiments gradually approaching
the exact island structure:

— helical flux extrapolated from an axisymmetric configuration;

~ helical flux taken from the VMEC approximation with nested surfaces;

— the VMEC helical flux modulated with a simple analytic 3D function to produce an
island structure in Wo;

— a "hand-made” label function produced with magnetic field line tracing on a finite
grid.

The force-free 3D configuration with a big m/n = 1/2 island (Fig. 3) was mostly used
for modeling. ,

All these 3D calculations demonstrate a more or less strong "sausage” effect: one
(or several, in general) local extrema of the solution (with spherical isosurface topology
instead of toroidal one) appear in place of a magnetic island.

The most adequate result was obtained in the last approach mentioned when the
input label function was directly generated in the process of magnetic field line tracing
(the ”hand made” label). Fig. 5 presents the result of the use of this approach to provide
the input label for the U-equation. The solution isosurfaces look in this case rather close to
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Helically symmetric magnetic fields B¢ with the current density j = AB are described
by the representation (1) with b = by = (—n/kVz + r2V¢)/(n?/k? +r?), k = n,/R,
where 27 R is a helicity period length, n and n, are helicity numbers in ¢ and z directions
respectively. The solution of the corresponding Grad-Shafranov type equation ¥ = ¥,
is a function of r and ¢ = n¢ + kz. One of the partial solutions is the following function

1 , nA 72 a2l
\Ijhel(r7 C) ( Ik2 _ A2|TIn(y) + k(k2 _ Az)‘[ﬂ(y) COS C’ y Ik >\ Ir (4)
when &% > X2. For the case of opposite inequality, the modified Bessel function I,, in (4)
should be replaced by J,. The function (4) was used for testing the PIES code [2].

Due to the linear character of the problem considered, any linear combination of the
magnetic fields B,;, Bpe with the same value of )\ is also an equilibrium field. A lot of
three-dimensional configurations can be generated in this way. By means of magnetic
field line tracing one can easily examine 3D effects on the topology of magnetic surfaces.

For example, adding a small amount of B to By, leads to three-dimensional config-
urations with closed surfaces: B3pior = Baz + WretBhel-

Fig. 3 demonstrates the results of such a superposition of the magnetic field shown
in Fig. 1 and a By corresponding to the flux function (4) with a weight coefficient
Whet = 0.008 and R = 1,n = —1,n, = 1. The cross-sections at several toroidal angle
values show the 1/2 island generated on the resonant surface ¢ = 0.5. No evidence of field
line stochastization was found in the region considered.

! [ /4
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Fig. 8 Poincaré plot
Y — of the 3D toroidal magnetic field
: al "\ / generated by a helical perturbation
; . K : of the azisymmetric configuration
M Ao zn Fig. 1. The toroidal cross sec-
» Tl \\ tions ¢ = 0,7/4,7/2, 37r/4,7r and
s s 4 s B T ErTaa—— a zoom of the cross section ¢ =0

near the z-point are shown.

The 3D effect of stochastization of a
: ' ' ' ' ' ”figure-eight” axisymmetric separatrix is
presented in Fig. 4. This is a result of
adding Bpy with wpe = 0.00005,n/n, =
—1/1 to the "doublet” magnetic field from
Fig. 2.
The configurations presented can be
used as nontrivial tests for 3D equilibrium
codes.

Fig. 4 Poincaré plot of the 8D toroidal mag-
netic field generated by a helical perturbation
‘ of the azisymmetric configuration in Fig. 2.
4 s 0 0 2 s 18 The toroidal cross section ¢ = 0 is shown.
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the exact magnetic surfaces (Fig. 3). The result can be considered as a consistency check
for the numerical technique applied and shows that the solution of the 3D W-equation
can in principle reproduce the magnetic surface label sufficiently close to the exact one.
Moreover the numerical procedure tolerates input label functions that may not necessary
be very smooth.

Fig. 5 Isosurfaces of the
numerical solution for

U-equation (5) when a "hand
made” label function is used
t 2 3 4 5 t 2 3 4 5 12 3 4 5 as the initial one. The
isosurfaces (their distribution
in the wvicinity of the is-
land and the main magnetic
20 A\ azis 15 varied for the sake
! ] of clarity) are shown at the
toroidal cross sections ¢ =

' Lol 0,7/4,7/2,31/4, 7. The solu-
- 05 tion values at the ¢ = 0 equa-
1 2 3 4 s 1 2 3 4 5 o W torial plane are also shown.
0 2 4 6

The procedure for the ”b-vector prescription” /” U-equation solution” can be continued
using the output label function as an input for the next iteration. If such iterations
converge, then the final converged solution ¥ would actually be a label of magnetic
surfaces, i.e. a partial numerical solution of the equation B - V¥ = 0.

It can hardly be expected that such simple iterative process converges. Moreover the
problem of magnetic surface label determination is very ill-posed: it has many solutions
if it has one. Even in an axisymmetric case with a poloidal flux function as input, the
label function keeps changing from iteration to iteration. However the geometry of the
label function level lines does not change considerably. The situation gets worse in the
case with islands when incorrect ”sausage” topology isosurfaces appear.

One of the possible ways to make the problem well-posed is to prescribe an additional
flux function which should effectively fix the label function distribution over the magnetic
surfaces. In the case of nested flux surfaces, this could be a fixed label function distribu-
tion along any ray emerging out of the magnetic axis.

4. Discussion. The correct formulation of the magnetic surface label determination
problem is needed in the general case. This is connected with a large freedom in the mag-
netic field representation if no closure condition is applied to the base vector b. Provided
with such a formulation, the procedure for magnetic surface label determination in cases
with islands can be developed. This procedure is useful by itself as it can provide selective
magnetic island mapping with possible regularization for equilibrium magnetic fields. It
can be an essential step for the self-consistent 3D equilibrium problem formulation on the
basis of scalar functions.
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INTRODUCTION

Although sawtooth (ST) instabilities have been observed and studied for many years in all
tokamaks, the understanding of the underlying physical mechanism is still incomplete.
Furthermore, recent experiments have shown that the usual, triangular shaped, Ohmic sawteeth
can exhibit a range of shapes during auxiliary Electron Cyclotron Resonance Heating (ECRH).
Different types of sawtooth shapes have been observed on TCV (Tokamak a Configuration
Variable) with ECRH depending on the plasma and ECRH launching configuration and
parameters [1].

The TCV is currently equipped with 3 second harmonic gyrotrons (82.7GHz, SOOkW each).
Both the poloidal and toroidal mirror angles can be swept for EC heating and non-inductive
current drive. This system, together with the unique ability of TCV to produce a wide variety of
plasma shapes, allows a detailed study of the influence of various heating scenarios on sawteeth.
High temporal resolution is required to resolve the dynamics of the ST collapse phase which, in
TCV plasmas, can be faster than 100us. The TCV soft X-ray tomographic system, which
consists of ten 20 channel pinhole cameras, (47um Be filter), placed in a single poloidal plane,
has been recently upgraded with a fast acquisition system with 13us time resolution. This
diagnostic, together with 4 toroidally equispaced Si photodiodes (50um Be filter, 250kHz time
resolution), is used to monitor the poloidal structure of the soft X-ray emission and to determine
the toroidal mode number (n = 1, 2). MHD activity is also monitored by toroidal and poloidal
arrays of Mirnov coils, with sampling rate up to IMHz.

In this paper, we report observations of non-standard sawtooth behaviour during ECRH obtained
with these high temporal resolution diagnostics. A tentative interpretation of the results is
presented on the basis of a recently developed theoretical model [2].

SAWTOOTH BEHAVIOUR RESPONSE TO ECRH POWER DEPOSITION

The soft X-ray and electron density response to a sweep of the EC injection angle are shown in
Fig. 1. Plasma parameters are: 895 = 0.15, kg5 = 1.28, I, = 192kA, Pgcry = S00kW. The EC
resonance position is moved through the plasma along a vertical direction with a velocity of
3.5cm / 100ms with a constant plasma shape, albeit with a varying resonance incidence angle
and beam width.

The sawtooth shape and period are seen to depend on the sweep position with the longest
sawtooth period obtained with power deposition close to the q = 1 surface. The EC resonance
location is calculate using the TORAY ray tracing code, while the position of the q = 1 surface
is obtained from the TCV magnetic equilibrium reconstruction. A large difference in both the



sawtooth period and shape is observed between heating on the q = 1 surface either above or
below the magnetic axis. This up-down asymmetry can be attributed to the difference in the
local ECRH power density near the q =1 surface caused by the wave beam divergence [3].

Central soft X-ray line integrated signal

Fig.1: TCV Shot# 16061. Top: a) central
line integrated soft X-ray signal, b) saw-
tooth period, c¢) central line integrated
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The time behaviour of the central line integrated electron density n,, (monitored by a 2 mm
single-chord interferometer) strongly depends on the EC resonance position. For injection
angles in the interval [A,B] on Fig. 1.d, corresponding, within experimental uncertainties, to
power deposition inside the ST inversion radius, ”_eo decreases between two subsequent ST
crashes (Fig. 1.1), resulting in central line-integrated soft X-ray traces which show partial, or
even inverted, ST behaviour. The decrease of n,, results from a flattening of the electron
density profile, which is measured by multichord FIR interferometer. With ECRH power
deposition outside the ST inversion radius, n,, shows normal (i.e. triangular) sawtooth
behaviour.

MHD activity is different when heating either inside or outside the q = 1 surface. With central
ECRH, partially saturated, saturated and inverted sawteeth are observed on the soft X-ray
traces. For these sawteeth, the reheating ramp can be partially or completely interrupted by a
phase of oscillations which show frequency doubling on some photodiode channels. These
oscillations are caused by a m/n = 1/1 mode, rotating in the electron diamagnetic drift direction
at a frequency of ~6kHz (Fig. 2, SVD-Topos# 2, 3), coupled to a m/n = 2/2 structure (Fig. 2,
SVD-Topos# 4, 5), resulting in the frequency doubling. During the saturated phase, coupled
m 2 2, n=1 modes are also seen by the Mirnov coils. With ECRH power deposition outside the
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Fig. 2: TCV Shot# 14386. Shot parameters: 895 = 0.34, ko5 = 1.33, q¢5 = 3.4,
e = 1.1%10"° m?2, Ppopy = 500 kW (on-axis heating). SVD analysis of
tomographically reconstructed soft X-ray emissivity distribution during the
saturated phase. The figure shows the Topos with the LCFS (top) and the
corresponding Chronos (bottom). SVD-Topos# 2, 3 show the m/n = 1/1 mode,
while SVD-Topos# 4, 5 show the coupled m/n = 2/2 rotating structure.
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q = 1, mode activity consists of brief m/n = 1/1 precursors or postcursors of the ST crash,
which are not observed during the sawtooth reheating ramp.
Highly peaked soft X-ray emissivity profiles at the end of the ST ramp have been observed
with on-axis ECRH power deposition (Fig. 3.a). Here, the fast relaxation phase is preceded by
a m/n = 1/1 precursor which typically grows over several hundreds microseconds. At the saw-
tooth crash, the soft X-ray emissivity peak moves outwards (Fig. 3.c) and tends to redistribute
forming a hot ring localized near
1=0.718368s 1=0.71842s | =0718433s ¢ the inversion radius (Fig. 3.f).
The formation of a hot ring, and the
subsequent hollow emissivity pro-
files, can be sustained during the
sawtooth ramp with very localized
ECRH power deposition near the q
= 1 surface, as shown in Fig. 4 for
TCV Shot# 15278. In this experi-

0.70.809 1 1.1 0.70.80.9 1 1.1 070809 1 1.4  ment the EC resonance is placed
R[m] RIm] R[m] near the high field side of the g=1
1=0.718446s g 1=0.718472s ¢ 1=0.718587s  f surface which results in the highest

ECRH power density. The hollow
emissivity profile following the ST
crash is maintained for ~3ms until a
slow m/n = 1/1 instability develops.

Fig. 3: For the same TCV shot of Fig. 2 an
expanded view of the sawtooth relaxation
phase. The soft X-ray emissivity is shown
together with flux surfaces (in red).

0.70.80.9 1 1.1 070809 1 1.1 070.80.9 1 1.1
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Fig. 4: TCV Shot# 15278. Shot parameters: 8¢5 = 0.4, ko5 = 1.42, qos = 2.5, n,p= 0.9¥10°m2, Ppcpy =
500kW. a) Rational flux surfaces with EC resonance position and ST inversion radius. b) Giant sawteeth on
a central soft X-ray channel. c) Reconstructed emissivity profiles along horizontal cut at different times.

This instability appears to mix the plasma close to the q = 1 surface with the plasma core,
resulting in a peaking of the soft X-ray emissivity profile, whilst the electron temperature pro-
file remains flat [4].

SAWTOOTH MODELLING

A numerical code, based on a theoretical model recently developed [2], has been used to simu-
late the different ST behaviours. The combined effects of a m/n = 1/1 magnetic island dynamics,
a localised heat source, a large parallel heat diffusivity and plasma rotation are included. Non-
standard ST features, like the formation of a hot ring near the q = 1 surface and frequency dou-
bling, are reproduced by the model, in qualitative agreement with the experimental data.
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Fig. 5: Simulation of saturated partially sawteeth with central ECRH
power deposition [5]. Right: temporal evolution of the central electron
temperature. Left:2D temperature profile after the ST crash.
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Introduction: Plasma experiments using absorption of radiation in the range of the electron
cyclotron frequency are often grouped under two separate headings: electron cyclotron heating
(ECH) or electron cyclotron current drive (ECCD). The division is based, roughly, on the toroi-
dal angle-of-incidence between the beam and the toroidal magnetic field direction. In practice,
ECH experiments are those in which there is no projection of the k-vector on the toroidal field,
B,. For the flexible launching systems of present day tokamaks, this rough division is not
strictly correct; although, for the purpose of indicating the intent of an experiment it may still
be valid.

Due to the presence of the poloidal field, a beam launched with no toroidal angle can neverthe-
less have a non-negligible projection of it’s k-vector along the total field and thereby produce
Doppler-shifted absorption leading to ECCD; that is, a so-called ECH experiment can produce
ECCD when absorption is off-axis. The direction (co/counter) and quantity of ECCD will
depend on the absorption location, launch direction (HFS versus LFS) and toroidal field direc-
tion but not the plasma current direction. Both the poloidal field and the plasma current pro-
ducing the poloidal field, change direction at the same time therefore simply reversing the
plasma current will not change the relative direction of the ECCD (e.g. co-ECCD will remain
co-ECCD). The toroidal field must be reversed. Because it is the poloidal field that creates the
asymmetry, the effects are seen only during off-axis absorption.

Previous experiments on TCV have produced poloidally asymmetric plasma responses during
so-called ECH experiments[1]. Here, we give experimental evidence that the asymmetry is due
to the presence of ECCD.

Experimental setup: Up to 1.5 MW second harmonic heating (X2, 82.7 GHz) from three
0.5MW gyrotrons was directed to the plasma by three independent launching antennas
(launchers). One launcher is mounted in an equatorial port (L1) and two launchers (L2 and L3)
are mounted in upper lateral ports. Each launcher has 2 degrees of freedom, one of which pro-
vides steering of the beam in a fixed plane during a shot; the other allows that plane to be
rotated about the TCV major radius (pointing out through the center of the launcher port)
between shots.  Each gyrotron can be independently switched to the torus or to a calorimetric
load from shot to shot, such that power can be delivered from any possible combination of
three launchers for a given shot.

The TCV vacuum vessel can accommodate various plasma shapes and elongations; however,
these experiments were performed on low density (2*1 019 m'3), low elongation (k~1.3), mod-
erate q, (=4) plasmas centered between the equatorial and upper lateral ports. This provides
geometric symmetry. The beam was swept through a stationary plasma so that all external con-
ditions remain constant (e.g. location of plasma on the limiter, geometric configuration
between diagnostics and the plasma, induced currents required to move the plasma, etc.) and
only absorption-induced plasma changes are produced. Sweeps allow comparison of heating at
different locations in the same plasma during a single shot. Experiments were performed for
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both toroidal field directions and with various combinations of launchers to allow any system-
atic asymmetries (e.g. gyrotron output power, beam power density, etc.) to be clarified.
Optimum coupling of the beam to the plasma would require modification of the polarization
during such sweeps since the location at which the beam enters the plasma changes in time;
however, with the proper choice of a constant polarization the coupling can remain acceptably
high (e.g. >95% X-mode) and symmetric at all times.

As expected, TORAY [2] X-mode ray-tracing calculation with injection in the poloidal plane
(no toroidal injection) show linear current drive efficiencies which change sign when heating
above or below the plasma midplane: purely perpendicular incidence on the field line at the
resonance cannot be assured for all poloidal angles. Previous ECCD experiments [3] have
demonstrated that the X-ray tomography diagnostic shows clear differences in sawtooth shape
and period suggesting that a signature for co- and counter-ECCD exists even at low ECCD effi-
ciencies like those
calculated by

- E TORAY for no tor-
04 R oidal injection. Ray-
F03| 03 tracing shows that
NO.2f 02t refraction may
o1l 01 make' it dlfﬁcu.lt to
superimpose  differ-

ol i Of ent beams at the
06 08 1 12 06 08 1 12 same height in the

R [m] R [m] plasma; therefore,

Figure 1. Poloidal cross-section showing the kj contours for a so-called ECH  |aunch angles were
experiment (shot 16053, t=1.189s). Red indicates co-ECCD and blue indicates
counter-ECCD. Both launcher L3 (a) and launcher L1 (b) produce co-ECCD above
midplane and counter-ECCD below, although of different magnitudes, when the .
beams (L3-blue and L1-red lines) are swept along the resonance (yellow line). beams vertically

along the resonance

preprogrammed  to
sweep the refracted

at a constant rate.

A general understanding of the potential for ECCD is gained by calculating the projection of
the k-vector on the field, since it is the Doppler shifted absorption by electrons streaming along
the field that is ultimately responsible for the current drive. This is shown in Figure 1 for the
plasma-beam configuration used in these experiments and a given toroidal field direction
(recall that the sign of the driven current depends on the sign of By, only). It is important to
remember that the figure pertains to the k-vector in the poloidal plane of the tokamak (zero tor-
oidal injection angle).

Experimental results: Sweeps of each launcher individually show that when crossing the g=1
surface, a) density pump-out occurs and central temperature rises sharply such that line-inte-
grated X-ray emission, as seen on the central X-ray tomography channels, increases signifi-
cantly, ) the sawtooth period and amplitude increases at the transition from outside to inside,
¢) the change in period and amplitude is much larger on the side nearer the launcher than on the
opposite side, d) the width of the transition region is larger when passing from inside to outside
(rather than outside to inside) the q=1 surface, ¢) the amplitude of the peak in sawtooth period
increases with co-ECCD and decreases with counter-ECCD (produced by intentionally intro-
ducing small toroidal angles) and ) the width of the transition region is of the order of the free-
space beam width projected on the resonance at the heating location (~3cm). Since the experi-
ments perturb the density (a) and the transition region is small (f), it is very difficult to super-
impose beams even with preprogramming. On the other hand, this region is a highly localized,
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Figure 2 Sawtooth period variation during sweeps of L1
(red) and L3 (blue) separately from below to above mid-
plane (dz/dt=0.35m/s). The peaks correspond to the
lower and upper q=1 regions. The sawtooth shape is seen

easily recognizable target location in the
plasma and can be used as a diagnostic for
in situ testing of the relative alignment
between launchers.

The transition region is of particular interest
because it allows the confirmation that
ECCD is responsible for the non-axisym-
metric plasma response. Figure 2 shows the
plasma response when heating with either
an upper lateral (L3) or equatorial (L1)
gyrotron alone (By>0). Large more-or-less
triangular sawteeth appear only when heat-
ing near the upper q=1 surface with L3 and
not with L1. Non-triangular, but neverthe-
less large, sawteeth occur when heating
near the lower q=1 surface with L1 and not

in the insets. Note that the peak is clearly larger on the

* _ L3. When B¢ is reversed, these results are
side nearer the corresponding launcher.

reversed as well, with L1 playing the role of
L3 and vice versa. Therefore, we can conclude that for the same launcher, a) the near-side saw-
tooth shape depends on the driven current direction and b) similar sawteeth changes cannot be
produced on the opposite side of the plasma. Taking the large regular sawteeth, the fact that the
roles of an upper lateral and equatorial launcher are reversed when the field is reversed, sug-
gests that it is either a) the current driven (proportional to the power density) or, b) the beam
width, that determines whether or not these sawteeth can be created. By fixing the beam
absorption on the transition region and varying the beam power, we keep the beam width con-
stant and vary the power density. Sawteeth do not change shape but become larger with power
density. This suggests that in the case of heating on the opposite side of the q=1 surface (i.e. far
side transition region for a given launcher), the beam width plays the dominant role in deter-
mining the sawtooth shape (Note: the sign of the ECCD for the far-side transition region for a
given launcher is the same as for the opposmg launcher’s near-side transition region when By
10 - - is reversed).
For the near side transition using L1 with
B reversed, the co-ECCD Doppler compo-
nent which exists at resonance for launch
in the poloidal plane can be eliminated or
enhanced by intentionally adding a toroidal
angle to the launched beam. The resulting
peaks in sawtooth period as well as the
sawtooth shapes are shown in Figure 3.
Positive angles decrease the ECCD compo-
nent: +4° corresponds to pure ECH. For
each shot, the same mirror range was swept
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Figure 3 Elimination of co-ECCD component at near-

side transition region for L1 with B 4 reversed. Shot 16281

is pure ECH at the sawtooth period peak. The beam is
swept over the same range as in Figure 2 passing through

both the near and far side transition regions. The plane of
sweep is rotated by +/- 8° relative to the poloidal plane of
the tokamak. (Insets have equal scales).

and the beam passes through both the
upper and lower transition regions. How-
ever, since the beam lies in a plane which is
rotated about the major radius passing
through the launcher ports, the sweep
range in toroidal angle increases as the
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plane is tilted more relative to the poloidal plane of the tokamak. The time at which the beam
crosses the near-side transition region will change by less that one sawtooth period. Large tri-
angular sawteeth only occur with a co-ECCD component and when the absorption occurs over
a narrow extent in minor radius (near-side). Similarly, large triangular sawteeth can be created
by over-compensating the inherent counter-ECCD offset on the near-side with the standard By,
leading to co-ECCD

The narrow range over which the large regular sawteeth occur allows the determination of the
beam absorption location if one admits that there exists a correlation with some yet-to-be-
determined but physically relevant location in the plasma. If this location can be proven to be
tied to a physical relevant location of interest such as the g=1 radius by simultaneous measure-
ments of q, for example using the MSE diagnostic on DIII-D, it could provide a tool for testing
and refining the details of models describing the sawtooth instability [4]. Tokamaks with ECH
but not equipped to measure the g-profile could then find this location by sweeping the heating
location and constrain equilibrium reconstruction codes accordingly.

In any case, without specifying the exact location, a) differences of heating location of 10mm
(~2.5% of plasma radius) are easily measured based on these transitions even though most
diagnostics have a spatial resolution of ~3-4cm, &) individual beam-plasma aiming is con-
firmed to be reproducible to 0.2° (£3mm at resonance near the middle of the launcher’s angular
range) and c) the two upper lateral launchers are confirmed to heat the same location within
this reproducibility for the same angle settings, producing large sawteeth. However, refraction
limits the ability of aiming an upper lateral and an equatorial launcher with the necessary accu-
racy to cause reliable beam overlap at a given height even though attempts were made to cor-
rect for refraction a priori. In this heating scenario, the large sawteeth become less regular,
perhaps beam-width dominated.

Conclusion: Poloidally asymmetric plasma responses, particularly sawtooth shape and ampli-
tude, have been shown to be consistent with the presence of ECCD during sweeps of the heat-
ing location in the poloidal plane of a tokamak plasma. Large regular sawteeth are produced
over a very narrow spatial range, provided the beam absorption width is narrow and some co-
ECCD is present. Broad absorption appears to perturb the triangular sawtooth shape.

It seems reasonable to expect that local ECCD applied at the q=1 surface lowers the shear so as
to produce sawtooth stabilization, extending the period and increasing the amplitude. The one
dimensional code PRETOR has simulated the effect of pure ECH. The sawtooth period
increases when passing inside the g=1 radius, but shows no peaking of the sawtooth period
near the =1 radius [5]. Simultaneous measurement of the g-profile and heating location would
help to clarify the physical mechanisms at work in producing different sawtooth shapes: for
example, a precise knowledge of the heating location relative to g=1 is necessary to allow
direct comparison between experiments and the 2D model of sawtooth dynamics recently pro-
posed by Porcelli [4].
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Introduction : In the recent past, the neoclassical theory has been the main focus
of transport studies in alternative magnetic confinement devices. Today it is quite well
developed and has served to identify configurations with enhanced neoclassical transport
properties. On the other hand, the effects of microinstabilities on transport, though ex-
tensively investigated in tokamaks, have received little attention in 3D configurations. In
a previous work [1], we presented a code aimed at the investigation of Ion Temperature
Gradient (ITG) modes for such 3D magnetic configurations. This code has been success-
fully validated in axisymmetric configurations, but the computational time required by
this version becomes prohibitive for full 3D cases. The code we present here is a modified
version of this 3D code improved by the implementation of the extraction of the fast spa-
tial variation [2]. The code meanwhile ported on a CRAY T3E is benchmarked against
the helical version of the GYGLES code [3]. Results in a 3D configuration, namely a
tokamak with a helical boundary deformation, are also presented.

Model and Implementation : The plasma is modeled by gyrokinetic ions and
adiabatic electrons, and the code follows the time evolution of quasi-neutral electrostatic
perturbations of the local Maxwellian distribution function fy [1]. The MHD equilibrium
code VMEC provides the magnetic configurations [4]. We write the electrostatic potential
as

&(s,0%,¢,t) = Re (&(3,0*,Lp,t)e"3(s,0*,¢)> , S5(8,0%,0) = mob* + noy

where (s,0*, ) are the PEST-1 coordinates, s = ®/®, where 2r® is the toroidal flux, 6*
a poloidal angle which makes the field lines straight, ¢ is the geometric toroidal angle,
é is the extracted potential, S is the fast spatial phase, mo and ng are integer numbers
which are both input parameters of the code. The ITG driven modes being aligned with
the magnetic lines, i.e. & << kL, we choose mg = noq(so), with q(s¢) the safety factor
at s = so where the ion temperature gradient peaks.

Using the same transformation for the perturbed ion distribution function f, the code
now solves the following system of equations :
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where the symbols have their usual meaning [1].

The equations governing the ions have been discretized using a Particle-In-Cell scheme,
and the gyrokinetic Poisson equation is solved in the PEST-1 magnetic system of coor-
dinates using a finite element approximation for the extracted electrostatic potential .
We choose quadratic splines as finite element basis [1].The RHS of the discretized Poisson
equation is Fourier filtered in the poloidal and toroidal directions, we keep only some
modes around (mg,ng), the shape and the width of the filter being a function of the
magnetic configuration.

As we now solve only the slow spatial variation of the potential, the number of grid
points is independent of the toroidal wave number n, usually equal to the number of
processors.

Results : We have compared the results obtained with the full 3D code and the
helical version of the GYGLES code [3]. The helical GYGLES code is a 2D code aimed at
the investigation of ITG modes in helically symmetric configurations. It solves the same
systern of equations, but in a helical system of coordinates (z',y'), with z' = = r cos((),
y' = rsin((), ( = 0 — hz, where (r,0 z) are the cylindrical coordinates, and h the he-
licity. In GYGLES, P01sson s equation is solved in the (sp,8;) magnetic coordinates, sy,

is a normalized radial variable 1/),1/ 2 where ¥y, is the helical flux, and 6, is equal to

tan~!(y'/(2' — @), (#,0) is the position of the magnetic axis. The helical code uses
an analytical vacuum solution [3] for the magnetic configuration.

0.3F

y[m]
o

Figure 1: Level surfaces of the electrostatic potential ¢ in a straight L=2 configuration obtained
with the helical GYGLES code in the (z',y") plane (left) and the full 3D code in the (R, Z)
plane at ¢ = 0 (right). Dashed lines are the magnetic surfaces at s, = .2,.4,.6,.8,1 (left) and
s =.2,.4,.6,.8,1 (right). The ion temperature gradient peaks at spy = 0.5 = so = 0.2.

For this benchmark, we used the following procedure : for a given helical configuration,
we obtained the position of the last magnetic surface (s, = 1), from which we computed
the Fourier coefficients Ry n(s = 1), Zm (s = 1) required by VMEC as input parameters
[4] for the MHD equilibrium. We recomputed the configuration, and provided VMEC’s
results to the 3D code. Thus we tested also the interface between VMEC and the 3D code
for a full 3D problem.

Comparisons were performed with two cases, a straight L=2 stellarator and a straight
heliac configuration with a helicity A = 1m™! and B = 1T at the magnetic axis. The
equilibria computed by VMEC were centered at Ropp = 100m with a number of field
periods N, equal to Rgo, simulations were performed over one period. In the helical
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Figure 2: Flectrostatic potential ¢ in a straight heliac obtained with GYGLES in the (z',y")

plane (left) and the full 8D code in the (R,Z) plane at ¢ = 0 (right). The ion temperature
gradient peaks at spg = 0.7 = sg = 0.5.

system of coordinates, an ITG mode can be defined by a “helical” mode number n, [3].
With a helicity h = 1m™!, we can easily show using the definitions of (z',y’) than the
toroidal mode number 7 is related to nj, by : n/N,, = m — n;, where m is the poloidal
mode number.

For the L=2 case (figure 1), the ion temperature gradient peaks at szo = 0.5 = 5o = 0.2,
a/Ly =10, T;(so) = 1keV, q(so) = 5.5, and the density profile is flat. For a helical wave
number n;, = 4, GYGLES produces a mode with a dominant poloidal mode number
m = 5 and a frequency and a growth rate equal to 139.5 kHz and 52 kHz, respectively.
With mg = 5 and ng/Npe, = 1, the frequency and the growth rate obtained with the 3D
code agree well, being equal to 139 kHz and 55 kHz, respectively. The global shape of
the mode agrees also for both codes, but the GYGLES code which solves the equations
on a small portion of the sp-axis, here between s, = 0.3 and s = 0.7, provides a more
precise picture of the mode than the 3D code which solves the problem in the whole radial
domain 0 < s < 1.

Figure 2 shows the comparison for the heliac case, here n, = 4.2, the ion temperature
gradient peaks at spo = 0.7 = so = 0.5, a/Ly = 10, Ti(so) = 4keV, T./Ti(so) = 0.1 +
0.9(1—s3), the density profiles are flat. We choose mg = 6 and ng/Nye, = 1.8 and we keep
the following modes by filtering : (mq + ¢, 10/ Nper +¢),% = [—4, 4]. Both codes produce a
mode with a m = 6 dominant poloidal spectrum. The frequencies and growth rates 138
kHz and 40 kHz with GYGLES and 132 kHz and 34 kHz with the 3D code agree well.

The 3D simulations were performed with 4 x 10° particles, with 64 points in each

direction (s, 8*,¢), they required = 180 cpu-seconds per step with 64 processors on a
CRAY T3E.

A first result with a 3D configuration is shown in figure 3. We choose a tokamak with
an L=2 helical boundary deformation. The positions R,Z of the last magnetic surface
s = 1 for the computation of VMEC equilibria are given by :

{ R = Roo + cos(8) + 6(cos(6) + cos(f — 2N,er0))
Z =sin(0) + §(sin(9) — sin(6 — 2N,er0))

where 6 is the geometric poloidal angle, 4 is the amplitude of the boundary deformation,
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Figure 3: Level surfaces of the electrostatic potential ¢ in (R, Z) at ¢ = 0 and t = 6000 Q1
(left) and time evolution of the absolute value of the toroidal spectrum of the potential measured
in s =sp and 6* = 0 (right), we show here only the modes n = 6,10, 14, 18, 22.

Roo = 4m, Nper = 4, and the helicity of the perturbation is equal to 1 m~!. The safety
factor is a parabolic function of the poloidal flux, the ion temperature gradient peaks at
so = 0.4 where g(so) = 2.5, a/Lr = 3.6, and a/p = 96 with p the Larmor radius at so. In
the tokamak case (§ = 0), with these parameters, the maximum growth rate is obtained
with n = 14 and is equal to 0.00208Q~! with a frequency = 0.0054Q~'. Figure 3 shows
the result for a perturbation § = 0.15, where we keep the following modes by filtering :
(mi7nj) = (mo + 1+ j? nO/Nper + ])71 = [_6’6]1j = [_8’8] with (mO,nO) = (34> 14)
The ITG mode is now a 3D mode characterized by several toroidal modes numbers, its
spectrum is centered around the mode (34,14). Figure 3 shows also clearly the effects of
such L=2 deformation where only toroidal components satisfying mod(rn — ng,2Npe,) = 0
can couple with the component ny. However the growth rate and frequency of the 3D
mode, which are equal to 0.0022Q71 and 0.005Q2~! are not significantly modified by the
helical deformation.

We applied also a L=3 helical boundary deformation to a tokamak, keeping the same
equilibrium parameters. We again find that the growth rate and frequency are only slightly
modified in comparison with the tokamak case.

Conclusion :  The complete 3D model has been successfully validated in straight
helical geometry and has permitted the first simulations of unstable global ITG modes
in non-axisymmetric toroidal configurations. In these results, the effect of the helical
deformation of the boundary on the growth rate and the frequency has, however, turned
out to be weak. Further work will investigate the properties of other 3D geometries,
particularly in quasi-symmetric configurations.

This work was partly supported by the Swiss National Science Foundation. The com-
putations have been performed on the CRAY T3E of the Joint Computing Center of the
Max Planck Gesellschaft and the IPP in Garching.
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ABSTRACT
During the operation of the TCV tokamak an extremely wide variety of plasma shapes has been
controlled with elongations up to x=2.5, beyond the present designs for ITER. The
operational regime explored by TCV is summarised in this paper using a representative sample
of discharges. The growth rates for these discharges were estimated using a rigid current
displacement model. The Poloidal Field coil voltages required for plasma control, using the
slow external coils and the fast internal coils have also been inspected.

Introduction: The TCV tokamak has an extremely flexible plasma shaping system [1]
allowing a wide range of plasma equilibria to be studied. These equilibria are mostly controlled
using the MGAMS algorithm [2]. The operational range exceeds that of the RTO/RC ITER
designs. The use of internal coils is also a feature which is being explored for some ITER
designs. In view of this interest, we have re-visited the TCV operational space to determine
which ranges of plasma parameters are accessible. ‘

Data sampling: During TCV operation, a full plasma equilibrium is reconstructed by the
LIUQE algorithm [3] every 50 milliseconds. The complete database of TCV reconstructed
equilibria comprises 133991 samples. To generate a representative sample with a manageable
size and uniform density, avoiding clusters of "popular" standard equilibria, a novelty filter
was defined by the Euclidean distance between the PF current vectors constructed from the 16
PF shaping coil currents at each equilibrium, selecting the equilibria by the PF currents which
created them, rather than by the resulting geometry. The discharges were sampled backwards
in time to retain preferentially the most recent data. A minimum permitted distance was
defined, which reduced the sample to 5139 representative points. A reduced database of these
equilibria was then created, including all geometrical information on each equilibrium, the PF
coil currents and voltages and the parameters of the RZIP rigid current distribution model [4].
These parameters included the current-averaged vertical field, the current-averaged radial field
derivative, the instantaneous stabilising restoring force magnitude (Fs) and destabilising
quadrupole field force magnitude (Fd), resulting from a unit vertical displacement. The growth
rate and the stability margin, defined by m, = Fs/Fd-1 are also derived. No outliers were
removed.

Operational space and disruptivity: The TCV operational space is rather highly
dimensioned and only selected cuts can be shown. Figure 1 illustrates the ranges of elongation
of the last closed flux surface, ¥, and the triangularity of the same surface, §. Different
symbols correspond to different ranges of the plasma current. The extreme values are not
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corresponding to different values of
the internal inductance, i [5]. The
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variations in m,. Figure 5 illustrates the
variation of the same stability margin for
different values of xk,,. The different
symbols correspond to different values of
internal  inductance.  The  highest
elongations require the lowest internal
inductance in order to have reasonable
stability margins.

Figure 6 shows the relationship between
the elongation on axis, internal inductance
and applied quadrupole field averaged
over the current distribution and

The tendency is for a drop in inductance to

lead to an increase in elongation, however the highest elongations actually have a lower
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Fig 7 Stability margin vs x against the RMS voltage on the vessel [6], to increase .the
internal coils. Down grey triangles use only external coils./ speed of response to vertical

movement. Figure 7 shows
the same data as Fig. 5, but marking the equilibria according to the root-mean-squared voltage
applied to these coils, averaged over the 30 milliseconds preceding the sample. The equilibria
with little use of the internal coils (downward triangles) fill the region of lower elongation
(k<2) and higher stability margin (m>0.2). The equilibria obtained making use of the internal
coils extend the elongation and the stability margin towards 2.5 and 0.08 respectively
(upward-triangles).

Conclusions: An implication for ITER is that the reduction of the stability margin for the
different reduced cost designs, from above mg=1.0 for the FDR design to around mg=0.5 for
the current designs, should not correspond to any significant increase in the difficulty of
controlling these plasmas, such stability margins being well controlled by the outside coils.
There should be no increase in the probability of disruptions due to the problems of control,
although disruptions at very low stability margins might become serious. The question of
increasing the elongation and the growth rates does not, therefore, only depend on the value of
the reduced stability margin.
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Introduction

Good knowledge of the ECH power deposition profile is essential for the experimental
study of heated plasmas (energy and particle transport, magnetic confinement stability), for
profile tailoring, current drive, as well as for the verification ECH ray tracing codes. In TCV
this is complicated by the combination of a large variety of plasma shapes (elongation < 2.56,
-0.7 < triangularity <+0.5, to date) and a versatile ECH launching system (ultimately 9 beams,
6 at the second harmonic with independent poloidal and toroidal launching angles and 3 at the
third harmonic with independent poloidal launching angles). The dynamic response to ECH
power perturbations of the electron temperature inferred from soft X-ray emissivity and
diamagnetic measurements is used in this paper to examine the ECH deposition. The
deposition can be examined with different modulation waveforms: sinusoidal at high
frequencies (70Hz to 500Hz) to diminish the effect of transport; random binary signal (RBS)
to diminish the effect of coupling with the sawteeth; the response at power turn on and off. The
pollution of the X-ray response from the component due to the sawtooth instability, which
usually makes analysis difficult, has been treated using a Generalized Singular Value
Decomposition (GSVD) technique. This study is thus not restricted to non sawtoothing
discharges but covers the whole plasma current capability of TCV.

Experimental set up

The dynamic response of the plasma to ECH power perturbations has been performed in

a relatively simple experimental scenario. A “typical” TCV plasma has been chosen with an

elongation of 1.6, a triangularity of 0.3 and a density of ~1.5x10° m3 and a single gyrotron

was used (P, = 500 kW). The following steps were performed:

* the effectiveness of the sawteeth suppression with the GSVD was tested using discharges
with low (Ip = 260 kA, q ~ 4.5) and high plasma current (I, =400kA, q ~ 2.5).

* the dependence of the dynamic response at different ECH deposition locations was
examined; the vertical position of the magnetic axis was modified instead of the ECH
launching angle to reduce the refraction effects resulting from a small incident angle
between the EC waves and the plasma flux surfaces.

* the frequency dependence of the plasma response was investigated using square wave power
modulation at 5 frequencies during each plasma discharge.

Description of the analysis procedure
Figure 1 shows an outline schematic of the analysis procedure. The soft X-ray

emissivities, integrated along their lin€’s of sight, are analysed with the GSVD to separate the
sawteeth and the power modulation contributions (MECH). The GSVD decomposes the
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signals providing a set of topos (spatial eigenvectors) and their corresponding chronos
(temporal eigenvectors). This method involves filtering in phase space, as opposed to regular
linear filtering, which only works if the noise and the
dynamics of interest have sufficiently different power
N s spectral densities [1]. Discharge periods are chosen
in which there are only sawteeth contributions and
+<_ chanelsselcton others with sawtooth and MECH contributions. The
GSVD, which has been simultaneously applied to

Sﬂwwhclimimﬂivn both periods, gives base function common to both

/ T which optimises the representation of the MECH
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extract the complex amplitudes of the harmonics of

_>4 the modulation frequency through Fourier analysis

[3]. A decomposition, using the same procedure, of

the reference power signal is used to determine the

Figure 1: procedure scheme. relative response of each harmonic. The relative

responses and the inverted topos are then recombined

to obtain the amplitude and phase profiles. Maxima in the amplitude profiles and minima in the
phase profile indicate the power deposition location.

phase/amplitude profiles

Results

The effectiveness of the GSVD was studied using a range of plasma and ECH
parameters and different input signal normalisation procedures. A discharge window with 6 to
8 sawteeth periods during the ECH, but before ECH modulation, was chosen as the reference.
The best decoupling between the sawteeth and MECH components was obtained with a
normalisation where the raw signals were divided by their mean values.

Figures 2 and 3 show an example of the separation that was obtained. Figure 2a shows
the Fourier spectrum of a raw signal. The peaks at 71Hz and 214Hz are the 1% and 3™
harmonic of the MECH, at 330Hz the sawteeth, at 400Hz the 15* harmonic coupling between
sawteeth and MECH, at 1350Hz the electrical pickup, at 1020Hz the coupling between
electrical pickup and sawteeth. Figure 2b shows the spectrum of reconstruction of the same
signal using the first 5 topos and chronos of the GSVD. Not only has the sawteeth dependent
component been strongly reduced, but the coupling between sawtooth frequency and MECH
was also reduced. The first three odd harmonics of the modulation are now evident.

Figure 3 shows signals corresponding to lines of sight passing through three different plasma
regions. Figure 3a and 3b show respectively reconstructions using 1 3 5 and 7 topos/chronos
for discharges with a square 71.4Hz and 166.7Hz ECH power modulation. At 166.7Hz the
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The selected chronos and
the reference power signal are then decomposed with a MFTM. The complex relative response
is calculated for the first n odd harmonics of the Fourier decomposition of the modulation
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Figure 3. checking the sawtooth elimination for signals at different radii (low
(a) and high (b) frequencies modulations, V . =71.4Hz and v, =166.7Hz).

frequency.

Finally, the topos are inverted by means of Minimum Fischer Regularization, [2].
Inverted topos and harmonics of the relative response of the chronos are then recomposed to
obtain the amplitude and phase profiles of the X-ray intensity response to ECH modulation.

Figures 4a and 4b show an example of results of this procedure for discharge #14990 in
which ECH was aimed at the plasma core and the reconstructed X-ray profiles clearly indicate
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central power deposition. There are, however, cases in different discharges where there is only
partial or sometimes no agreement with the ECH aim. Further studies are required to improve
the procedure and interpret the resulting amplitude and phase profiles.

Conclusion

v The dynamic response of the plasma of TCV in the presence of modulated ECH has

been investigated in order to localise the power deposition profile. Suppression of the coupling
between the contributions in the X-ray intensity from the sawtooth instability and the ECH
modulation has been achieved using the GSVD method which was otpimised by choosing a
mean-subtraction normalisation. The quality of the separation was found to depend on the
choice of discharge time windows used in the analysis, the diode viewing chords and the
modulation frequency. The MFTM has been successfully used in the frequency decomposition
of the selected chronos and has been verified to correctly reconstruct the chronos themselves.
The spatial emissivity distribution was shown to be well reconstructed with a tomographic
inversion of a limited number of topos terms. The next step will require an optimisation of the
MFTM with respect to the modulation frequency for the different types of discharges, in
interpreting the results obtained from the amplitude and phase profiles and in applying other
ECH power perturbations, in particular RBS.
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INTRODUCTION

A high power ECH system is currently being installed on TCV (R=0.88m, a<0.25m,
Ip<1IMA, B<1.5T, 15k<2.56, -0.7<8<0.9). The heating system now consists of 3 gyrotrons
each with a maximum power of 0.SMW. The EC power (82.7GHz) can be launched with any
polarisation from X2- to O2-mode and the mirrors at the end of the wave launchers can be
adjusted to get the wave power deposition at the requested vertical position. In these experi-
ments, the deposition regions were chosen such as to obtain a smooth power distribution
along the plasma minor radius. The radial position of the resonance corresponds to the major
radius of the plasma for the nominal field. Therefore, toroidal magnetic field scans are unfor-
tunately not possible, although highly desirable for the LH transitions studies. With this EC
frequency and magnetic field, the cut-off density lies at 4.25 101°m™.

Although Ohmic H-modes are regularly obtained in a wide variety of TCV plasmas (limited
or diverted, single null or double null, 3 <n<9 101°m™, 1.1<B<1.5, 1.055x<2.05, -.2<8<0.7,
2.05<g=4), LH transitions were only rarely observed in low density plasmas (n.<4 10m3).
Thus, the first goal of these experiments was to find out whether the H-mode was accessible
with a low density ECH target plasma.

E. [ ] : : ; : 2
45_ ...... e , . . LH trans- Cee ol ’TD
i -*. : v OH trans.| 1.9
;_ﬁ : : : 5 & 18}
g & 17}
(o] -
-— :!\3 a
E c:n 1.6
(] L
= S 1.5
[+]
S g 1.4}
n
8 13} ' 1
0O m L H trans.
1.21 v OH trans. |1
v : : : : .
11 0.25 0.3 0.35 0.4 0.45
Line averaged density [101%m™] Plasma current [MA]

Figure 1: Operational Domain where LH transitions were ob-
tained both for ECRH (B) and Ohmic heating (V)
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OPERATIONAL DOMAIN FOR LH TRANSITIONS IN ECH PLASMAS

The range of stationnary plasma parameters suitable for ECH injection was found to be rather
small. The appearance of fatal modes occuring when crossing of qgs=3 and 4 in low density
plasmas implied operation at higher qg5 which is at the limit for vertical stability of highly
elongated plasmas. Nevertheless, LH transitions have been obtained in this region of the op-
erational domain. Moreover, the low density limit for ohmic H-mode accessibility is lowered
when ECH power is added. The increased operational domain covered by these transitions is
shown in Figure 1, together with the range covered by the ohmic transitions.

These transitions were obtained in
discharges with 3 successive
ramps of the ECH power while
keeping all other plasma parame- : '
ters constant, as shown on Figure ; avel ,ed’:de
2. From shot to shot, the transitions :
occured at different values of in-
jected ECH power, depending on
the plasma parameters. In order to
determine the relationship be- i : !
tween the amount of additional 0.6 0.8 1 1.2

power and the plasma parameters

at the LH transition, the estimation  £igure 2: Time evolution of a discharge with a LH transition in-

duced by the ECH power. The poloidal cross section shows the
of the power absorbed by the plas- plasma shape at the LH transition indicated by the vertical line.
ma must be addressed.

ESTIMATED ABSORBED ECH POWER INTO THE PLASMA
For all 3 gyrotrons, the ECH power injected in
the plasma is measured near the end of the wave
guides with 10% accuracy. However, the densi- I
ty profiles measured by Thomson scattering R
show a central plasma region, up to p=0.5, with : g
a local density above the cut-off density for a
line average density of 3.5 10!°m™3. This im- 1k
plies a significant refraction of the beams and : ‘ -
possibly the loss of the first pass absorbtion at ‘ t I_(|Et§‘};;|])S Ny
the resonance location. Power not absorbed on e |
the first pass will either be absorbed in the plas- Line averaged density [10'%m™3]
ma after many reflections, absorbed by the Figure 3: Normalised minor radius (p) of
walls covered by Carbon tiles or leave the torus ~ the plasma where the density equals the EC
throu gh the ports. cut-off den.sity as a function of the line aver-
. ) . aged density.
To estimate the first path absorbtion, a 3D ray
tracing code, TORAY, has been used [1]. From
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the knowledge of the plasma shape, the ECH injection geometry, the density and temperature
profile, this code determines the trajectory of the beams in the plasma and calculates the frac-
tion of the power which is deposited at the resonance for each beam.

Although the launcher angles were adjusted to direct the beams mostly to large p’s, the ab-
sorbed power in the first path was as low as 20% (n.> 3.5 10°m™3). It is important to deter-
mine what fraction of the power not absorbed on the first pass is absorbed in the plasma. For
these first experiments with similar shapes and density profiles, a simple model was used con-
sisting of a simplified ray tracing code where the beam reflects at the wall and the plasma. At
each interaction a fraction of the power is absorbed depending on the nature of the reflection:
wall, window, absorbing or refracting plasma. The absorbtion coefficient of the wall is based
on an empirical value of the reflexion of the wave on Carbon tiles. The effect of a variation
of this parameter around the experimental value of 0.95 is more important than the fraction
of refracting plasma. By means of this model, the absorbed power after multiple reflections
was estimated to be about 50% on average for these shots. Hence, the absorbed ECH power
can be expressed, for these experiments, as

PECH,abs = PECH,inj * Atoray + PECH,inj * (I‘Atoray) *0.5

In order to test the validity of the models used for the estimation of the absorbed power, the
O2 polarisation of the waves was used in two otherwise identical discharges previously heat-
ed with the X2 polarisation. LH transitions occured with both polarisations of the waves and,
once corrected using the above model, the absorbed ECH power at the LH transitions agreed
within 10 %, which is a first confirmation of the modelling.

Figure 4 shows the relationship between the line average plasma density and the absorbed
ECH power as defined previously. The ECH power at the LH transition clearly increases as
the plasma density falls, although the scatter in the data is quite large. One cause of the scat-
tering in the range of density between 2.5 and 3 10°m™ originates in the dynamics of the

ECH power injection: if the transition does
not occur in the first 100 ms of the heating
phase, it may occasionally happen later but
a higher ECH power is needed for the same
values of the controllable plasma parame-
ters. In some cases no LH transition is en-
countered. In these cases as well as at lower
densities (n,<2.5 10'°m3), the central elec-
tron temperature is found to increase above
1.2keV. Above this temperature, no LH
transition was observed. One possible link
is a decrease in the coupling of the electron
and ion populations. The value of the cen-
tral plasma temperature could even be used
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Figure 4: ECH Threshold power as a function of
the plasma line averaged density
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as an indicator of the possibility to get a LH
transition.

v QH trans. .
Therefore, in order to reduce this scattering §1-2' ,, (MLlHwans b 1 8
in the data, only the LH transitions occuring % 1 5 = e £
.. . = ; resh. |: . <
shortly after the beginning of the heating 3§, {Density |- .7 f182
were selected. With this reduced set of tran- E 06 Ohm'C ________________ g’
iy : T s
sitions the dependence of the total absorbed 2 oall o
power, Popm + Peey, on the plasma density = |} e 6 é
is even clearer as shown on Figure 5. It is 2 °4| T R o
worth noting that this dependence estimated Oy 25 s a5 4 45 5 15
as Pyyresh 0N 1 is in contradiction with the Line averaged density [10'°m™?]

ITER power law scaling where the threshold ~ £igure ¢ LH transition threshold power in ohmic

. o . (V) and ECRH (B) heated discharges.
power increases as the density increases:
Pihresh O neo'67 [2]. However, such a nega-
tive dependence of the power on the plasma density was already observed on COMPASS,
where the LH transitions were obtained with ECH power too [3]. These observations on two
different tokamaks tend to confirm the discrepency between heating schemes acting on the
ions or on the electrons, in terms of H-mode accessibility.
In this reduced set of LH transitions, the plasma elongation seems to have a little influence
on the threshold power. However, changes in q95 also occured among these discharges.
Therefore, more experiments are required to decouple the effect of the elongation from the
effect of the current profile.

CONCLUSION

LH transitions have recently been obtained in EC heated plasmas in TCV. They were ob-
served in arange of low density and high qg5 values where ohmic LH transitions were never
achieved. As already noticed in the ohmic case, although at a higher density, a low density
threshold was found at approximatively 2.5 101°m™3 for the additionally heated discharges.
In these experiments the LH threshold power was found to increase as the plasma density de-
creases. This strong negative dependence is in contradiction with the ITER threshold power

scaling [2]. The plasma shape has not show any significant influence on the LH transition
with ECH so far.
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INTRODUCTION

Quantifying the effect of divertor geometry on main plasma performance and its influence on
the characteristics of the divertor plasma itself constitutes an important element of current
research towards an integrated solution for future reactors based on the tokamak concept.
Although it is clearly preferable to perform such research in large machines [1] under conditions
as close as possible to those expected in next step devices (high power, long pulse, etc),
experiments in smaller, more flexible facilities can offer interesting insights into the basic
phenomena occurring. Despite its small size, the possibility for plasma shape variation in TCV
permits the creation of magnetic equilibria allowing the detached divertor state to be accessed,
even in completely open geometries. This contribution presents selected results from the first
experiments of this nature on TCV.

VARIABLE DIVERTOR GEOMETRY

In the present absence on TCV of additional heating suitable for high density operation, all
experiments have been performed with ohmic heating alone and have used only D, gas fuelling
from a single injection point in the vacuum vessel floor. Figure 1 illustrates three from a range
of equilibria produced thus far and designed to investigate the effects on detachment, if any, of
varying flux expansion for fixed X-point height and varying X-point height at approximately
constant flux expansion. The table below describes the differences between the example
equilibria of Fig. 1 in terms of magnetic geometry
relevant to the divertor. Here, zy, refers to the
height of the X-point with respect to the lower
divertor target tiles, Lon, is the approximate

cmp

magnetic connection length from outer midplane

#15445,t=1.0s #15448, t=1.0s #15221, t=1.0s

I z [o% Jou
p Xpt u cm x
Shot (kA] (] . P cxp

(m] [m]
15445 | 340 | 0.57 | 6.8 29 21
15448 | 340 | 0.57 | 2.8 20 15
15521 | 340 | 028 | 2.2 13 9
15527 | 380 | 0.28 | 2.0 11 T

to outer divertor strike point and f7“ is the flux @l = " Y 4
expansion at the outer Stnk_e point (measurements Figure 1: Example equilibria for detachment study
on TCV are currently available only at the outer illustrating large and small X-point height and low

strike zone in these types of configuration). Also and high flux expansion at high poloidal depth. See
given are the connection lengths from X-point to the table alongside for more details.
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outer target, L7\ for #=1.0 s. These values highlight an important aspect of these TCV plasmas
- a substantial fraction of Lgx, occurs in passing from X-point to target - the opposite of what
is found in more conventional diverted equilibria. The majority of data obtained to date have
been for I, =340 kA. Currents much lower than 300 kA result in too great a fraction of the input
power being radiated inside the separatrix at high 7,to sustain the divertor plasma, whilst
pushing /; too high often leads to ohmic H-mode transitions and subsequently uncontrollable
density increase. It is interesting to note, however, that configurations with low X-point height
tend to remain in L-mode, even at higher current. Most experiments to date have been
performed for the ion VB drift direction away from the X-point in the equilibria of Fig. 1.
EXPERIMENTAL OBSERVATIONS

The approach to detachment and the detachment itself are studied using density ramp
discharges, frequently terminating at the density limit for the chosen value of /, (maximum
value of ngg = 0.65). Figure 2 compiles a selection of plasma and divertor signals for
similar ramps in main plasma density for the three equilibria of Fig. 1, corresponding to the
discharge numbers listed in the accompanying table. One may immediately note the

— #15445 - — — - #15448 = #15521 - — — -#15527
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Time [s] ! Time [s] !
Figure 2: Evolution of main plasma and selected divertor parameters for the discharges in the Table
accompanying Fig. 1 during similar ohmic density ramps. For zy,, = 57 cm, the panels at left show both cases
of fsw. Note the change in scale of the ordinate in the panels containing j o, The similarity in the D, traces for
shots #15445 and #15448 makes it difficult to discern differences if the figure is not viewed in colour.

apparent similarity between the two discharges with identical (high) zx, but varying flux
expansion and the clear differences in behaviour when decreasing X-point height or
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increasing I,. Independent of divertor geometry, the plasma separatrix shape is
approximately constant with g5 and 85 in the range 1.5 — 1.6 and 0.33 — 0.4 respectively
with ggs in the range 2.2 — 3.2. Earlier studies elsewhere [2] have shown the importance of
plasma wall separation in influencing bulk and divertor radiation. Attempts have been made
here to minimise such differences, at least in so far as separatrix to wall gaps at the inside
and outside midplane are concerned (depending on 7,, I, and zxp the distances typically lie
in the range 2 — 3 cm). It should also be noted that the interior walls of the TCV vacuum
vessel are now almost completely graphite tiled, giving ~ 90% surface coverage.

In all cases, detachment is clearly observed at the outer strike zone as a decrease in the ion
current measured near the strike point by Langmuir probes embedded in the target tiles (Fig. 2g)
T e and an increase in the D, emission shown, in Fig.
a) o @ | 2f, for a chord passing almost horizontally
- : through the divertor leg near the vessel floor. For
lower zy,, , the rollover to detachment occurs at
higher plasma density for fixed input power (ie
fixed 1 p)- Thls is qualitatively expected since
mcreasmg L"" would be expected to facilitate
the formatlon of parallel temperature gradients
and hence low T, in the divertor plasma. For fixed
Zxy but higher I, detachment is observed near
the strike point only at the highest densities. In all
cases, detachment occurs only if 79"~ 5 eV
subject to the usual uncertainty in interpretation
of the Langmuir probe characteristic under high
recycling conditions. The higher edge 7, at low
zxp 18 also reflected in higher values of <Z 4> for
given 71, (Fig. 2d). Of note also are the low
values of <Z> at high 7,, even when the total
radiation reaches ~ 65% of P, (Fig. 2¢) and the
divertor plasma detaches. This reflects both the
reduced impurity source due to a decrease in
divertor temperature and particle flux but also the
apparent tendency for <Z,> to depend
i i P e principally on plasma density and radiation
45 6 71 8 9 10 1 B fraction and not the regime of divertor operation
f, [10m-3) [3]. This occurs even when, at detachment, most
Figure 3:Density dependence of a) the integrated ion Of the radiation is concentrated at or inside the
current to the outer divertor target and b) the peak separatrix at the X-point location. The low <Z_ ;>
divertor density. Data are compiled from a multi-shot a]so indicates that most of the total radiation at
database. Symbols have the following meaning: high 7i, originates from deuterium. The traces of
szW—S?cij =7, ¥z, =5Tcm, fo" =3 T e :

u . I, and jg, in Figs. 2gh show that for the

A zy, =57 cm, f‘; ~6, kX, ® zx, =28 cm,fg dischar 5 Weeth h di
WY+ /=LA & & I =350 EA ges at highest zx,, the outer divertor
R ’ e plasma has already atttained the high recycling
regime, even at low 7,, whilst as the outer leg shortens, the divertor plasma begins life in the
linear regime for the same main plasma density. Figure 3 summarises target plate measurements
in terms of the integrated current to the plate surface (accounting for field line angle of
incidence) and the peak divertor density, the latter not necessarily occurring in the same flux
tube as 7, increases. In addition to discharges similar to those of Fig. 2, a few points available
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at high zx,, and higher 7, have also been included. For both low and high 2/, the discharges
with high zy,, show the total ion current decreasing to low values at high density, behaviour
typical of complete detachment. The latter is observed at higher 7, as L."' decreases or I,
increases with much higher peak densities being attained in the divertor before detachment as
input power increases. At low zy,, particularly at I, = 380 kA, the peak divertor density behaves
roughly in accordance with the standard two-point model of the SOL [4] in which ngwoc i, at
first then n’"oc ﬁz at high density when high recycling is attained. At lower /,, the maximum
divertor density peaks at lower 7, , as would ,
be expected for lower L;*, but the density — 15" 1>
increase with 7, is stronger than linear at £
lower 72,,. e

Figure 3 highlights some interesting
differences in divertor behaviour for
different input power and magnetic _ '5[" ] :
geometry. At high zy, and [, =340 kA, the £ | . [N M S
total integrated ion current to the outer target -~
(Fig. 3a) is higher at low /2*, whilst the peak
divertor density (Fig. 3b) appears to be 95 . o £ -
independent of flux expansion (note that the Dist. from R, at outer midplane [mm]

peak nijill not always occur on the same  Figure 4: Time variation of target density profile mapped
flux tube in the divertor). Given the lower (o the midplane for discharges with zy,, = 57 cm and low
values of LE‘” for low f‘;‘”, this is not what and high ff?m. The vertical dashed lines indicate the
would be expected from the two point model €@ position of the outer wall.

if the upstream power flow is constant for given 7, . Target density profiles for the two cases at
four times (or values of 71,) are shown in Fig. 4. The profiles are mapped to the midplane to
better illustrate the effects of flux expansion - the latter clearly has a strong effect on the profile
shape. Before detachment begins, there is relatively good agreement between magnetically
computed strike point and the profile peak. At high /2", detachment penetrates further into the
divertor fan and there is also faint evidence for some structure in the profile itself, not seen at
low /%, Profiles of T"are remarkably flat and in the range 10 — 15 eV for both flux expansion
cases at all but the lowest plasma densities and of course when detachment occurs. The
observations at lower I, are not yet understood. Part of the difficulty is almost certainly
associated with low power crossing the separatrix at high density. At /, = 380 kA, Thomson
scattering measurements made just inside the separatrix (at a radius corresponding to 95% of
poloidal flux) show T, there to remain roughly fixed with increasing 7,, except at the very
highest densities. In contrast, for /, = 340 kA, the temperature decreases from ~ 50 eV at low
density to only ~ 20 eV at highest 71, . This is a consequence of an increasing radiation fraction
(Fig. 2¢) leading to lower values of upstream conducted power. Under these circumstances, it
is unlikely that the condition of T.” » Tjwfor electron conduction to dominate parallel heat
transport is satisfied and significant convection may occur, leading to departures from the
expectations of two-point modelling.
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Abstract The effects of plasma shape on confinement and sawtooth stability are studied for
positive and negative discharge triangularity and for different elongations with 1.5 MW
centrally deposited ECH power.

Introduction After extensive studies of Ohmic confinement as a function of plasma shape [1]
and initial studies of confinement with additional EC heating at a power level of 0.5-1 MW [2],
extensive studies of confinement with ECH started in 1998 at the 1.5 MW power level, using
the first cluster of three gyrotrons at second harmonic, 82.7 GHz [3]. During the initial ECH
campaign in 1997, the effect of the power deposition location on confinement was studied at
low power [4]. The location of the power deposition was obtained from power modulation or
power shut-off techniques, from ray tracing and qualitatively from sawtooth shapes [5]. These
low power studies confirmed the good confinement properties of power deposited inside the
q = 1 surface, relative to outside.

Studies of energy confinement time in EC heated discharges have been started as a
function of plasma shape in TCV (Tokamak & Configuration Variable, achieved parameters:
K=2.58, -0.7<6<0.9, I,=1MA). The elongations and triangularities explored with additional
heating to date are in the range 1.1<x<2.15 and -0.65<8<0.5. For these studies, an additional
power of 1.5MW ECH is injected at the second harmonic, which typically represents a power
ratio of Pp/P,,~2-3 during ECH, up to ten in extreme cases. Central power deposition, well
inside the g=1 surface, is used in this campaign as a rule. Two values of the engineering safety
factor geng (Geng = SabB/RIpz 1.7 and 3) were used (2.3 < g, < 6; 0.2 < I < 0.7 MA).
Maintaining geng constant keeps the normalised radius of ¢ = 1 approximately constant while
changing the plasma shape [6]. The electron energy content is obtained during stationary
periods from repetitive Thomson scattering measurements (~150 Hz), averaged typically over
10 time-slices to reduce the influence of MHD fluctuations.

Confinement Analysis To obtain a simple general power law over the full data set
describing the dependence of the electron confinement time 7, on average line density n, _,,
total power P, edge elongation k; edge triangularity & and plasma current I, we have applied a
multi-variable regression. The dependences on Kk and I, cannot be separately determined, owing
to the strong correlation between these quantities in the present data. The power law must
therefore contain a free parameter, and takes the following form:

Teelms] = 2 N 0™ P* (6 L)™ k% (1+8)® [m*, MW, MA] (1)
with ,=04610.2, 0,=-0.720.1, 0,;=-0.35+0.3, a=1.4(1-0)20.4 and ¢ remains

undetermined. The uncertainties have been estimated assuming a 25% error on 7. Good fits
are obtained with ¢ in the range 0 < ¢, < 0.7, an example at =0.5 is shown in Fig. 1.
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Empirical Scaling Law
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Fig. 1. Empirical scaling law for TCV ECRH
data set, see equation (1), in the representative
case 04=0.5.
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Fig. 2. Fit to ITER-98-L mode scaling law. Since

triangularity does not appear in ITER-98-L, it is
explicitly indicated by the symbols: negative & appear

Javourable (red squares: 6<0, green triangles: 0<6<0.3,
blue hexagons: 6>0.3).

In spite of the unresolved confinement dependence on current and elongation, this scaling
appears favourable, as the main motivation for creating elongated discharges is indeed to
increase the plasma current with the aim of increasing the energy confinement and pressure
limits. Further data are needed at moderate elongation to separate the contributions of plasma
current and elongation.

The general scaling (1) displays qualitative similarities with the recent scaling laws found
using a multi-tokamak database, such as the ITER-98-L mode scaling, where 0,=0.40,
04=-0.73, 4=0.96, 1, =0.64 [7]. Clearly, the ¢, and ¢, exponents are in good agreement with
our scaling within the uncertainties; however, ¢, and ¢; are not both compatible with our
scaling. Plotting our data against ITER-98-L highlights the beneficial effect of negative
triangularities, particularly at low powers, i.e. at the large confinement times, as shown in
Fig. 2 [3].

The TCV confinement time in ECRH
conditions shows good agreement with the

Confinement time versus triangularity
: ' ‘ Rebut-Lallia-Watkins critical gradient confine-

—
wn

B 1p kAl 3 ment scaling [3], as already shown earlier for
2 RotMwW ohmic TCV conditions.
S ' i
%\I‘O' """"""""""""""""" Naturally, the general scaling (1), which
& is based on the entire data set, overlooks more
= detailed effects in specific regions of the
% parameter space.
!
u. . .
l_,‘” For instance, in a triangularity scan at
k=1.5 (P,/Poy~3-9), the confinement time is
_ : larger at small or negative triangularities. This
006 os . ' 0a effect is particularly visible at low total input

o2 Triaroi_g;ulari‘cgi2

power, as shown in Fig. 3.

Fig. 3. Triangularity dependence of confinement time for different total power classes with centrally EC
deposited power, normalised to n, ,,=2x10"m? (density range: 1.3<n,,1o<3). The power range for the low
power 0.3 MW class, the largest, is +16% wide; the higher confinement at negative triangularity reflects
therefore predominantly an effect of plasma shape.
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Within the present available power range, it cannot be stated clearly whether the
confinement power degradation is more pronounced at negative triangularity than at positive
triangularity in these central power deposition conditions. The addition of the second cluster of
1.5 MW will help to see whether the present trend is maintained.

In the same triangularity scan, the B values are also higher at negative triangularities in
both ohmic and ECH.

Confinement Transitions In the process of enlarging the database to decouple the I and x
dependences in the confinement scaling, we have started to complement the database with
elongated low current shots. Very high safety factor discharges (x~2, 1~80 kA, g~20) have
been successfully produced and are vertically stabilisable. With the gyrotron frequency of
82.7 GHz and the maximal nominal magnetic field of 1.43T, however, the EC resonance is
located off-axis on the high field side at mid normalised radius. At the highest injected EC
powers, discharges show spontaneous oscillating transitions in confinement, best revealed by
changes in the the central soft X-ray emission. Drops in the central soft X-ray emission are
associated with a flattening of the density profile reconstructed from the fifteen interferometer
channels, presumably triggered by changes in the g-profile with off-axis heating [8].

These transitions raise the issue of the role of high power localised ECH heating in
confinement experiments, which can change shear and gradient profiles relative to the ohmic
target plasma. Thus, the use of highly localised on-axis heating in these experiments may result
in a radial deposition profile very different from its Ohmic counterpart, particularly for highly
shaped plasmas, e.g. for strong negative triangularities or high elongations. In negative
triangularity discharges, the ohmic power is relatively reduced [1]. The effect of
localised/distributed heating needs in fact to be determined experimentally. In the case of
counter-ECCD discharges with central deposition, confinement about twice the Rebut-Lallia-
Watkins scaling has been measured.

Sawteeth Stability and Plasma Shape The effect of power on the sawtooth period and
amplitude was studied in a triangularity scan (-0.3<6<0.5, g.,~2, Py/Py,<3) and an
elongation scan (1.1<x<2, g,,.~2) while keeping deposition well inside the inversion radius. In
these shape scans at constant ¢,,,, the normalised inversion radius measured from soft X-ray
tomography varies by less than 5%.
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Fig. 4. Sawtooth period (4a) and relative crash amplitude (4b) stabilisation/destabilisation with increasing central
power deposition for different triangular plasma shapes (-0.26<8<0.46, x=1.5%0.05, Geng™2)-

For 6>0.2, the sawtooth period and crash amplitude increase with increasing heating
power, whereas for 6<0.2 the sawtooth period decreases with increasing heating power, with a
smaller relative crash amplitude, see Fig. 4a, b. Therefore, for positive triangularity §0.2,
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heating power shows a sawtooth stabilisation effect, associated however with large crash
amplitudes; on the contrary, increasing the power in negative triangularity discharges induces
sawtooth destabilisation and relative smaller crash amplitudes. This has two advantages: first of
all, negative triangularity discharges reduce the amplitude of the sawtooth heat pulse and can
help to reduce the amplitude of a possible seed island.

The effect of increasing the plasma elongation appears very similar to the effect of
increasing negative triangularities: when increasing the power for elongations above k=1.5,
sawteeth are also destabilised, sawtooth periods becoming shorter and of smaller amplitude.

The stabilisation effect of positive triangularity and high elongation seen in the experiment
is in qualitative accord with the effect of triangularity and elongation on the Mercier stability of
the ideal internal kink mode or on the resistive MHD stability of the m=1 mode, both stabilised
by positive triangularity and ellipticity (and destabilised at negative triangularity and high
elongation [9].

Conclusions The dependence of the electron energy confinement time is studied by varying
the density, power, triangularity, elongation and current, The electron energy confinement time
is found to increase with a combination of elongation and plasma current, two quantities which
are still strongly correlated in the present study. The beneficial effect of triangularity, previously
observed in Ohmic discharges, continues to be seen at the power levels used here. However,
the benefit of low or slightly negative triangularity on confinement is most effective at low total
power and decreases, without disappearing, at the highest powers used so far. The specific
power scaling law obtained by regression on the TCV data for constant triangularity very
closely fits the Rebut-Lallia-Watkins scaling and, over the parameter range studied, is similar to
the ITER-98-L scaling when neglecting the ion contribution. Using these two scaling
representations, the beneficial effects of negative triangularity appear clearly.

Sawtooth stability is improved at positive triangularity and at low elongation, producing
large sawtooth crashes. High elongation or negative triangularity appear therefore attractive to
reduce the amplitude of heat pulses and seed islands which can follow large sawtooth crashes in
high power experiments. The strong effect of plasma shape on the sawteeth characteristics and
(de-)stabilisation with power could also play a role in the present confinement experiments,
since sawteeth are one of the major loss channels in the plasma core of these centrally heated
discharges. ' '

The addition of the second cluster of ECRH power sources will be important to determine
more clearly the triangularity dependence at high power and will allow the study of confinement
in higher elongation discharges at a higher P, /P, ratio.
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Abstract

Steerable mirrors allow the change of both the poloidal and toroidal launcher angles in TCV.
Both ECH and ECCD experiments have been performed in order to demonstrate the
modifications of the electron temperature and current profiles. We have achieved full
replacement of 153kA with central co-ECCD using three 0.5MW gyrotrons for 100 ms.
However this led to very peaked pressure and current profiles which are unstable and eventually
led to a disruption. Using a scenario with simultaneous on and off-axis co-ECCD we have
obtained a fully non-inductive steady-state scenario sustaining 123kA, with T.9=3.5keV and
neo=1.5 1019 m-3 for 1.9s, more than 400 confinement times and about 4 current diffusion
times, limited only by the gyrotron pulse length. We also show that a careful choice of the
plasma current is needed to exactly replace the ohmic plasma current. Finally we confirm a
significant current drive efficiency for far off-axis ECCD.

Results

In the last decade important progress have been achieved towards increasing the plasma
confinement time, the plasma density and the value of f in stationary scenarios. In the design
work for ITER, it has been shown that it is crucial to be able to keep good confinement while
having both the density and f close to their respective limits [1]. This can only be achieved
successfully through precise control of both the current and pressure profiles. The TCV
tokamak has a powerful and very flexible ECW system [2]. At present we have three launchers
of up to 0.5 MW for 2s each, which are used in the X2 mode achieving 100% single pass
absorption. Each launcher has a system of four mirrors allowing a large variation of both the
poloidal and toroidal angles. The first results of varying these angles are given in Ref. [3],
where the formation of high energy tail electrons is demonstrated in ECCD cases. In particular,
it is shown that the optimal toroidal angle for co-ECCD is around 359, which is the angle used
in this paper.

The aim of the present study is to obtain a fully non-inductive stationary scenario using three
0.5 MW gyrotrons. In order to achieve this, we need not only to sustain the plasma current by
adequate current drive, but also to control the profiles so as to have a stable and quiescent
plasma. Therefore one has to distribute the power deposition over the minor radius p in order to
replace the ohmic profiles by the ones driven by ECCD and ECH. On the other hand the current
drive efficiency is much larger near the magnetic axis, because of increased temperature and
fraction of passing particles. Moreover, the highest temperatures are obtained when heating
inside the q=1 radius [4,5). Therefore, to obtain the maximum driven current with 1.5 MW of
ECCD, one needs to have central deposition, as shown by the rays labelled 'B' in Fig. 1.
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Fig. 1: a) Typical ray
paths of the 3
launchers in the
poloidal plane.

b) Power and current
deposition profiles
from Toray calcu-
lations when the three
launchers are in co-
CD mode with
@=350.

A typical result of such a scenario is shown in Fig. 2, where 153kA is fully non-inductively
driven for about 100 ms, with ne9=2-1019 m-3 and Te0=4.5 keV, before it disrupted. In these
scenarios the three gyrotrons were in on-axis co-ECCD position. As the width of the ECW
power deposition is small, of the order of 10%-20% of the minor radius, it means that the
resulting current and pressure profiles are very peaked. Due to these sharp local gradients,
MHD modes became unstable which caused a fast disruption as in Fig. 2. Neoclassical tearing
modes were also destabilized and degraded the performance of the discharge.

i T : o e
1.0h , TCV 16081) | |0.02fy - "= g
D i i . SO § | |0.00 :
0.0 -0.02

130
155 1851
145 110
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|
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0.2 0.4 0.6 | 0.5 1.0 1.5 20 24
time [s] disruption time [s]

Fig. 2: Complete replacement of 153kA for| Fig. 3: Scenarios as shown in Fig. 1. The
more than 100 ms with 1.5MW on-axis co-| steady-state fully non-inductive scenario was
CD. These scenarios disrupted due to very| obtained with I,=123kA (solid line). With I
large gradients obtained with very peaked | set to 112kA (dashed) and 127 kA {dotredf
profiles. Vs was slightly changed.

In order to avoid these modes, we distributed the power deposition of the three gyrotrons over
the minor radius, as shown in Fig. 1, at p=0., 0.3 and 0.55. In this case the central temperature
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and the total driven current are smaller than with central deposition. However both the current
and pressure profiles are broader and no MHD modes were generated. In this way we obtained
a fully non-inductive discharge of 123kA for 1.9s with neg=1.5- 1019 m-3 and Te0=3.5 keV,
as shown in Fig. 3 (solid line) and detailed in Fig. 4. In particular we show in Fig. 4b that the
current in the ohmic transformer was held constant. This is the most sensitive measurement to
full current replacement. As seen in Fig. 4b, V reached zero very soon after the ECCD was
turned on, while the equilibrium profile still evolved for 0.5s (see K, I; in Fig. 4). We repeated
this discharge with Ip=112kA and 127kA to demonstrate the exact control of the amount of
current driven non-inductively (Fig. 3). In the first case (dashed line), the surface loop voltage
Vs is slightly negative, indicating an excess of driven current, and in the second case (dotted
line) itis positive. Taking into account the ~10% decrease in current drive efficiency in the latter
case due to the density increase, these results are consistent with exact replacement at Ip=123kA
and Ip-ICD=11kA for [Vgl=0.02 V. This is also in agreement with Toray [7] calculations which
give ICD=120kA. However the bootstrap current generated by the peaked pressure profile
obtained with ECW is non-negligible and is about 25kA, using the formulae in Ref. [8].
Therefore the ECCD is overestimated by about 20% by Toray, which is well within the
uncertainties of the density and temperature profiles.

TCV 16099 . Fig. 4: Steady-state

140 ' Jully non-inductive
120+ P, discharge for 1.9s
using 1.5MW of
100 co-CD distributed
over the minor
radius as shown in

Fig. 1.
157 Note that the
§A pisizis siie) current in the ohmic
transformer is
exactly constant,
1.75 indicating zero
: inductive current in
150 f the plasma. This
125 happens as soon as
the ECCD is turned
1.4 on, while the
. equilibrium profiles
need 0.5s to settle,
1.2 as indicated by the
1.0 / . evolution of Kedge

0 0.5 1 1.5 2 2.5 994

time [s]

From Toray calculations, Fig. 1b, the current driven by the most off-axis gyrotron, C, is very
small, =2.5kA, near p=0.55. Therefore, this gyrotron seems mainly to be used to broaden the
temperature profile, as the power deposited is non-negligible as shown by P(p). To test this we
have repeated the shot 16099, but with only the two gyrotrons A and B in co-ECCD position
and the third in ECH (g=0°). This scenario is shown in Fig. 5, shot 16150. As the density was
5% higher, we repeated it with all three gyrotrons in co-ECCD, shot 16151 for a better
comparison. In the first case, 16150, V is non-zero, about 0.02V, whereas the shot 16151 has
Vs near zero (=0.005V). Therefore the current driven by the gyrotron C is important and 7-9kA

are driven at p=0.55. This confirms the results obtained on DIII-D [9] that more current can be
driven off-axis than predicted. In our case, the experimental value is only a factor of 2-3 above
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the predicted value, even for p=0.55, as Toray predicts a non-zero value. Note that the
experimental local efficiency normalized by the local temperature, as in Ref. [9], is about 0.07
corresponding to the lower bound of the DIII-D results. However our results are obtained in a
fully non-inductive scenario and in a stationary phase.

Conclusion

The ECH system on TCV has been used to obtain full current replacement in standard (positive
magnetic shear) discharges. With on-axis co-CD, up to 153 kA have been fully non-inductively
driven with ne0=2-1019 m-3 and Te0=4.5 keV (y20cp=0.018 A/W/m2), 30% of the current is
due to the Bootstrap current. However these scenarios lead to very peaked current and pressure
profiles and eventually to disruption. With careful profile control by spreading the power
deposition across the minor radius, we have obtained a steady-state fully non-inductive scenario
for 1.9s, with Inj=123KA, neg=1.5-1019 m-3 and Tep=3.5keV (y20cp=0.01 A/W/m2, 20%
bootstrap current), limited only by the pulse length of our gyrotrons. Note that this is more than
400 confinement times and about 4 times the current diffusion time.

Finally we have shown in the steady-state scenario that about 7-9kA were driven at p==0.55,
corresponding to £=0.07 and 2-3 times the predicted value. This confirms the discrepancy
observed by DIII-D, albeit to a lesser degree.
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Fig.5: Two discharges
0.02 with launchers in the
0 same position as in Fig.
0.0 1, except for shot 16150
-0.02+ N which has launchers A
and B in co-CD and the
125 third, C, in heating mode
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has the three launchers in
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120 in density, to match shot
16150. This clearly
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1. Introduction

The stellarator configurations with poloidal direction of lines B=constant on magnetic
surfaces have been previously shown to possess some attractive features. First of all, zero
magnetic-axis curvature at the locations of the longitudinal magnetic field minima pro-
vides the possibility to improve the confinement of charged particles: by a corresponding
choice of the near-axis magnetic surface cross-sections, it is possible to eliminate locally
lost orbits and even to satisfy the condition of quasi-isodynamicity (QI) for reflected
particles of deep to moderately-deep trapping condition [1]. Secondly, the choice of the
system with poloidal direction of constant B contours on magnetic surfaces was shown
to increase the plasma pressure limit with respect to local stability [2] by improving the
local stability condition for ballooning modes which are very localised along the magnetic
field lines. Despite the possible decrease of the average magnetic well, the Mercier modes
could still remain stable under these circumstances.

In the present paper, such configurations are studied both analytically, up to second-
order terms in the expression for B in an expansion with respect to the distance from the
magnetic axis, and numerically.

2. The strength of the magnetic field in near-axis approximation

Using the method of expansion with respect to the distance from the magnetic axis
with curvature k and torsion x, and the corresponding magnetic surface parameterisation
(for detail, see, e.g. [3]), one can obtain the expression for B up to second-order in a. For
vacuum systems, when the diamagnetic effect is negligible, this expression has the form:

B? = BZb*{1 + 2a(A. cos 0 + A,sinf) + a?[3(Ac cos § + A, sin §)?

+Ag0 + Ascc0s20 + fo + focos20 + f,sin 26]} . (1)
Here

B Y N W
fO - bR2 [ ( ) (T] + b2 Ch77+ 2 Shn 2b Ch77 )

_ 1 2 2 1 1 2 b'2 _ 77/I 1%
fe = VB [(fcnR ) (1 + ch2n> shn — 1 (17 +—6§- shn 5 Chn+2b shn| ,

_ 1 , , 1
o= =g Ry B (14 )| @

kn = k-8R, Ac=ke"p(\/5’7/2) cosd As=k9’—‘ﬂ(\}%@sin6,
Are = —2AaqAc+mA,),  Ap= Al + 1)+ Ay(€r — as) . (3)
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The parameters  and é describe the elliptical magnetic surface shape, the function
b describes the magnetic field inhomogeneity on the magnetic axis, prime denotes the
derivative with respect to the longitudinal coordinate ¢, and &; and «; are the plasma
column shifts and triangularities, 27 R is the magnetic axis length.

For systems with poloidal direction of lines B=constant, the following conditions of
particle confinement improvement can be formulated for the region near ¢ = 0.

1) The condition of local pseudosymmetry (PS) (there are no islands formed by the
constant B lines near the region ( = 0). To first order in a, this condition requires
E(0) = 0. If it is fulfilled, the expression for B can be written as

2 2\'/
B* = 3362{1+a2[(-‘l20—b<%—2’—,"_&> +f0)

2 _ 4 !
+ (Azc—b<A°2b,A3) +fc) cos 26 + (—b<A2°;L,13> +fs> sin?ﬂ]} »  (4)

and to fulfill this condition in the second approximation, the coefficients of the cos 26 and
the sin 20 terms in Eq. (4) should be zero for ¢ = 0.

2) To diminish the particle radial excursion, one can try in addition to fulfill the QI
condition [1] which requires Jj = § Vjjdl = Jj(a). In the flux coordinate system with
straight magnetic field lines a,8*,¢* with B = B(q,(*), it can be formulated as the
independence of the combination

Ap = SO(CL, 03 + LCS) Cg) - So(aa ‘98 - LCS, _Cg) (5)
on 6g. Here ¢(a, 67, () is the potential part of B in the covariant representation in a, 63, (%

flux coordinates. In a linear approximation with respect to a, the expression for ¢ acquires
the form (for simplicity superscripts (*) are omitted for 6, {):

3/2
@ = pol¢)+ 2T (fexp(~n/2) cos 8 os(iC — 77) + exp(n/2)sin Ssin(uC — 1) cos o
+ [—exp(n/2) cos § sin(e{ — ng) + exp(n/2) sin § cos(e¢ — )] sinbo} . (6)

Here the parameter 7} describes the slope of the magnetic field lines. It can be extracted
from the equation: —¢ + 9n;/0¢ = k. R/ch.

Different possibilities to fulfill the QI condition can be considered. For example, for
V(o k~ (8~ ¢ n=n(0)+1n"(0)¢(%/2, & = k(0) + £"(0)(?/2, the term with cos 8
is even and drops out from the expression for Ap. The term with sinfp is odd. If its
component that is linear with respect to { vanishes, that is if

knR[chn = —&'exp(n) , (7)

the longitudinal invariant acquires the form Jy ~ (1 + ya(Zsinfy). It is worth to
emphasize that condition (7) is local, i.e. it depends on the magnetic surface structure
near the region ( = 0 only. The region in which J; does not depend on 8, can be
expanded if the terms of higher order in { can be eliminated too. In principle, it can be
done up to any given order. Nevertheless, the requirement to fulfill this condition on the
whole magnetic surface in general is incompatible with the periodicity conditions. If the
curvature of the magnetic axis is proportional to (%, then for the ordering used above, it
is impossible to fulfill the QI condition even at lowest order. In this case we can consider
another condition.

3) The condition of the existence of closed B=constant surfaces near the region ¢ = 0.
This condition requires the coefficient of a? in the expression (4) for B to be positive for
all # near the region {( = 0. It can be considered in combination with the condition of
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local PS also. If it is fulfilled, the deeply-trapped particles are confined inside the closed
surface B=constant and cannot drift out of the plasma column.

3. Some examples of numerical investigations

The possibilities to fulfill some of the conditions of particle confinement improvement
discussed above have been verified numerically. The results are presented in the Table
and in Figs. 1-4. Two different cases were considered in the near-axis approximation for
8-periods systems.

Case (1) corresponds to a system with k& ~ ¢2. Here the parameters were found for
a system which possesses a vacuum magnetic well, an absolute minimum of B near the
region ¢ = 0 and in which the constant B contours on a flux surface do not form islands
in this region to first and second order in a (Fig.1). The QI condition is not satisfied here.
Case (2) correspond to a system with k ~ ¢ (Fig. 2). For the parameters shown in the
Table, this system displays a vacuum magnetic well, the B=constant lines do not show
islands and is QI to leading order (condition (7) is fulfilled). The surfaces B=constant in
this system are open.

3D equilibrium numerical calculations for a 5-periods Helias system were produced
using the VMEC and TERPSICHORE codes. It was shown that there exist equilibria
without islands of lines B=constant in the middle of the system period. Magnetic flux
surface cross-sections and contours of B=constant on a boundary magnetic surface are
presented in Figs. 3 and 4.

Parameters of magnetic configurations with a vacuum magnetic well and no
islands of lines B=constant near the region { = 0. The functions k, k7, ...

have the form: k(¢) = 3, (ken cosnN¢ + kg sinnN¢).

ch kcl kc2 ksl Kco K¢l 7)c0 M1 ch bcl 531 Q10 | Ulel
111.20]-1.2 0 0 | 0.07]6.57]0.33 (-0.28 | 1.014 | -0.014 0 0.02 | 0.07
21 0.95 0 [-0.95|24 0 3.0 10.75]-0.25| 1.05 | -0.05 | -0.45 | 0.05 { 0.08

4. Conclusions

The results of both analytical and numerical investigations of different possibilities to
control the behaviour of the B=constant lines (on flux contours) and the B=constant
surfaces are presented. The conditions of local PS and QI are obtained and investigated
in a near-axis approximation as well as the condition for the existence of an absolute
minimum of B. It is shown that the conditions of local PS, QI and magnetic well existence
can be satisfied simultaneously in the near-axis approximation. Configurations were found
also that possess an absolute minimum of B, a vacuum magnetic well and no island
formation in the B=constant contours. The condition of QI is not fulfilled, however, in
such type of configurations.
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Fig. 1. Two projections of magnetic axis for the case that corresponds to a system with
k ~ 2. For the parameters shown in the Table, this system possesses a vacuum magnetic well,
an absolute minimum of B near the region { = 0 and the lines B=constant display no islands in
this region to first and second order in a. The condition of quasi-isodynamicity is not satisfied
here.

Fig. 2. Two projections of magnetic azis for the case that corresponds to a system with
k ~ C near the region { = 0. For the parameters shown in the Table, this system has a vacuum
magnetic well, no islands formed by the lines B=constant to first and second order in a and is
quasi-isodynamical to leading order. 70

9

toroidal Boozer angie, one period

Fig. 8. Magnetic fluz surface cross-sections at Fig. 4. Contours of B=constant on a boundary
the beginning, at one guarter and at the mid- magnetic surface for a 5-period Helias without
dle of the period for a 5-period Helias with islands of lines B=constant at the middle of the
B=constant islands absent near midperiod of system period.

the system.
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1. Introduction

It is well known that the interaction between a disruptive tokamak plasma and a surrounding
resistive shell plays an important role in the dynamics of a Vertical Displacement Event (VDE)
[1]. This paper describes onset mechanisms of VDEs induced by a strong plasma pressure drop
(Bp-collapse) in disruptive discharges of the Tokamak Configuration Variable (TCV). Many
aspects of the TCV vertical instability have been investigated [2-7]. In this paper, we first
compute open-loop growth rates of VDEs in TCV using the Tokamak Simulation Code (TSC)
[8], and compare the results with JT-60U. We then investigated the eddy current effects due to a
Bp-collapse for disruptive and non-disruptive TCV discharges in nonlinear TSC simulations.

2. TCV Vertical Stability
Since TCV is specifically designed to explore the operational benefits of plasma shaping over a
wide variety of plasma shapes [4], it can generate a great variety of vertical instabilities. Vertical
growth rates as a function of the magnetic field decay n-index (#= R/Bz (0Bp/dZ) =
~ R/IB; (0B7/ aR)), defined at a magnetic axis, were evaluated by the TSC, as shown in Fig.1.
Major plasma parameters are the following : plasma current I, = 352 kA, toroidal magnetic field
By=1.38 T, internal inductance ¢; = 1.1. Poloidal beta was taken as a range of Bp = 1.0, 0.5
and 0.0 to clarify the plasma pressure effect on the vertical instability. Figure 1 indicates that the
growth rate increases as the magnitude of the n-index increases. The low 3, plasmas are more
stable than the high B, plasmas for a given n-index. Cases with similar shape, indicated by the
groups of symbols in Fig. 1, show a decrease in the growth rate for increasing f8,, due to the
reduction of the n-index required to produce the given shape.

A simple model of rigid shifts of circular-shaped plasmas states that the linear growth rate
is a function of the #n-index and the stability index ng, defined by

YT _
g o

n+ ng

Here, 75 is the effective skin time of the resistive shell. The stability index ng depends on the
shell-geometry and the plasma equilibrium.

By means of a least squares fit of Fig. 1 using Eq. (1), the TCV stability indices ng were
evaluated to be 2.41 for low fj, (= 0.0), 2.16 for B, = 0.5 and 1.91 for B, = 1.0, respectively.
Although the decay time of the antisymmetric eddy current mode is 8.1 msec [4], % was about
2.5 msec, reflecting a reduced coupling between the plasma and the vacuum vessel. The
stability index of the JT-60U, where no fp-collapse-induced VDE has been observed, was as
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high as ng = 3.4 for , = 0.0 [9], because that the oval JT-60U vacuum vessel with a height-to-
wide ratio of 1.3 is close to the plasma. In the TCV, the vacuum vessel has a large height-to-
wide ratio, 3.0, and is consequently further from the plasma. As a result, the stability margin
given by the definition of Ing/nl is as low as 1.5 for these equilibria, below 1.1 for extreme
equilibria [10], while 2.1 in the JT-60U, providing n = -1.6. This implies that the TCV is more
close to the absolute stability limit than the JT-60U, and hence, VDEs might more easily occur
under a change of equilibrium state such as fBp-collapse.

3. Bp-Collapse-Induced VDE

3.1 TCV Experiments

Figure 2 shows the TCV disruptive discharge #10890 during the period 310.0 msec - 335.0
msec. The poloidal beta and the internal inductance before the fp-collapse were fp = 0.46 and
fi = 1.0, respectively. The plasma elongation x at the boundary was as high as 1.8. A B,-
collapse of Afp = -0.46 had set in at 327.0 msec and was assumed to last for about 4.0 msec.
Some oscillatory behavior of the vertical position can be seen before the B,-collapse, indicating
that the feedback system was already marginally stabilizing the vertical position. A plasma
current quench following the Bp-collapse had occurred at 331 msec. While the radial shift of the
plasma magnetic axis was observed to be AR = -2.0 cm during the period of the Bp-collapse,
the vertical position moved upward to around Z = 40 cm at 4 msec after the onset of the fp-
collapse. The experiment of Fig. 2 consequently shows that the strong Bp-collapse has
provoked a significant change in the vertical stabilization which could trigger a VDE.

On the contrary, a less elongated discharge #10606 (x = 1.35) with lower ﬂp (= 0.38)
survived after a small ,-collapse (483, ~ -0.2), as shown in Fig. 3. Although the radial shift of
the plasma magnetic axis was observed to be AR = -1.0 cm, the small B-collapse of AB, = -
0.2 at 711.0 msec did not result in a VDE.

3.2 TSC Simulation

The TSC simulation was carried out to reproduce the ,-collapse behavior of the TCV discharge
#10890 by introducing a rapid plasma pressure drop of Af, = -0.46 at 327 msec. In the
simulation, the vertical feedback control was turned off at 327 msec on the assumption that due
to the Bp-collapse the active feedback failed to keep the plasma at a desired vertical position.
Figure 4 shows the comparison between the plasma configurations of the experiment and the
simulation. The TSC nicely reproduces every equilibrium of the TCV discharge #10890.

Figure 5 shows TSC time-evolutions of the plasma current and the position of the
magnetic axis. The Bp-collapse led to the coincident radial shift of the magnetic axis by AR = -
2.0 cm, as in the experiment. Simultaneously, the n-index, evaluated at the magnetic axis,
degraded fromn = -1.6 to -1.9 (An = -0.3) due to eddy current effects. As in the experiment, a
fast VDE occurred, and a large vertical displacement of Z = 40 cm was observed at 4.0 msec
after the fBp-collapse. The vertical growth rate at the beginning phase of 327 msec - 329 msec
was estimated to be 1300 sec-!. After 329 msec, the magnetic axis moves vertically into a region
of a better n-index, and hence, the VDE should be slowed down due to lower absolute value of
the n-index, as in Fig. 2.
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Figure 1 implies that the pure vertical growth rate before the f-collapse was 1000 secl,
indicating that (a) the loss of plasma S, improved the vertical instability, and that (b) the
degradation of n-index leads to a destabilization [9]. The degradation arises from an additional
quadrupole moment of magnetic field produced by eddy currents flowing to suppress the
inward radial shift of the magnetic axis. The mechanism (b) competes with the improvement (a)
during disruptions. When the destabilizing mechanism (b) overcomes the improvement (a), the
vertical instability should be enhanced compared with its value before the fBp-collapse. In the
case of the discharge #10890, the initial growth rate of 1000 sec! is reduced to 750 secl by the
mechanism (a), and then, by the destabilization (b) due to the degradation of An = -0.3 the
vertical instability is increased up to 1500 sec-l, which is nearly same as the TSC growth rate of
1300 sec’! just after the Bp-collapse. On the contrary, the vertical growth rate of the less
elongated discharge #10606 remained much smaller even after the fBp-collapse of Afp = -0.2.

4. Conclusion

The effect on vertical stability of a strong fBp-collapse in the highly elongated TCV tokamak was
investigated computationally and experimentally. Disruptive and non-disruptive discharges were
classified into those which appeared to have a Bj-collapse-induced VDE and those which
survived without a VDE, according to the magnitude of the fp-collapse and the plasma
elongation (the n-index) just before the fBp-collapse occurs. One particular disruptive discharge
of a highly elongated, rather high f, plasma presents the typical behavior of the fBp-collapse-
induced VDE after a full Bp-collapse. The essential mechanism of the fBp-collapse-induced VDE
was confirmed to be an intense enhancement of the vertical instability due to a large and sudden
degradation of the n-index produced by eddy currents.

Since the destabilizing mechanism due to a Bp-collapse depends on the operational regime
of the plasma configuration in addition to the specifics of the shell-geometry, further
experiments of higher B and elongation are required. These are now under way in the TCV
with high power ECH. The authors would like to express their gratitudes to Drs. O. Sauter, B.
Duval and 1. Bandyopadhyay for the support of our computational studies and the useful
discussions. They also wish to thank Professors F. Troyon and M.Q. Tran and Drs. T. Ozeki
and R. Yoshino for their continuous encouragement.
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1. Introduction

Vertical and kink mode stability are essential for strongly shaped tokamaks, to
preclude disruptive plasma termination. Similarly, the design of stellarators with significant
current, such as quasiaxial stellarators (QAS) must be carefully examined to ensure adequate
vertical and kink stability. The CAS3D [1] and TERPSICHORE [2] MHD stability code
packages are being used to evaluate the stability of QAS configurations. CAS3D has
previously been applied to predict stability of the W7-X stellarator, under construction at IPP,
Greifswald, Germany. As part of a multifaceted effort to develop an interesting compact
quasiaxial stellarator configuration for a modest sized experiment at PPPL, these two code
packages are being used for three dimensional calculations of internal and external MHD
stability, including extensive benchmarking of MHD stability for axisymmetric and
nonaxisymmetric cases. '

2. Global MHD Stability Code Packages: CAS3D and TERPSICHORE

CAS3D is a code package for the analysis of the stability of three dimensional
magnetohydrodynamic equilibria which makes use of finite element Fourier decomposition in
Boozer coordinates. From the several versions of this code package, CAS3D2vac is used
here for calculations of the kink mode and the periodicity-preserving mode (known as the
axisymmetric or vertical mode in tokamaks). Version CAS3D2MN, with a phase factor
transform, was used for the fixed boundary two field period QAS benchmarking calculations.
TERPSICHORE has many similar features and has recently been extended to calculations of
the periodicity-preserving mode. It has been written for efficient computation and is being -
used in configuration optimization of the compact stellarator design.

3. Calculations for Internal Mode Stability of a Quasiaxially Symmetric
Stellarator

During 1997-1998 we carried out benchmarking studies with CAS3D and
TERPSICHORE which examined Mercier unstable modes for a compact two field period
QAS with 20% external transform. These modes, which are resonant modes of the fixed
boundary equilibrium, exhibit relatively delocalized, but not globally unstable, displacements
(see Fig. 1). The radial shape and relative ordering of the largest amplitude Fourier
components of unstable modes have been compared for coarse (49 surfaces) and fine grid

(129 flux surfaces), as well as at values of B = 6.7, 6.5, 6.4, 6.3, 6.0, 5.0% with CAS3D
and TERPSICHORE. Good agreement was found in every case. For example as shown in
Fig. 1, at 6.7% beta and 48 flux surfaces CAS3D identified the five largest amplitude (m,n)
components of the most unstable mode as (11,-5) (9,-3) (16,-7) (14,-5) (6,-3) while
TERPSICHORE identified them as (11,5) (6,3) (9,3) (16,7) (14,5). The opposite signs in
the toroidal Fourier indices originate from the different notations used in the Fourier
representations. CAS3D uses cos(2m(m6+n¢)), while TERPSICHORE uses cos(27t(m#-

n¢)). The poloidal and toroidal grids were not matched and are expected to account for the
differences in ordering. Results from the two stability code packages for the marginal beta in
fixed boundary equilibria (Fig. 2) are also in good agreement for this two field period QAS.
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4, Calculations of Stability of the Kink and Periodicity-preserving Modes for
Axisymmetric and Quasiaxisymmetric Configurations

The NCSX stellarator configuration [3] has been optimized for the stability of
ballooning, kink and periodicity-preserving modes. TERPSICHORE has been used to show
that high edge magnetic shear and appropriate boundary shaping can stabilize the kink mode in
high-bootstrap current QAS [4]. CAS3D has confirmed TERPSICHORE calculations [5] of
stability for the kink and periodicity-preserving modes for the three field period, 50% external
transform stellarator and extended them, finding stability even without a conducting wall.

TERPSICHORE has been benchmarked against an analytical solution for the critical
wall position for vertical stability in a large aspect ratio tokamak with good agreement. In
addition the vertical stability has been calculated for a series of zero beta equilibria interpolated
between the present design and a tokamak equilibrium. The tokamak (terms with n = 0) is
unstable. As nonaxisymmetric terms are added, the growth rate decreases, reaching zero about
halfway to the present design. The periodicity-preserving mode stability thus appears robust.
Calculations at zero beta were carried out because of difficulty converging the high beta, low
transform tokamak equilibrium. Finite beta is found to stabilize this mode for the
nonaxisymmetric equilibrium with the wall at r = 4.5a. (See Ref. 5).

CAS3D has calculated stability in NCSX for the kink (N = 1) and the periodicity-
preserving (N = 0) modes, with a conducting wall at infinite distance from the plasma
boundary. Figure 3 shows an analysis of local stability criteria for an equlibrium with a
locally reduced pressure gradient. Pressure and iota profiles are shown, as well as the criteria
for the local Mercier resonance instabilities. Most of these resonances are narrow, so that in
their vicinity the Mercier term in the global stability can recover. However at the outside edge
of the plasma, for s > 0.6, broad resonances occur and the Mercier term is unstable. Clearly
the singular resonant currents are unphysical and improved physics models are needed to
handle them properly. One approach to this is flattening of the pressure profile at the
resonances. This reduces their width and stabilizes them. Without this pressure flattening,
including the Mercier resonances in the global stability calculations leads to predictions of
instability for both the kink and periodicity-preserving modes (Fig. 4).

CAS3D benchmarking calculations in two dimensions for the stability of the external
kink for ARIES are in good agreement with predictions of TERPSICHORE and the PEST [6]
codes. Table I shows the PEST comparisions with CAS3D and TERPSICHORE for kink
stability for this axisymmetric equilibrium. The CAS3D vertical stability calculations of the
axisymmetric case show instability for elongated tokamaks, and stability for circular tokamaks
(Table II). The most unstable harmonics of the vertical instability for the ARIES axisymmetric
tokamak at 7.5% beta for m > 1 are suppressed at lower beta (2.1%).

There remain questions concerning the best current and pressure profiles to use for
design optimizaton. Most stellarator density profiles are broader than the ARIES profiles
assumed in initial studies for NCSX. Also the current profile was assumed to be similar to a
low collisionality reactor bootstrap current profile, to enable rapid reactor performance scaling.
Work is ongoing to address flexible performance in a modest-sized experiment.

5. Conclusion '

Optimized configurations have been identified for the proposed NCSX experiment
which are stable to ballooning, kink and the periodicity-preserving modes and have acceptable
confinement. Neoclassical particle transport is being studied and optimized for good
confinement [7]. The three dimensional global ideal MHD stability code packages CAS3D and
TERPSICHORE are found in agreement in numerous benchmarking studies and both predict
global stability for the NCSX design point configuration. CAS3D has extended
TERPSICHORE calculations for NCSX showing stability of the kink and periodicity-
preserving modes for this stellarator even without a conducting wall. There is still a need for
comprehensive comparisons of detailed measurements of MHD instabilities to results of global
stability calculations for both rippled tokamak and stellarator experiments.

i
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Table I ARIES Kink Stability Table I ARIES Vertical Stability
B CAS3D PEST TERPSICHORE PEST B eigenvalue
(%) (wall at infinity) (wall at r=2a) elongated
7.5 unstable unstable unstable unstable 7.5% -0.041
3.6 unstable unstable unstable unstable 3.5 -0.076
2.5 unstable unstable stable stable 2.5 -0.089
2.1 stable stable stable stable 2.1 -0.094
circular
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Fig. 1 Largest Fourier components of most unstable mode calculated for QAS2_20 at 6.7%
beta, for 48 flux surfaces (a)\ = -1.3) and 129 flux surfaces (c)A = -0.35) by CAS3D, and for
48 flux surfaces, (b)A =-0.02 and for 129 flux surfaces (d)A = -0.007 by TERPSICHORE .
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Abstract

Key physics issues in the design of a high 8 quasi-axisymmetric stellarator configuration are discussed.
The goal of the design study is a compact stellarator configuration with aspect ratio comparable to that of
tokamaks and good transport and stability properties. Quasi-axisymmetry has been used to provide good
drift trajectories. Ballooning stability has been produced by strong axisymmetric shaping. A combination
of externally generated shear and nonaxisymmetric corrugation of the plasma boundary provides stability
to external kink modes even in the absence of a conducting wall. The resulting configuration is also found
to be robustly stable to vertical modes, increasing the freedom to do axisymmetric shaping. Stability to
neoclassical tearing modes is conferred by a monotonically increasing ¢ profile. A gyrokinetic & f code
has been used to confirm the adequacy of the neoclassical confinement. Neutral beam losses have been
evaluated with Monte Carlo codes.

1. Introduction

We have been pursuing the design of a compact stellarator configuration with aspect ratio
comparable to that of tokamaks (R/(a) =~ 3.5 ) and good transport and stability properties.
To provide good drift trajectories, we have focused on configurations that are close to quasi-
axisymmetric (QA).[1, 2] This paper discusses key physics issues that have been addressed in
our study.

The QA configurations being studied have drift trajectories similar to those of tokamaks,
aspect ratios comparable to those of tokamaks, and bootstrap current as well as n = 0 compo-
nents of ellipticity and triangularity comparable to that of advanced tokamaks. They therefore
can be considered to be hybrids between drift-optimized stellarators and advanced tokamaks.
Relative to unoptimized stellarators, they have improved predicted neoclassical confinement.
They have a much smaller aspect ratio than the drift-optimized stellarators under construction.
Strong axisymmetric components of shaping provide good ballooning stability properties at the
lower aspect ratio. The bootstrap current, large relative to that of other drift-optimized stellara-
tors, is used to advantage in suppressing magnetic islands and providing a substantial fraction
of the rotational transform. An experimental study of the potential benefits and disadvantages
of bootstrap currents would be a key focus of a proposed QA stellarator experiment.
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Relative to advanced tokamaks, QA configurations have the potential advantage that the
externally generated transform reduces or eliminates the need for rf current drive and provides
control over MHD stability properties. Unlike the tokamak, it is possible to have a monoton-
ically-increasing ¢ profile (monotonically decreasing ¢ profile), avoiding problems associated
with MHD stability at the shear reversal layer, and conferring stability to neoclassical tearing
modes across the entire cross section. A combination of externally generated shear and nonax-
isymmetric corrugation of the plasma boundary provides stability to external kink modes even
in the absence of a conducting wall. The resulting configuration is found to be robustly stable to
vertical modes. Experiments on hybrid tokamak-stellarator configurations on W7A and CLEO
found that even a modest level of externally generated transform was sufficient to suppress
disrupiions.[3, 4].

Section 2 of this paper describes an approximately quasi-axisymmetric configuration that
we call Configuration C82, and discusses some of its properties. Section 3 discusses the is-
sues of kink, vertical, and ballooning stability. Section 4 discusses neoclassical confinement of
thermal and energetic particles.

2. An Approximately Quasi-Axisymmetric Configuration

Figure 1 shows the plasma boundary of an approximately quasi-axisymmetric, three-
period configuration that we call Configuration C82. The choice of aspect ratio (R/{a) =~ 3.4)
has been constrained by the desire to fit the configuration inside the PBX-M tokamak toroidal
field (TF) coils. We envision constructing a device that would reuse the PBX TF coils to pro-
duce the main component of the toroidal field, and would have an additional set of saddle coils
inside the TF coils to produce the residual three-dimensional field. Configuration C82 is the
most recent of a set of configurations that have been generated through a design procedure that
uses an optimizer to adjust the values of about 40 parameters specifying the shape of the plasma
boundary to target desired configuration properties.

The configuration optimization is performed using a Levenberg-Marquardt scheme to
minimize a target function, x2, which is a sum of squares of desired targets.[5] Targets in-
corporated in the optimizer include: a measure of quasi-axisymmetry (the sum of the squares
of the non-axisymmetric Fourier components of B in Boozer coordinates, with an adjustable
weighting of contributions from different flux surfaces); a measure of secondary ripple wells
along the field lines[6]; the eigenvalue of the most unstable external kink mode; ballooning
eigenvalues; the deviation of major radii of inner and outer boundaries from those prescribed by
the PBX geometry; the deviation of the rotational transform from prescribed values at on one
or two flux surfaces. Configurational properties (MHD equilibria) are completely determined
by the current and pressure profiles, as well as the plasma boundary, which is represented as
a finite sum of Fourier harmonics for R and Z. Varying these as independent variables in the
optimizer allows us to seek stellarator configurations which minimize x? and thereby approach
a state in which the various criteria are satisfied as well as possible. The VMEC code[7] is used
to calculate the MHD equilibria needed to evaluate the physics targets for arbitrary values of
the independent variables. The attainment of an optimized state has been accelerated by intro-
ducing a condensed spectrum for the boundary. For configuration C82, 6 poloidal modes and
3 toroidal modes were used in the plasma boundary description, resulting in 39 independent
variables adjusted by the optimizer. The optimization process typically used 94 modes and 33
radial grid surfaces for its VMEC calculations. Kink eigenvalue calculations in the optimizer
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use the TERPSICHORE code.[8]

A tokamak equilibrium from the Aries reactor study[9] was used as the starting point of
the optimization procedure. This starting point has an advantage that it has good ballooning
stability properties. Also, we initially retain the bootstrap-like current profile as well as the
pressure profile of the Aries equilibrium. The (3 limit for the Aries configuration is 4.5%, and we
fix ( at 4% for the purposes of our optimization study. We assume a broader density profile than
that used in the Aries study, and the magnitude of the bootstrap current is consequently reduced.
The pressure and current profiles are held fixed in the optimization process, along with the total
toroidal flux. The initially axisymmetric equilibrium is of course quasi-axisymmetric, and we
use the optimizer to maintain approximate quasi-axisymmetry as we deform the boundary to
introduce an externally generated rotational transform. In order to avoid difficulties associated
with local optima in the optimizer target function, the modification of the Aries equilibrium
to produce configuration c¢82 was done in four stages. In the initial stage, the value of ¢ at
the magnetic axis and and the plasma edge were targeted, as well as the quasi-axisymmetry.
By this means, an approximately uniform external transform was added to the axisymmetric
configuration until, on average, it accounted for about 30% of the total. Only the ns£0 terms
were varied at this stage. The weight placed on the ripple measure in the target function was
adjusted to reduce the magnitude of individual Fourier components of B to less than a few
percent. The resulting ¢ profile was non-monotonic, with a region near the edge where ¢/ < 0.
In the second stage of the optimization procedure, the value of ¢ was constrained at a point
in the plasma interior and at the plasma edge, and the value at the edge was raised to make
the profile monotonic. The value of ¢ at the axis was not constrained during this second stage
of optimization, and it decreased somewhat. The non-axisymmetric magnetic field components
were also further reduced at this stage. For the third stage of the procedure, the kink stabilization
was turned on in the optimizer target function, retaining the constraints on quasi-axisymmetry
and on the value of ¢ at the edge. The n = 0 terms now were allowed to vary (with the aspect
ratio being constrained). The reduction of secondary ripple wells was also done at this stage.
Finally, after kink stabilization, we find that the ballooning beta limit has been lowered, and is
now exceeded locally by the pressure gradient in a narrow region near the outside. This requires
a local reduction in p' in that region. (The initially adopted Aries profile has a relatively large
pressure gradient near the edge.) The final pressure profile is shown in Figure 2. The coordinate
s is the toroidal flux normalized to its value at the boundary.

The sign of the shear in configuration C82 has been chosen such that the perturbed boot-
strap currents suppress magnetic islands. This stabilizing effect is the inverse of the neoclassical
tearing instability that has been seen in tokamak experiments. The rotational transform profile
of configuration C82 is shown in figure 3. It ranges from about 0.25 on the axis to about 0.47
at the edge. Also shown is the vacuum transform generated by the three-dimensional shaping
alone. In the absence of this externally generated transform, ¢ would be decreasing in a region
outside the current density peak. The externally generated transform allows us to generate a
monotonically increasing ¢. In tokamak parlance, ¢’ < 0 (/' > 0) is known as “reverse shear”.
Reversed shear tokamaks have a shear reversal layer which tends to be associated with MHD
stability problems, and outside of which neoclassical tearing modes are unstable.

Figure 4 shows the nonaxisymmetric Fourier components of B in Boozer coordinates, as a
function of the radial coordinate, for configuration C82. In the quasi-axisymmetric limit, these
Fourier modes would vanish. In our design process, we have used an optimizer to suppress these
mode amplitudes. The boundary prescription of configuration ¢82 has an m=2, n=1 Fourier



- 68 -

mode of amplitude 0.126. This term helps to produce the desired externally generated shear.
Its amplitude may be compared with that of the m=2, n=1 Fourier component of B (the largest
nonaxisymmetric component), which is only 0.7% at s=0.5 (relative to the m = 0, n = 0
component), rising to 3.5% at the edge.

In the remainder of this paper we discuss some key physics issues in more detail. Section
3 discusses ideal MHD stability issues. Section 4 discusses confinement issues.

3. Ideal MHD Stability

As discussed in the previous section, the sign of ¢/ in configuration C82 confers stability
to neoclassical tearing modes. In this section we discuss ballooning, kink and vertical stability.
These three issues are not independent. We use a combination of externally generated shear
and an appropriate corrugation of the plasma boundary to stabilize external kink modes. We
have found that the resulting configurations are also robustly stable to vertical modes. The
vertical stabilization, in turn, extends our freedom to use axisymmetric shaping to stabilize
ballooning modes. The stability of ballooning, external kink, and vertical modes has been
calculated using the TERPSICHOREJ8] suite of codes. More details on the kink and vertical
stability calculations will be reported in [15].

As previously reported[10, 11], we have found that ballooning modes can be stabilized
in quasi-axisymmetric stellarators by appropriate axisymmetric shaping. The resulting strong
axisymmetric component of shaping is a unique feature of our configurations relative to other
stellarators, and is visible in fig. 1. (Note that the average of the ellipticity and triangularity as
a function of the toroidal angle does not vanish.) The ARIES tokamak equilibrium that serves
as the starting point for the design procedure provides initial n = 0 components of shaping that
are strongly stabilizing for ballooning.

The ARIES tokamak equilibrium that serves as our starting point for the design of con-
figuration c82 requires a conducting wall at 1.3a, where a is the minor radius, to stabilize the
external kink. The external kink has been stabilized in configuration c82 with the wall at in-
finity. To accomplish this, we have used a combination of externally generated shear and a
three-dimensional corrugation of the boundary with little associated shear.

The potential use of externally generated shear to stabilize kink modes was suggested
in several early papers.[12, 13] Our calculations confirm that the external kink in our quasi-
axisymmetric configurations can be stabilized by this method.[14] However, we find that when
externally generated shear alone is used to stabilize the kink this forces the value of ¢ in the
plasma interior to undesirably low values. This is particularly an issue for a reverse shear
configuration of the size we could like to construct, where the axisymmetric neoclassical con-
finement time does not exceed the total confinement time by a large margin, so that a reduction
in the total poloidal flux poses confinement problems. The development of a second kink stabi-
lization scheme to augment the effect of the externally generated shear has therefore been key
in allowing us to generate attractive kink stable configurations. The second method of stabi-
lization employs a three-dimensional corrugation of the plasma boundary with little associated
shear. The corrugation is generated using the optimizer, with the kink growth rate calculated
by TERPSICHORE incorporated in the.target function. The optimizer adjusts the shape of the
plasma boundary to suppress the kink.

For calculating global ideal MHD stability, the TERPSICHORE code uses finite elements
in the radial direction and Fourier decomposition in the poloidal and toroidal angles. For our
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kink calculations, the typical numerical resolutions used are 48 radial grid surfaces, 264 equi-
librium Fourier modes in Boozer coordinates and 91 stability Fourier modes. Systematic con-
vergence studies show that this resolution is sufficient for accurate prediction of beta limit due
to external kink modes. Up to 96 radial grid surfaces and 131 stability Fourier modes have been
used.

With the ARIES pressure and current profiles, as described in Section 2, configuration
c82 is marginally stable to external kink modes at 8 = 3.9%. Figure 5 shows the dependence
of the kink stability on the magnitude of the current. The configuration becomes increasingly
stable to the external kink at lower current, and less stable at higher current. This is in contrast
to the conventional tokamak, in which the kink 8 limit increases with increasing current. This
can be understood in terms of the shear. In our configuration, the externally generated shear is
fighting that due to the current near the edge. Increasing the current decreases the net shear near
the edge. In a conventional tokamak equilibrium, on the other hand, the shear increases with
increasing current. When the plasma current in configuration C82 is sufficiently large,an¢ = .5
surface moves into the plasma, and the confi guration becomes unstable to a current driven mode
at zero (3, as can be seen in Figure 5. _

The “vertical instability” in our configuration is nonaxisymmetric, unlike that in a toka-
mak, because of the mode coupling through the nonaxisymmetric equilibrium Fourier modes.
We distinguish this type of instability from the external kink by its preservation of the period-
icity of the equilibrium. Kink modes, in contrast, preserve the stellarator symmetry, but not
the periodicity. The two types of modes do not couple in 6W, so that their stability can be
calculated independently.

The vertical mode is calculated to be stable in configuration c82 at the reference 8 value
of 3.9%. The calculation was done with a wall at 3.5a, where we believe it is has virtually
no effect on stability. A tokamak having the same n = 0 components of boundary shape is
unstable. We interpret the stabilization as due to the nonaxisymmetric shaping. To study this
effect, the vertical stability has been calculated for a sequence of zero 3 equilibria interpolating
between the tokamak and C82. The n 5 0 components of the shape are linearly interpolated
between the tokamak (zero amplitude) and their full value in configuration C82. The results
are shown in Figure 6. About 60% of the three-dimensional shaping is adequate to stabilize the
vertical mode. Finite § effects are found to be stabilizing. We conclude that the vertical mode
is robustly stable.

The robust stability of the vertical mode allows us to further increase the elongation of
our configuration. This provides additional flexibility in shaping the configuration to maintain
ballooning stability. The potential usefulness of this is being explored.

The corrugation introduced to stabilize the kink mode causes a deterioration in the bal-
looning stability. As described in Section 2, this requires a modest reduction of p' in the region
0.8 < s < 0.9 relative to the initially adopted ARIES profile, with the resulting pressure profile
shown in figure 2. The corresponding ballooning eigenvalues for this pressure profile are plot-
ted in figure 7 as a function of the radial coordinate. In the narrow region near the edge where
the pressure profile has been modified, the ballooning eigenvalues approach marginal stability.
Away from this region, the ballooning mode is robustly stable. ;
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4. Neoclassical Confinement

Our numerically generated configurations are only approximately quasi-axisymmetric. In
designing the configurations, it is necessary to monitor the neoclassical transport to confirm
that the degree of quasi-axisymmetry is adequate. In this section we discuss calculations of
neoclassical confinement of thermal particles and of neutral beams. The parameters are chosen
to be appropriate for a device constructed in the PBX facility, R ~ 1.45 m.

Thermal neoclassical transport evaluations have been done using the GTC code[16] run-
ning on the T3E. GTC can do both full-f and § f calculations in general toroidal geometry, and
can run in either turbulence mode (self—consistent electrostatic fluctuations computed) or neo-
classical mode (only specified magnetic and electrical fields), with like—particle collisions for
ions, and like-particle plus electron-ion collisions for electrons. Calculations for NCSX thus far
have used only the neoclassical mode.

The simulations used for these assessments of thermal transport used 40 x 10° Deuterium
ions, loaded according to temperature and density profiles drawn from the PBX database, with
Tip = 2.14 keV, nyy = .67 x 10'4, and B=1.26 Tesla. A model ambipolar potential ® is
used, given by e® /Ty = at)/tDedge, With 2 the toroidal flux, and « an adjustable amplitude. -
These runs used a@ = 1, hence e® =~ 7T;. GTC was run in neoclassical, full-f mode, and the
confinement time 7 computed from 75(r) = W(r)/[~d;W (r) + Sp(r)], with W(r) the ion
energy contained inside flux surface r, and Sg(r) the energy source/sink, computed from the
energy exchange of the test ions off the fixed—profile background.

At T = a (¥ = tPeqge), We find 75; = 16.9 msec for configuration ¢82. Since the
electron heat loss channel is negligible, the neoclassical energy confinement time is TR R
(14 We/Wi)7g. For Zeg = 2, this gives T8¢ ~ 2.372° &~ 39 ms. For these parameters,
Tiss = 7.6 msec. Anenhancement factor of 2.3 would give a confinement time of 17.5 ms. This
is still well below the neoclassical confinement time, so the neoclassical losses are predicted to
be sufficiently small to not have a significant deleterious effect on the energy confinement.

Neutral beam heating efficiency has been calculated by following a collection of simula-
tion particles through several slowing-down times with the DELTAS5D code[17]. These particles
are initially distributed in space according to a deposition profile calculated by TRANSP[18]
for an equivalent axisymmetric configuration; the initial pitch angle distribution is determined
based on the ratio of the tangency radius to the birth major radius (pencil beam approximation).
The Hamiltonian guiding center beam particle orbits are then followed in the presence of colli-
sions with electrons and two background ion species (a main ion and one impurity component).
As the beam ions slow down to 3/2kTo, with T, the background field ion temperature, they
are removed from the fast ion distribution and counted as part of the field plasma. Beam heating
efficiencies are calculated by recording the losses of particles and energy out of the outer mag-
netic flux surface that occur during the slowing-down process. The DELTASD code runs groups
of beam particles on different processors in parallel on the Cray T3E using the MPI language
for inter-processor communication. A variety of diagnostics of the escaping particles, such as
pitch angle, energy and particle lifetime distributions, are retained to aid in understanding the
loss mechanisms. These generally show a prompt loss peak at the beam injection energy and
pitch angle, followed by a more gradual loss centered around vy /v = 0 and at around 1/5 of the
injection energy as the beam particles s¢atter onto trapped orbits. We also have made studies of
the dependence of these losses on the'magnetic field and find non-monotonic behavior in beam
energy losses with increasing magnetic field strength. This type of behavior is to be expected
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with the presence of stochastic loss regions. Contours of the longitudinal adiabatic invariant J
indicate that such loss regions can be present for barely passing particles near the plasma edge.

This model has been applied to the calculation of neutral beam energy losses for the
¢82 configuration, with the background plasma taken to have a central electron density of
6.5.x 10 ¢cm™3, and central temperatures of 1.9 keV for the ions, and 2.1 keV for the elec-
trons.. The background impurity species was oxygen (Z = 8, mass/proton mass= 16) with
Nimpurity/ Nelectron = 0.014 leading to a Z.z of 1.8. The beam consisted of 50 keV hydrogen
ions injected on the midplane at @ = 0, ¢ = 0. This resulted in saturated (over several slowing-
down times) beam energy losses of 34% for (Bo) = 1T and 28% for (By) = 1.5T.

Energetic ion losses have also been calculated using the ORBITMN code, a modification
of the ORBIT code[19] which is capable of handling three-dimensional equilibria. Simulations
of « particle confinement using the ORBIT code show good agreement with detailed experi-
mental measurements on TFTR.[20] The predictions of ORBITMN are consistent with those of
DELTASD.

5. Conclusions

The design of an attractive quasi-axisymmetric stellarator has required the development of
novel techniques for stabilizing ballooning and kink modes. Ballooning modes have been sta-
bilized through axisymmetric shaping, not previously applied to stellarators. Kink modes have
been stabilized through a combination of externally generated shear and a three-dimensional
corrugation of the boundary. The solution of these problems opens up a promising new region
of configuration design space. MHD stabilized quasi-axisymmetric stellarators combine some
of the most attractive features of drift-optimized stellarators and advanced tokamaks.

The confinement predictions of Section 4 suggest that an R = 1.45 m device based on
the c82 configuration would require about 5.5 MW of neutral beam power to access 4% [
with B = 1.2 T, n = 10®°m~*, Ty = 1.4 keV. The PBX facility has 6 MW of neutral beam
power available. Such a device would therefore be capable of testing the novel schemes for
stabilizing ballooning, kink, and vertical modes described in Section 3. The experiment would
more generally provide information on MHD stability, disruption immunity, and confinement
in a compact quasi-axisymmetric stellarator operating near the 3 limit, including the potentially
stabilizing effects of bootstrap currents on magnetic islands.
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Figures

Fig. 1 Plasma boundary of Configuration C82.

Fig. 2 Pressure profile. The coordinate s is the toroidal flux normalized to its value at the bound-
ary.

Fig. 3 Rotational transform profile of Configuration C82.

Fig. 4 Largest nonaxisymmetric Fourier coefficients of B for Configuration C82, normalized to
n = 0, m = 0 Fourier component.

Fig. 5 Kink stability of Configuration C82 with varying (3 and current. Open circles correspond
to stable equilibria, filled circles to unstable equilibria.

Fig. 6 Vertical stability eigenvalues calculated by TERPSICHORE for a sequence of equilibria
interpolating between Configuration C82 and a corresponding tokamak.

Fig. 7 Ballooning eigenvalues as a function of radial coordinate for the modified pressure profile.
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