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Ergodic Divertor Experiments
On The Route To Steady State Operation Of Tore Supra

Tore Supra team presented by Ph. Ghendrih

Association Euratom-CEA sur la fusion, CEA Cadarache, 13108 St Paul Lez Durance, France

e-mail contact of main author : Ghendrih@drfc.cad.cea.fr

Abstract. Ergodic Divertor operation on Tore Supra is characterised by good performance in terms of divertor
physics. Control of particle recirculation and impurity screening are related to the symmetry both poloidally and
toroidally of the shell of open field lines and to its radial extent, Ar ~ 0.16 m. Feedback control of the divertor
plasma temperature has led to controlled radiative divertor experiments. In particular, good performance is
obtained when the plasma is controlled to be a temperature comparable to the energy involved in the atomic
processes, (15 to 20 eV). For standard discharges with 5 MW total power and ICRH heating, the low parallel
energy flux ~ 10 MW m"2 is reduced to ~ 3 MW m"2 with nitrogen injection. This is achieved at a modest cost in
core dilution, AZeff ~ 0.3. Despite the large volume of open field lines (~ 36 %) the Ergodic Divertor does not
reduce the possible current in the discharge since stable discharges are achieved with qsep ~ 2. It is shown that the
reorganisation of the current profile in conjunction with a transport barrier in the electron temperature on the
separatrix stabilises the (2,1) tearing mode. Confinement follows the standard L-mode confinement. In a few
cases at high density and with no gas injection (wall fuelled discharges), "Rl-like" modes are reported with
modest increase in confinement (~ 40 %). Despite the lack of core fuelling on Tore Supra, high densities during
ICRH pulses can be achieved with Greenwaid fractions fG ~ 1. Compatibility with both ICRH and LH is
demonstrated. In particular long pulse operation with flat top in excess of 20 s are achieved with LHCD.

1. Introduction

Steady state operation requires a high level of integration of both physics and technology.
Experiments on Tore Supra indicate that power exhaust is among the very first issue to be
solved in order to tackle other aspects of long pulse operation such as current drive and even
improved confinement [1,2]. Many configurations, mostly limiter configurations, have been
investigated on Tore Supra during the first ten years of operation [1]. The circular cross
section of Tore Supra (R ~ 2.39 m, a ~ 0.79 m) does not allow for significant shaping of the
plasma without a very strong loss of confinement volume. In order to give access to divertor
physics, the machine has been equipped with the so-called Ergodic Divertor.

While the axisymmetric divertor is based on the generation of a large poloidal component of
the magnetic field, the ergodic divertor is used to generate a radial perturbation. The latter is
helicoidal and is therefore resonant on magnetic surfaces with rational safety factors [3]. The
number of identical coils implemented in the machine determines the main toroidal mode
number, n = 6. A proper design of the coil then defines the poloidal spectrum. The octopolar
coils of Tore Supra generate an m = 18 ± 6 spectrum that defines the operating point of the
edge safety factor : qedge ~ 3. The high poloidal wave number governs a sharp decrease of the
magnetic perturbation towards the plasma core. As a consequence, the non-linear interaction
of the resonant modes generates a stochastic boundary which extends typically between the
q = 2 surface at p ~ 0.8 and the q ~ 3 surface at the very edge.

First operation of the ergodic divertor was performed in 1988 with a very reduced set of
dedicated diagnostics, actively cooled target plates and very little protection of the coil casing.
The 1996 upgrade significantly improved the diagnostic capability and reinforced the heat
extraction capability [4]. In particular the front face was fully covered with 20 mm thick CFC
tiles inertially cooled between shots. The 42 new target plates have a vented structure with



B4C coating of the actively cooled CuCrZr tubes. These were designed to sustain up to
9 MW m"2 in steady state [4].

After the final year of operation of the Tore Supra ergodic divertor, a general survey of the
experimental investigation can be presented. Section 1 is dedicated to the divertor
performance, including some geometrical features of the stochastic boundary, Section 1.1,
efficiency of this shielding layer is terms of control of particle recirculation, Section 1.2, and,
control of the parallel heat flux to the target plates, Section 1.3. Section 2 is dedicated to the
integration of core physics with a stochastic boundary, including the operational window in
terms of plasma current, energy confinement and access to high Greenwald ratios,
Section 2.1, and, finally long pulse operation with LHCD, Section 2.2.

2. Divertor physics with the Ergodic Divertor

2.1 Connection length distribution in the stochastic boundary

A statistical analysis of infinite and homogeneous stochastic systems provides several
characteristic properties of the stochastic boundaries that are readily computed knowing the
spectrum of the magnetic perturbation [4]. An alternative description of the stochastic
boundary can be achieved by computing the connection length of a series of points in the
stochastic boundary. These are computed with the Mastoc code [5]. To separate the co and
counter connection lengths, they are given opposite signs, LHS figure of FIG. 1.
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FIG. I : Computation of the connection length to the wall Lwaufor a radial scan from the
bottom of the machine, 6 = -n/2 and at cp - 20°from a divertor coil. Left figure Lwau in
the co (positive value) and counter (negative value) for the same initial conditions. Right
minimum of the co and counter connection lengths (black curve) compared to a typical

connection length of27iqR (dashed red line). The colour code defines the various
transport regimes, closed magnetic surfaces (light blue), the "ergodic" region (yellow)

and the "laminar" region (pink).

In this calculation the upper limit of the field line excursion is set to ± 100/6 toroidal
rotations, equivalent to ~ 600 m. A striking feature of this result in the complexity of the
connection length behaviour. The latter is typical of stochastic systems. A second outstanding
feature is the very long connection lengths which are found up to 0.16 m from the wall
(aED = 0.79 m). One can also observe the strong divergence of Lwan towards the separatrix at



rsep ~ 0.64 m. Finally, one finds that the minima in the connection length are well organised
which indicates that the stochastic feature do not prevail along these short distances. Although
the local Lwaii values will be very sensitive to the location of the initial point or to slight
changes in the magnetic equilibrium, the qualitative features are very robust. This is
summarised on the RHS figure of FIG. 1, where the minimum connection length between the
co and counter values is plotted versus the minor radius. In this plot the colour code indicates
the various transport region that constitute the stochastic boundary. The blue area is
characterised by closed magnetic surfaces (Lwan -> °°) and dominated by cross-field transport
[6]. The last closed magnetic surface defines the separatrix and for standard operation,
BT ~ 3 T and full divertor current IED ~ 45 kA, is located at psep = rsep / aED ~ 0.8. Note that the
plasma radius is defined as aED, namely the radius of the CFC tiles on the divertor coil. The
regions with short connection lengths, typically shorter than a standard connection length
27tqR (~ 45 m on Tore Supra) are governed by parallel transport very much in the fashion of
the axisymmetric divertor [7]. This characterises the so-called "laminar" transport region [4]
with pink colouring on FIG. 1. Typically, in such a radial scan, one finds 3 main regions of
such laminar transport with radial extents in the 0.01 m range, i.e. comparable to standard
SOL width in L-mode operation. The region with a yellow colouring is called the "ergodic"
region, transport in this region is a balance between parallel and transverse transport [4]. A
consequence of this typical structure is that the core plasma is shielded by a large SOL,
0.15 m large, that is symmetric both poloidally and toroidally. A significant fraction of the
radial extent, ~ 20 %, is characterised by very short lifetime due to a very short connection
length to the wall.

2.2 Control of particle recirculation

The aim of divertor configurations is to control particle recirculation by generating a radial
gap between the last closed magnetic surface and the recycling areas. Three outstanding
results have been observed in the axisymmetric divertor. First, impurities generated at the
divertor target plates are effectively controlled in L-mode operation [8]. Second, mechanical
closure of the divertor volume enhances the control of the neutral deuterium leading, in
particular, to a strong increase of neutral pressure in the divertor [9]. Third, the thin SOL
away from the divertor volume appears to be inefficient in shielding the core plasma from
particle release by the wall [10].

The Tore Supra divertor is an open divertor where particle control can only be achieved by
the plasma itself. The core plasma shielding has been characterised by the divertor tightness,
namely the capability to reduce the neutral particle flow to the core plasma. This is defined as
the ratio of the divertor density to the core volume averaged density [11].It has long been
found and reported in the literature [12,3] that the ergodic divertor is effective in lowering the
impurity inflow, both for metallic impurities [112] and light impurities such as carbon [3].
Control of main ion species, D or He, provides another measure of the divertor performance.
It is found in particular that the turning points in terms of core density between the various
density regimes, from linear to high-recycling and from high-recycling to detached [13] are
characteristic of the divertor tightness [14]. Main results of the Ergodic Divertor experiments
are low values of the core density at the transition from high recycling to detached plasma
despite low values of the tightness, typically of the order of 0.3 in ohmic shots [11]. The latter
feature is in fact governed by the very low parallel heat flux achieved in the stochastic
boundaries as also evidenced on LHD [15]. In these cases with weak plasma pressure, it is
also found that the rollover to detachment occurs at rather high plasma temperature typically



Tdiv ~ 10 eV [11,14]. Detachment is defined here as the departure from the high recycling
regime, i.e. from the quadratic scaling of the ion flux versus the core density [9].

Further evidence of the control of particle recirculation is given by the analysis of the particle
flux to the target plate, measured with a Langmuir probe and the measure of the neutral
inflow computed from a full image of the target plate in Ha light. For both signals one finds
the same dependence in a density scan, and, for reasonable estimates of the wetted surface,
quantitative agreement is observed [12]. Direct analysis of the Ha image also exhibits a
localised neutral influx, FIG. 2. The Ha light plotted along a chord transverse to the target
plate and along a chord parallel to the target plate is well localised on the target plate. In the
transverse direction about 60 % of the target plate is actually wetted, hence the reduced size of
the Ha maximum compared to the 0.1 m width of the target plate. The local minimum in the
vicinity of dg = 0 corresponds to a gap of the vented structure. Clearly the gap is comparable
to atomic scales so that the minimum is not very pronounced. In the parallel direction, the
chosen chord runs through an area which is orthogonal to the field lines (at d// ~ 0). This
governs a focussing of the particle and energy flux.
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FIG. 2 : Profiles ofHa light transverse (LHS) and parallel (RHS) to the target plate. The
coloured regions correspond to the visible extent of the target plate, typically 60 mm

poloidally and 220 mm in the parallel direction.

The sharp peak in Ha light is indicative of this effect. Towards the negative values, one
observes an exponential decay. This region has little particle source since the plasma facing
components are withdrawn radially compared to the target plate. Towards the positive values
a more complex decay is observed due to the particle recycling on the target plate. The latter
decays away as d// increases since the target plate is radially inclined outwards governing a
reduction of the ion flux.

The clear peaking of the ionisation source in the vicinity of the target plate demonstrates that
particle channelling by the Ergodic Divertor is effective and that recirculation of particles is
controlled despite the open geometry. The divertor is tight and plasma shield effective.



2.3 Low Energy flux to the target plate

The Ergodic Divertor is equipped with high heat flux components that are actively cooled.
Performance of such a heat sink is associated with low time constants to reach equilibrium,
typically in the range of a couple of seconds for the CuCrZr structure. The B4C coating has a
much faster time response of the order of 40 ms, i.e. a time frame of the Infra-Red imaging
system. Furthermore, the design value of the maximum heat load in steady state is of
Êxhaust ~ 9 MW m"2, very similar to design values of Next Step devices. As a consequence

control of the energy flux to the divertor is compulsory. The Ergodic Divertor does not allow
for flux expansion as the axisymmetric divertor does. As a consequence, the angle between
the plasma facing components and the magnetic field cannot be varied. This angle is typically
of 8° for the vented target plates as implemented. The upper bound of the parallel heat flux to
the target plate is then Q// ~ 65 MW m"2. Radiation is a standard means to reduce the parallel
heat flux in order to meet the technological constraints. It is therefore appropriate to analyse
the divertor performance in terms of its capability to lower the energy flux to the target plate
at minimum impact on core performance, typically Zeff for radiative plasmas.

A striking feature when considering the parallel energy flux Q// to the Ergodic Divertor is the
low values routinely observed. The highest energy fluxes have been recorded for low density
shots with Lower Hybrid Current Drive (LHCD). They remain with Q// < 20 MWm"2. A
possible interpretation would be a significant enhancement of cross-field transport leading to
a large increase of the wetted surface and no peaking of the power deposition. Evidence from
particle recirculation FIG. 2 indicates that recycling fluxes are localised on the target plates.
Since energy deposition is convective by nature, localised particle fluxes are a signature of
localised energy fluxes. Another experimental evidence of localised deposition is given by
off-normal operation of Lower Hybrid. Indeed, when the density in the vicinity of the LH grill
is too large, a small fraction of the LH energy is coupled to boundary electrons and generates
an electron beam with electrons of ~ 200 eV [14,16,17]. This beam remains focussed over
several meters of parallel transport so that parallel energy fluxes > 150 MW m"2 have been
recorded at the strike point defined by parallel connection between the LH grill and the target
plate [17]. The duration of this off-normal heat pulse was short enough to limit the damage to
melting of typically 10 mm * 10 mm of the B4C coating which led to a disruptive termination
of the discharge. The lowering of the parallel energy flux thus appears to be linked to
transport properties of the ergodic region and not to an enhancement of cross-field transport in
the vicinity of the plasma facing components.

Numerous experiments have been carried out to control Q//. A specific scenario has been
routinely used during the last experimental campaign to evaluate radiative performance at
given divertor temperature. To this end the divertor temperature measured by two Langmuir
probes was used to monitor the gas injection [18,19], FIG. 3. On this characteristic time trace,
the divertor temperature is lowered with a controlled ramp-down and set to a value in the
range 15 to 20 eV. The increase of the gas injection Oinj is clearly correlated to the rise in
divertor temperature. Some oscillations of divertor temperature remain due to the slow
response of the gas injection system. A consequence of this scenario is that the core density is
determined by the temperature of the divertor plasma. Clearly noticeable on FIG. 3 is the
rollover of the particle flux to the divertor Fdiv while volume averaged density <ne> still
increases. This detachment also leads to a sharp drop of O;nj that one readily interprets as a
lowering of the screening capability of the Ergodic Divertor. It is interesting to note that the
gas injection required for this feedback control is typically 4 % of the total recycling particle
flux.
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FIG. 3 : Gas injection control of the divertor temperature. On the left figure impact of
this feedback scheme on the particle flux at the divertor target plate and on the volume

averaged core density. On the right handfigurer, response of the divertor plasma
temperature to the gas injection &inj.

On FIG. 4 are plotted the results from a series of shots with a total injected power of 5 MW
and injection of extrinsic impurities to further reduce Q//. On the RHS figure is reported the
dependence of Q// as a function of the power to the divertor P-rotai-PRad- PRad is measured by a
set of bolometer cameras located toroidally 20° away from a divertor coil. Extrapolation
indicates that for a radiated fraction of 0 % the energy flux is limited to less than 20 MWm'2.
At 60 % of radiated power, Q// is reduced to 5 MWm"2, a level that can be dealt with even in
the case of field lines orthogonal to the target plates.

(MW / m )

FIG. 4 : Cost in Zef, &Zeffto lower the parallel energy flux(LHS), and, for a given shot
with nitrogen injection, correlation of the decrease ofQ// with the power to the divertor,

(RHS).

Data on the RHS figure corresponds to a shot with nitrogen injection. Cost in Zeff of this
injection is reported on the left figure of FIG. 4 and compared to injection of neon and argon.
In all cases a comparable achievement in terms of lowering of Q// is observed. However, the



cost in Zeff is significantly different. The linear dependence between AZeff and Q// allows one
to illustrate this point by determining the cost in core dilution of a 10 MW m"2 decrease of Q//.
Neglecting other sources of core dilution (He ash and intrinsic impurity contamination), one
finds a lowering of the fusion energy of 40 % in the case of argon, 30 % in the case of neon
and 15 % in the case of nitrogen. (These correspond to contributions to the core electron
density of 23 % for Ar, 16 % for Ne and 7 % for N). It is thus clear that the choice of an
impurity that radiates in the divertor volume, and the feedback of the divertor plasma
temperature to the appropriate temperature range, leads to the lowest contamination of the
core plasma [18,20]. A simple extrapolation from the working point at 5 MWm"2 to 50 MWm"
2 hence to fluxes to the component lower than 7 MWm'2 shows that 50 MW of total injected
power could be accommodated (P / R ~ 20 MW / m). At given divertor plasma temperature
this input power would yield a factor 3 in core density. Following the Multi Machine Scaling
[21] a reduction of (Zefrl) of a factor close to 10 would then be required to remain at 60 % of
radiated power. As a consequence of the favourable trend in heat extraction, the actively
cooled components have been very reliable without a single loss of coolant during the 10
years of operation.

3. Integration of core physics and stochastic boundaries

3.1 Standard performance in confinement and stable MHD operation

The Ergodic Divertor was designed for high plasma current operation, a choice that still
provides the highest core energy confinement. As a consequence the poloidal spectrum of the
Ergodic Divertor is optimised for a safety factor qedge ~ 3 (qedge = q(aED)) a t low (3, and allows
for an upward shift as (3 is increased due to a Shafranov shift effect when the coils are located
on the low field side [22]. While this resonance effect has been documented experimentally
[3], only recent investigation was dedicated to determining the location of the separatrix.
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FIG. 5 : Radial extent of the stochastic boundary in the midplane, R&, = R + r, starting
from the major radius of the ED coil R&, = 3.17 m as a function of the edge safety factor

(LHS). On the RHS figure, electron temperature versus minor radius for limiter and
Ergodic Divertor shots. The region coloured in green is that of the divertor volume with

low electron temperature.

One means has been to determine the value of qedge at the transition from the limiter to the
divertor configuration during current ramp-up. The result of the theoretical analysis is shown



on FIG. 5. Coloured areas on the LHS figure indicate the radial extent of the stochastic
regions. Peak of the stochasticity is located on the q = 3 surface. During current ramp-up, this
surface moves towards the wall. This leads to the shape of the pink area. The outer separatrix
which bounds this stochastic region reaches the wall at qedge ~ 4. This corresponds to the
experimental value for the transition from limiter to divertor configuration [22]. The
operational domain of the Ergodic Divertor thus extends from qedge ~ 4 to qedge ~ 2 when the
main separatrix, i.e. between the core plasma and the divertor plasma, moves out of the
plasma. Evaluation of this separatrix position also indicates that it remains in the vicinity of
the q = 2 surface in all this standard range of operation. Interestingly enough, this standard
operation exhibits stabilisation of the (2,1) tearing mode. However, it is shown that further
increase of the penetration of the separatrix eventually triggers a disruption due to the (3,2)
tearing mode [20]. Analysis of the stability of these modes indicates that the effect is not
governed by direct interaction of the Ergodic Divertor modes with the MHD modes but rather
to an indirect control via the current profile. In particular, stability of the (2,1) tearing mode is
associated to the electron temperature barrier that build-up at the separatrix [3], FIG. 4.

The existence of such a barrier on the electron temperature, also explains the properties in
terms of energy confinement. In particular, one finds that for a given density, the core
temperature is unaffected. The energy content of the discharge is thus very similar to that of
limiter shots and thus follows the standard L-mode scaling on Tore Supra [23]. The large
volume of open field lines, typically 36 %, does not lower the energy content of the discharge.
Measurements of the density fluctuations have shown that the core fluctuations (p < 0.8) are
the same in limiter and Ergodic Divertor shots [24]. A decrease is observed on the divertor
volume (0.8 < p < 1). The k-spectrum indicates that only the large modes are stabilised, the
modes at larger k showing a small increase [24]. These features are recovered by 3D
simulation of ballooning turbulence with the Ergodic Divertor [25]. Although density
fluctuations decrease in these simulations, it is shown that transport exhibits a slight increase
due to the increase of the electric field fluctuations [25]. This result agrees with the analysis
of the attached plasmas which indicate that cross-field transport is not modified by the
stochastic boundary. However, at high density, in the rollover to detachment, probe
measurements of ion saturation fluctuations exhibit a large increase [26]. Some change in
cross-field transport in the stochastic boundary could be associated to the detachment process.
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FIG. 6: High density operation with ICRH heating, Greenwald fraction and gas injection
(RHS), volume averaged density and ICRH power (LHS).



In several shots performed with no gas injection (natural density due to large wall fuelling),
some confinement improvement is observed during the ICRH pulse. These shots are similar to
the so-called "Rl-like" shots achieved in limiter discharges [27]. During low field operation,
BT ~ 1.5 T, shots of this family, with modest improvement with respect to L-mode scaling
[23] (HL96 ~ 1.2), are characterised by strong increase of the core density during the ICRH
pulse (2nd harmonic heating in the H-minority scheme [28]). Greenwald fractions of the order
of 1 are obtained, FIG . 6. For this shot low field shot, a value of PN of 1.2 was reached.

3.2 Long pulse with Lower Hybrid Current Drive

Compatibility between magnetic perturbations and Lower Hybrid Current Drive could be
questionable. In practise coupling of LH power did not rise difficulties and current drive
efficiency comparable to limiter shots achieved [3] (on LHCD physics see [29]). Investigation
of long pulse operation with the Tore supra Ergodic Divertor was subject to 2 limitations.
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FIG. 7 : Time traces during flat top of LHCD current driven shot, volume averaged
density and Zeff (LHS), hydrogen fraction and oxygen concentration (RHS).

Owing to the cooling of the divertor coil, the pulse length was restricted to less than 30 s.
Furthermore, operation at qedge ~ 3 required large current generation and therefore large LH
power. The limited power available was very marginal to achieve 30 s and certainly did not
allow zero loop voltage operation. Longest flat top achieved was of 20 s. However, a
disruption occurred during ramp down at ~ 25 s (for a programmed waveform of 28 s). We
shall concentrate here on a similar shot with 17 s flat top, and soft landing at - 2 5 s.
Parameters of the shot are BT - 3T, Ip ~ 1.4 MA, PLH ~ 3.7 MW, and <ne> ~ 1.6 1019 m'3. A
1 Hz, 20 kA modulation of the plasma current was used. As during limiter long pulses, the
density exhibits a slow increase after roughly 13 s of steady behaviour [30], FIG. 7.

Modulations of the density have the same frequency as the plasma current but with a n I 2
shift. Since the largest shift is observed on interferometer chords closest to the centre, one can
interpret this shift as a particle lifetime of 250 ms, much shorter than the evolution time of the
density. A similar trend is seen on Zefr, the final rollover being governed by a decrease of the
carbon concentration (~ 5 %) as the density rises. As in long limiter pulses, one also observes
a rise of the hydrogen fraction nH / (nH + nD) from less than 18 % to about 30 %, FIG. 7. Rise
of the oxygen concentration also starts at 13 s. This data can be understood as water
desorption from components some distance from the plasma and which experience a
temperature rise due to insufficient cooling.
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FIG. 8 : Time traces of the temperature variation of a point on the target plate (red curve)
and of a point on an uncooled CFC protection tile (blue curve), the black line and yellow
colouring corresponds to the LH pulse (LHS). RHS figure, profile of the exhaust energy
flux OExhaust along a target plate in the // direction. The circles indicate the location of the

point of the target plate used in the time trace of the LHS figure. The profiles are
modulated at the same frequency as Ip.

When analysing the behaviour of the Ergodic Divertor plasma facing components, FIG. 8, one
finds that the actively cooled target plates exhibit a modulation of the surface temperature
with no increase in time (left figure of FIG. 8). This modulation is due to the sweeping of the
energy flux along the target plate, right figure of FIG. 8. The profiles in the parallel direction
on the target plate have a 1 Hz frequency governed by the plasma current. In this experiment,
the exhaust energy flux, <E>Exhaust *s of the order of 2 MW m"2 (i.e. well below the design limit).
A very different behaviour is noticeable for the surface temperature of the CFC tiles, left
figure of FIG. 8. The blue trace is characterised by a steady rise in time. The small
temperature increase is due to the small exhaust energy flux to this component,
Êxhaust ~ 0.25 MW m"2. This is indicative of the well-localised power deposition on the high

heat flux components.

During the experiments, the plasma modulation was used to control some bright areas visible
on the CCD camera viewing the plasma tangentially in visible light. During the shot it could
be seen that the brightness of these spots increased with time in an uncontrolled fashion. It
was found that the plasma current modulation at 1 Hz led to a modulation of some of the
bright spots allowing in some cases to control the rise in brightness. To analyse this
behaviour, the CCD film of this pulse was Fourier analysed in time. This gave access to the
various time constants that control the in-vessel components, FIG. 9. Two main areas of CCD
emission are found ; the area in the vicinity of a lower port with some cooling to protect the
port from electron ripple losses and a bottom limiter inertially cooled and withdrawn from the
plasma. In the area of the lower port, the bright spots are modulated at 1 Hz, some reach
steady emission while others increase and rapidly exceeds the saturation limit of the camera
(Left figure on FIG. 9). Points on the limiter do not exhibit the 1 Hz modulation but a slow
rise with a time dependence similar to that of the time traces on FIG. 7. The plasma current
modulation is thus important to sweep the edge electron beam generated by the LH grill and
which interacts with the components in the vicinity of the lower port.
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FIG. 9 : Time traces of the two points on the CCD camera viewing the plasma
tangentially in visible light. On the left side, point near a port which clear correlation with

the 1 Hz modulation of plasma current, on the right, point on an inertial limiter,
withdrawn from the plasma.

However, the plasma current modulation does not modify the heating of the inertially cooled
bottom limiter. The power law decay of the emission at the end of the shot is characteristic of
the temperature relaxation of an inertially cooled component. Strict control of all the in-vessel
components, and, in particular cooling to maintain steady state temperature is required to
tackle the issue of long pulse operation. This goal is that of the CIEL project presently
implemented in Tore Supra [31].

4 Conclusion

Ergodic Divertor operation is characterised by good performance in terms of divertor
properties and no deterioration of core performance. From the technological point of view it
has operated with actively cooled components, in-vessel coils, with no faults. Power exhaust
in particular was eased due to the low parallel energy flux routinely achieved. Furthermore,
the ability to operate with a low value of the safety factor, separatrix value ~2 has allowed the
dedication of 36 % of the volume to open field lines without lowering core confinement and
plasma current.

The boundary of stochastic field lines has also permitted coupling of ICRH and LH waves
with little difficulty. Additional heating with ICRH was used for high density and radiative
divertor operation. Density comparable to the Greenwald density has been achieved. LH
power provided the means to address long shot operation. Flat top of the plasma current in the
20 s range has been achieved, and current generation efficiency is also found to be close to
that of limiter shots.

In the near future of Ergodic Divertor operation will start on the Textor DED. Symbolically
enough, the final shot of the Tore supra ergodic divertor was devoted to simulation of the
Textor configuration. A new Ergodic Divertor for Tore Supra is still referred to. However, it
would be more valuable for the fusion community to compare ergodic and axisymmetric
divertor in the same device. This would also have the virtue of allowing combined operation,
a tempting idea in view of working with a steady state ELMs at the plasma boundary.

11



References

[I] Equipe Tore Supra presented by A. Becoulet, OV2/2, Proc. 17th IAEA Int. Conf., Yokohama 1998, Fusion
Energy, IAEA 1998, Vienna 1999, Vol. 1, p. 83-89.

[2] Ph. Ghendrih, A. Grosman and H. Capes, Theoretical and experimental investigation of ergodic divertor
operation on Tore Supra, in Transport, chaos and Plasma Physics 2, Editors S. Benkadda, F. Doveil and
Y. Elskens, Advanced Series in Nonlinear Dynamics, Vol. 9, World Scientific, Singapore 1996, p. 179-193.

[3] Ph. Ghendrih, A. Grosman & H. Capes, Plasma Phys. Contr. Fusion, 38 (1996) 1653-1724.
[4] Ph. Ghendrih, H. Capes, F. Nguyen and A. Samain, Contributions to Plasma Physics, 32 (1992) 179-191.
[5] F. Nguyen, P. Ghendrih, A. Grosman, Nucl. Fusion, 37 (1997) 743-757.
[6] S. Benkadda et al., Bursty Transport in Tokmaks with Internal Transport Barriers, TH2/2, 18th IAEA Fusion

Energy Conference, Sorrento, October 2000.
[7] W. Fundamenski, P.C. Stangeby, J.D. Elder, J. Nuclear Mater., 266-269 (1999) 1045-1050.
[8] G. Janeschitz G. Fussmann, P.B. Kotze, Nucl. Fus., 26 (1986) 1725.
[9] A. Loarte, R.D. Monk, J.R. Martin-Solis, D.J. Campbell et al., Nucl. Fusion, 38 (1998) 331-371.
[10] B. LaBombard et al., Cross-field Plasma Transport and Main Chamber Recycling in Diverted Plasmas on

Alcator C-mod, to be published in J. Nuclear Mater.
II1] Ph. Ghendrih, Control of divertor geometry and performance with the Ergodic Divertor of Tore Supra, to be

published in J. Nuclear. Mater.
[12] W.L. Rowan et al., Contribution to 17th EPS conference, Amsterdam 1990, Europhysics Conference

Abstracts, (1990) Vol. 14B, p. 26.
[13] C.S. Pitcher and P.C. Stangeby, Plasma Phys. Contr. Fus., 39 (1997) 779-930.
[14] Equipe Tore Supra, presented by Ph. Ghendrih, Plasma Phys. Contr. Fusion, 39 (1997) B207-B222
[15] Y. Nakamura et al., Particle and power balance study in Long Pulses Discharges on LHD, to be published in

J. Nuclear Mater.
[16] M. Goniche, D. Guilhem, P. Bibet, P. Froissard, X. Litaudon, et al., Nuclear Fusion, 38 (1998) 919-937.
[17] R. Pugno, J.-J. Cordier, Ph. Ghendrih, M. Goniche, A. Grosman, J.P. Gunn, J. Mailloux, S. Person, J. Nucl.

Mater., 266-269 (1999) 280-284.
[18] J. Bucalossi et al., Feedback control on edge plasma parameters with ergodic divertor in Tore Supra, to be

published in J. Nuclear. Mater.
[19] G. Martin et al., Real Time Plasma Feedback Control: An Overview of Tore supra Achievements,

EXP1/11, 18th IAEA Fusion Energy Conference, Sorrento, October 2000.
[20] P; Monier-Garbet et al., High radiation from intrinsic and injected impurities in Tore Supra ergodic divertor

plasmas, to be published in J. Nuclear. Mater.
[21] G.F. Matthews, S. Allen, N. Asakura, J. Goetz, H. Guo et al., J. Nucl. Mater., 241-243 (1997) 450-455.

[22] Equipe Tore Supra presented by Ph. Ghendrih, Proc. 13 th IAEA Int. Conf., Washington 1990, Plasma
Physics and Controlled Nuclear Fusion Research, IAEA, Vienna 1991, Vol. 1, p. 549-547.

[22] M. Zabiego et al., Characterisation of the separatrix position in the ergodic divertor discharges of the tore
supra tokamak, to be published in J. Nuclear. Mater.

[23] S.M. Kaye, ITER Confinement Database Working Group, Nuclear Fusion, 37 (1997) 1303-1328.
[24] J. Payan, X. Garbet, J.H. Chatenet et al., Nuclear Fusion, 35 (1995) 1357-1367.
[25] P. Beyer, X. Garbet and P. Ghendrih, Physics of Plasmas, 5 (1998) 4271-4279.
[26] P. Devynck et al., Density fluctuations at high density in the Ergodic Divertor configuration of Tore Supra,

to be published in J. Nuclear. Mater.
[27] P. Monier-Garbet, G.T. Hoang, J. Ongena et al., Proc. of the 25th EPS Conference on Controlled Fusion

and Plasma Physics, Prague 1998, Europhysics Conference Abstracts, (1998) Vol. 22C.
[28] F. Nguyen et al., Ergodic divertor experiments in Tore Supra above the Greenwald density limit with ICRF

power at low magnetic field, contr. to 27th EPS Conf. on Controlled Fusion and Plasma Physics
[29] Y. Peysson et al., High Power Lower Hybrid Current Drive Experiment in Tore Supra Tokamak, EX8/2,

18th IAEA Fusion Energy Conference, Sorrento, October 2000.
[30] C. Grisolia, the Tore Supra team, J. Nuclear Mater., 266-269 (1999) 146-152.
[31] P. Garin, Tore supra team, CIEL in Tore Supra : how to master power and particles on very long discharges

10th International Toki Conference on Plasma Physics and Controlled Nuclear Fusion, Toki City (Japan),
January 2000.

12



High Power Lower Hybrid Current Drive Experiment in TORE SUPRA
Tokamak

Y. Peysson and the Tore Supra team

Association Euratom - CEA pour la Fusion Controlee
CEA Cadarache - 13108 S' Paul les Durance - France

e-mail contact of main author: yves.peysson@cea.fr

Abstract. A review of the Lower Hybrid (LH) current drive experiments carried out on the TORE SUPRA
tokamak is presented. This work highlights the issues for an effective application of the LH wave at high power
in reactor relevant conditions. Very promising performances have been obtained with the new launcher that is
designed to couple up to 4 MW during 1000 s at a power density of 25 MWm"2. The heat load on the guard
limiter of the antenna and the fast electron acceleration in the near electric field of the grill mouth remain at a
low level, while the mean reflection coefficient never exceeds 10%. The powerful diagnosis capabilities of the
hard x-ray (HXR) fast electron bremsstrahlung tomography has led to significant progresses in the understanding
of the LH wave dynamics. The role of the fastest electrons driven by the LH wave is clearly identified. From
HXR measurements, an increase of the LH current drive efficiency with the plasma current is predicted and
confirmed by a direct determination at zero loop voltage. LH power absorption is observed to be off-axis in
almost all plasma conditions, and its radial width clearly depends of antenna phasing conditions. A correlation
between the HXR profiles and the onset of an improved core confinement is identified in fully non-inductive
discharges. This regime ascribed to some vanishing of the magnetic shear is found to be transient and usually
ends when the minimum of the safety factor becomes very close to 2, leading to a large MHD activity.
Experimental observations and numerical simulations suggest that LH power is absorbed in a few number of
passes. However, besides toroidal mode coupling, additional mechanisms may likely contribute to a spectral
broadening to the LH wave.

1. Introduction

Current profile shaping by non-inductive means is a crucial step towards the
achievement of steady-state controlled thermonuclear fusion by magnetic confinement in a
tokamak [1]. This challenging problem is addressed in TORE SUPRA by an extensive use of
the Lower Hybrid (LH) wave, which is so far the most efficient method for this type of
studies, even if some fundamental aspects of the wave dynamics in the plasma are still unclear
[2]. In particular, experimental observations have not yet allowed to distinguish
unambiguously between the various possible mechanisms for spectral broadening, leading to

.1. VI. Ane. T. Aniel. G. Antar, J. F. Artaud, S. Balme, V. Basiuk, M. Basko, P. Bayetti. B. Beaumont. A. Bccoulct. M.
Bccouiet. V. Bergeaud, G. Berger-By, M. Berroukeche, B. Bertrand. P. Bibet, J. M. Bottereau. F. Bottiglioni. C. Bourdelle.
R. Brcgeon. S. Bremond, R. Brugnetti, J. Bucalossi, Y. Buravand, C. E. Bush, A. Cambe. H. Canes. M. Chamant. P.
Chappuis. E. Chatelier, M. Chatelier. X. Chen, L. Chiarazzo. D. Ciazynski, F.CIairet. L. Colas. .1. J. Cordier. Y. Corre. L.
Courtois. B. Couturier, P. Da Silva Rosa, C. Darbos, B. de Gentile, C. De Michelis, P. Decool. R. Dejarnac. C. Desgranges.
P. Devynck. L. Doceul, H. Dougnac, J. L. Duchateau. R. Dumont. A. Durocher, A. Ekedahl. D. Elbeze. L. G. Eriksson. A.
Escarguel. F. Escourbiac, J. L. Farjon, P. Fazilleau, C. Fenzi, M Fois, D. Fraboulet, P. Froissard. L. Garampon. X. Garbet. I.,
(iargiulo. P. Garin, E. Gauthier, A. Geraud. F. Gervais. P. Ghendrih, T. Gianakon, R. Giannella. C. Gil. G. Giruzzi. P.
Gomez. M. Goniche. G. Granata. V. Grandgirard. B. Gravil. C. Grisolia. A. Grosman. D. Guilhem. B. Guiilerminet. R.
(iuirlet. .1. Gunn. Y. He, R. Hemsworth, D. Henry. P- Hertout, G. T. Hoang, J. Hourtoule. J. How. I. Hutier. G. Huymans. F.
Imbeaux. .1. Jacquinot, R. Jimenez. E. Joffrin. J. Johner, J. Y. Joumeaux, F. Kazarian. D. Lafon. .1. i .asalle. !•". Laugier. C.
l.aviron. F. Leroux, P. Libeyre. M. Lipa. X. Litaudon. T. Loarer. P. Lotte, A. Maas. P. Magaud. R. Vlagne. G. Martin. A.
.Martinez. L. Masse. R. Masset. P. Massmann. M. Mattioli, G. Minguella, F. Minot. J. H. Misguich. VI. Missirlian. R.
Vliiieau. I'. Vionier-Garbet, D. Moreau, J. P. Morera, D. Moulin, M. Moustier. C. Munnier. F. Nguyen. S. Nieollet. M.
Ottnviani. M. Pain. G. Pastor, B. Pegourie, Y. Petrov, Y. Peysson. P. Platz. C. Portafaix. M. I'rou.A. Quemeneur. R.
Reiehle. .1. D. Reuss. G. Rev. F. Rochard. B. Rothan. R. Sabot, F. Saint-Laurent. F. Samaille. A. Saniagiusiina. B. Suoutie. T.
Seiiild. .1. Sehlosser. B. Schunke. J. Simoncini. A. Simonin, P. Spuig. F. Surle. M. Tena. .1. M Theis. R. Trainham. (i. Tressei.
A. True. !•;. Tsitrone. B. Turck. J. C. Vallet D. van Houtte. V. Waller. J. Weisse. M. Zabiego. X. L. /.ou. E. /ucchi. K.
/.unino.

13



large uncertainties in the possibility of controlling the radial wave power deposition by
external launch conditions. Simulations based on conventional toroidal ray-tracing coupled
with two-dimensional relativistic Fokker-Planck and accurate plasma equilibrium
reconstruction solvers have reached a very sophisticated level.However, their ability to
reproduce numerous aspects of the observed phenomenology remains poor on the whole,
especially concerning the location where the LH wave is absorbed [3]. In this context, the
diagnosing capability of the fast electron population which is pulled out from the thermal bulk
by resonant interaction with the LH wave has been considerably improved, by a tomography
of the non-thermal bremsstrahlung emission on TORE SUPRA [4]. In addition to this
instrumental effort, a new LH launcher has been installed in TORE SUPRA, which
incorporates the latest technological developments for high power coupling in steady-state
conditions [4,5]. Well diagnosed non-inductive discharges have been therefore carried out
routinely in various plasma conditions, thus opening promising perspectives for a better
understanding of the LH wave propagation and absorption in tokamak plasmas.

In this paper, selected results concerning important topics of the LH physics are
addressed. In Section 2, the performance of the new LH antenna is summarised. The current
drive efficiency is investigated in Section 3, with a particular emphasis on the role played by
plasma equilibrium. Parametric dependence of the LH power absorption profile is addressed
in Section 4, as well as the link between current profile shaping, plasma performance and the
onset of MHD activity, this latter point being crucial for the successful achievement of high
energy confinement steady-state discharges.

2. Towards steady state high power coupling

Designed to inject up to 4 MW of LH power during 1000 s [4.5]. the new launcher has
been successfully tested up to 3 MW during the last experimental campaign, which is close to
the limits of its generator plant capability. As shown in Fig. 1, it is based on the multifunction
concept, and the characteristics of the power spectrum is similar to that obtained with the
previous type of antenna [5]. The directivity is 70% for n//o — 2.0. and by an appropriate

FIG. I. fa) Picture of the new LH antenna installed in TORE SUPRA with its actively cooled lateral protections,
(h. cj LH power spectra launched by the two antennas as calculated by the SWAN code J5j. usim; measured
waveguide phasing. All discharges correspond to full non-inductive current drive.
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waveguide phasing, n//n can be varied from 1.7 to 2.3. The surface of the antenna has been
increased so that power density never exceeds 25 MWm"2, a limit which corresponds to
reliable steady-state operation [6]. It is also protected by actively cooled guard limiters.
designed for a convected flux of 10 MWm'2, according to the level estimated for the next
upgrade of TORE SUPRA [7]. As expected, the temperature of the antenna is considerabh
reduced with respect to that of the old antenna at similar power level on the two launchers,
which confirms that operational margins have been strongly improved by the new design. The
heat load that results from local acceleration of electrons in the near electric field of the new
antenna is also reduced by a factor 2, as expected from theory [8]. Coupling properties have
been tested in various plasma conditions, and the mean reflection coefficient never exceeds
10% [4]. It remains unchanged with the feeding phase, as a consequence of the passive
waveguides inserted between the modules. Moreover, the mode converter is weakly affected
by uneven poloidal loading in front of the antenna, a behaviour which is promising for
extreme coupling conditions. Finally, at very low plasma densities, a poor coupling (15%) is
observed on the outermost modules which results from an excessive distance between the
guard limiter and the antenna. This problem will be rectified for the next campaigns.

3. Current drive efficiency and plasma equilibrium

The mean current drive efficiency r\ is deduced from a large database in deuterium and
helium plasmas at B, = 3.9 T, where the plasma current /,, varies from 0.4 to 1.2 MA. the
central line-averaged density m from 1.3 to 4.5 10+19m'3 and the LH power />/.// is ranging
between 0.2 to 5 MW. From a fit of the relative drop of the loop voltage |9]. rj in quiescent
conditions is estimated to be 0.65 10+19 AW'm"2, in very good agreement with the mean level
obtained at zero loop voltage. The waveguide phasing has a negligible effect on /7. even if the
ohmic current is fully replaced. MHD activity, in the form of a magnetic island extending
over up to 20% of the plasma minore radius, leads to a reduction of the current drive
efficiency of the same order at Ip = 0.8 MA, as shown in Fig. 2. Measurements of the HXR
bremsstrahlung emission show that it results from the localised loss of the fastest electrons
driven by the LH wave [4], around the q-2 surface, where the magnetic island develops (see
Fig. 6, next section). From the scaling of the line-integrated HXR emission which is
proportional to Ip and the ratio /"/,//«/ at all plasma radii, the current drive efficiency is
expected to increase significantly at higher plasma current. Such a tendency is directly
confirmed in discharges at zero loop voltage, as shown in Fig. 2. This result is ascribed to an
enhanced downshift of «//as the LH wave propagates in the plasma during its first pass.
leading to a resonant interaction with faster and less collisional electrons (Fig. 3). In
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FIG. 3. (a) Variation of n along the LH ray trajectory (first pass), and (b) low-n propagation boundary of the
LH wave for two different values of the plasma current (n 0 = 2). All other plasma parameters arc kepi constant,
and correspond to full current drive LHEP discharges. The right axis in both figures indicates parallel kinetic
energies of the electrons which interact resonantly with the LH wave.

cylindrical geometry, the low-n//wave propagation domain boundary, defined by the

condition n,, >n
7/0

//min -, exhibits a similar behaviour as the plasma current is
1+(<*>/

increased, as shown in Fig. 3., where q is the safety factor, coe the election plasma frequency
and 0) the LH frequency [11]. If the upper limit of the quasilinear diffusion coefficient in the
velocity space is assumed to be given by the resonance condition vmax c n „„„. it is possible
to reproduce quantitatively by 2-D relativistic Fokker-Planck calculations the observed rise
with Ip of the HXR emission at high energies, as well as the photon temperature which
characterises the energy spectrum. Such a dependence may not be reproduced by a simple
variation of Te, according to the well known relation n:i > 6.5/^JY, . which corresponds to the

lower boundary of the quasilinear diffusion domain, v,/nun = 3-4v,i,, where v,h is the thermal
velocity. The increase of the current drive efficiency with Ip in fully non-inductive conditions,
which has been already observed on JT-60U [12], emphasises the role played by the plasma
equilibrium on the possibility to pull out a tail of fast electrons at very high energies by the
LH wave. Such a result provides interesting perspectives for an effective improvement of the
current drive efficiency at the level required for a fusion reactor, as well as guidelines for the
achieving full current drive operation [4]. Nevertheless, natural limitations may be foreseen,
especially related to the MHD activity which usually strongly affects fast election dynamics.
However, this detrimental effect may have only limited consequences in large devices if it
remains localised in a narrow region of the plasma, as observed on TORE SUPRA. Finally,
the picture that emerges from the experiment leads to conclude that the parametric scaling of
the current drive efficiency with <Te> is only an indirect consequence of the enhanced energy
confinement at high Ip, and not a signature of a weak LH damping rate |41.

4. Current profile control and improved plasma performance

As shown in Fig. 4, significant modifications of the HXR emission profile are
obtained by changing the waveguide phasing. When nim = 1.8 for both antennas (Fig. 1). LI 1
power absorption is peaked at r/a < 0.2 with a rather narrow profile width. In this case, full
non-inductive current drive regime have been achieved in steady-state conditions, without
onset of an MHD activity. With 4.7 MW of LH power, the ohm'ic current has been fully
replaced during 9.5 s at Ip = 0.8 MA, with an efficiency of 0.85 AW"'m\ as measured several
years ago for a similar ratio Pu/n/, though at lower input power [6]. When the power-
averaged <n> value is increased, taking into account contributions of both antennas lor
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calculating the launch power spectrum, HXR emission profiles are only slightly shifted oif-
axis. but essentially become broader (Fig.4). There is no clear difference between compound
and pure spectra corresponding to similar <«//>, whatever the loop voltage level. This
parametric dependence indicates that memory ofinitial conditions is not fully lost, in
agreement with conventional toroidal ray-tracing and Fokker-Planck calculations, which show
that full absorption of the LH wave takes place in less than 2-3 passes only [ 131. However,
simulations usually fail to describe the observed phenomenology, though some tendencies are
qualitatively recovered, like the role played by Ip on LH power deposition [2.3.13.14].
Predicted profiles are too narrow, and the progressive off-axis shift of the maximum as a
function of <«//> is not well reproduced. On the other hand, modifications of HXR profiles by
changing <n//> at launch exhibit some interesting analogies with calculations that take into
account of plasma fluctuations in the LH wave dynamics [15]. Detailed investigations will be
carried out to clarify this crucial point, since in this case, extrapolation of the current profile
control capabilities by the LH wave for a reactor may strongly differ from the usual
predictions done using conventional toroidal ray-tracing calculations, where the spectral gap
is bridged by toroidal mode coupling only. It is worth noting that the confidence in the
determination of the LH power deposition is high, since measured profiles by the HXR
tomography at different time slices are fully consistent with time evolutions of the loop-
voltage, the internal inductance of the plasma, and also the onset of a transient hot-core
regime followed systematically by a large MHD activity when current profile modifications
lead to a broad vanishing magnetic shear region, with qmm close to 2. as shown in Figs. 4. 5
and 6 [4,16]. The fact that strongly hollow HXR profiles may be sustained in a steady-state
manner is moreover a clear confirmation of weak fast electron transport [ 1 7]. except in a
narrow region where MHD activity is large, as shown in Fig. 6. This latter result demonstrates
the robustness of the collisional relaxation in the fast electron dynamics over the radial
transport mechanism. The LHEP regime [18], characterised by the spontaneous rise of 7\.,t one
or two seconds after the LH power is switched on, has been routinely obtained in full current
drive regime. Such discharges have been obtained with <n/,0> > 1.9. the magnetic shear being
weak over a wide region. As shown in Fig. 5, HXR measurements provide, for the first time, a
direct experimental evidence of an improved core confinement. At high energy, the HXR
emission profile remains unchanged and hollow despite the strong rise of the core election
temperature, which is consistent with the peaking of the HXR emission in the lowest energy
channel [4]. The local reduction in the electron transport is fully confirmed by the CRONOS
code [19], which calculates self-consistently the radial diffusion of the electric field inside the
plasma and the bifurcation of the electron transport as a consequence of the link

(a)

0.2 0.4 0.6

r/a (a.u.)

0.8 1.0 0.2 0.4 (1.6 O.S

/•'/( / V. (a) HXR emission in the photon energy interval 60-80 keF and (b) the corresponding safety factor profile
i/ calculated by CRONOS code, for different launched power spectra indicated in Fig I / / <>/. The asterisk
indicates that LH power has been launched with different spectra bv the two antennas
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between the ^-profile and the electron heat diffusivity [4,16]. The LH current source is
directly determined at all time steps from experimental HXR profiles between 60 and 80 keV.
by an appropriate normalisation to the LH power level. The reduction in the electron transport
takes place in the region where the magnetic shear vanishes, in agreement with HXR and Tc

profile observations (Fig. 5). Nevertheless, even if code predictions are quantitatively
accurate, the role played by the magnetic shear and the concommittent vicinity of the <y=2
surface is still unclear. Indeed, from turbulence growth rate calculations, it seems that the
estimated flattening of the magnetic shear does not contribute significantly to a stabilisation
of the modes which have a large radial structure, like trapped election and ion modes, or
circulating ion modes [20]. Moreover, ETG modes are expected to be fully stable. For all
LHEP discharges, the calculated turbulence growth rate turns out to be weak, of the order of
10+ s" which corresponds to stable plasma conditions. This may indicate that confinement
improvement is marginal, as suggested in a similar regime in the T-l 0 tokamak [21 ]. In this
case, the stabilising role played by the ExB shear due to enhanced electron ripple losses when
LH power deposition is off-axis may be critical [22,23]. Improved performance observed
during the 1999 experimental campaign systematically ended by dramatic losses in the core
electron confinement, induced by some sudden MHD activity [3]. Both the growth rate of the
unstable mode and its radial structure (initially global, then progressively reconnecting at the
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central safety factor, as given in (d) and determined by the CASTOR code [24].

<y=2 surface), as measured by the ECE diagnostic and calculated with the CASTOR code [24].
point at the associated mode being the m/n=2l\ tearing mode, driven unstable by the evolution
of the current profile. The observed features of this mode relate to the existence of an
extended core region {r/a < 0.4) with weak shear and qmin slightly less than 2. as reconstructed
from experimental data taken at the onset of MHD. In the absence of any dedicated feedback
system (e.g. ECRH/ECCD) to eliminate the magnetic island, extending over up to 20% of the
minor radius in the saturated regime, as visible from both ECE and HXR measurements (Fig.
6), performance recovery was not possible. CASTOR calculations show that the tearing mode
limit could be by-passed by increasing pressure (pp < 0.35 in the 1999 campaign), through
combined LHCD/ICRH operation as planned in TORE SUPRA [7]. The MHD-stable window
calculated by CASTOR, bounded by the 2/1 tearing mode at lower (5 and n=\ resistive
infernal modes at higher (5, can however dangerously narrow under unfavourable conditions
(see Fig. 6). This points at strong requirements in terms of current-profile control capabilities
in order to find a reliable path towards steady-state improved performance.

5. Conclusion

With a new launcher dedicated to high power long pulse operation and improved
diagnosis capabilities provided by the HXR tomography, significant progress has been made
towards the achievement of fully non-inductive current driven plasmas in TORE SUPRA. The
important results concern, (i) the current drive efficiency which turns out to increase with the
plasma current, (ii) the clear evidence that LH power absorption may be controlled to some
extent by waveguide phasing, and (iii) the first direct experimental identification of the 1.1 ll-P
hot-core mode. The overall consistency between available data and the behaviour of the
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plasma gives strong confidence in the determination of the LH power absorption profile, and
its consequences on the MHD stability. Several experimental details suggest that the
contribution of plasma fluctuations to the LH wave dynamics in toroidal devices could be not
negligible. Finally, the experience gained over the recent campaign, with appropriate
diagnostics and modelling tools made available, suggests that accurate current-profile control
will be necessary to insure MHD-safe operation in the generic scenarios where the fragile step
of operating with qmm ~ 2 lies on the path to steady-state advanced discharges (as also recently
experienced in AUG [25] and T-10 [21]).
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Abstract

Magnetic shear is found to play an important role for triggering various improved confinement regimes through

the electron channel. A wide database of hot electron plasmas (Te > 2 Tj) heated by fast wave electron heating

(FWEH) is analyzed for electron thermal transport. A critical gradient is clearly observed. It is found that the

critical gradient linearly increases with the ratio between local magnetic shear (s) and safety factor (q). The

Horton model, based on the electromagnetic turbulence driven by the electron temperature gradient (ETG) mode,

is found to be a good candidate for electron transport modeling.

1. Introduction

Heat transport is usually analyzed in the regimes where the ion temperature (Tj) is larger than

the electron temperature (Te). Considerable progress has been made in understanding

anomalous ion transport both experimentally and computationally. In contrast, the

quasi-steady state plasmas (20 - 120 XTg) produced in Tore Supra with dominant electron

heating provide an opportunity to study electron transport, a relevant issue for reactor-grade

plasmas, dominated by a heating. These plasmas are heated by radio frequency (RF) power,

either Lower Hybrid current drive (LHCD) or Ion Cyclotron Radio Frequency in H-minority

(ICRH) and FWEH schemes, RF power up to 9.5 MW [1].

In this work, we try to clarify the physics underlying the electron thermal conductivity (xJ in

the regimes with improved confinement seen on Tore Supra. In particular, we study the

critical electron temperature gradient (VTC), and its parametric dependence. This paper is

organized as follows. In Sec. 2, an overview of various improved confinement regimes with

current profile (j) modification is presented. Electron transport analysis, particularly the

determination of VTC from both experimental results and theoretical approach, is reported in

Sec. 3. In Sec. 4, a wide FWEH database is used for testing the model proposed by Horton
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based on the turbulence driven by the electron temperature gradient (ETG) mode [2]. Finally,

the conclusions are given in Sec. 5.

2. Improved confinement in current profile shaping experiments

i • i • i • r

1

0.8

Vanous improved confinement regimes were obtained by modification of the current profile.

These quasi-stationary plasmas exhibit an

enhancement of stored energy, mainly

through the electron channel, by a factor H up

to 1.7 (Fig. 1). This figure shows five types of
g

improved confinement regimes together with ^

the standard L-mode. In these experiments, g 0.6
8

deuterium or helium plasmas are heated by «o

different RF heating methods (LHCD, ICRH §

and FWEH). |
H

i) LHCD experiments: LH waves are used to

drive an off-axis non-inductive current in

order to maintain a high magnetic shear in the

L-mode

I . I . I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
ITER_P L-mode (MJ)

gradient region (high-l;) and at the same time Fig. 1: Comparison of stored thermal energy of

a negative or low shear in the center (so- various discharges with ITER prediction for L-

called Lower Hybrid Enhanced Performance, ""^ (circles: DIHe H™™^ heatinS= squares:
combined H-minority heating with fast current

LHEP mode) [4]. In this configuration an H , c.,1,t-LJ .- , T r , - ^
1 b ramp-up; triangles: FWEH; diamonds: LHCD;

factor of 1.4 is achieved. In addition to the crosses: L-mode with LHCD).

improvement of global confinement, an electron internal transport barrier (ITB) appears when

the central magnetic shear vanishes. This regime has been extended to steady state of 2

minutes in Tore Supra [5].

ii) FWEH experiments: The electron energy of these hot electron plasmas systematically

exceeds the reference L-mode discharges by a factor up to 2.2, and the thermal energy

confinement time is found to exceed the L-mode by a factor H of 1.7 [6]. The main

mechanism of this improvement is the increase of s in the pressure gradient region, which is

due to the high bootstrap current mainly induced by the electron temperature gradient.

iii) Combined H-minority heating and fast current ramp-up: in these plasmas, the electron

ITB is sustained by application of the ICRH on the non-monotonic q-profile target preformed

by a fast ramp-up [7]. It was found that the ITB is triggered mainly by negative magnetic



shear, then maintained by ExB shear stabilizing effect when the current profile relaxes to the

monotonic profile (low s). An H factor of 1.4-1.5 was obtained in this experiment,

iv) High H-minority concentration healing experiments [8, 9]: the confinement time of these

discharges improves, reaching a value close to ELMy H-mode prediction. One of the main

features of this type of discharge is the increase of s in the confinement region. Moreover, the

central toroidal rotation increases and changes in the direction: from counter-current to co-

current, correlated with the improved confinement. Very similar results are also observed in

ALCATOR C-MOD [10].

Note that the confinement improves in both ion and electron channels in experiments (iii) and

iv). In contrast, only the electron confinement improves in experiments (i) and (ii).

A significant reduction of density fluctuations was recorded in both configurations a) when

the s profile is reversed or flat (low s) in the center [11]; b) increase of s in the confinement

zone [6]. Heat transport analysis of the above regimes indicates a reduction, correlated with

changing magnetic shear. Two examples are shown in Fig. 2 (experiment (iii)) and Fig. 3

(experiment (iv)). It appears that the electron transport coefficient (xJ significantly drops in

the region where s is modified.
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In previous work, transport analysis in Ref. [6] and both the density [12] and magnetic [13]

fluctuations indicated an existence of VTC in plasmas heated by LHCD or ICRH. In this work

we investigate to the experimental determination of this critical electron temperature

threshold. Especially, the magnetic shear dependence is studied to clarify the role of the q-

profile in the improved confinement, observed in different configurations described in Sec. 2.
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For this study, we use a limited data set of 4He plasmas heated by fast wave, carefully chosen

in order to obtain similar plasma parameters. The FWEH scenario was chosen either without

any ion cyclotron resonance layer in the plasma or minimizing the parasitic damping of the

ions in order to maximize the absorption of the wave by the electrons [1]. The FW power

(Ppw) is therefore directly absorbed by the electrons, which implies that no fast particles were

present in these discharges. The FW power deposition profile, computed with the codes

ALCYON [14] and PI ON [15], is exponentially localized inside r/a = 0.4 and more than 90%

of P]7W is absorbed by the electrons. These hot electron plasmas (Te > 2Tj) are characterized by

negligible electron-ion collisional coupling (< 5% of Pi;w). They all have the same density (nc)

and q-profiles (ne (0) = 6xl0I9m"3 ± 10%, qcdge = 4.4 ± 5%) and were obtained at plasma

current Ip = 0.65 MA, toroidal field B = 2.2 T and P ^ = 1.5 - 7.4 MW; 18 time slices over 8

discharges were selected. A power balance analysis of this set of discharges clearly shows the

existence of a critical electron temperature gradient, as illustrated in Fig. 4, where the electron

heat flux (<t><.) is plotted versus VTe / Te. We limit our analysis to normalized radii (r/a)

between 0.2 and 0.7, since the plasma center is dominated by the heating source and the edge

temperature measurements are affected by large uncertainties. For each radial position, the

variations (< 10%) of n,. and q are weaker than their absolute error bars. Here, the q profiles

are measured by polarimetry with a systematic error in the range of 10% (at mid-radius) and

25% (in the center). The relative error of Te (28 radial points measured by Thomson scattering

and ECE diagnostics) is less than 20%. Since the electron-ion equipartion is negligible, the

electron heat flux is determined within the error bar of 5%. A linear best fit gives the critical

threshold (VTC / Te)c ranging from 2 m'1 (in the center) to 6 m ' (at the edge); its radial profile

is shown in Fig. 5.

Stability analysis of these discharges also suggests the existence of a critical gradient

threshold. This analysis has been done with a linear electrostatic gyro-kinetic code [16] in

which both passing and trapped electrons and ions (ITG, ETG, and TEM modes) are taken

into account. The results are in reasonable agreement with the power balance analyses. In Fig.

6, the maximum growth rates, over each spectrum at a given radial position, versus VTe / Tc is

reported together with the electron heat flux. The critical values (VTC / Te)c deduced from the

calculation of the linear electrostatic growth rates are lower than the values obtained from the

power balance analysis (Fig. 7). One of the possible explanations could be expected from

difference between the electrostatic and the electromagnetic thresholds. Indeed, previous

experimental observations [12, 13] suggest that the anomalous heat transport of electrons is

induced by electromagnetic turbulence on Tore Supra, while in our stability analysis we

evaluate the threshold with an electrostatic model.
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The parametric dependence of the critical threshold was studied, showing a good correlation

with the ratio s / q. From both power balance and stability analyses, (VTe / Te)c is found to

increase with s / q. The dimensionless parameter [R. (VTe / Te)c], deduced from both methods,

is plotted versus s/q in Fig. 7 (R = 2.28 m, being the major radius). A best fit of the data from

vr s
the power balance analysis gives an offset linear formula: R.(—£-) c = 5 + 10—. This is

consistent with the improvement of the confinement observed in high magnetic shear

discharges. Here, we only explore the domain of positive magnetic shear, but the dependence

of the threshold with s / q could be similar for negative magnetic shear, since the stability

calculation predicts that the threshold increases with |s | / q , as shown in Fig. 8. This

calculation has been done at mid-radius by varying s, and keeping the other parameters (q,

VTe, Vne) constant. In Fig. 8, the masked area approximately illustrates the limit of validity of
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the code for weak values of s. Thus, we are not able to explain the low s improved

confinement regime. However, it is possible that the electron critical threshold increases when

s is close to zero, as for the ion threshold predicted in global simulations of the ITG and TEM

modes [17],

-1

Fig. 8: Variation of R. (VTJTX with the ratio
s I q, predicted by stability simulation with a

Fig. 7: Dimensionless parameter R.(VTt/T,)e linear eiectrostatic gyro-kinetic code at mid-
from power balance (circles; dashed curve: fit) radius. Masked area (s close to 0) illustrates the
and stability (squares) analyses versus s/q. Umit ofvaMity of the code.

4. Comparison of transport models against the database

In Ref [6], two electron transport models, Bohm-like Taroni [18] and offset-linear Rebut-

Lallia-Watkins (RLW) [19], have been tested against the Tore Supra results. It was found that

these models could simulate the experimental results with some restrictions. The Taroni's

model cannot reproduce the magnetic shear effect and exhibits a disagreement in electron

temperature gradient dependence (VTe > 4 keV / m). In contrast, the anomalous transport term

in RLW model reproduces the temperature gradient and magnetic shear effect better. On the

other hand, the parametric dependences of the critical gradient (Eq. 3), obtained from a fit of

the JET data, are inaccurate. In a recent work [20], the electron thermal conductivity from the

power balance analysis was tested against the model proposed by Horton. This model, based

on the electromagnetic turbulence driven by ETG and collisionless electron skin depth [2],

predicts the electron transport of FWEH discharges in Tore Supra well. %c is given by:

em
Xe

Where VTc
Hor = l

_VT - VTHor \v l t V 1 c / (Eq. 1)

(Eq.2)

Statistical analysis in Ref [20] indicates a weak dependence on q (v = 0), and Cem around 0.1.

In Eq. 2, one can see that the Horton's formula predicts the same dependence on s / q of the

critical threshold found in the experimental result. However, the absolute value of (VTe / Te)c
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given by Eq. 2 is lower than the experimental value (Fig. 7). This can be explained by the fact

that the constant in Eq. 2 (1.88) was chosen according to the ITG mode.

For comparison, we plot in Fig. 9 the electron - ^ U1->r

heat flux predicted by three above models

versus (VTe / Te) together with the data. This

figure suggests that the electron transport in

Tore Supra discharges is gyro-Bohm.

Furthermore, the Horton model exhibits a

good quality for modeling of FWEH

discharges in Tore Supra. Fig. 9 also indicates

that the threshold using in the Horton model,

is too low. Simulation by multiplying Eq. 2
j v J b ~M Flg 9. Eiectron fieat flux versus VTe/Te, at mid-

by a factor of 2 is in better agreement. ,. , ... ,, , , D 7 U , , . , .,
J b radius, compared with the models: RLW (dashed),

Above the critical threshold, electron Tarom (dol)< and Horton (full}. a) cnHcal

transport is found to increase strongly with thresliold given in Eq. 2; b) Eq. 2 multiplied by 2.
VTe / Te. It could be reproduced by either an
offset-linear or a strong power fit.
Assuming that y^ is written in the following form

'T ) I I T /

Thus, above the threshold, the normalized heat flux, defined as §-rz-, is proportional to
(neTe

5/2)

VTv ' e
T

. Power fit of this quantity gives a value of a about 3 (Fig. 10). This result from

the power balance analysis is consistent with the experimental observations of the variation of

VTe / Te as a function of Te. VTe / Tc varies approximately as Te"°s, as shown in Fig. 11.

5. Conclusions

In summary, a critical electron temperature gradient is clearly shown to exist in Tore Supra

hot electron plasmas. The critical threshold is found to increase with the ratio s / q. This result

confirms the important role of s in the improved confinement discharges (H up to 1.7) on

Tore Supra by increasing s in the confinement zone (high-l; regime).

A comparison with the Horton's ETG model indicates that the expenmental value is almost

twice higher than the theoretical one. However, the Horton's formula reproduces the radial

profile of the experimental threshold well.

Above the critical threshold, the electron heat transport strongly increases with VTC / Tc,

approximately as (VTe / TJ3. This could be the reason why many models, with offset-linear or
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strong power dependence VTC, can simulate electron transport with acceptable discrepancies

when the temperature gradient exceeds the critical value. In spite of its low predicted critical

threshold, the Horton's model based on the electromagnetic turbulence appears to be a good

candidate for electron transport modeling.
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Abstract. The ECRH system presently under construction at CEA/Cadarache for the Tore Supra tokamak

is described. The system will be equipped by 6 gyrotrons (118 GHz, 400 kW, cw), manufactured by Thomson

Tubes Electroniques. The results of the tests of the prototype and of the first series gyrotron are reported and

discussed. The best performance obtained was a pulse of 102 s at 310 kW average power on dummy load,

which corresponds to the new record energy of 32 MJ. Results of first ECRH experiments on Tore Supra with

the prototype gyrotron are also reported. 350 kW have been coupled in O-mode both to Ohmic and to LHCD

plasmas in continuous or modulated pulses lasting up to 2 s. During non-inductive discharges, fully sustained

by LHCD, a significant response of the hard X-ray signals to the ECRH power has been observed, despite the

low power ratio between the two waves (0.35 MW EC / 4.5 MW LH waves).

1. Introduction

An ECRH system for the Tore Supra tokamak is presently under construction at
CEA/Cadarache. The motivations for implementing a new RF heating system, in addition to
Ion Cyclotron and Lower Hybrid waves, are related to the main goal of the next phase of the
Tore Supra programme: the investigation of physics and technology issues associated with
long (1000 s), stationary and controlled discharges. In this framework, Electron Cyclotron
waves will provide an efficient tool for: i) current profile control; ii) MHD control (sawteeth
and tearing modes); iii) localised heating for dynamic transport studies in steady-state
regimes. This system will also offer a unique possibility of testing technical solutions of
relevance for the next step, such as: cw high-frequency power sources, compact, actively
cooled antenna, and, more generally, the global behaviour of the system and of its elements
during long pulses. The system will be fully operational at the end of 2003 and will consist
of 6 quasi-cw gyrotrons at 118 GHz, globally launching 2.4 MW for a pulse length of 210 s,
or 3 MW for 5 s [1]. An overview of the Tore Supra ECRH system is presented in Sec. 2.
Special attention is given to the long-pulse tests of the first series gyrotron. The results of
the first experiments on Tore Supra plasma, performed with the prototype gyrotron, are
presented and discussed in Sec. 3.
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2. Overview of the Tore Supra ECRH system

The six gyrotrons will be grouped in two modules of 3 gyrotrons each, sharing the two
thyristor-regulated 90 kV power supplies. These are followed by series tetrodes, both for
voltage regulation (about 0.5 %), and for fast switching in case of arcing within the tube
(deposited energy under 15 J). Each tube is connected to the tokamak via its own
transmission line, consisting of about 25 meters of aluminium circular oversized corrugated
waveguides (63.5 mm internal diameter). Each line is equipped with 5 miter bends, the
second one containing the directional coupler for the measurement of the incident and
reflected power, 1 DC break to isolate the gyrotron ground from the tokamak one and 2
pump sections. The vacuum level of the waveguides is of the order of 10"3 Pa, i.e., the same
as the tokamak vacuum level, as there is no window on the torus side but only a RF valve.
The efficiency of the transmission line is specified to be above 90%. The antenna is made of
six fixed mirrors and three steerable ones, in both the toroidal and the poloidal directions; each
mobile mirror groups the RF beams coming from two parallel transmission lines. The steering
capability is of +/- 30 degrees around the perpendicular to the magnetic field in the toroidal
direction; in the poloidal direction, it is defined for each steerable mirror in order to cover the
entire plasma minor radius, which corresponds to a variation of 30 degrees approximately.
The gyrotron has been developed in the framework of a collaboration between Thomson
Tubes Electroniques (France), Association Euratom-Confederation Suisse and Association
Euratom-CEA (France), with technical support from Association Euratom - FZK (Germany).
The tube is equipped with a triode electron gun, allowing the independent adjustment the
various beam characteristics, a classical collector, and an output window made of sapphire
and cooled by liquid nitrogen. The gyrotron is connected to the transmission line through a
MOU (Matching Optics Unit) which converts the gaussian output beam into a HE 11 mode,
suitable for propagation in the circular corrugated waveguides. A 2-mirror polariser is also
included in the MOU in particular to generate waves both in O-mode and X-mode. The
overall efficiency of the gyrotron is around 30 % and each tube is specified to deliver 400 kW
(500 kW) after the MOU for a pulse duration of 210 s (5 s).

So far, a prototype and a first series gyrotron have been delivered to CEA/Cadarache, after
passing the factory acceptance test at 500 kW, 5 s. The final acceptance tests at 210 s are

presently being performed at Cadarache,
within the CEA facilities. The prototype was
first tested on a dummy load: stable and
repetitive oscillations have been obtained at
the expected frequency of 117.6 GHz and the
pulse length was subsequently extended up to
15.5 s, with 400 kW output, in August 1999.
This progression was rather slow because of

J internal outgazing of the gyrotron and
degassing in the transmission line. The cavity
itself is already thermalized within a pulse
length of Is, as shown by the fact that the
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Figure 1: Frequency shift during the
beginning of the pulse.
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Figure 2: Comparison between 2
beam currents, with and without
the additional heating (upper and
lower trace, respectively)

Figure 3: The RFpower and the
cathode current for the 102 s length
pulse.

output frequency is stabilised at the value f = 117.6
GHz, after an initial frequency shift between 118.2
GHz and 117.6 GHz during the first 400 ms (see
Fig.l).

The tests of the 1st series gyrotron began on a
modified cw load in May 2000. Very quickly (less
than 1 week), pulses of the order of 20 s were
obtained, but a decrease of the cathode current was
observed, up to several Amperes, due to the
progressive cooling of the cathode itself. In order to
prevent the corresponding decrease of the output RF
power, the solution of overheating the cathode from
the beginning was tested. The value of additional 50
W heating, suggested by simulations, was used in the
tests, with satisfactory results, as shown in Fig. 2.
The best results obtained on the dummy load with
the 1st series gyrotron and extra heating of the cathode
is now 310 kW average output power on a pulse
length of 102 s, which represents a total energy of
the order of 32 MJ (Fig. 3). The cathode current has
the same value at the beginning and at the end of the
pulse, owing to the 50 W additional heating. The
pulses are terminated due to the increase of the
internal pressure of the tube, up to 100 A measured

on the ionic pumps, which is the security limit (Fig. 4). Several pulses of duration of less than

102 s (55 s, 66 s, 72 s, 78 s, 82 s, 85 s) were obtained too, with similar or higher output
power (around 320 kW), which were always stopped by the vacuum security. The
degradation of the internal vacuum, which, for the
pulse of 55 s of duration, becomes nearly exponential
after 20 s of RF emission, seems to be due to the
surrounding walls of the internal mirrors of the
gyrotron (made by 3 cm thick stainless steel) which
are not sufficiently cooled. After some conditioning,
the RF pulse length could be extended up to 97 s
within a month; a step around 70 s can be noticed for
the longest pulses and the internal pressure of the tube
still increases exponentially up to 100 uA. More
conditioning seems necessary to further increase the
pulse duration. Figure 4: Evolution of the internal

pressure of the gyrotron with various
pulses, before and after conditioning.

I
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3. First experimental results on Tore Supra

The first Electron Cyclotron Resonance
Heating experiments have been
performed in the Tore Supra tokamak at
the end of 1999, using the prototype |"
gyrotron [2]. 350 kW have been coupled ~
both to Ohmic and to LHCD plasmas in
pulses of duration up to 2 s. For these
experiments, the first harmonic O-mode
has been used. The power deposition
width is estimated by numerical
simulations to be about 2-3 cm for a
normal incidence and thermal electrons.

Shot 27873. Expariirantal (-). Simiiation (- -)

1

Shot* 2786S

Figure 5: Time traces of the ECE channels
(upper curves) and of the EC and LHpower

10.8 11/4

Figure 6 : Time evolution of
the ECE signals during ECRH.
The dotted lines represent the
analytical solution

Significant electron heating has been observed (Fig. 5). The
time response of a 16 channels heterodyne radiometer
measuring ECE has been used for heat pulse propagation
studies and to determine the power deposition in
connection with various poloidal and toroidal injection
angles. The radiometer is equipped with a lowpass filter (40
dB), rejecting frequencies higher than 110 GHz. This adds
to the various built-in IF filters, giving an overall rejection of
at least 120 dB. The plasma parameters of Tore Supra for
ECRH experiments are: R = 2.31 m, a = 0.75 m, Ip = 0.5 -
1.3 MA, B = 3 - 4 T, ne0 = 3 1019 m"3. Two types of
experiments have been performed, in Ohmic plasmas and in
plasmas sustained by up to 4 MW of LHCD.
In Ohmic plasmas, transport analysis has been performed
fitting the experimental temperature increase by an

analytical solution of the simplified heat diffusion equation in slab geometry [3]. The heat

source term is assumed to have a Gaussian form, of
width estimated by ray-tracing/absorption calculations,
and location estimated from the profile of dTe/dt,
measured during the first 5 ms of the ECRH pulse. The

fit parameters are the local values of the electron heat E~"
diffusivity %e and a damping time xd associated to
various electron losses, such as electron-ion
equipartition, radiation, and Ohmic power decrease
during the ECRH phase. The time evolution of the ECE
signals for discharge 27873 and of the associated fits is
shown in Fig.6. The heat diffusivity estimated by this
method is shown, as a function of normalised radius, in
Fig. 7. The estimated damping time is roughly constant
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Figure 7: Radial profile of Xe
determined by the analytical
method
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Figure 8 : Time evolution of the
HXR signals during the combined
LH-ECCD experiment.

and of the order of 40 ms.
ECCD experiments have also been performed during
non-inductive discharges fully sustained by LHCD. In
these experiments, PLH=4.2 MW, PEC = 0.35 MW, and
a toroidal injection angle of 20 degrees, which
corresponds to counter-CD, were used. The
suprathermal electrons created by LH and EC are
measured by hard X-ray (HXR) spectroscopy [4]. A
significant response of HXR signals to the ECCD

S_ power has been observed, as shown in Fig. 8, despite
5 the low power ratio between the two waves.

Moreover, an increase of the HXR signal level at all
photon energies is measured, as well as a change of
slope of the photon energy spectrum, which indicates
an increase of suprathermal electrons proportionally
higher at high energy than at low energy (Fig. 9). The

maximum increase of the HXR signal is at r/a = 0.38, which is consistent with ray-
tracing/absorption calculations (Fig. 10). Note that this additional effect on the HXR signal
level is strongly reduced when the maxima of LH and EC power absorptions are not aligned.
These observations suggest that fast electron generation by LHCD is enhanced by the EC
waves, which has to be confirmed by experiments at higher EC power.

14000

60 70 80 90 100
Photon Energy (keV)

110
0.8

Figure 9 : Comparison of the photon
energy curves between a LH pulse and
a combined LH+EC pulse.

Figure 10: Inverted Hard X-ray profile in the LH
(solid) and in the LH+EC phase (dashed)
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Abstract. The screening effect of Ne and C in ergodic divertor plasmas is studied. Spectroscopic measurements
show that the screening mechanism is not the same for the two impurities. A 2D model explains this difference
by the longer penetration length of neutral Ne. 3D modelling of the plasma edge with the BBQ code confirms the
brightness profile trend as a function of the edge Te. The impurity transport code MIST coupled to BBQ
interprets the screening effect as posssibly due to strong impurity outfluxes coming out of the ergodic region.

1. Introduction

The ergodic divertor (ED) of Tore Supra (TS) has been proven to be an efficient tool
to screen the confined plasma from intrinsic and injected impurities [1]. It creates a weak
confinement region at the plasma edge by opening the field lines over the last centimetres of
the plasma. In the outer part of this region, transport is laminar, and flux tubes with short and
long connection lengths to the wall are intricate. In the inner part, transport and connection
lengths are still random although longer. The particle behaviour is thus complex and an exact
description is very difficult. In order to explain the role of the weak confinement region on
impurity penetration and contamination, we first present a heuristic model showing the role of
the weak confinement region width compared to the particle penetration depth. We then
discuss the measurements and interpret them by modelling (2D and 3D) the penetration
dependence on the plasma edge parameters. Finally 3D modelling of the sources coupled to a
ID impurity transport code is used to interpret the preceding results in terms of transport.

2. Model of the ergodic divertor plasma

A heuristic model [2] can be used to characterise the effective width of the weak
confinement region. In this model, two zones describe entirely the plasma: the first one (width
Aeff) corresponds to the plasma edge, interacting with the limiting components (in the present
case, the ED neutraliser plates (NP), surface SNP = 0.65 m2, which take 30% of the heat flux
[3]). The screening process is assumed to take place in this zone, and it is described by the
exponential decay of the particle flux in the radial direction, with an e-folding length dp:
<E>jn(x) = <ï>o'exp(-x/dp), where O0 = nz°-vz° is the neutral flux emitted from the NP. The second
zone represents the core plasma, where the number of particles coming out of the confined
plasma is given by (dnz/dt)out = <nz

core>-V/Tz, where <nz
core> is the volume average core

particle density, V the plasma volume and t z the particle lifetime. At equilibrium we have
Oin(x=Aeff)-SNP = (dnz/dt)out, from which we obtain: Aeff = dp-ln(nz

0-vz
0/<nz

core>-Tz-SNP/V). In
the following we shall determine each of the parameters needed to calculate Aeff, either from
measurements or from modelling.
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3. Spectroscopic observation of neutral penetration

The experiments analysed for this purpose were performed with Deuterium plasmas in
ED configuration. The electron density was ramped up by means of D2 gas injection. Carbon
and Neon have been studied separately in two different series of pulses. In the Neon series,
100 ms Neon puffs were injected at the beginning of the density ramp-up. All Neon densities
quoted here are normalised to the amount of injected Neon (in Pa.l). One of the NPs is
observed with a set of 4 optical fibres providing the radial brightness profiles of chosen
spectral lines, such as C I (9080 A multiplet) and Ne I (5852 A), as shown on Fig. 1. Both
impurities show the same type of spatial decay length, despite the difference in their
ionisation potentials (C: 11.3 eV, Ne: 21.6 eV), a hint to the role of the emission velocity in
the penetration process. It can also be seen that, when the edge temperature (Te

edge, measured
by a Langmuir probe on the NP) is decreased, the C I brightness profile becomes more peaked
towards the plate, while the Ne I brightness maximum moves away from the NP. For Carbon,
this can be explained by the fact that decreasing Te

edge will decrease Vc° and increase ne
edge,

both resulting in a decreased neutral penetration, while the ionisation rate decreases only
moderately in this temperature range (factor of 3). For Neon, this qualitative discussion is not
sufficient because the vNe° (deduced from the Ne I line Doppler shift) exhibits a non-
monotonic dependence on Te

edge (not predicted by the TRIM code [4]) and the ionisation rate
coefficient varies by a factor larger than 10.

4. Impurity penetration modelling

The brightness profiles give only a qualitative idea about the impurity penetration
depth. To estimate this depth and compare it to the laminar layer width, a model of the plasma
in the NP vicinity is necessary. In the 2D model used here, a realistic Te distribution is
deduced from the magnetic configuration computation performed by the MASTOC code [5],
and an exponential radial profile of ne with Xn - 3 cm is deduced from Langmuir probe
measurements [6]. On Fig. 2, the obtained penetration depth, dp, is shown for neutral C and
Ne atoms generated by the most energetic processes (physical sputtering for C, fast reflected
for Ne: from 5 eV to 20 eV approximately), as a function of Te

edge. In every case, despite the
wide range of density and temperature values, dp is seen to vary by less than a factor of 2. The
trend for C as a function of Te

edge is in agreement with the brightness profiles of Fig. 1. For
Ne, dp is generally larger than the estimated width of the outermost laminar region
(approximately 4 cm), whereas for C, it is lower. This can explain the different behaviour of
the species with respect to screening.

To model the impurity penetration depth, the 3D Monte-Carlo code BBQ [7] has also
been used to take into account the complex 3D geometry of the NP and of the nearby plasma,
as well as a realistic velocity distribution determined in part from TRIM reflection
coefficients. BBQ starts from a flux of impurity neutrals determined from the measured
incident particle flux onto the NP, taking into account the various neutral emission
mechanisms (physical and chemical sputtering for Carbon, thermal and fast neutrals for
Neon). Then BBQ follows the impurities as they enter the plasma and undergo transport and
ionization to higher charge states in the plasma edge. The particle tracking is stopped when
they have penetrated several centimetres into the ergodic zone. In agreement with the 2D
model, the otained Carbon penetration depth decreases monotonically when the edge density
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is increased. For Neon, BBQ shows that the penetration probability from the emission
location towards the ergodic zone increases slightly when Te

edge is decreased, thus explaining
the trend observed on the brightness profile.

5. Impurity densities and effective screening width

The different behaviour of Ne and C is illustrated by the comparison between the
densities on the NP, deduced from the spectroscopic measurements, and the central densities
(Fig. 3), deduced from the Lycx line of the corresponding Hydrogen-like ions observed along a
plasma diameter. Note that the neutral Carbon density dependence on Te

edge, as well as its
absolute value, is matched by BBQ only if one assumes that Carbon self-sputtering is
responsible for half the neutral Carbon density in the high Te

edge range, i.e. when the Carbon
flux onto the NP is a significant fraction of the Deuterium flux. The neutral Carbon density,
together with the assumed dependence of the emission velocity on Te

edge, indicates that the
neutral Carbon flux decreases with Te

edge, more or less at the same rate as the core Carbon
density. Consequently, the screening effect in the case of Carbon seems to be related to the
neutral generation process, and localised near the NP. The neutral Neon density is seen to be
much more sensitive than Carbon to the edge parameters (variation by a factor of 10), with an
opposite trend. It should be noticed that the large density increase concerns only a small part
of the plasma (<10"4 times total plasma volume). Therefore, it has not necessarily a large
effect on the total Neon content. Neutral Ne velocity measurements (and TRIM reflection
coefficients) show that the neutral Neon flux increases faster than the neutral density when
Te

edge is decreased. On the contrary, the core Neon density seems to be completely
independent from the edge conditions, for a given Neon injection, indicating a screening
intensity increasing with the edge density. The screening effect is thus effective but localised
further inside the plasma.

The results obtained in the previous paragraphs are used to calculate the effective
width of the perturbed layer Aeff introduced in the first part of this work. For both Carbon and
Neon, dp is taken from the 2D model, nz° and <nz

core> from measurements, vz° from TRIM
results. The particle lifetime xz in the confined plasma is assumed to be 0.2 s, identical for
both species and independent of the plasma conditions. The resulting Aefi- is about 18 cm for
Ne and less than 2 cm for C. For Neon, the useful region thus extends significantly further
inside the plasma, suggesting that not only the laminar region but also the ergodic layer play a
role in Ne screening. For Carbon, it confirms that the screening process takes place in a
narrow region close to the NP, entirely contained in the laminar region. At 15 eV, when the
neutral Carbon density starts increasing rapidly as the plasma approaches detachment, Aeff for
C becomes larger than 2 cm. This suggests that Carbon screening is degraded close to
detachment.

6. Impurity transport modelling

In order to interpret the preceding results in terms of transport, the BBQ results
concerning the radial and poloidal distribution of ion charge states entering the core plasma
and the corresponding fluxes are used as input to the ID impurity transport code MIST [8]
(Fig. 4). The measured Te and ne radial and time-dependent profiles from Thomson scattering
are used, and edge profiles in the region r/a > 0.86 (where Thomson measurements are not
available) are estimated from ECE measurements [9]. For Neon injection experiments, the



MIST transport model is validated by a comparison with relative C and Ne CXRS brightness
profiles [10] and with the absolute brightnesses of the Ne X, O VIII, C VI Lya, C V R and I
lines measured along a plasma diameter. The Carbon and Oxygen contributions to the total
radiation are matched before Neon injection, and the incremental radiation due to Neon
injection is matched using radiation rates from the ADAS database [11]. This allows the
determination of the anomalous diffusivity and pinch velocity. To match the measurements, it
is necessary to use a larger diffusion coefficient (by approximately a factor of 3) in the
ergodic region. The result of the simulations (Fig. 5) is a core/SOL transport model in which
Neon penetrating from the SOL enters a region (r/aLjm > 0.75) of enhanced outward
diffusivity, leading to increased expulsion back to the SOL. The outward fluxes from the
ergodic region have been checked to vary with the edge conditions in such a way that the
Neon influx towards the core plasma remains rouhgly unchanged in all conditions. This is,
thus, a plausible model to explain the observed decoupling between increasing Neon density
at the NP and almost unchanged Neon core content. As far as Carbon is concerned, the
situation is more complicated, due to the complex generation mechanisms, which depend on
the edge conditions. However, a first approach has been made with simulations of Nitrogen
injection experiments, since Nitrogen is, like Carbon, a non recycling, chemically active
species. The BBQ simulations for Nitrogen show the same type of flux distribution as in the
Neon case, with a strong outflux from the ergodic region to the edge.

7. Conclusion

The effect of the edge electron temperature (and density) has been shown on Carbon and
Neon screening in ergodic divertor experiments. The measurements show that for Carbon, the
screening effect is related to the generation process and localised within the laminar layer,
whereas for Ne there is no sign of screening close to the NP. A heuristic model allows to
confirm this observation by indicating an effective width of the edge screening region of less
than 2 cm for Carbon and close to 20 cm for Ne. In order to interpret these results in terms of
transport, BBQ 3D modelling of the ill-confined plasma edge coupled to the ID code MIST
for the confined plasma has been performed. It suggests that strong outfluxes from the ergodic
region to the edge tend to shield the core from Ne. To confirm this preliminary interpretation,
a comparison of the code results with the spectroscopic measurements of the intermediate
ionisation stages is necessary.
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Abstract. Stable and reliable fusion plasma operation requires increasingly advanced control systems. This is
especially true for steady-state operation in advanced modes, when several parameters are to be simultaneously
optimised: e.g. the current profile, which has been related to the formation of internal transport barrier, and the
density, which plays a crucial role both in the fusion power and in the plasma wall interactions. At a more
technological level, good management of the power entering and leaving the plasma is required, by efficient
additional heating coupling, and with a full control of radiation and convection losses and distribution to the first
wall elements. For these goals, several feed-back mechanisms have been developed with success on Tore-Supra,
in the past four years. Most of them are based on software, implemented in a set of micro-computers connected
through a VME network.

Within the world fusion community, Tore Supra main goal is the production of thermonuclear
grade plasmas over long duration, ultimately toward steady-state. It requires efficient ways to control
plasma parameters, usually through feedback loops. This paper presents some of the most relevant
results obtained on Tore Supra in the recent years.

1. Tore Supra Plasma Control Network

With its near circular shape, the Tore Supra plasma is not subjected to fast global instabilities
such as VDE's (vertical displacement events), observed on more elongated machines. The control
loops, needed to maintain the plasma parameters, are operated with response times of a few
milliseconds, and have therefore been realised by software implemented in microcomputers. A fast
dedicated network has been built, connecting together several units, each in charge of a specific aspect
of the plasma control. The sharing of information in real time insures a global and coherent function of
the sub-units. A schematic representation of this feedback network is shown on figure 1, where only
the four active computers have been identified: magnetic field, density, ion cyclotron and lower hybrid
waves controls. Additional units only provide informations on the plasma, with no mean of
retroaction, except through one of the four active units.
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PLASMA CURRENT
POSITION & SHAPE

OV SPECTROSCOPY
RADIATED POWER I

LANGMMR PROBES

PELLETS
rnizOYALVES
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LXSE DENSITY INJECTED POWER
GAS FLOWS COUPLING

Figure 1. Tore Supra feedback network.
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2. Position of the Plasma

Accurate positioning of the last closed plasma surface is required for power flux control and
coupling of radio-frequency waves. Precision of a few millimetres is required, a value smaller than the
characteristic length of power decrease in the scrape-off layer. For example, in Tore-Supra quasi-
circular plasmas, a small triangularity of ± one centimetre, as shown on figure 2A, will change the
power load peaking on the toroidal pumped limiter (TPL) leading edge by a factor more than two,
above the technological limit of this actively cooled component. Such precise shaping control is
obtained with a high quality set of magnetic probes, connected to very low drift integrators. A fast
algorithm is used to determine the plasma shape in less than half a millisecond, allowing a fast feed-
back through the poloidal coil currents [1]. The typical response is plotted on figure 2B, where the
feedback gain was progressively increased: errors between observed and programmed values for the
main radius R and vertical position Z are within 2 mm. A small oscillation around 12 Hz is observed,
which increases as expected with the feedback gain.

1.6 1.8 2 2.2 2.4 2.6 2.S 3 m 3 4 5 6 7 8 9 s

Figure 2. Plasma Position Feedback: A) Triangularity Control; B) Dynamic Response.

3. Temperature of the First Wall Elements

Whatever the quality of the magnetic control, the surface temperature of the first wall
elements can rise unexpectedly, either due to some failure of the control, or due to the presence of an
anomalous power peaking (e.g. with fast particle beams sometimes observed on Tore-Supra). A real-
time analysis of an infrared camera view is coupled to the main additional power control unit.
Temperature limitation though power modulation has been experimentally demonstrated during a few
pulses, and will be installed as a routine safety feature in the future. An example is shown on figure 3,
where the surface temperature of the main outboard limiter is used to limit Lower Hybrid waves (LH)
power. The feedback loop is validated at 12.6 seconds, and the temperature is constrained to stay
within a limited range: for this, a coefficient between 0 and 1 is applied to the pre-programmed power
(dashed line).

4. Radiation Control

Power can be removed more uniformly from the plasma edge by radiation, thus limiting
peaking factors. More than an order of magnitude of safety can be gained on the power load to the
components, and radiation of a high fraction of the plasma power is envisaged for ITER. This loss
channel is usually controlled by a density rise, and/or by impurity seeding. When the density level is
imposed by other considerations (e.g. fusion power or current drive efficiency), impurities must be
used. This has been tested on Tore-Supra [2], with the feed-back of the impurity fraction (e.g. neon in
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deuterium) on a radiation bolometer, as shown on figure 4A. A mixture of deuterium and neon is
injected to reach a stable radiated fraction around 85%.

Another scheme, in which a "detachment criteria" (DoD) is defined by a ratio of bolometer
channels (edge and central), exhibits slow oscillations, as shown on figure 4B. These are mainly
attributed both to the slow response of the gas injection and pumping, and to a fast change in the
fuelling efficiency close to the detachment. It has been discarded for the detachment controls based on
Langmuir probes analysis, described below.

TS #28003
Temperature (°C/100)

IR vue of the Outboard Pumped Limiter

11 12 13 14 15 s

Figure 3. Control of the Outboard Limiter Temperature with an Infrared Camera.

A r \

J
II

D2 Flow (Pa.m /s)

\
/ Ne Flow(Pa.rnVs x 30)

TS # 21878 A

:- A /\ A A
PINJ(MW) '

^ P R A D ( N J W

• • - / A -
1

J

S N

• ' - \

3.5 4 4.5 5 5.5 6 6.5 7 7.5 s 4.5 5 5.5 6 6.5 7 7.5 s

Figure 4. Radiation Fraction Control through Bolometric Measurements.

5. Plasma Detachment
When the radiated fraction approaches one hundred percent, the plasma detaches itself from

the wall. Although this high radiation regime is favourable for the power extraction (no conducted
power to the limiter), it is usually not compatible with the coupling of the RF waves, and tends to be
prone to disruptions. Measurements with Langmuir probes in the scrape off layer show that, just
before the detachment, the electron temperature decreases to a value which is always around 12±2 eV
[3]. A real time analysis of probe voltage-current characteristics is performed, to extract the edge
temperature, and this value is used to control either the edge density or the impurity content, and to
operate as close as possible to the detachment, but with a still good coupling for the ICRH antennas.
An example is shown on figure 5, where the edge temperature is maintained as close as possible to 14
eV, by limiting the amount of injected gas. When ion cyclotron waves (ICRH) are injected, the density
is allowed to increase, to keep the edge regime close to the detachment value. The disruption
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probability is strongly reduced with this edge temperature control, compared to similar plasma
operation in these high radiation regimes.

D2 Gas Flow(Pa.m /s)
Without Feedback

'ith Feedback

1 2 3 4 5 6 7 8 9 s

Figure 5. Control of the Edge Temperature, close to the Detachment Limit.

6. Injected Power Optimisation

On a Tokamak, steady state operation cannot be achieved with the ohmic current drive alone,
which is intrinsically transitory. Additional heating, such as Lower Hybrid waves (LH), is required to
drive the plasma current. To keep the control of the plasma current value, a new scenario has been
developed. The main ohmic generator is driven as to keep the vertical flux constant, and the LH power
is modulated to insure the control of the current. Two such tests are represented on figure 6: first
without the LH power (TS #17018), and then with a steady control of the current by the LH system
(TS #17970). Small steps were programmed in the current waveform, to evaluate the robustness of the
feedback loop.

Long plasma pulses require stable and reliable operation of the additional power sources. This
stability is increasingly difficult to maintain since power levels are close to the sources limits. Specific
algorithms have been developed and tested to optimise the power availability. The required power
level, dictated by a feed-back on the plasma current and/or density, is shared in real time among all the
klystrons, as a function of their capability to inject the power. Lower power level are requested from
the less conditioned tubes.

7. Profile Control

Optimisation of tokamak configuration, toward the so-called advanced scenario, requires the
shaping of the profiles. This entailes first a fast and reliable determination of the density and current
profiles. This is done at Tore-Supra with a real-time analysis and inversion of five interfero-
polarimeter cords. Several algorithm have been tested, and compared to off-line full equilibrium
codes: a reliable profile can be determined within a few milliseconds, presently limited by the
precision of the Faraday angle measurement. The second step is to modify these profiles. On most
tokamaks, the broadening of the current, which provides reversed shear operation, is obtained using
fast current ramps, and is therefore not available in steady-state. On Tore-supra, preliminary tests of a
feed-back of the LH wave spectrum index on the current profile have been performed, in a true steady-
state regime, i.e. with full non inductive current drive. In this experiment, shown on figure 7, the phase
between the 8 klystrons connected to the LH launcher was tuned in real time to modify the launched
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parallel index, with a feedback on the internal inductance 1;, used as a global parameter to evaluate the
current profile broadening. The performance was mainly limited by the available power.
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8. Summary
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Figure 7. Feedback Control of the Current
Profile with the LHparallel Index N,,

Tore Supra has been equipped with a versatile feedback network. It allows a full control of
many global plasma parameters: position, shape, density, in and out power fluxes, ... Further
developments are under way toward more advanced controls, e.g. for the current profile. All these
tools will be used in the future to realise high performance plasmas in steady-state regimes.

[ 1 ] T. Wijnands, G. Martin, "An advanced plasma control system for Tore Supra", Fusion Technology 32 (1997) 471 -486
[2] C. Grisolia," Feedback control of highly radiative plasmas in Tore Supra", J. Nucl. Mater. 275 (1999) 95
[3] J. Gunn & al., "Improvement of density control by feedback on Langmuir probe signals in Tore Supra ergodic divertor
experiments", Plasma Phys. Control. Fusion 42 (2000) 557-568.
[4] T. Wijnands & al., 'Plasma feedback control for stationary enhanced performance operation of Tore Supra", Proc. of the
24th EPS conf. on Controlled Fusion and Plasma Physic, Berchtesgaden (1997).
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Abstract. Numerical simulations of ion temperature gradient (ITG) driven turbulence were
carried out to investigate the parametric dependence of the ion thermal transport on the reduced
gyroradius and on the local safety factor. Whereas the simulations show a clear proportionality
of the conductivity to the gyroradius, the dependence on the safety factor cannot be represented
as a simple power law like the one exhibited by the empirical scaling laws.

1. Introduction

In this contribution, the numerical assessment of some of the scaling properties of ion
thermal transport caused by ion temperature gradient (ITG) driven turbulence is pre-
sented. This is, in general, an important area of investigation, given the impact on the
design of future machines. While most of the work is done by statistical analysis of em-
pirical data [1] valuable contribution to the understanding of anomalous transport can
come from the investigations of specific theoretical questions. In this respect, the analysis
of the ITG turbulent dynamics is of high priority, given its recognized relevance in the
ion thermal transport.
To this end, the simulation code ETAI3D that solves a fluid model of ITG turbulence
has been developed [2]. The model equations, which contain the minimal ingredients
necessary to investigate ITG turbulence in a torus, are

dw/dt + 2cu;d($ + Tt) + AV\\v + («n /r) dB$ = DwV2w - 7Pfd/4($}, (1)

dv/dt + AV|,($ + Ti) = A , V V (2)

dTi/dt + r<T,)AV||t; = -A<Tt->
1/2|V|||7;- + DTV2Ti, (3)

where, w = ($ — {$))/Te — p\V2$ is the generalized vorticity (effectively the ion guiding
center density), <I> is the electric potential, v the parallel ion velocity, 71, the ion tempera-
ture, d/dt = dt + VE • V the advection operator, UJJ, — (1/r) cos 9d$ + sin 6dr the curvature
operator, V|| = (l/q)(qd<p + d$) the parallel derivative operator, (•) denotes flux surface
average, A — c/p*, and F is a constant. Units of Te for the temperature, Te/e for the
potential and cs = {Te/Ml)

ll2 for the velocity are employed. Note also that large scale
units a (the minor radius) for the lengths and a2/(cTe/eB) for the time are used.
Noteworthy features of this code are

1. Globality. The code solves the model equations, in toroidal geometry and in a
domain comprised between two arbitrary circular magnetic surfaces, without using
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the local or flux tube approximation. This is necessary to answer questions related
to the /9* = ps/a scaling, without a priori assupmtions about the scale separation.
(ps is the ion sound Larmor radius and a the minor radius.)

2. Flux boundary conditions. The input power is given as a control parameter by speci-
fying either the heat flux through the inner boundary or by a given power deposition
profile. The (fluctuating) ion temperature is the outcome of the simulations. This is
primarily done to avoid any assumption about the (unknown) time-averaged profile
and to allow quite naturally any possible phenomena of intermittency in the profile
dynamics.

3. Emphasis on the mesoscale dynamics. As suggested by experiments, as well as by
theoretical considerations, most of the turbulent energy accumulates in the spectral
region around the poloidal and radial wavenumbers kgps ~ krps ~ 0.1, which is
where the turbulence is suppressed by Landau damping. This allows one to work
with model equations which neglect most finite Larmor radius terms.

4. Emphasis on long time scales. Simulations are carried out for at least one global
energy confinement time in most cases. Indeed all the profiles shown in this contri-
bution are time averages over at least one confinement time.

The code has been employed to assess the dependence of the effective ion conductivity
and on the reduced gyroradius p* and on the local safety factor. All the studies presented
in this communication were carried out in a toroidal annulus comprised between the
magnetic surfaces at r = 0.5 and r = 1.

2. Gyroradius scaling.

The first application has been to the problem of the /?* scaling. In Bohm units \B —
cTe/eB the ion conductivity Xi scales like a power of p*. In L-mode tokamak operations
Xi/XB seems almost /^-independent (Bohm-scaling), while in H-modes one finds XI/XB ~
/9* (gyro-Bohm scaling). In linear theory, radial eigenmode structures typically scale
like p*1/2, which would give weak or null (Bohm) p* dependence, whereas nonlinear
considerations would suggest a gyro-Bohm scaling. Hence the need for an assessment. The
finding that the actual ion conductivity scales indeed like gyro-Bohm, has been obtained
by a series of numerical similarity experiments. In these experiments, the input power (in
the form of a given heat flux Fm at the inner boundary) and p* are varied proportionally,
down to a value of p* = 1/200, to test whether the profiles stay the same and the
conductivity varies proportionally to p*. The results of these experiments are summarized
in Fig. 1 which shows the time-averaged temperature profile, temperature gradient, local
effective conductivity and temperature fluctuations, obtained at progessively smaller p*
(1/50, 1/100 and 1/200), and proportionally reducing the input power F\n from 3. x 10~2

to 7.5. x 10~3. The pictures show that by reducing p* one needs proportionally less
power to sustain the same gradient, and thus the conductivity is proportional to p*, when
expressed in Bohm units (gyro-Bohm scaling). Consistently with this result, the radial
correlation length and the correlation time were also found to scale like p*. An example
of potential isolines at p* = 1/100 and p* = 1/200 are shown on Fig. 2. Finally, this
result has been found to hold independently of the normalized input power Fm/p*, which
in our study was varied by a factor 100, from a minimum of Fin//9* = 5. x 10~2 (which
leaves the gradient very close to the ITG threshold) up to F;n/p* = 5.
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Figure 1: p* similarity runs; solid p* — 1/50, dashed p* = 1/100, dotted p* = 1/200.

3. Current scaling.

As a second application, the question of the plasma current scaling has been addressed. It
is found experimentally that the confinement time is roughly proportional to the plasma
current, which, when combined with the p* scaling, is roughly equivalent to the conduc-
tivity being proportional to the squared of the safety factor q. However, global current
scaling experiments cannot easily distinguish between the dependence on q and on the
magnetic shear, which change at the same time. A numerical assessment of the q scaling
has been carried out for the ITG model using the similarity experiment technique, with
q profiles of the form q = qar

s, by changing qa and keeping the magnetic shear s constant
and uniform in space (here s — 1). The main finding is that the q dependence cannot be
cast in simple monomial form, as explained below.
At moderate input power, the similarity test consisted in running a simulation at qa = 4
and Fln/p* = 1.5, which we call here the reference case, and two simulations, both at
qa = 2, with Fin//9* = 0.75 (to test whether Xi ~ <?) and Fin/p* = 0.375 (to test, as an
alternative, Xi ~ <?2)- The results are shown in Fig. 3, where the conductivity ratios of the
reference run to either test runs are given. It is apparent that no similarity experiment
gives satisfactory results, witn Xi ~ <7 being a too weak scaling and Xi ~ </2 a too strong
scaling. Thus a pure monomial scaling of the form Xi ~ <f would require 1 < /3 < 2.
A second study was performed at a stronger normalized input power, with a new reference
run with qa = 4 and F in/p* = 5. Now the test case qa = 2, F in/p* = 2.5 shows that Xi ~ <7
is already too strong and thus one would have to take 0 < 1 at higher forcing (Fig. 4.)
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Figure 2: Potential isolines, p* = 1/100 (left) and p* = 1/200 (right)

The conclusion is that no simple monomial dependence of the effective conductivity on q
can be used to represent all the data.
On the other hand we note that, qualitatively, the numerical findings are consistent with
the expression

X ~ P*q0(R/LTyfthTS[(R/LT) - Cth/</'] (4)

where /thrs[-] is a monotonic threshold function. Note the double dependence on q char-
acterized by two positive exponents (3 and /?'. In general, a reduction of q (larger current)
translates into a reduction of x in two ways, via the factor q0 and through the increased
threshold (factor Cth/q13 )• At smaller input power, when one works closer to threshold,
the latter is more effective and gives a stronger apparent scaling than when working farther
from threshold. The fact that the threshold function depend on q is confirmed by running
the code in linear mode, using a family of profiles with increasing temperature gradient
and looking for the onset of the instability. The threshold was found to decrease when q
is increased. IT is interesting to note that a similar behavior is found experimentally in
Tore Supra [3], where the measured electron conductivity is consistent with f3' = 1, that
is, an effective threshold depending inversely on q.

References

[1] ITER Physics Expert Groups on Confinement and Transport and Confinement Mod-
elling and Database, Nuclear Fusion 39, 2175 (1999).

[2] OTTAVIANI M. and MANFREDI G., Phys. of Plasmas 8, 3267 (1999).

[3] HOANG G. T., et a/., "Electron transport and improved confinemnet in Tore Supra",
paper EX6/1, this conference.

50



0.9

Gradient ratio 1 vs 2

0.6 0.8
r

Gradient ratio 1 vs 3
4.5

3.5

0.4 0.6 0.8
2.5

Conductivity ratio 1 vs 2

0.6 0.8

Conductivity ratio 1 vs 3

0.4 0.6 0.8

Figure 3: Temperature gradient and conductivity ratios for the q scaling study at medium forcing

Gradient ratio 1 vs 2

0.5 0.6 0.7 0.8 0.9 1

Conductivity ratio 1 vs 2

0.5 0.6 0.7 0.8 0.9 1

Figure 4: Temperature gradient and conductivity ratios for the q scaling study at strong forcing

51



Design of next step tokamak:
Consistent analysis of plasma flux consumption and poloidal field system

J.M. Ane 1), V. Grandgirard 2), F. Albajar 1), J.Johner 1)

l)Euratom-CEA Association, Cadarache, France
2)Euratom-EPFL Association, Lausanne, Switzerland

e-mail contact of main author: ane@cea.fr

Abstract. A consistent and simple approach to derive plasma scenarios for next step tokamak design is pre-
sented. It is based on successive plasma equilibria snapshots from plasma breakdown to end of ramp-down.
Temperature and density profiles for each equilibrium are derived from a 2D plasma model. The time interval
between two successive equilibria is then computed from the toroidal field magnetic energy balance, the resistive
term of which depends on n, T profiles. This approach provides a consistent analysis of plasma performance, flux
consumption and PF system, including average voltage waveforms across the PF coils. The plasma model and
the Poynting theorem for the toroidal magnetic energy are presented. Application to ITER-FEAT and to M2, a
Q=5 machine studied at CEA, are shown.

1. Introduction

In the design of next step tokamaks a consistent analysis of plasma performance, flux con-
sumption and Poloidal Field (PF) system is only performed at the final step, when a time-
dependent code is run, including energy transport and flux diffusion (e.g. TSC [1]). Presently,
in preliminary analysis plasma performance is evaluated using OD or ID plasma power bal-
ance codes (e.g. PRETOR [2]). The flux consumption is computed by the empirical Ejima
formula [3] for current ramp-up and from an approximated loop voltage formula for flat-top.

(fig. 1) which provide the waveforms of the
currents in the PF coils during the scenario.
But the voltages across the PF coils cannot
be derived from the snapshot sequence
analysis since the Ejima approach doesn't
provide the time interval between two
successive equilibria.
The method we propose is based on the
coupling of plasma performance analysis,
and equilibrium computation. The coupling
is done by volume and time integrated
toroidal energy balance between the suc-
cessive equilibria snapshots of a scenario
(Poynting theorem). This balance allows to
derive flux consumption and time interval
between two successive equilibria thus
allowing to analyze the influence of heating
/ current drive and bootstrap current frac-
tion on flux consumption and PF coils
voltages.

Fig. 1. Successive plasma equilibria snap-
shots for the analysis of the ITER-FEAT
inductive scenario [4]
The poloidal field system analysis is based
on successive plasma equilibria snapshots
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2. Poynting theorem for snapshot plasma scenarios

In axisymmetric configurations poloidal and toroidal fields and currents are cross coupled in
Maxwell equations so that Poynting's theorems can be written for the total, toroidal and
poloidal magnetic fields energies. The flux surface averaged Poynting's theorem for a tokamak
plasma related to the toroidal magnetic field energy conservation can be derived from the neo-
classical Ohm's law: ^-B ^= r\ Aj - j N p \ combined with Ampere, and Faraday laws, it reads:

where E, B are the electric and magnetic fields (angle brackets indicate the flux surface average);
j is the total current density and j N is any current not driven by the inductive electric field
including the bootstrap current, rj is the parallel neo-classical resistivity. Bo is the toroidal field
at Ro, "t" (resp. "p") indices indicate toroidal (resp. poloidal) field components, f is the dia-
magnetic function, V is the poloidal flux function and p is the total plasma pressure. The
prime denotes derivation with respect to V.

A control surface Sc is chosen which includes all the plasmas of a given scenario (the inner side
of the the first wall is a good choice for Sc) . Let's define Vc as the volume enclosed by Sc and
Ac as the domain enclosed by Sc in the poloidal plane; Ap is the plasma cross section in the
poloidal plane. The Poynting theorem is volume integrated over Vc and time integrated be-
tween an initial equilibrium at t, and a final equilibrium at //with At = t; - tf. Let M(X) be the
value of X averaged over the initial and final equilibria and A (X) be the variation of X be-
tween initial and final equilibria (M (X ) = \X +X%)jL, A (X ) = X* - X' ). The time interval At
between the two equilibria can be approximated by:

f M(ff'Ufw)dA-A RB'

A , u A^ J Ac Ac J

M

The initial and final plasma temperatures and densities profiles are needed to compute the
denominator, which is the "resistive dissipation" term of the toroidal energy balance. The

profiles are taken as generalized parabolic profiles: xvP~)~ *o \~V-J * where1''"is the normal-
ized poloidal flux function. The equilibrium total pressure profile is obtained by integration of
the "pressure" term of plasma current density. The density and temperature profiles of the
plasma species are consistently derived from the total equilibrium pressure. The plasma spe-
cies include electrons, D, T ions, fast and thermal alphas, one intrinsic and one seeded impu-
rity. The fraction of thermal alpha is calculated assuming that the ratio of the alpha apparent
confinement time to the energy confinement time Val P E is fixed. The fraction of fast alpha is

obtained as the solution of a simplified Fokker-Planck equation.
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3. Plasma scenarios of ITER-FEAT and M2

The consistent analysis of performance, flux consumption and PF system was used to derive
inductive scenarios for ITER-FEAT [5] and M2, a Q=5 machine designed at CEA [7].

• ITER-FEAT is a Q > 10, ~ 400s inductive plateau machine with high neutron fluence.

• M2 is a Q = 5, = 500s inductive plateau machine with low neutron fluence. The rationale
for the conceptual design of M2 at CEA was to analyze how a reduction of the amplification
factor and of the neutron fluence requirement impacts on the size. Limiting the total DT op-
eration of the machine to 700 hours (i.e. =5000 shots) the shielding requirements are kept to a
minimum. Two versions of M2 were studied: M2S a super-conducting machine and M2C a
copper magnets machine. They both have the same plasma parameters since the larger radial
extension of M2C TF coils is compensated by the smaller shielding radial extension.

TAB. I: MAIN PARAMETERS OF ITER-FEAT AND M2

ITER-FEAT
M2

R(m)

6.2
5.0

a(m)

2.00
1.43

A

3.1
3.5

Bo(T)

5.30
5.43

Ip(MA)

15
9

K 95

1.70
1.63

$ 9 5

0.35
0.35

Starting from the breakdown plasma, the successive equilibria of a complete scenario are de-
termined by tuning, for each equilibrium:

-the flux linkage of the plasma with the PF coils (this is done by adding to PF coils cur
- rents PF current distributions that generate no magnetic field in the vacuum vessel),
-the pressure profile (i.e. heating power)

The goal of the equilibrium tuning is to find an optimized scenario which:

-minimize the cost of the current drive devices and of the PF coils power supplies
- maximize the plasma performances and the flat top duration.
- while keeping the plasma parameters in a safe operating space (pN, Greenwald density
and L-H transition limits).

In practice for each snapshot equilibrium the operating space in the <ne>, <Te>n plane is
determined. Examples for the EOB equilibrium of ITER-FEAT (resp. M2) are shown on fig.2
(resp. fig.3). The following parameters were used for the determination of the operating space:

- no fast alpha, T«' FE =5 for thermal alphas

-profiles: "(¥-)= no {-iff-'J" T(yfi-)=T0(-i^}T , w i t h a« = 0.01 and aT= 1.05

f = 1°/ f = 0 1 1 0 /
- constant intrinsic (Be), seeded (Ar) impurities fractions (J Be jL/0' J Ar u- ^ / 0 )
- H mode scaling for xE: TE)iPB98(y,2) for ITER-FEAT (fig.2), TEjIpB98(y) for M2 (fig.3)
- ITER-FEAT H-L power threshold expression [5]

The operating space is limited by the PN = 2.5 contour, the Greenwald density limit and the
H-L transition contour (fig.2 and 3).
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In the <ne>, <Te>n plane the time interval At can be computed along a constant total plasma
pressure contour (the one corresponding to the equilibrium pressure) for different values of
the plasma density. In the case of the EOB equilibrium At corresponds to the flat top dura-
tion. The influence of bootstrap current, heating and non inductive current drive (NICD) on At
are automatically taken into account. To comply with limits on the PF coils loop voltage and
/or the plasma current rise At can be tuned by adding NICD current, by increasing the equilib-
rium jSand by modifying the pressure profile. The PF Coils voltages during ramp-up for the
reference inductive scenario of ITER-FEAT were computed with the CEDRES++ equilibrium
finite element code and fit the reference values (fig. 4).
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Fig. 4 Central Solenoid voltages at ramp-up for the reference inductive scenario of ITER-FEAT
[5]

5. Conclusion

The coupling of plasma performance analysis with 2D equilibrium computation through toroi-
dal magnetic field energy balance (Poynting theorem) allows to derive consistent plasma sce-
narios. Flux consumption analysis, poloidal field system design and plasma performance are
consistently determined in a simple step by step process of plasma scenario computation.
The visualization of the operating space in the <ne>, <Te>n plane at each stage make it easy
to constrain the tokamak to remain in the domain of allowed parameters.
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Abstract. A new kind of superconducting conductor, using the so-called cable-in-conduit concept, is emerging
mainly involving fusion activity. It is to be noted that at present time no large Nb3Sn magnet in the world is
operating using this concept. The difficulty of this technology which has now been studied for 20 years, is that it
has to integrate major progresses in multiple interconnected new fields such as : large number (1000) of
superconducting strands, high current conductors (50 kA), forced flow cryogenics, Nb3Sn technology, low loss
conductors in pulsed operation, high current connections, high voltage insulation (10 kV), economical and
industrial feasibility. CEA was very involved during these last 10 years in this development which took place in
the frame of the NET and ITER technological programs. One major milestone was reached in 1998-1999 with
the successful tests by our Association of three full size conductor and connection samples in the Sultan facility
(Villigen, Switzerland).

1. Introduction

The large next step fusion machine projects like NET (Europe), then ITER (Europe, Japan,
Russian Federation and USA), have strongly pushed for constant progress in superconducting
magnets during these last ten years. This development work has involved not only laboratories
but also industrial manufacturers over the world. The Euratom-CEA Association has strongly
been participating in all of these activities.

2. Conductor for Next Fusion Machines

2.1 Evolution of the Conductor Concept

Since the original cable-in-conduit concept introduced by Hoenig in 1975 [1], substantial
progress has been made in the conductor design to fit the specifications of large magnets for
Fusion. The main purpose was to develop an adapted concept easy to transpose to industry.
The cable is presented in Fig. 1. This so-called dual-channel cable-in-conduit is made of a
bundle region with 6 twisted main subcables (petals) around a central hole. The circular outer
shape of the cable offers decisive advantages with respect to the rectangular (or square) one as
concern both the overall cable performance and the manufacture. This solution, with different
grades depending on the magnet system (TF, CS or PF), has now been retained for all the
magnets of the ITER project.

2.2 Cable Performance

The round shape offers basically the most symmetrical solution ; the cable is nearly fully
transposed. In changing fields, this is the best situation for uniform current distribution and for
minimising induced current loops. Due to the joints, current non uniformity is present even in
DC condition, but it can be mitigated thanks to interstrand contact resistance. Local void
fraction as low as 35 to 36 % has to be achieved to allow current redistribution. Again the



round shape allows to achieve uniformly this requirement, by an isotropic compaction during
production with a minimum of deformation.
In fusion magnets due to changing fields, inconel wrappings are needed around the petals.
Losses are then dominated by this last stage, with no effect of the cable shape (circular or
rectangular), for any orientation of the field.
As concern the hydraulics, the size of the central hole can be adjusted such as to limit the
pressure drop, according to the unit length and the needed mass flow rate. As a matter of fact,
the heat removal capacity and the pumping cold work are linked to the pressure drop which
must be kept at a low level. Low pressure drop systems offer in addition some flexibility in
the project by playing with the mass flow rate in case of unexpected higher losses.

2.3 Conductor Manufacture

The circular cross section adopted at the beginning of the EDA phase confirmed its advantage
during the industrial production of 6 km of conductor for the ITER model coils. This is true
not only for the cable manufacture but also for the jacketing process.
With the symmetrical configuration, both operations are made with the minimum of
deformation resulting in little strand damage. The whole unit length of the manufactured cable
can be pulled easily due to the round shape, through a pre-assembled jacket. The jacket
conduit can thus be fully inspected and leak tested before the insertion process, which is a key
advantage for quality assurance.
A first demonstration of the validity of the concept was made in 1992 when 20 meters of a full
size 40 kA conductor was ordered by CEA in the framework of a NET contract and
manufactured at Dour Metal (Belgium). A full size sample was tested successfully at
SULTAN (CRPP, Swiss), thus inaugurating a new step for this European test facility [2].

2.4 Design Criteria

The different components constituting the strands (non copper and copper contents in
superconducting strands, extra copper strands) are chosen according to a set of design rules
agreed among the whole fusion Community. These are the so-called hot spot, temperature
margin, and Stekly criteria. These design criteria cannot be described in details here, but
relevant information can be found in [3]. The characteristics of the TFMC conductor
presented in Table I (see TFMC-FSJS) were chosen according to these design criteria.

3. Conceptual Design of the Joint

3.1 Evolution of the Joint Concept

The joints between superconducting cables are special components in which the nice structure
of the regular cable (see Fig. 1) has to be partly destroyed or modified. The joints, which are
located in lower magnetic field, must not be the weakest point of the coil.
Within the framework of the NET project, two tasks were launched at CEA/Cadarache for the
study of electrical joints [4], the upgrading of a test facility for subsize samples [5], and the
fabrication and the tests of subsize joints in laboratory [6]. When the ITER project started,
from the experience gained during the first phase, an original design for the joints of the ITER
coils was proposed by EU [7]. From the results of this extensive study, the EU joint design
was definitively confirmed [8], [9]. The single box concept was given up to the benefit of the
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FIG. 1: Cross-section of SS-FSJS conductor. FIG. 2: Cross-section of a TFMC joint box.

twin-box concept. While the former consisted in an electrical joint (between cables or
assembled inside a single box welded to the conductor jackets, with mixing helium flows, the
latter is based on the fabrication of twin terminals at both conductor ends, the joint being then
realised thanks to the soldering of these terminals [7]. Such a design allows the cooling of the
joint in series with the conductor, keeping the independence of the helium paths in the joint,
as well as an easier dismantling of the joint. Each cable end (after some specific preparation)
is compacted in a termination box machined in a bimetallic plate bonded by the explosive
method (see Fig. 2). Thus handling of the brittle NbsSn cable can be avoided after the heat
treatment (needed to fabricate the superconductor), and helium leak tests can be performed
before and after this heat treatment and therefore before the final coil assembly. In that way,
one draws the full advantage of the twin-box concept [10].
In parallel to subsize sample tests, mechanical tests were performed by CEA to assess the
properties of the bimetallic explosive bond either on steel-copper plate or on Incoloy-copper
plate. These tests confirmed the capability of such plates in the joint application [10].

3.2 Transfer of Technology to Industry

All the subsize samples were fabricated in laboratory (CEA/Cadarache), while the full-scale
joints were manufactured only in industry (AGAN/Ansaldo and AGAN/Alstom). The EU
joint design was retained for the joints of the ITER Toroidal Field Model Coil [11], and
within the framework of this project, three full-size joint samples were fabricated in industry
and tested in the dedicated facility SULTAN.
Because of the more complex structure of a full-size cable compared to a subsize cable, the
transfer of technology had to be carried out through complementary R&D performed in
industry. This R&D also allowed to qualify the industrial fabrication process [10], as well as
to train workers in industry in view of the TFMC joints fabrication.
Although all the three EU full-size samples look similar (two conductor legs connected by a
joint) each sample has its own particular features as concern conductor or joint (see Table I).
The SS-FSJS has a joint following the original CEA design which is relevant to the TFMC
inner joints. The TFMC-FSJS exhibits a modification introduced by Alstom (copper pins +
EB welding) to cope with the TFMC fabrication process (outer joint). The TF-FSJS uses
Incoloy-copper joint boxes to allow helium tight welds with an Incoloy conductor. All
conductors used the same internal tin Nb^Sn strand, 0.81 mm in diameter, with 60% copper.
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4. Recent Experimental Results

4.1 Joint DC Resistance

The resistance of each joint exhibit a linear dependence as a function of applied magnetic
field, characteristics are presented in Table II. The three EU samples show low joint
resistances which means that this technology is ready for the TFMC. The CEA twin-box joint
concept thus proved to be valid as well for stainless-steel as for incoloy jacketed conductors.

TAB. I: CHARACTERISTICS OF THE THREE TESTED EU SAMPLES

Conductor
Number of Nb^Sn strands
Number of pure copper strands
Cable twist pitch (mm)
Central spiral (mm)
Cable diameter (mm)
Jacket shape, outer size (mm)
Jacket material
Joint
Joint box material
Joint interface
Jointing technique

SS-FSJS
1152

0
440

lOx 12
38.7

square, 51
316LN

SS-FSJS
316LN-copper
tapered wedge
PbSn solder

TFMC-FSJS
720
360
440

lOx 12
37.5

circular, 40.7
316LN

TFMC-FSJS
316LN-copper

copper pins
EB weld

TF-FSJS
720
360
440

lOx 12
37.5

circular, 39.5
Incoloy 908
TF-FSJS

Incoloy-copper
no

PbSn solder

TAB. II: COMPARISON OF JOINT DC RESISTANCES

Sample
SS-FSJS

TFMC-FSJS
TF-FSJS

Joint resistance @ 2 T (nQ)
0.84
1.96
1.28

Joint resistance @ 7 T (n£2)
1.34
2.51
1.87

4.2 Current sharing and quench in joints

The three joints were able to operate at their theoretical current sharing temperature Tcs with
only a slight increase of the joint resistance and without quench. Compared to the expected
Tcs, the quench temperature was much higher (~ IK) in the SS-FSJS, about 0.5 K higher in the
TFMC-FSJS, and only about 0.1 K higher in the TF-FSJS.

4.3 Conductor Tests

Classically, the conductor results were compared to the expected critical currents (i.e. the sum
of the strand critical currents). The assumption about the effect of the jacket on the strain of
the Nb^Sn filaments plays a major role in such comparisons. Unfortunately this strain, which
cannot be measured separately, greatly influences the critical current density. The measured
critical currents were higher than expected from strand properties in the SS-FSJS (assuming a
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strain of e = -0.65%), and reached hardly the expected values (with £ = -0.60%) in the TFMC-
FSJS. In the TF-FSJS, the critical current was 20% higher than for the TFMC-FSJS, but
reached only 75% of the expected values (with e = -0.25%).

5. Conclusions

With the successful tests of the three EU full-size conductor and joint samples, a major
milestone was reached in 1998-1999. The results obtained for the conductor performances as
well as for the joints met the ITER specifications. Six kilometres of such a conductor were
produced during the fabrication of the ITER CS and TF model coils.
The recent success of the CS model coil tests at JAERI (Naka, Japan) has confirmed the good
behaviour of this conductor. The TF model coil should be tested in 2001 (Karlsruhe, FRG).
It has therefore been demonstrated that this technology is ready and available for the
construction of the future ITER coils
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Abstract. Large scale transport events are studied using two different three dimensional
simulation codes related to resistive ballooning and ion temperature gradient turbulence.
The turbulence is driven by a constant incoming flux. In the case of resistive ballooning
simulations, the underlying structures are found to be radially elongated at the low field
side, and distorted by magnetic shear in parallel direction (streamers). The non linear
character of these structures is emphasized. Bursty transport is investigated in presence
of zonal flows and internal transport barriers generated either by a strong shear flow or
with a magnetic shear reversal. Finally, a low dimensional model that captures the main
features of bursty transport dynamics is derived.

1. Introduction

Recently, many self-consistent — in the sense that neither spatial nor time scale separabil-
ity between the fluctuations and the equilibrium is assumed — fluid models of threshold
plasma turbulence have shown that the radial transport exhibits intermittent ballistic
bursts corresponding to large radial scale tranport events [1, 2, 3, 4, 5]. Also, experimen-
tal measurements of tokamak turbulence show evidence of intermittent transport [6, 7],
together with scale invariance in time of the fluctuations [8]. They might be good can-
didates to explain fast transients [9]. A single structure of this sort is suggested to be a
radially extended, poloidally localized convective cell called a streamer [10, 11]. Let us
emphasize that this bursty transport is oberved in systems driven at constant flux. In
the present study, this flux driven turbulence is investigated with a 3-D global code of ion
temperature gradient turbulence [12, 1] and with a 3-D global code computing resistive
ballooning modes which involve a critical pressure gradient length [3]. These codes yield
a consistent description of transport processes from the small scale fluctuations to the
equilibrium profiles. Several issues are addressed here: the 3-D structure of the radially
elongated large scale transport event (streamer) and its non linear character; the influence
of zonal flows on the dynamics of these structures, the role of internal transport barriers
(ITB) generated either by a strong shear flow or with a magnetic shear reversal on these
transport events; and finally we derive a low dimensional model that captures the essential
of the dynamics of the bursts.

2. Identification and characterization of large scale transport events

We use simulations of resistive ballooning turbulence at the plasma edge to investigate the
three dimensional structure of the bursts. The turbulence is driven by a constant incoming
flux. The model consists of two equations for the vorticity and pressure, respectively. The



normalized form of these equations is [13, 14]

1*
dt

(1)

(2)

Here, d/dt = d/dt + {<f>, • }, where the Poisson bracket represents the convection due to
the E x B flow. Note that the aim of this work is to study basic dynamic processes in
3D turbulence at the plasma edge. Therefore, in this simplified MHD model, diamagnetic
effects and magnetic fluctuations are not included. Eqs. (1,2) describe the evolution
of the complete fields of potential and pressure, including equilibrium and fluctuations.
Expanding the fields 4> and p into Fourier series in the poloidal (mode number m) and
toroidal (n) directions, each Fourier mode is localized in the vicinity of its resonant surface
z = xq=m/n- The simulation region is restricted to the domain between the q = 2 and
q = 3 surfaces at the plasma edge.

Following the time evolution of the radial pressure profile, large bursts are observed alter-
nating with quiet periods, as illustrated in Fig. 1. One observes both low pressure events
traveling inwards and high pressure bursts propagating in the outward direction. Note
that the early times shown in Fig. 1 correspond to a transient phase where the mean
pressure gradient has not yet reached a statistically stationary state. In this phase, many
large bursts are observed. From Fig. 1, it is possible to determine a time when a large
burst appears. To investigate the 3D structure of this burst, the spatial distribution of
the turbulent radial flux is analyzed at that specific time. A dominant structure corre-
sponding to a strong local maximum of the flux is observed. At the low field side, this
structure is highly elongated in the radial direction which suggests its interpretation as a
streamer.
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Figure 1: Time evolution of the magnetic surface averaged pressure profile (isobares in the
(x,t)-plane).In this case, zonal flows are suppressed.

To illustrate this, Fig. 2 shows the contours of the turbulent radial flux in a small section of
the poloidal plane, at the toroidal position where the structure passes at the low field side.
In the toroidal direction, the maximum of the flux follows the local magnetic field line
at each radial position, which results in a strong distortion due to magnetic shear. This
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indicates that structures and magnetic shear are not incompatible. Since the modulational
structure drive has ballooning character, the streamer can adjust to the magnetic shear.
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Figure 2: Radially elongated structure (streamer) of the turbulent radial flux in a section (at
the low field side) of a poloidal plane.

To distinguish between a possible linear or nonlinear character of the structure, the
toroidal wavenumber spectrum of the corresponding kinetic energy is calculated and plot-
ted in Fig. 3. It shows that the streamer is composed of a large (~ 10) number of modes
with different toroidal wavenumbers n and is therefore clearly different from a linear bal-
looning mode that is characterized by a single wavenumber n [15]. Therefore, there is a
strong evidence that the generation of streamers is an intrinsically multimode nonlinear
process rather than a secondary instability of a purely linear eigenmode flow.

toroidal wave number (n)

Figure 3: Kinetic energy of the fluctuations as a function of the toroidal wavenumber, at the
same time as in Fig. 2

3. Interplay of zonal flows with streamers

In the previous simulations, the generation of zonal flows has been artificially suppressed.
In order to study the influence of these flows on the large scale transport events, sim-
ulations including self consistently generated zonal flows are performed. The frequency
of appearance of bursts is found to be remarkably higher compared to the previous case
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(Fig. 1). On the other hand, the amplitudes of single events are lower. More precisely, the
spectrum of the turbulent radial flux at a given radial position exhibits a 1 / / decrease
in a range of intermediate frequencies [16, 1, 2] up to a certain cutoff, and the latter
is extended to higher frequencies when zonal flows are included. This behavior can be
understood analyzing the time evolution of the velocity shear at the same given radial
position. When a burst is building up, the velocity shear starts growing after a short time
delay, inhibiting the flux to grow to large amplitudes. This is due to the decorrelation
of the radially elongated structures by the shear stress (Fig. 4). The cross correlation
function of the turbulent radial flux and the velocity shear shows a maximum at a time
delay of the order of 20 time units. This corresponds roughly to the cutoff in the frequency
spectrum mentioned above.

-0 .2L

-40 -20 0
time delay

20

Figure 4: Cross correlation between the radial turbulent flux and the velocity shear at a given
radial position.

The change in the frequency spectrum is in perfect agreement with the one observed in Ref.
[17] in the running sandpile model. There, a suppression of the low-frequency components
and an increase of the high-frequency parts are observed. Here, the simulations presented
so far confirm the increase at high frequencies in the presence of zonal flows. As will be
shown now, the decrease at low frequencies is due to a region with strong mean shear that
is investigated in Ref. [17].

4. Bursty transport with internal transport barriers

An interesting question is the behavior of the large scale events in presence of an ITB.
It was postulated that a strong shear flow should prevent the propagation of such events
[18, 16,17]. Therefore, a simulation is performed, imposing a sheared equilibrium rotation
at the vicinity of the x = 0 surface. The velocity shear is five times larger than those
generated by the turbulence in the previous simulation. In this case, a transport barrier
builds up in the shear region, characterized by a strongly reduced turbulent radial flux
(Fig. 5).

Bursts are still observed in this region, but their amplitudes are very small, and coming
from both sides of the barrier, they almost vanish in the center. However, some pertur-
bation travel through the barrier, as shown by recent simulations [19]. The frequency of
appearance of bursts is even higher than in the previous case. In fact, the reduction of
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Figure 5: Time evolution of the magnetic surface averaged turbulent radial flux in the case with
externally imposed strong shear flow [minimum = -0.1 (black), maximum = 3.8 (white)].

turbulent transport is found to be due to the suppression of low frequency components
in the turbulent flux. As the time averaged total radial flux is constant, the transport in
the barrier region must be approximatively neoclassical. In fact, a large pressure gradient
builds up in this region. Note that the character of the bursts inside the barrier is close
to that of a quasi-coherent oscillation.

Furthermore, ITG simulations show that with a magnetic shear reversal, an internal
transport barrier builds up together with a strong ExB shear flow (Fig. 6). This supports
the idea that within an ITB, turbulence is suppressed by a combination of EXB shear
flow and a magnetic shear.

It is observed in this case that the events hardly cross an ITB. This is consistent with a
shearing by the ExB flow in the barrier. Let us note that the biggest events do cross the
barrier. However the frequency power spectrum of the turbulent flux exhibits the same
shape inside and outside the ITB while only the amplitudes of the events change. This
seems to differ from the previous case of resistive ballooning turbulence where the barrier
was produced with an externally driven velocity profile. The reason seems that there
are still bursts inside the barrier although their amplitude is low. The interplay between
bursts outside and inside the ITB is still under investigation, Let us note that the barrier
width also exhibits a complex behavior and that it is probable that zonal flows do affect
this dynamics.

5. Low dimensional model for bursty transport

We propose a one dimensional (1-D) simplified model to investigate transport in turbulent
systems driven by a fixed flux. We use a Galerkin projection to derive a low dimensional
system that accounts for the dynamical properties of the bursts. This model relies on
the possibility of generation of a mean poloidal ExB velocity field and its back reaction
on fluctuations. In the present model, the production of this mean shear flow is a direct
consequence of turbulence-induced Reynolds stress. The model is inferred from a 2-D
interchange turbulence (equivalent to the resistive ballooning in the region located after
the last closed magnetic surface) [4].
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Figure 6: 3D global simulations of ITG turbulence in presence of a magnetic shear reversal, a)
q profile. Points are the positions of resonant surfaces, b) Ion temperature profile, c) Radial
profile of the mean ExB flow shear.

In deriving the reduced model, we focus on the 2-D interchange instability system The
interchange modes are unstable when the average magnetic field lines curvature is in
opposite direction to the pressure gradient. In the flute approximation, neglecting the
stabilizing effect of the sheath conductivity and taking cold ions population, the two
dimensional non linear evolution of the normalized density and electric potential is given

dt

j-n = DV2
±N + S .

(XL

(3)

(4)

This system is analogous to the Rayleigh-Benard convection with n standing for the
temperature field and <f> for the stream function.

Let us expand the density and electric potential fields in the following way:

n(x,y,t) = n(x,t)+n(x,y,t)
4>(x,y,t) = j>(x,t) + (j>(x,y,t)

(5)
(6)

where n a n d <f> are equilibrium quantities averaged along the poloidal direction. The
average <j> will further be responsible for the development of a mean flow. So as to reduce
the problem to one dimension we expand the poloidal variation of fluctuating quantities in
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Fourier series up to the first harmonic of the most unstable mode ky (Galerkin projection).

4>(x,y,t) =
n(x,y,t) = cc

(7)
(8)

where cc stands for complex conjugate.

Equations for the evolution of the mean and fluctuating fields read:

dtn = —idx<fm + i<f>dxn
 2

dt(f> = —idx4>4> + igh +
dtn = -dx(n*(f>-n<i>*)

dtdxj> = -dx(dxj>*j>-dx

(9)
(10)

(11)
(12)

We have solved these equations numerically. The source term in the equations is taken
gaussian shaped and represents the driving energy sustaining a mean density gradient.
In this model, the Reynolds stress is reponsible for the generation of a mean zonal flow.
Fig. 8 shows the mean velocity profile in which a zoning is observed. By decreasing the
dissipation coefficients we were able to increase the number of zones as in Ref. [20]. We
observe that propagating bursty events are superimposed to these zonal flows. We found
that the latter are necessary to trigger the bursts. In absence of ExB velocity shear, it is
impossible to observe large scale transport events in this model.

0 0.1 0 ! 0.3 04 0B Ot 0.7 0.< 0.9

Figure 7: Time averaged radial velocity profile.

Conclusions

Three dimensional simulations of resistive ballooning turbulence at the plasma edge and
ITG simulations have shown evidence of large scale transport events. The analysis of the
3D structure of these bursts shows that they are highly radially elongated on the low field
side and localized along magnetic field lines. The streamer is found to be generated by
an intrinsically nonlinear process. Self generated zonal flows inhibit the growth of bursts,
reducing their amplitude and increasing the frequency of appearance. In the presence of a
transport barrier generated by a strong shear flow, the amplitudes of bursts almost vanish
in the center of the barrier.
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Abstract. Particle diffusion in a given electrostatic turbulence with a finite correlation length along
the confining magnetic field is studied in the test particle approach. An anomalous diffusion regime of
amplified diffusion coefficient is found in the conditions when particle trapping in the structure of the
stochastic potential is effective. The auto-generated radial electric field is calculated.

1. Introduction

The amplitudes and spectra of plasma turbulence are measured in a large number of experiments
on tokamak devices. They determine, by means of theoretical models, the transport coefficients.
However, the effective transport can also be strongly influenced by other physical factors which
are often neglected in such estimates. We determine here the effect of a finite correlation length
of the stochastic potential along the confining magnetic field. This problem has already been
studied in the literature but only in the quasilinear limit corresponding to high frequency or low
amplitude turbulence. These results are extended here to the nonlinear regimes characterizing
the low frequency turbulence. The physical process which is specific to the low frequency turbu-
lence is the dynamical trapping of the trajectories around the extrema of the stochastic potential
[1], [2]. We show here that the trapping process combined with the parallel motion determines
an anomalous transport regime of increased diffusion. We also determine the radial electric
field Er generated for restoring the ambipolarity of the radial fluxes and show that trajectory
trapping produces a change in the direction of Er. We use our recently developed statistical
approach which describes the complicated process of trajectory trapping [3] and determines an
exact expression for the 2-point Lagrangian velocity correlation (LVC) in Gaussian fields.

2. Effect of parallel motion in electrostatic turbulence

We consider a constant confining magnetic field directed along z axis Bo = #oez (slab geometry)
and an electrostatic turbulence represented by an electrostatic potential <|)(x,z,f), where x =
(x,y) are the Cartesian coordinates in the plane perpendicular to Bo and z along Bo. The test
particle approach of the turbulent transport relies on the following Langevin equations :

^ v[x(0,z(0,'l, *(O)=O (1)

Jt=Vth, z (0 )=0 (2)

where x(r), z(t) represent the trajectory of the particle guiding center. The velocity v(x,z, t) is
determined by the electrostatic potential as:

v(x,z,t) = -V4>(x,z,t) x ez (3)
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where the reduced potential 4> is defined by <P(x,z,t) = §(x,z,t)/Bo and V is the gradient
in the (x,y) plane. The motion along the confining magnetic field Boez can be approximated
by Eq.(2) where Vth = y/2T/m is the thermal velocity of the particles. The variation of the
velocity determined by the electrostatic force — dz§ is negligible compared to the large thermal
velocity both for electrons and ions. The potential <E>(x,z,r) is a stochastic field considered
to be Gaussian, stationary and homogeneous. The two-point Eulerian correlation (EC) of the
potential is modelled by:

E(x,t) = (4>(0,0,0) *(x,z,0) = P2£(x) exp (-M j exp f-^\ (4)

Angular brackets denote statistical average over the realizations of the stochastic potential field,
P is the root mean square of <t>, xc is its correlation time and X,|| its correlation length along the
confining magnetic field. E(x) is a dimensionless function which decays from £(0) = 1 to zero
when |x| —>• °°. Its Fourier transform is the spectrum in the perpendicular plane (x,y) and the
characteristic wavelength of the spectrum defines the perpendicular correlation length X. A di-
mensionless parameter, the Kubo number can be defined as: K = Vxc/X, where V — P/X mea-
sures the amplitude of the fluctuating velocity. The Kubo number characterizes particle motion
in the plane (x,y) perpendicular to the confining magnetic field. The parallel motion (along the
z axis) depends on a similar parameter, the parallel Kubo number, defined by: K\\ = Vth%c/X\y
The mean square displacement (MSD) of the particles and the running diffusion coefficient are
determined from the LVC.

The equation of motion along z axis (2) is a deterministic equation. Its solution z{t) = Vtht
can be introduced in the equations of the motion in the (x,y) plane and thus the problem is
reduced to two space variables but with an additional time dependence in the potential which is
introduced by the parallel motion.

We determine the running diffusion coefficient for any value of K and K\\ using the decor-
relation trajectory method developed in Refs.[3] for 2-dimensional turbulence. It applies to
Gaussian stochastic fields which are homogeneous, stationary and have an EC of the type (4).
Very recently we have proved that, under the assumptions listed above, the decorrelation tra-
jectory method yields the exact analytical expression for the LVC and for the running diffusion
coefficient, valid for arbitrary values of Kubo number. Following calculation steps similar to
those presented in [3], we obtain the following result for the LVC and for the running diffusion
coefficient:

Lu(t) = SijV2F' (tfx(f,tf||)) exp [-(tf|| + 1) |f |] (5)

D{t;K,K() = f M KF [Kx(t,K{{)} (6)

where the function F(9) is given by :

F(Q) = -= f f dpduu3exp(-U ^ ^P ')X(uQ;p) (7)
V2TI J JO \ 2 /

and F'(0) is the derivative of F(Q). The asymptotic diffusion coefficient is:

"K2\__( K
xc J \ K\\ + 1
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Figure 1: The diffusion coefficient as a function of Aj| for several values of K.

The function F(6) is obtained in [3] for an electrostatic turbulence with infinite parallel corre-
lation length. At 6 < 1, F(0) = 9 and at 0 » 1, F(6) decays algebraically as F(Q) w 9~v. For
an EC of the potential E(x) = 1/(1 + x2/2), we have obtained v = 0.38. The variation of the
shape of E(x) determines modification of v around this value [3]. The function F(6) describes
the trajectory trapping : the long (algebraic) decay of this function results from the elimination
of the contribution of the trapped trajectories (which vanishes in the integrals in Eq.(7) by an
incoherent mixing). The diffusion coefficient at large K is thus determined by a small part of
the trajectories which are not trapped. Equation (8) shows that the parallel motion determines a
modification of the argument of the function F which becomes Ke/f = K/ (K\\ + 1).

At small values of the parallel Kubo number, K\\ <C 1, this effective value is Keff ~ K and Eq.(8)
is identical with the result obtained in [3] for 2-dimensional turbulence. Thus the diffusion
coefficient is not influenced by the parallel motion. It is determined only by K : D = DQL —
(k2/xc)K

2 if K « 1, or D = (k2/xc)K
l-y if K » 1.

At large values of K\\, K\\ 3> Max [K,l], the effective Kubo number is small (Keff — K/K\\ <^ 1)
and the diffusion coefficient can be approximated according to (8) by:

Kn > K. (9)

The parallel motion is the dominant decorrelation mechanism in these conditions and the diffu-
sion coefficient is independent of the correlation time xc. This is the quasilinear result which is
thus reproduced by the general equation (8). It corresponds to the absence of trajectory trapping.

When 1 <C K\\ < K, Ke/f is large (Ke/f ~ K/K\\ » 1) and Eq.(8) can be approximated by:

(10)

In these case, both the parallel motion and the dynamic trapping influence the diffusion co-
efficient. It is interesting to note that the process of trajectory trapping actually inverses the
dependence of the diffusion coefficient on K\\ : the decrease of D as \/K\\ appearing in Eq.(9) is
transformed into an "anomalous" increase due to trapping in Eq.(10).

The diffusion coefficient obtained in Eq.(8) is presented in Fig. 1 as a function of K\\ for various
values of K. The three regimes mentioned above are clearly identified in this figure. Typical
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Figure 2: Er as function of K\\ for several values of AT.

tokamak plasmas are characterized by Kubo numbers in the range [0.1,100] and by values of
the parallel Kubo number of the order [l0~2,10"1] for the ions and [1,100] for electrons. Thus
the parallel motion is important for electrons and can be neglected for ions.

3. Radial electric field

Important differences between the transport coefficients of the electrons and ions appear due to
the thermal velocity contained in K\\. Consequently, a quasistationary radial electric field Er is
generated to ensure the ambipolarity of the particle diffusive fluxes [4]. Considering a hydrogen
plasma with Te = Ti = T and introducing the ratio of the electron and ion diffusion coefficients
from (8):

(11)

the radial electric field and the effective diffusion coefficient are obtained as:

' c a + l

where Ln is the characteristic length of the density and /J = J^f- The value of De

between De and D, close to the smaller of the two diffusion coefficients.

(12)

is situated

At small values of the Kubo number K, the diffusion coefficient of the electrons is smaller than
that of ions and a negative electric field is generated. The nonlinear anomalous regime found
in Sec.2 determines an important effect: for K > 1, the sign of the generated electric field is
reversed since the diffusion coefficient of the electrons becomes larger than that of ions. Fig.2
presents the radial electric field (12) normalized by T/Ln as a function of K\\e for several values
of the Kubo number. A positive electric field is generated when K/K\\e > 1 and K > 1.

The effect of a radial electric field on transport processes in tokamak plasmas appears at two
levels: first, due to the fact that it is sheared (K and K\\e are radius dependent) it destroys the
large size structures of the stochastic potential and reduces the level of the turbulence. In the
mean time, Er can have a direct effect on the transport coefficients (even if the level of the
turbulence is unchanged) since the deterministic poloidal motion with the velocity EK/BQ repre-
sents a mechanism of decorrelation. This effect is important for small scale turbulent structures
which are not affected by the shear of the electric field. The following qualitative analysis
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shows that the radial electric field genereted in quasilinear conditions has negligible influence
on the effective diffusion coefficients but the reversed field appearing when particle trapping is
effective can influence the transport and determine improved confinement regimes. There are
three decorrelation mechanisms which compete in determining the diffusion coefficient. The
time variation of the stochastic field (with the characteristic time xc), the parallel motion (on
the scale Xy = X^/Vlh = ic/K\\) and the poloidal drift VE induced by Er (with the characteristic
time %E = "KJVE = XCV/VEK, where VE « T/LnBQe). When K is small (K <^ 1), De < D, and
the effective diffusion coefficient (12) is DeH = 2De. Due to the large value of K^e the decor-
relation mechanism is the parallel motion. Thus, the effective decorrelation is by the parallel
motion and the radial electric field (which is negative) does not play a role. When the trajectory
trapping is important (K 3> 1), the diffusion coefficient of the electrons is larger than that of
ions and the effective diffusion is dominated by that of ions Deff = 2D,. The latter corresponds
to small K\\ and is independent of the parallel motion which is too slow to compete with the time
variation of the stochastic field (X||,- 3> xc). The poloidal drift VE can be the dominant decorre-
lation mechanism in this case. The condition is that VExcfk > 1 which is true if VE ~ V. Thus,
when the generated electric field is large enough the diffusion coefficient will be influenced by
Er. This happens in the presence of trapping when the electric field is positive. A reduction of
the diffusion can be expected in these conditions. This qualitative estimate is in agreement with
recent measurements on Alcator C-Mod, Tore-Supra and JET [5] which have shown that the
transition from low to high confinement regime is correlated with the change from negative to
positive radial electric field.

4. Conclusions

In conclusion, we have shown in this paper that particle diffusion in electrostatic turbulenece can
strongly be influenced by the motion along the confining magnetic field if the parallel correlation
length is finite. An anomalous diffusion regime in which the diffusion coefficient increases
with the parallel Kubo number was found. It is determined by the dynamic trapping of the
trajectories in the structure of the stochastic potential. A radial electric field is generated for
restoring the ambipolarity of particle flux. It is negative in the quasilinear regime and positive
in the nonlinear, trapping dominated regime. A qualitative analysis shows that in the latter
case the radial electric field could influence the diffusion coefficient. The dependence of the
diffusion coefficient and of the generated electric field on the two Kubo numbers is determined.
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Abstract. This paper summarises a number of distinct, but related, pieces of work on key confinement
issues for tokamaks, in particular the formation of internal and edge transport barriers, both within
turbulent and neoclassical models, and radial diffusion of avalanching runaway electrons. First-principle
simulations of tokamak turbulence and transport using the two-fluid, electromagnetic, global code CUTIE
are described. The code has demonstrated the spontaneous formation of internal transport barriers near
mode rational surfaces, in qualitative agreement with observations on JET and RTP. The theory of
neoclassical transport in an impure, toroidal plasma has been extended to allow for steeper pressure
and temperature gradients than are usually considered, and is then found to become nonlinear under
conditions typical of the tokamak edge. For instance, the particle flux is found to be a nonmonotonic
function of the gradients, thus allowing for a bifurcation in the ion particle flux. Finally, it is shown that
radial diffusion caused by magnetic fluctuations can effectively suppress avalanches of runaway electrons
if the fluctuation amplitude exceeds 6B/B ~ 10~3.

1. Introduction

Transport processes control the confinement of plasma species. Often it is desirable that
the transport should be as low as possible to improve tokamak performance. Of particular
interest are the conditions for the creation of transport barriers: both interal ones (ITBs)
and the edge ones associated with the L-H transition. In Section 2 we describe global
computer simulations of tokamak transport that lead naturally to ITB formation. In
H-mode a region of steep edge gradients is produced; in Section 3 we revisit neoclassical
theory in these circumstances, showing how it predicts bifurcated particle fluxes, which
perhaps could trigger the transition itself. However, on occasion substantial transport
can be beneficial and in Section 4 we determine the lower limit on magnetic turbulence to
prevent the formation of potentially damaging avalanches of runaway electrons in large
tokamaks.

2. Computational studies of internal transport barriers (ITBs) using CUTIE

Recent tokamak confinement experiments (see, e.g., the review by Bell et al [1]) have
exhibited the spontaneous formation of ITBs. The study of such structures is believed
to be of considerable importance to fusion plasma physics, since they may offer routes
to enhanced confinement regimes. Both neutral beam-heated (eg. JET [2]) and ECH
heated (eg. RTP [3]) discharges exhibit transport barriers. Results obtained using a
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computational approach to the study of ITBs (with special reference to JET [2]) based
on the CUTIE code help one to understand their nature and the conditions for their
formation.
The transport barriers are modelled by glbbal (ie, 'whole tokamak', as opposed to
'flux tube'), nonlinear, electromagnetic, two-fluid simulations using CUTIE. CUTIE self-
consistently calculates turbulence-driven flows in the large aspect ratio approximation.
The equations of motion (given in full in Ref [4]) are obtained using quasi-neutrality,
electron continuity, ion and electron momentum and energy balances, and Maxwell's
equations. For simplicity, the equilibrium magnetic surfaces are taken to be circular, ne-
glecting the Shafranov shift. Fourier analysis of the variables solved (electron density, the
two temperatures, ion parallel velocity, the electrostatic potential, the potential vorticity
and the poloidal magnetic flux function) with respect to the poloidal angle 6 and the
toroidal angle £, leads to coupled nonlinear partial differential equations for the 'equi-
librium profile' components independent of angle and the 'fluctuations' which do depend
on the angular variables. The former are directly driven by the imposed sources of par-
ticles, energy (ohmic and auxiliary heating), current etc. Their gradients in turn drive
instabilities which create the fluctuations and these can react back on the evolution of the
equilibrium quantities through the medium of turbulent fluxes, over and above the basic
neoclassical ones. The equations include, within the two-fluid model, physical effects such
as visco-resistive tearing, ballooning, drift-Alfven and r\i modes.
A key feature of the code is the simultaneous or 'co-evolution' of the turbulence and the
equilibrium quantities. It turns out that the turbulent fluxes, although averaged over
angles, are relatively rapidly varying functions of the radius and time. This feature is
characteristic of 'mesoscale' turbulence: namely the space and time scales associated with
it are intermediate between the system size and the ion Larmor radius, and confinement
time and the shear Alfven time, respectively. Such relatively rapid variations imply 'cor-
rugations' in the equilibrium profiles. These are regions of relatively high local radial
gradients and curvature in the radial profile quantities, which evolve rapidly compared
with the confinement time. Internal transport barriers (ITBs) are special cases of such
localized regions of high radial gradients, when they occur in the temperature or the
density profiles, associated with relatively slow time-evolution.
In general, in our simulations, we find the low mode number part of the fluctuation
spectrum is excited through an inverse cascade, even if one starts with high mode numbers.
These relatively long wavelength modes are associated with low order rational values of the
safety factor, q, and play a key role in the tendency of the system to 'self-organize' [5], by
spontaneously forming structures like ITBs. Firstly, they generate fine-scale, intermittent
turbulence through nonlinear and toroidal mode couplings and secondary instabilities
(direct cascade). Secondly, they imply corrugated fluxes due to fast radial variation in
amplitude, and nonlinear, dissipative, cross-phase relations. These fluxes react on profiles
and determine the local gradients of both magnetic and electric fields, which in turn,
drive/damp the turbulence in a relaxation process. In general, two feed-back loops have
been identified, associated with the radial electric field, Er0(r,t), and the plasma current
density, jo{r,t), respectively. The resulting nonlinear dynamics involves complex mode
rotation, current filaments, internal mode-locking, relaxation oscillations, avalanches, and
intermittent bursts of high k, UJ turbulence.
To illustrate how this dynamic process works, we present the 'equilibrium' poloidal mag-
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netic field, poloidal fluid velocity and the radial electric field evolution equations [4]:

dt
d_
8r 4?r r dr " - J b s )

- - «-(r < 8vf5vf
7* C/7*

(1)

(2)

(3)

Note that the poloidal magnetic field evolution is influenced both by neoclassical resistivity
77nc(itself a complicated function of temperature, q etc), and more importantly, by j b s , the
bootstrap current. Since the latter depends strongly on gradients, the evolution of q is
influenced by the turbulence through it. In principle, there ought to be other 'turbulence-
driven' dynamo terms in Eq.(l). Their effect is presently being studied and will be
reported elsewhere. Equation(2) describes, within certain approximations, the dynamics
of vgo(r, t), the 'poloidal' fluid flow. This is driven by radial turbulent advection of poloidal
momentum (also called the 'Reynolds stress') and the turbulent j x B force in the poloidal
direction, averaged with respect to angles. The flows are damped by neoclassical effects:
where unc = 0.67c" V 1 and v8nc = -1.17(1 - 1.46e1/2)(ciyeB), with e = r/R [6]. Thus
the radial electric field, Er0(r,t), given by Eq.(3), can acquire 'corrugations' both from
such features in the ion pressure profile and the toroidal velocity. The latter must also
be calculated in principle from a suitable momentum balance equation involving external
sources and turbulent and neoclassical viscous damping. In present simulations, we simply
assume that the toroidal flow is specified in terms of the Mach number and use the above
equations to calculate vg® and ETQ.

RVITHO at 1.499ms djz contours at 1.499ms

0.0 0.4 0.6
r/a

0.8 1.0 -100 - 50 0 50 100

Figure 1: Calculated —CETQ/B profiles
(cm/s).

Figure 2: Current fluctuations.

In Figs 1-3 we show some typical results obtained using CUTIE, obtained from a high
resolution (100 x 64 x 32 in r,6,C respectively) simulation of a JET-like shot (based on
#49006: Paux ~ 15MW, Ip ~ 2.3MA, n ~ 1.5 x 1019 m~3, q0 ~ 2.2; toroidal Mach number
~ 0.3). Figure 1 presents the calculated Ex B flow profile after 1.5 ms of evolution from
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simple Gaussian initial temperature and density profiles. The solution takes into account
Eq.(3) among others. It clearly shows highly 'corrugated', mesoscale sheared regions with
strong 'jet-like' features. These influence the stability of the turbulence in their immediate
vicinity. Figure 2 illustrates an instantaneous snap-shot of the computed current density
fluctuations, revealing current filaments, 'streamers' (m=7 and higher harmonics, associ-
ated with the broad jet around r/a ~ 0.4) and ballooning micro turbulence involving an
8/3 resonance, close to the regions of strongly sheared E x B flow(r/a ~ 0.8). Movies
made of the simulations reveal quite complex dynamical features associated with the ro-
tation/evolution of the turbulent current filaments. Additional information relating to
other quantities of interest such as the turbulent velocities can be found in Ref [4]. Figure
3a shows the calculated ion temperature profileat the same time as Figs 1 and 2. The
barriers at r/a ~ 0.6 and 0.8 are rather clear. The former is associated with a relatively
small jet (Fig. la) whilst the latter with a more prominent one further out. The broad
jet near r/a ~ 0.3 is associated with a weaker barrier. Qualitatively the code captures
barrier features in the experimental profile (obtained using charge exchange spectroscopy)
shown in Fig. 3b. The theoretical and experimental uncertainties preclude using the code
as a predictive tool at present; its value is in indicating qualitatively how the turbulence
and equilibrium interact and can evolve to generate transport barriers.
Detailed studies [4] have also been made of the RTP experiment [3], and results suggest
that the model captures the main features of the observed barrier phenomena (role of
rational surfaces, current filamentation, E x B flow-shear effects), at least qualitatively.

TiO at 1.499ms Shotnurrber: 49006 (cxsm/Ti) 44.5 sec

(a) (b)
Figure 3: Calculated (a), and experimental (b) T{ (keV) profiles (JET #49006)

3. Nonlinear neoclassical transport in steep plasma edge profiles

In the H-mode pedestal region near the tokamak edge, the density and temperature
profiles are frequently observed to be too steep for conventional neoclassical theory to
be valid. The essential difficulty lies in the use of the expansion parameter S = pe/L±,
where p$ is the poloidal ion gyroradius and L± the radial scale length of the density
and temperature profiles. Neoclassical theory requires (S < 1, and it is fundamentally
difficult to construct a tractable transport theory when 8 = 0(1) since the plasma is
then not in local thermodynamic equilibrium. When 6 is infinitesimally small all plasma
parameters are approximately constant on flux surfaces, but when 5 is made larger poloidal
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asymmetries become possible. Typically the first plasma parameter to develop a poloidal
variation is the density, nz, of highly charged impurity ions [7], whose poloidal modulation
is hz/nz ~ A = 5uuz2, where On = L\\/\u is the collisionality, with Xu the mean-free path
for the bulk ions and L\\ the connection length. In the tokamak edge, A can easily be
of order unity while 5 remains small, £ <̂C 1, A = 0(1). In the present work we adopt
this ordering [7,8,9], which is less restrictive than conventional neoclassical theory (which
assumes A C 1), thus enabling a non-uniform distribution of impurities over each flux
surface. For simplicity, we restrict our attention to the case of a hydrogen plasma with a
single species of highly charged ( o l ) impurity ions of appreciable density, Z^ — 1 =
nzz

21rii = 0(1). The electrons (e) and H ions (i) are taken to be collisionless while the
impurities are assumed to be collisional. We also allow for toroidal plasma rotation to
produce a poloidal impurity density asymmetry. The impurity Mach number is taken
to be of order unity, M2 = mzui2R2/2Tl = 0(1), where u denotes the angular rotation
frequency, so that the main (H) ion Mach number is small, M2 = (mi/mz)M

2 <C 1.
The bulk-ion distribution function is obtained by solving the drift-kinetic equation in
the banana regime in a conventional way, and is then used to calculate the friction force
on the impurities in the parallel impurity momentum equation. When combined with
the continuity equation and the requirement of quasineutrality, this gives the following
equation for the normalised impurity density n — nz/ (nz) [9],

/ L2\NL2N dM2 I dM2\u2= 9(nb + 7(n- (nb2)) b2) + — n - ( n ^ b2, (4)

where a = (Zeff - 1) Te/{Te + T{), b = B/ (B2)l/2, dd/dd = (B • V0) / B • V0, and (• • •)
denotes an average over $. The two most important control parameters in Eq (4) are

miUil fdlnrii ^ . ^ , . _ r ) / A x
9~~eriznz(B-V9) { d^ " J-'- ' ~ U ( A j '

which measure the steepness of the plasma profile and the toroidal rotation speed, respec-
tively. The ion-impurity collision time is denoted by T{Z = 3(27r)3^2e2

)ml Tt ' /nzz
2e4 In A.

The remaining parameter, 7, that appears in Eq (4) is of order unity and does not play
an important role in the theory.
The impurities are pushed toward the inboard side of the torus when g becomes large, and
the neoclassical transport then becomes a strongly nonlinear function of the gradients. On
the other hand, when the toroidal rotation is so large that M> 1, the impurities are pushed
to the outside of the torus by the centrifugal force, and this also affects the transport. In
a plasma with small inverse aspect ratio, f < l , and circular cross section, Eq (4) can be
solved by making the expansions b2 — l -2ecos#+O(e2) , n = l + nccos9 + ns sin# + O(e2),
M2 — MQ (1 + 2e cos#) -I- 0(e2). The classical and neoclassical particle fluxes then become

where the first term is the classical flux and the second term, which contains the factor

(6)
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represents the neoclassical flux. The latter exceeds the former by the Pfirsch-Schliiter
factor 2q2 when the gradients and the rotation are weak, j « l and M2 <C 1. When
either g or Mo is not small, new and potentially important effects emerge.

14

Figure 4: Ion particle fluxes versus normalized gradient g in a large-aspect-ratio tokamak
with circular cross section, e <C 1, ct = 0.5. The dashed line is the classical flux, the
dotted lines are neoclassical fluxes, and the solid lines represent the sum of classical and
neoclassical fluxes. The lower pair of dotted and solid lines are for vanishing toroidal
rotation, Mfi = 0, and the upper pair for impurity Mach number MQ = 1.

First, if the gradients are weak but the rotation is significant, i.e., if g -C 1 and Mo — 0(1),
the neoclassical flux is increased by the factor A in Eq (6) over the usual Pfirsch-Schliiter
result. The diffusion coefficient thus becomes D = (l-\-2Aq2)Dci, where Dci = Ti/mi£l2TiZ

is the classical diffusion coefficient and 2q2Dci the Pfirsch-Schliiter diffusion coefficient.
The enhancement factor A can be quite large if Mo exceeds unity, as is frequently the case
for heavy impurities. The second conclusion to draw from Eq (5) is that if the pressure or
temperature gradient becomes sufficiently steep (g > 1) the neoclassical flux is suppressed
since the denominator in the second term of Eq (5) depends quadratically on g. Classical
transport then dominates, and the total flux is a non-monotonic function of the gradients
[8]. Figure 5 shows the particle fluxes as functions of g. Conventional transport theory
only treats the lower left corner of this figure, where the flux is proportional to the gradient.
Note that the total flux (solid lines) depends on the gradients in a way characteristic of
bifurcating systems.
We now consider the limit g ^> 1, where the neoclassical transport tends to be suppressed.
Expanding the solution of Eq (4) in g~l gives

n =
7 b2

indicating that the impurities are pushed toward the inboard side of the torus.
neoclassical cross-field particle flux now becomes

The

{T
e(B2)(l-((l

ldM2/dd\

This flux vanishes unless the rotation is finite and the equilibrium is up-down asymmetric.
The residual transport, which for instance could occur in a steep edge transport barrier,
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has a number of surprising properties. It can be either inward or outward, and it depends
on the geometry of the magnetic field in a non-trivial way. For instance, in the particularly
simple limit 7 < 1, e C 1, n2z2 C « i , the flux becomes

= 0.33 f-^J^ (B2B • VM2

e(B2)2

and is thus independent of the collision frequency although it is caused by Coulomb
collisions. Remarkably, it is proportional to / = RB^ and therefore changes sign if the
toroidal field is reversed. If the density profile is at least half as steep as the temperature
profile, which is normally the case in the tokamak edge, and the magnetic field has a single
X-point below the midplane, the flux is inward if B x V 5 is downward, and vice versa.
Thus, if the ion V5-drift is toward the X-point, which is experimentally favourable for
attaining the high-confinement H-mode, the neoclassical bulk-ion particle flux is inward,
and the impurities (whose flux is opposite to that of the main ions) are prevented from
entering the plasma core.

4. Suppression of runaway avalanches by radial diffusion

Runaway electrons are frequently generated in tokamak disruptions. In future, large toka-
maks it is thought that close Coulomb collisions between thermal electrons and existing
runaways can lead to catastrophic exponential multiplication of the latter - a so-called
runaway avalanche. The existing theory of this process [10] assumes that there is no loss
of runaway electrons. In practice, these particles undergo radial transport due to mag-
netic fluctuations and are thus imperfectly confined. We have calculated the reduction
of the avalanche growth rate that this causes, both by an analytical approximation and
by three-dimensional Monte Carlo simulation of the avalanche kinetics in full toroidal
geometry [11].
As a runaway electron is accelerated by the electric field, the diffusion coefficient
D(p) decreases progressively with increasing (relativistic) parallel momentum p = (1 —
v2/c2)~ll2rnev\\. By solving the kinetic equation for diffusing runaway electrons generated
by close collisions, we have derived an approximate formula for the avalanche growth rate

7 = lr exp ( - r ( * ' 4 / a ) 2 T D(p)dp] , (7)
\ mec{&\\/&c — 1) Jo )

where -yr is the growth rate calculated in Ref 10 in the absence of diffusion, a the minor ra-
dius, T = 47reQmgC3/nee

4 In A the collision time for relativistic electrons, and Ec = mec/er
the critical field for runaway production. We have also developed a 3D Monte Carlo code,
ARENA, that simulates runaway avalanches in toroidal geometry and includes the effects
of collisions, radial diffusion, synchrotron radiation reaction, and a self-consistently in-
duced electric field. The numerically calculated growth rate agrees with the analytical
result given here, see Fig 5. Thus, the avalanche growth rate becomes very small when
stong radial diffusion is present. As the poloidal magnetic flux that is available to induce
an electric field is finite, avalanches are prevented altogether by sufficiently strong radial
diffusion. The requisite magnetic fluctuation level is sensitive to the mode structure and
the speed of the disruption, and can be estimated to be around 5B/B ~ 10~3 for JET
and ITER-like parameters. Thus, it appears possible that the naturally occurring, or any
externally induced, magnetic fluctuations could significantly reduce the size of secondary
runaway avalanches [12].
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Figure 5: The normalized growth rate JT VS Ap for the diffusion coefficient D(p) =
Doe-(p/mecAp)^ with Do _ R2/T> ajR = o 3 1 j and Zeff = I 5 The soiid line shows the

result from the numerical simulation, and the dotted line the analytical approximation (7).

5. Conclusions

The CUTIE global simulation code has demonstrated how the interaction of turbulence
with the evolution of the equilibrium can lead to the spontaneous formation of ITBs near
rational surfaces, in qualitative agreement with JET and RTP. When steep gradients
form as turbulence is suppressed near the plasma edge residual collisional particle fluxes
(appropriately modified for steep gradients) exhibit interesting features: a bifurcation to
low fluxes; the direction of the flux is affected by the position of an X-point, so that if the
ion-V-B-drift is towards the X-point impurities are screened from the core; and impurities
are redistributed poloidally in a way that should be experimentally detectable. Finally,
it has been shown that magnetic turbulence with SB/B ~ 10~3

avalanches in large tokamaks.
can suppress runaway

This work was funded jointly by the UK Dept of Trade and Industry, and Euratom under
association contracts with France, Italy, Sweden and the UK.
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Abstract. A detailed comparison of core and edge confinement with different heating methods , NBI and ICRH,
has been carried out in the ELMy H-mode regime in JET with the Gas Box divertor. Transport in the core and
characteristics of the edge pedestal have been assessed in discharges at 2.0 MA / 2.6 T at total input power level
of 11-12 MW. The thermal core confinement has been found to be higher by about 10% in ICRH dominated
discharge. Although this difference is well within the uncertainties of the thermal confinement estimation, it has
been consistently found in similar experiments in the past and it may be related to the more peaked power
deposition provided by ICRF heating. Local transport analysis carried out with the TRANSP code indicates
that, independently of the NBI vs. ICRH mix, ion conduction losses are the dominant energy loss channel.
Unlike previous experiments, the gas flow and density of NBI and ICRH discharges have been closely matched.
In these conditions it has been found that both types of heating yield similar values of edge density and
temperature and produce similar ELMs. The fact that the edge fast ion concentration can be varied from roughly
0.4% up to 4% without producing significant changes in the edge pedestal parameters is an indication that fast
ions do not always play a dominant role in the edge stabilization between ELMs, especially in discharges with
strong gas fuelling.

1. Introduction

The tokamak ELMy H-mode regime is the most developed and best documented amongst
the scenarios foreseen for the operation of a future tokamak reactor experiment [1].
Nevertheless, the extrapolation from the basic scenario, as observed in the present generation
of tokamaks, to a reactor size machine with dominant electron heating via alpha particle
slowing down is not straightforward. One of the important issues in this respect is the
characterization of core confinement and edge transport barrier with different types of
additional heating. In the majority of high power experiments in present divertor
configurations the additional power is mainly provided by Neutral Beam Injection (NBI) at
energies =100 keV, which supplies at the same time predominantly ion heating, toroidal
momentum and fuelling. On the other hand, Ion Cyclotron Resonance Heating (ICRH), via
acceleration of ions by absorption at fundamental or higher harmonic resonance, can deliver
either ion or electron heating with no fuelling and minimal or zero toroidal momentum input.
An alpha particle heating dominated plasma will have propertiesmore similar to ICRF-heated
plasmas in present tokamak devices. The alpha particle slowing-down will yield electron
heating with a large fast ion population. In addition, in a driven fusion device, a high-energy
NBI system may give a combination of ion and electron heating with reduced fuelling and
momentum input compared to present experiments, while an ICRF heating system can be
tuned to give dominant electron or ion heating [2].

see appendix to 1AEA-CN-77/OV1/2, The Jet Team (Presented by. C. Gormezano)
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The JET tokamak is eminently placed to contribute to studies of reactor-relevant ELMy
H-mode plasmas with varying mixture of NBI and ICRF heating. Firstly it has multi-
megawatt NBI and ICRF systems and a closed divertor. Secondly in scenarios with dominant
ICRF heating, tuned for example to hydrogen minority resonance (H)D, a high energy tail
develops in the ion minority distribution function, which extends into the megaelectronvolt
energy range. These fast ions, thanks to JET's large size and the relatively high plasma current
are well confined, thereby providing a simulation of alpha particle heating in a reactor-type
plasma.

2. Experiment Overview

• Pulse No. 46164 NB=11MW ICRH=O MW
• Pulse No. 47742 NB=7.1 MWICRH=4.6 MW

Pulse No. 47744 NB=1.2 MW ICRH=10 MW

In order to assess differences in core and
edge confinement, a series of ELMy H-mode
discharges was carried out at 2 MA/ 2.6-2.7 T
in single -null, moderate triangularity 5=0.25,
configuration in the GasBox divertor at
constant input power, -11 MW, and varying
proportion of NBI and ICRH power (FIG. 1)
[3]. The toroidal field value was chosen so as
to minimise the L-H power threshold with
respect to available ICRH power. For the
discharges analysed in this paper the L-H
power threshold was estimated to be in the
range of 5-6 MW. The plasma current was
limited to 2 MA in order to avoid large
sawteeth and the appearance of confinement
degrading MHD activity at the crash of such
sawteeth, as is sometimes observed at high Figure J . time evolution of plasma parameters
ICRH Dower for l^e extreme and mid points of the scan

The scan extended from pure NBI heating to a mixture of 10 MW of ICRH power plus ~1
MW of NBI power, which is the minimum necessary for ion temperature measurements via
Charge Exchange Recombination Spectroscopy (CXRS). All ICRH antennas were tuned to the
same frequency of - 42 MHz corresponding to the fundamental hydrogen minority resonance
at normalised radius p - 0.2 on the high field side.
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One of the main differences with respect to similar previous experiments in JET was in the
control of the gas fuelling, and in particular in the use of external gas fuelling throughout the
ELMy H-mode phase. The constant gas fuelling was provided by a mixture of pure D2 and
D2 + 10% H2 at the total rate of- lxlO22 el./s. This is to be compared with a fuelling from the
NBI of- lxlO20 el./s in the mainly ICRH case and up to - lxlO21 el./s in the NBI only case.
The constant mixed gas fuelling has a dual purpose: it allows a good match of core and edge
density to be achieved throughout the scan (FIGURES 1 and 2) and it maintains a level of
- 4 % of hydrogen concentration, as measured in the edge plasma region. With high levels of
ICRH power, control of the hydrogen concentration in the range of 5 % is desirable in order to



minimise fast ion acceleration, and thereby the radial displacement of fast ions, limit fast ion
orbit losses and keep a centrally peaked power deposition profile.
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Figure 3 : electron and ion temperature profiles
for selected discharges in the scan at t~23s

Figure 2 : overview of input and ICRF power,
density, radiation and Zeff at t~23s

3. Core Confinement

Throughout the scan the density was kept constant in value and profile shape at a level of
~ 4.6 - 4.8 x 1019 rrr3 of line average density (FIG. 2), corresponding to ~ 70 % of the
Greenwald density limit nQDL. With increasing fraction of ICRF power the discharges exhibit a
modest increase in the radiation level and impurity content : the total radiated power goes
from 25% to ~ 35 % of the input power and Zeff, from 1.5 to 2 (FIG. 2).

The higher ICRF power fraction results in an increase of electron temperature in the core
region (FIGURES 3 and 4), accompanied by a stronger sawtooth activity. Interestingly, the
core ion temperature increases as well, up to roughly the point of equal NBI and ICRF heating
(FIGURES 3 and 4), decreasing eventually in the highest ICRF power case. Profiles of
electron temperature and, to a lesser extent, ion temperature tend to become more peaked with
increasing ICRF power.

All discharges are in H-mode regime and maintain steady confinement for approximately 10
times the total energy confinement time. The duration of the H-mode phase is limited only by
the available length of the heating pulse. The global confinement reflects the increased core
temperature with ICRF power: thermal stored energy and normalised confinement factor H97
increase by about 10% (FIG. 4). It has to be pointed out that differences of such magnitude
are within the error bars of the estimate of the thermal energy component from the measured
diamagnetic energy and the fast ion energy component computed by the CHEAP code [4] for
the NBI ions and by the PION code [5] for the fast ions in the combined ICRH+NBI cases.
Nevertheless it also has to be stressed that the observed increased thermal confinement is in
line with previous JET experiments and numerical modelling [6] showing that the confinement
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of ICRF heated plasmas is improved by the more central power deposition compared with the
NBI power deposition in these relatively high density conditions.
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Figure 5 : electron and ion heat diffusivities at
t=23s (TRANSP code)

Figure 4: core confinement overview - data
taken at t~23s

Local transport analysis carried out with the TRANSP code [7] shows that the ion thermal
diffusivity profiles are independent of the proportion of ICRF and NBI power (FIG. 5). Ion
conduction is the dominant energy loss channel in all cases; electron transport is enhanced at
high ICRF power levels, but it remains smaller than ion transport and it does not significantly
affect the global energy balance. In the NBI only and up to 50:50 NBI+ICRH the absorbed
power is split almost equally between ions and electrons, with increasing peaking of the
profiles with ICRF power. In the ICRH dominated cases the power absorbed by bulk
electrons is more than twice the power transferred to bulk ions. The observed increase of core
ion temperature is likely to be correlated with the increasing central power deposition and the
relatively large fraction of power transferred to bulk ions with moderate ICRH power.

4. Edge pedestal characteristics

In previous JET ELMy H-mode experiments large differences were found in the edge
barrier characteristics and in the ELM behaviour between NBI and ICRF heating [6,8]. In
general it was found that, compared with NBI at similar power levels, the edge pedestal
pressure was lower for on-axis ICRF heating, leading to smaller and more frequent ELMs.
Typically, type III ELMs were observed with ICRH instead of low frequency, distinct type I
ELMs. Since NBI heating produces a larger population of fast ions near the edge pedestal,
these results were used in support of the view that type I ELMs occur at the ideal ballooning
limit and the barrier width is proportional to the poloidal Larmor radius, which in turn is
controlled by the ion population with the highest energy in the barrier region [9].

With respect to those earlier experiments, the discharges analysed in this paper have a few
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significant differences. Firstly, the power level is higher, in the region of total input power =
12 MWand ~ 9 MW of power crossing the separatrix PSEP instead of = 5-6 MW. Here PSEP is
defined as the difference between the absorbed^ power and the bulk plasma radiation. This
takes the discharges firmly above the L-H transition threshold and towards the type I ELMs
and higher confinement domain [10]. Secondly, the use of gas fuelling ensures that the density
value and profiles are kept the same independently of the heating mix, minimises the
discrepancies due to predominant beam fuelling and provides similar edge conditions with
respect to neutral density.

In this new set of experiments the ELM frequency and magnitude are similar for all
discharges (FIG. 6). These results are in qualitative agreement with those obtained in an
ICRH/NBI comparison in ELMy H-modes in ASDEX-UPGRADE [11].
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Figure 6 : Divert or Balmer-a overview
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An overview of the edge pedestal parameters is given in FIG. 7. The values of electron
temperature and total pressure, pped, are taken just before ELMs and the error bars indicate the
ELM to ELM variation. The large variation in NBI power results in a variation of the fast ion
concentration nfast/nD of an order of magnitude from ~ 0.4 % to - 4 %, crossing the possible
threshold of- 1 % for the number of fast particles necessary to influence the properties of the
edge transport barrier [9]. The fast ion concentration values have to be taken with some
caution since edge Charge Exchange losses of fast ions are not properly modelled in the code
used, resulting in a possible overestimate of fast ion density in discharges with gas fuelling.
Modelling with the PION code, including the finite orbit effects, shows that the effect of core
ICRF heating on the edge fast ion population is negligible. The ICRF driven fast ion
population is peaked close to the cyclotron resonance p ~ 0.3 and the fast ion component at
the plasma edge is entirely determined by the NB injection. For these discharges the estimated
average fast ion energy <Efast> in the pedestal region is in the range of 30-40 keV.
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Despite the variation in edge fast ion density and energy the pedestal parameters are
constant throughout the scan. The edge electron (FIG. 8) and ion temperature profiles are also
very similar for the different cases. The width of the electron temperature pedestal, estimated
by linear extrapolation, is in the range of 4 - 5 cm for the discharges shown.
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before an ELM at t~23s.

Figure 9 : pressure vs temperature at the top of
a pedestal before an ELM. Data from the
NBI/ICRH mixture scan are compared with NBI
only data with and without gas fuelling (see text
for details).

The results of the above experiments, indicated as "NB/ICRH scan with gas", are
summarised in FIG. 9 in a plot of pressure vs. temperature at the top of the pedestal. The
data are taken just before an ELM. For comparison data are also shown for a reference 11
MW NBI only case with no gas fuelling and for a gas scan with NBI only at the same power
level but at the higher current of 2.5 MA. The line is a curve of constant VTped. The pedestal
parameters in the present experiment are consistent with the values of the pure NB heated
cases and with a scaling of pedestal pressure with VTped- This would imply a degradation of
the edge confinement with decreasing VTped [10,12].

Under the assumption that the maximum achievable edge pressure gradient Vpcrit is
determined by a unique MHD instability during the H-mode phase and in the approximation
Vpcrit - Pped/Abar, the evolution of the pedestal parameters and the ELMs characteristics can
be interpreted as a variation of the width of the transport barrier, Abar- In this framework the
data presented in this paper suggest a scaling of the barrier width, Abar, with the poloidal
Lannor radius of the thermal component ,pe,th, rather than with the poloidal Larmor radius
pe.fast of the ion population with the highest energy in the pedestal region.

5. Summary and Conclusions

In order to study the physical mechanisms controlling the characteristics of the edge
transport barrier, a detailed comparison of core and edge transport in the ELMy H-mode
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regime has been carried out in the JET GasBox divertor at 2.0 MA / 2.6-2.7 T. The discharges
in the series had varying fractions of NBI and ICRH power at total input power level of 11-12
MW and closely matched gas flow and density.

With increasing fraction of ICRF power, electron and, to a lesser extent, ion temperature
increase and the temperature profiles become more peaked. The thermal core confinement is
higher by about 10% in the ICRH dominated discharge. Although this difference is well within
the uncertainties of the thermal confinement estimation, it has been consistently found in
similar past experiments. The increased confinement was found to be correlated to the more
peaked power deposition provided by the ICRF heating and well reproduced by numerical
modelling. Throughout the scan, independently of the NBI vs. ICRH mix, ion conduction
losses are the dominant energy loss channel, as indicated by the local transport analysis
carried out with the TRANSP code. Although some enhancement in the electron transport is
observed with increasing ICRF power fraction, electron transport remains smaller than ion
transport and it does not significantly affect the global energy balance. These results on
transport characteristics in ELMy H-modes with dominant electron heating, provided by
slowing down of a high energy ion population, are encouraging for extrapolation to a reactor
size plasma dominated by alpha particle heating.

As the proportion of NBI and ICRH power varies, no significant changes are observed in
the ELM activity and in the measured values of edge pedestal parameters. The edge fast ion
concentration nfast/nD is estimated to vary from ~ 0.4% up to 4% at constant values of
poloidal thermal Ion Larmor radius pe.th , thus facilitating the separation of fast and thermal
ion effects in the edge.

While previous JET experiments found major differences in edge characteristics between
NBI and ICRF heated plasmas, the data presented in this paper suggest that, at least in
regimes with external gas fuelling, the edge transport barrier parameters can be similar with
NBI or on-axis ICRF minority heating. In addition, in this range of densities at ~ 70 % of
nGDL the pedestal pressure before an ELM is found to be proportional to VTped- This is in
agreement with results from JET experiments of gas fuelled NBI only ELMy H-modes [12]
and isotope scans [3,13].

A semi-empirical model, successfully used to interpret the earlier JET results* attributes
the suppression of edge turbulence between type I ELMs to the fast ion population at the
plasma edge [9]. It invokes a minimum edge fast ion concentration, ~ 1 %, for the edge barrier
width to be determined by the poloidal Larmor radius of the high energy ion component. This
model does not seem to fit the data presented here, despite the values of the concentration
nrast/no being in the right order of magnitude for fast ions effects to be non-negligible.
Furthermore the above mentioned model does not fit other medium to high density JET
ELMy H-mode results from scans of the mass of NBI injected particles and of the target
plasma [3].

The investigation of the physical mechanisms controlling the edge transport barrier and the
extrapolation of the edge pedestal characteristics is one of the crucial items in the studies for a
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next generation fusion device, such as ITER. Detailed experiments investigating the physics
involved in the ELM activity have been carried out in most of today's generation of tokamaks,
sometimes yielding contradictory results. The results from the heating mixture scan presented
here provide a consistent set, spanning abouf one order of magnitude in edge fast ion
concentration at constant values of thermal ion Larmor radius. They should be complemented
by further experiments carried out, with a fuller complement of edge diagnostics and at higher
input power levels.

Acknowledgements

The experiments discussed in this paper have been carried out in the framework of the JET,
Joint Undertaking.

References

[I] ITER Physics Expert Groups on Confinement and TRansport and Confinement
Modelling and Database, ITER Physics Basis Editors, Nucl. Fusion 39 (1999) 2175

[2] Bergeaud V. et al., Nucl. Fusion 40 (2000) 35
[3] G. Saibene et al., Plasma Phys. Control. FusionVol. 23D, page 97, 1999
[4] Von Hellermann M.G. et al., in Diagnostics for Experimental Thermonuclear Fusion

Reactors (Stott, P.E., Gorini, G., Sindoni, E., Eds), Plenum Press, New York and London
(1996)281 ff

[5] Eriksson, L-G. et al., Nucl. Fusion 33 (1993) 1037
[6] J. Lingertat et al., J. Nucl. Mater. 266-269 (1999) 124-130
[7] B. Balet et al., Nucl. Fusion 32 (1992) 1345
[8] V P Bhatnagar et al. Nucl. Fusion 39, p353 (1999)
[9] V.V. Parail, H.Y. Guo, J. Lingertat, Nuclear Fusion 39, p369 (1999)
[10] L.D. Horton et al. Plasma Phys. Control. Fusion 41 (1999) B329
[II] J-M. Noterdaeme et al., Proc. of 13th Topical Conf. on RF Power in Plasmas, Annapolis

(USA) 1999
[12] G. Saibene et al., Nucl. Fusion 39 (1999) 1133
[13] JET Team (presented by G. Cordey), Nucl. Fusion Yokohama Special Issue II, 39 (1999)

1763

94



Confinement and Transport Studies of Conventional Scenarios
in ASDEX Upgrade

F. Ryter, J. Stober, A. Stäbler, G. Tardini, H. - U. Fahrbach, O. Gruber, A. Herrmann,
F. Imbeaux1, A. Kallenbach, M. Kaufmann, B. Kurzan, F. Leuterer, M. Maraschek,
H. Meister, A. G. Peeters, G. Pereverzev, A. Sips, W. Suttrop, W. Treutterer, H. Zohm
and ASDEX Upgrade Team

Max-Planck-Institut für Plasmaphysik,EURATOM-IPP Association, Germany
1 CEA-Cadarache DRFC,France

e-mail contact of main author: ryter@ipp.mpg.de

Abstract. Confinement studies of conventional scenarios, i.e. L and H modes, in ASDEX Upgrade
indicate that the ion and electron temperature profiles are generally limited by a critical value of VT/T.
When this is the case the profiles are stiff: core temperatures are proportional to pedestal temperatures.
Transport simulations based on turbulence driven by Ion Temperature Gradient show good agreement
with the ion experimental data. Studies specifically dedicated to electron transport using Electron
Cyclotron Heating in steady-state and modulated indicate that electron temperature profiles are also
stiff, in agreement with recent calculations on transport driven by ETG turbulence with streamers. In
particular the predicted threshold and the increase of the stiffness factor with temperature are found
experimentally. The density profiles are not stiff. As a consequence of this profile behaviour, the
plasma energy is proportional to pedestal pressure and improves with density peaking. The confinement
time increases with triangularity and can be good at densities close to the Greenwald limit. In this
operational corner and at q9S ~ 4, the replacement of type-I ELMs by small ELMs of type-II provides
good confinement with much reduced peak power load on the divertor plates.

1. Introduction

Investigations on confinement are carried out in the ASDEX Upgrade divertor tokamak (major
radius R = 1.65 m, minor radius a = 0.5 m, elongation K « 1.6). The present work deals with
conventional scenarios, i.e. L and H mode discharges without internal barriers. Recently
the experimental possibilities of the tokamak have been improved: i) achievement of higher
triangularity up to 0.4; ii) upgrade of one of the two NBI lines (10 MW each) from 60 kV to
93 kV; iii) increase of the Electron Cyclotron Heating (ECH) system from 1 to 2 MW 12 s. As
reported earlier [1,2], temperature profiles in ASDEX Upgrade are generally "stiff', limited by
a maximum value of VT/T. This property is investigated in detail.

2. Physics of temperature profile stiffness

Ion Temperature Gradient (ITG) driven modes are believed to be the main origin of turbulence
causing the anomalous transport through the ion channel, [3, 4, 5, 6]. Recent calculations [7]
indicate that Electron Temperature Gradient (ETG) turbulence may lead to a large transport be-
cause radially extended large cells, so-called streamers, can develop. The properties of temper-
ature gradient (TG) driven turbulence for ions and electrons are qualitatively similar. They lead
to a limitation of the temperature profiles by a critical value of VT/T. The heat transport can be
expressed as:

x-r3/2[ąo+ąTC.^(vr/r-(vr/r)c)] (i)
Here % is the heat diffusivity, Ço represents transport without TG turbulence, Z,TG • Q represents
the transport by TG turbulence. The function Q is equal to zero for VT/T < (VT/T)C but



increases strongly when VT/T > (VT/T)C and the transport is high and very sensitive to
variations in VT/T which keeps the profiles close to (VT/T)C. Q eventually saturates [5, 8].
The factor T3/2 reflects the gyro-Bohm assumption and causes an increase of stiffness with
temperature. These considerations are not necessarily valid inside the sawtooth inversion radius
where profiles may be limited by the MHD activity. This profile stiffness is reflected in practice
by the fact that the core temperatures are proportional to the temperature in the edge region,
or equivalently that the profiles plotted on a logarithmic scale are shifted vertically according
to their edge temperature. The edge (or pedestal) temperature is an essential parameter for the
profile behaviour.

3. Temperature profile stiffness in NBI-heated H-modes

The profile stiffness could be studied in more detail by comparing discharges heated with 60 kV
and 93 kV. At high plasma densities the 60 kV and 93 kV NBI beams result in rather different
beam deposition profiles. This was done in type-I ELMy H-modes at 1.0 x 1020m~3. The
measured temperature profiles are unaffected by the change in beam energy. The heat flux in
the core of the plasma is significantly higher for 93 kV compared to 60 kV beams. At p = 0.4
the difference amounts to almost a factor of 2. As a results, across the whole plasma %«// for
60 kV is below the value for 93 kV beams, with a difference reaching a factor of 2 despite the
very similar temperature profiles. Obviously, the heat conductivity adjusts itself to maintain the
observed stiff temperature profiles. This behaviour is independent of triangularity.
In addition to these studies, a database including profile data from about 30 H-mode with NBI,
[6], indicates that the ion profiles are quite stiff. Simulations of these discharges using three
models based on ITG and Trapped Electron Modes physics for ions and electrons respectively,
(IFS/PPPL [3], GLF23 [9], Weiland [10]), agree well with the ion data, see also [11]. The
behaviour of the electron profiles is less clear: in the middle and high density range, the electron
profiles are stiff, similarly to the ions. However, in the low density range, the core electron
temperatures become flatter than expected from the proportionality to the pedestal temperature
extrapolated from the behaviour at higher density. This happens at high electron pedestal
temperatures as reported earlier for ASDEX Upgrade [2] and also observed for JET [12]. The
reason for this behaviour in ASDEX Upgrade is attributed to the fact that, at low density and
high temperatures, the heat flux from the NBI into the ion channel is high, but that into the
electron channel is low and not sufficient over a large part of the central plasma for the Te

profiles to reach (VTe/Te)c.

4 Characterisation of electron temperature profile stiffness using ECH

The stiffness of the electron temperature profiles has been addressed specifically using ECH in
steady-state and power modulation experiments. We first concentrate on a set of experiments
in which we heated plasmas in the center using either 0.8 MW or 1.6 MW of ECH power. The
resulting temperature profiles including the reference with Ohmic heating are plotted on a loga-
rithmic scale in Fig. 1. The profiles have a similar shape and are shifted according to their edge
temperature. The shadowed area indicates a region where the slope of the profiles, i.e. VTe/Te,
is the same. In the center ( r < 0.25m) the slope changes and is different for each profile. The
knee of each profile at r « 0.25 m caused by the slope change is clearly outside the inversion
radius of the sawteeth (rinv RS 0.22 m). We identify the radial position of the knee as the point
from which outwards the electron heat flux is high enough for Te to reach (VTe/Te)c. Towards
the edge the profiles gradually deviate from the constant slope which seems to occur for Te be-
low « 600 eV.
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Power scans of ECH in discharges at three different plasma current (Ip = 0.6, 0.8, 1.0 MA,
Bj — 2.3 T) exhibit similar properties. In particular, in the stiff region the value of VTe/Te

does not depend on Ip. Obviously in these L-modes (VTe/Te)c does not depend on plasma cur-
rent which implies, that the well-known improvement of confinement (and temperature) with Ip

is provided by an increase of the edge temperature with Ip.

Following Eq. 1 we plot in Fig. 2 %e/Te' versus VTe/Te for the discharges of Fig. 1. The result
from a similar discharge in hydrogen indicates that the electron transport is not sensitive to the
ion mass. The curves exhibit the expected properties: they coincide for VTe/Te < (VTe/Te)c,
have the same threshold (VTe/Te)c as well as the same increase above the threshold and they
saturate for large values of VT/T. The value of the threshold does not depend on temperature
or heat flux as shown by the overlap of the three curves in this region. The normalisation by

Te' works well, suggesting that the gyro-Bohm assumption is correct. These curves are not
plotted at constant temperature, as one would do following Eq. 1. Therefore, their levelling off
is not attributed to the saturation of the turbulence intensity at given Te, but is believed to be
due to the decrease of stiffness at low temperatures, below « 600 eV. This latter property is also
in qualitative agreement with ETG calculations which indicate that the appearance of streamers
requires a minimum value of temperature, [8]. Complementary to these experiments with cen-
tral ECH, discharges with off-axis ECH indicate that transport indeed decreases in the region
between plasma axis and ECH deposition, accordingly to the decrease of VTe/Te below the crit-
ical value, [13].
The steady-state analyses were extended with ECH power modulation experiments which con-
firm that the change in transport for off-axis ECH cases is caused by a change of diffusivity
and cannot be attributed to convection. In each shot we first launched, as reference, heat pulses
with one modulated gyrotron (M) depositing at p, % 0.7, (p, = normalized flux radius). Later
in the same discharge we added at mid-radius (p, « 0.5) a CW ECH pulse (« 0.8 MW) with
gyrotrons (C). This determines three radial regions indicated in Fig 3 a: "central", "intermedi-
ate" and "outer" region. In the central region VTe/Te drops below the critical value when (C)
are switched on. In the two other regions the Te profile is driven harder against the critical value
and is expected to become stiffer. The propagation of the heat pulses launched by M, without
and with heating by (C), is analysed using the standard method based on Fourier transform of
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the Te modulation, [14]. The corresponding transport coefficient y£p is deduced from the solu-
tion of the linearized diffusion equation in slab geometry, [14], with corrections for cylindrical
geometry and effect of density gradient, [15]. The ratio %^p/XeB characterizes the stiffness of
the profile. The results of the propagation of the heat waves launched by (M) are shown in Fig 3.

Without (C), the heat pulses propagate smoothly towards the center (Fig 3 a, b) and %%p is low,
close to %PB, (Fig 3 c). When gyrotrons (C) are turned on the propagation of the heat pulses
in the outer and intermediate regions becomes much faster (flatter gradient of both amplitude
and phase), whereas the propagation speed in the central region decreases dramatically (steeper
gradient of amplitude and phase), as shown by the corresponding values of %^p.

In the stiff region, the pulses propagating outwards (outer region) and inwards (intermediate
region) yield different values of %%p. This is explained by the fact that the heat pulses tend to
locally increase or decrease VTe/Te depending on their direction of propagation. Varying the
power of (C) from 0.44 MW to 0.98 MW changes Te and influences the propagation in the three
regions. The results are shown in Fig 4 versus Te at the radius of the analysis of yjjp. The ratio

HP i PR i •

X" lie strongly increases with temperature and depends on the direction of the pulses. The
lines point to similar off-sets indicating a threshold in Te. We also verified, by varying the radial
position of (C), that the boundary between the region with high and low values of x"P coincides
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Figure 6: xfp and %PB versus total heat-
ing power for hydrogen and deuterium plasmas.
Data taken in the region 0.6 < p, < 0.8, for out-
wards propagating heat pulses for %^p'. The deu-
terium points at P,ot > 4 MW are H-modes, the
other points are Ohmic or NBI heated L-modes.
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Figure 7: x? P and X™ versus temperature for
hydrogen and deuterium plasmas. Data taken in
the region0.6 <pt < 0.8, for outwards propagat-
ing heat pulses for %fp. The deuterium points at
Te > 1000 eV are H-modes, the other points are
Ohmic or NBI heated L-modes.

with the position of (C). Finally, the same experiments in hydrogen yield quantitatively the
same results: here also the isotope mass does not influence the electron transport.
In a similar type of experiments we again launched heat waves from the edge and analysed their
propagation at a given radius (here p, w 0.6). We varied VTe/Te at that radial position by an
adequate scan of power and radial location of the absorption layer of other gyrotrons (C). The
result is given in Fig. 5. It clearly shows a threshold in VTe/Te with a strong increase of %eP by
about one order of magnitude for a small variation in VTe/Te. Whereas the low values of %"p

are close to xfB the high ones are larger by at least a factor of 5.
Finally, we applied ECH modulation in Ohmic or NBI heated L and H modes. The total heating
power was varied with NBI. The ECH power is at most 20% of the total heating power and the
relative temperature perturbation below 10%. In these experiments also, a fast propagation of
the outwards propagating pulses is measured. The values of y^p obtained from these pulses
increase with total heating power and are much larger than %£B at high power (Fig. 6). For a
given heating power, the absolute values of %%p are lower in hydrogen than in deuterium, in
contradiction with the well-known isotope effect of confinement in which transport deduced
from power balance is higher in hydrogen than in deuterium. As shown by Fig. 7, a strong
positive temperature dependence of y^p is found, similarly to Fig 4. It also exhibits a finite
value of Te as y^p is extrapolated to zero. Moreover, in this plot Te unifies hydrogen and
deuterium for y^p: the apparent contradiction on isotope effect between %PB and x"P i s due to
the temperature dependence of the stiffness factor.

5. Density profiles

Here we discuss the density behaviour with gas puffing only. In the following we consider
the thermal confinement x,/, defined as usual. An example is given in Fig 8 for constant gas
puffing. Due to the constant external gas flux, the line averaged density increases and exceeds

QQ



NBI IMW]

Gas puffing [1022 s 1 !
. . i . , . i . i . i . i . i . I . . , i . . . i , i i . i

2.0

1.5

<? 1.0
E

o
w
o

- . 0 . 5
c

T at 3.6 s
e

T at 4.6 s

0.0 0.2 0.4 0.6 0.8 1.0
normalized poloidal flux radius

1.2

3.0 3.5 4.0 4.5 5.0

Figure 9: Electron density and temperature pro-
Figure 8: Time evolution of a discharge with files at 3.6 s and 4.6 s of the discharge shown in
constant gas puffing. Fig. 8

now ~ 1020m"3 from 4.0 s onwards. After an initial decrease the confinement time increases by
15% until 4.7 s where it decreases due to high central radiative power. This is a consequence of
the loss of the sawteeth followed by accumulation of heavy impurities in the center. Before the
accumulation Zeff is below 1.3 in the plasma core. With gas puffing the edge density increases
first and the profile broadens. On a longer time scale the density profiles peaks significantly,
as shown in Fig 9. The pedestal and SOL regions which are determined by the particle source
remain unchanged. The density profiles are not stiff in contrast to the temperature profiles
which do not change (Fig 9). The flattening of the density profile together with temperature
profile stiffness are the reasons for the decrease of confinement observed at the beginning of the
gas pulse. The heat flux was changed in the experiment by varying the heating power and its
deposition profile combining NBI (slightly hollow heating profile) and ICRH (central heating).
It turns out that the particle source by the NBI cannot be the only reason for the density peaking:
an inward particle pinch is involved. These experiments indicate a correlation between % and
the particle diffusion coefficient D: the density profiles becomes flat when central heating is
increased. These observations are supported by applying ECH in various types of discharges
which react to this additional heating with flatter density profiles. In these experiments one
may speculate that ECH increases the electron heat flux and thus the ETG turbulence level.
This so-called density "pump-out" was observed earlier in other devices with ECH, e.g. in the
stellaratorW7-AS[16].

6. Global confinement

Due to profile stiffness, for a given shape of the density profile, the plasma energy is expected
to be proportional to the pedestal pressure. This is shown in Fig. 10, for w 300 representative
discharges grouped in two triangularity ranges: 0.1 < 5 < 0.25 and 0.25 < 5 < 0.4.

The figure shows a strong correlation between electron pedestal pressure peped and thermal
plasma energy and a positive influence of 8 as well. A linear regression yields:

Wt th
,0.75 0.14 (2)

with low RMSE value of about 10%. This representation provides a unification of discharges
with different ELM types and run at various values of plasma current and triangularity. Includ-
ing these variables in the regression indicates that they are not significant. Another regression
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provides a quantitative dependence of peiPe{j upon 8:

(3)

The dependence upon /^ does not quite reach l2
p expected from MHD stability, which might be

due to changes in the pedestal region of other quantities influencing stability, e.g. magnetic shear.
An overview of the confinement data is provided in Fig. 11 for x,/, normalised by the IPB98(y)
ELMy H-mode x scaling, [17]. This figure exhibits a large scatter at given value of he/new
which corresponds to RMSE « 20%, which is due to the effect of 5 which is not included in the
scaling and to the nj~° 41 dependence in IPB98(y) which does not represent the data correctly.
This positive dependence in IPB98(y) strongly accentuates the degradation of xth/xlPB9%(y) ap-
pearing in Fig. 11. As discussed in Sect. 2.3, the shape of the density profiles varies which is also
indicated by the confinement database used here: The density profiles are more peaked at low
density than at high density. To take this into account we include as regressors the central den-
sity ne(Q) and the density in the scrape-off layer averaged over 6 cm starting from the separatrix
outwards ne%soL, yielding the following expression:

0.3^-0.17
ne,SOL (4)

with RMSE as low as 9%. This expression reflects the good confinement for peaked density
profiles and indicates the moderate confinement degradation with gas puffing represented by
ne,soL- The quite low RMSE is not due to the addition of one regressor but is indeed provided by
that fact that this variable set may account for the physical situation, as shown by unsuccessful
attempts made with other variables.

7. Type-II ELMs: good confinement and low divertor power load

Small high frequency (or grassy) ELMs of type-II were observed in DIII-D [18] and JT-60U
[19] whereas the "Enhanced D a " regime was reported in Alcator-C Mod [20]. These regimes
were obtained for q95 > 4.5 and 5 > 0.4 and at medium density. In ASDEX Upgrade type-II
ELMs were identified in a comparable operation region, but just below the Greenwald limit,
^ > 0.8 x nGw , [21]. This latter requirement, which differs from what was observed in the
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other devices, is quite attractive for a future reactor. In addition the confinement in type-II ELM
regimes is almost as good as with type-I ELMs, providing ^th/^iPB9S(y) ~ 0-95 (see Fig 11),
significantly higher than for type-Ill ELMs. The thermography data of the divertor target plates
show that the peak power load is strongly reduced with type-II ELMs, reaching at most 2 MW
irT2 on the outer plate, in comparison to 5 MW m~2 for type-I ELMs. The heat flux with type-II
ELMs is quite regular, almost without peaks. The power flux on the inner plates is always very
low under these conditions. Magnetic measurements indicate that type-II ELMs often have
a precursor at 15 to 30 kHz, indicating that they are MHD events indeed. Their signatures
are different from those of type-Ill ELMs and they provide better confinement because they
preserve the high edge pressure, for more detail see [21]. It is not clear yet whether they are in
the second stability regime.

Summary and conclusion

Our studies in ASDEX Upgrade show that temperature profiles are stiff in most of the discharges.
This implies that global confinement is strongly related to pedestal pressure. Density profiles are
not stiff, providing some confinement improvement when it peaks. ECH experiments strongly
support the hypothesis that ETG physics with streamers plays a role in electron transport. High
density could be reach with type-II ELMs providing a promising regime for a future fusion de-
vices with good confinement and low power load in the divertor. An extended and more detailed
version of this paper was submitted to Nuclear Fusion.
Fruitful discussions with F. Jenko and X. Garbet are warmly acknowledged. We are glad to thank
the authors of the transport models for having provided their numerical routines.
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Abstract

A largest superconducting pulsed coil, namely, Central Solenoid (CS) Model Coil and Central

Solenoid Insert Coil, was successfully developed and tested by the international collaboration

under the R&D activity of International Thermonuclear Experimental Reactor (ITER),

demonstrating to validate and solidify the engineering design and criteria of the ITER Central

Solenoid coil. The typical achievement is to charge the coil up to the operation current of 46

kA, the maximum magnetic field of 13 T with a swift rump rate of 0.6 T/s without quench. A

stored energy of the coil reached to be 640 MJ in this condition, which is 21 times larger than

any other superconducting pulsed coils, ever built. The test reveals the features of a large

superconducting pulsed coil with a high current cable-in-conduit conductor to be applicable to

the ITER CS coil in the field of current sharing temperature, AC losses, ramp rate limitation,

quench behavior, and 10,000 cycles operation.

1. Introduction

The ITER Central Solenoid (CS) Model Coil Program [1] has been carried out since 1992

as one of the large R&D programs in the ITER Engineering Design Activity under an

international collaboration among the ITER Joint Central Team (JCT), EU, Japan, Russia and

US. In the program, the CS Model Coil (CSMC) and CS Insert has been developed and tested

in order to verify magnet technology that will allow the ITER magnets to be build with

confidence, expecting to provide for the validation of design and analysis, the demonstration

of industrial manufacturing methods and of the performance of each component integrated in

the magnet, and the demonstration of reliable operation.

Fabrication of the CSMC and CS Insert adopted a commingle-fabrication task sharing; all

participants shared in the fabrication of the NbjSn cable-in-conduit superconducting cables

(24.6 tons). US provided Incoloy 908 [2] as a conductor jacket material. EU assembled the

cables and the jacket into the conductors. The US assembled the CSMC Inner Module (10

layers)[3], and Japan assembled the Outer Module (8 layers)[4] and the CS Insert (1 layer)[5].

Their configuration and major parameters are shown in Fig. 1 and Table 1, respectively. The

CSMC is the largest pulsed superconducting magnet ever built with the stored energy of 640



MJ, operation current of 46 kA. Japan assembled these coil components coaxially as the

CSMC and CS Insert in around five months within a 6.5-m diameter and 9.5-m high vacuum

tank, as shown in Fig. 2, at the CSMC Test Facility [6] located at the Japan Atomic Energy

Research Institute, Naka.

The cooldown of the coil system (total cold mass of 180 tons) was initiated in the end of
November 1999 but a cold leak was detected at the coil temperature of around 20 K after
around 500 hours Then the cooldown was cancelled, followed by warm-up the coil. After the
leak was repaired, the cooldown was resumed on March 13, 2000. The electric performance
test was started in April and was successfully completed in on August 18, followed by the coil
warm-up and it finished in the end of August. The test implemented total of about 350
charging runs and around 400 sensors continuously monitored the coil performance by the
computer data acquisition system, accumulating huge test data. The cryogenic system also
provided stable 4-K condition through the test campaign without any troubles. This paper
introduces the test program, typical achieved operation, and their results with preliminary
analysis.

2 Test program

A test program, the first mission of the CSMC and CS Insert electrical experiment, consists

of the following three categories, DC test operation, AC test operation, and Cyclic test for the

CS Insert up to 10,000 cycles Major test items in each category are listed in Table 2.

Coil operating current pattern depends on the power supply capacity. DC power supply

system (50 kA-15 V, two of 30 kA-12 V) was used for the DC test operation and the cyclic

test. A ramp-up and -down rate of 1 kA/min (16.7 A/s) was chosen for the CSMC based on

the coil inductance. In case of the CS Insert, 5 kA/min (83.3 A/s) was selected when the

CSMC supplied the buck-up field but 5 to 6.5 kA/s was used for the cyclic test when the

CSMC was operated in persistent mode with 44.5 kA. The AC test operation used the JT-60

power supply system [7], which has two kinds power supply, namely, F-power supply (45

kA-1.5 kV with available operation time of 70 s) and V-power supply (50 kA-4.5 kV with 15

s). The F-power supply provided the rated pulse operation such as the ramp-up to 46 kA (13 T

for the CSMC) at the ramp rate of 0.4 T/s, flattop of 5 s, followed by the ramp-down to zero

at 0.7 T/s. The V-power supply has high current and voltage capacity but short operation time

of 15 s and was used for the operation pattern such as higher ramp-up rate operation from 1 to

2 T/s, flattop 1 s, followed by the fast discharge with the coil dump. Accordingly, the ramp-up

rate was restricted in the range of 0.4 - 0.6 T/s and 1.0-2.0 T/s.

Followed sections in the paper introduce the obtained test results with the preliminary

analysis, arranging the following six items: (1) typical demonstrated operation, (2) current

shearing temperature (Tcs) measurement, (3) AC losses measurement, (4) ramp rate limitation,

(5) quench characteristics, and (6) Tcs performance of CS Insert and cyclic test.
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3. Typical demonstrated operations

Typical demonstrated operations were listed in Table 3. Three of most typical operations

were introduced as follow. (1) Operating scenario" of the ITER CS coil requests the maximum

field change of-1.2 T/s from 13 T, simulating the plasma breakdown phase. To prove such

operating scenario, the CSMC was fast discharged from 13 T with a time constant of 8.5 s,

corresponding to a field change of -1.5 T/s (DC-3 in Table 3). Measured coil current,

temperature and pressure in this condition are shown in Fig. 3. The operation was successfully

achieved, the peak pressure and the maximum temperature rise at the outlet of the

innermost-turn conductor, mainly induced by AC losses, were observed to be 0.9 MPa and 6.7

K, respectively. (2) Achieved the fastest pulse operation of the CSMC is to ramp up to 46 kA,

13 T with trapezoid pattern at 0.6 T/s (AC-6 in Table 3) as shown in Fig. 4. This shows 1.5

times faster ramp-rate than the rated ramp-rate of 0.4 T/s. The outlet temperature of the

innermost-turn conductor increased from 4.5 to 6.4 K (AT=1.9 K) due to AC losses and two

temperature peaks such as 5.3 K and 5.7 K were observed in the inlet temperature profile. It

supposed that generated AC losses stopped the helium flow at the inlet and then such peaks

appeared. (3) The CS Insert achieved to be charged up to 13 T by a ramp-up rate of as high as

1.2 T/s (ACI-7 in Table 3) as shown in Fig. 5. The coil outlet temperature increased to 5.4 K

(AT=0.9 K), which is a half smaller than the 0.6-T/s CSMC operation. Accordingly, the AC

losses of the CS Insert are around a half of the AC losses of the CSMC. A temperature rise at

the conductor center was also observed to have a peak of around 6.1 K, still showing a

temperature margin of about 1.5 K against the critical current at 13 T of around 7.6 K Note

that the conductor center temperature could not measure at the time from the beginning of

charge to the end of flattop due to large noise induced by the power supply in AC operation.

The successfully demonstrated operations have brought the following results.

(1) The CSMC and the CS Insert obviously satisfy the ITER CS coil design criteria.

(2) ITER CS coil operation scenario is completely demonstrated.

(3) Up to 4.8 kV was practically applied to the CSMC without any problems.

(4) Both the CSMC and the CS Insert could operate beyond their rated condition. Especially,

the CS Insert was available to operate up to 13 T with the ramp-up rate of 1.2 T/s

(5) The trapezoid operations generating 13 T at the ramp rate of 0.4-T/s and 0.5-T/s with a

inlet temperature of 6.5 K for the CSMC and for the CS Insert were successfully achieved,

respectively.

(6) Both of CSMC and CS Insert were revealed to be a very stable pulsed coil.

(7) Developed conductor joints (measured average resistance of 2 nQ at 46 kA) satisfied the

ITER R&D target (less than 6.5 nQ at 46 kA).
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4. Current sharing temperature (Tcs) measurement

Current sharing temperature (Tcs) is one of important test objectives to determine

supercondcuting properties of the conductor used in both of CSMC and the CS Insert, which

will provide and determine a degradation of the superconducting properties and a required Ic

margin through the coil fabrication. The Tcs measurements were carried out for the specific

layer conductors, namely, the 1st layer and the 11th layer of the CSMC, and the CS Insert

(one layer coil). The 1st layer is the innermost layer of the CSMC inner module, generating

the peak field of 13 T at the center of its conductor length. And the 11th layer is the innermost

layer of the CSMC outer module, generating the maximum field of 6.5 T at the both end of its

conductor length. The Tcs performance on the CS Insert will be mentioned in the cyclic test

section in the paper.

The Tcs measurements were done at the specified constant current of 46, 40, 30 and 1 kA

for the 1st layer conductor and 46, 40 and 1 kA for the 1 lth layer conductor, respectively with

the manner that the CSMC first charged and kept at each specified current and the inlet

helium temperature to the specified conductors was gradually heated up by the resistive

heaters to access the Tcs. Tcs was, here, defined as the temperature when the voltage at both

ends of the conductor reached to be 100 n V. In the CSMC, the thermometers were only

mounted at both the inlet and outlet of each layer Then, the temperature through the

conductor should have a distribution due to heat diffusion to the adjacent layer. Since an

evaluation of such temperature profile should be required to determine the temperature at the

peak field, it was preliminarily supposed to be an average of the both inlet and outlet

temperature In case of the 11th layer, the peak field appears at the both end parts of the

conductor. The Tcs is almost equal to the inlet temperature. Measured Tcs are plotted in Fig. 6

and 7 for the 1st layer and the 11th layer, respectively. An estimated Tcs curve for each layer

is also superimposed on each graph, which is calculated by the ITER design criteria [8] with

the design data (non-copper critical current density of the strand: Jc=55O A/mm2 at 4.2 K, 12

T, longitudinal strain of M^Sn filament in the strand: t = -0.25%, Tcom =18 K, Bc2om =28

T). As comparison between them, measured Tcs performances for both the 1st and the 11th

layer show a good fitting to the design or slightly better than the design, suggesting only small

Ic degradation. This, however, is the reason that the actual critical current (Jc) of the used

conductor should be slightly better than the design Jc (Jc = 550 A/mm2). Though more detail

investigation will be required to determine an exact evaluation of the measured Tcs

performance, the CSMC clearly indicated to verify and satisfy the ITER design criteria on the

Tcs performance
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5. AC losses measurement

It will be the first time to measure AC losses for such a large CIC conductor as used in the

CSMC and CS Insert that operate at high field and current up to 13 T, 46 kA with long

conductor length from 90 to 150 m. Especially, coupling losses for a long and large CIC

conductor is highly concerned. We, here, try to provide a few of preliminary features of the

measured AC losses for both of the CSMC and CS Insert.

First, AC losses for the CSMC were measured to fast discharge the coil current from the

specified current such as 23 kA (50% of the rated current), 30 kA (65%) and 36.8 kA (80%),

varying the dump time constant from 27 to 5.3 s. AC losses were evaluated to integrate

helium enthalpy measured at the outlet of the conductor for the time until the losses passed

through the total length of the conductor. The evaluated results are shown in Fig. 8 where

X-axis is chosen as the reverse of the dump time constant. Generally, coupling loss (Oc)

caused by an exponential current dump indicates the following relation,

Q^BmJ-Tc/(rp + zc) (1)

Where Bmax, TC and r indicate the maximum magnetic field, coupling time constant of

the conductor and dump time constant, respectively. In the figure, losses at each specified

current show a linear dependence to the reverse of the dump time constant Therefore, the

coupling time constant of the conductor is enough shorter than the dump time constant,

suggesting that the conductor should not have a long coupling time constant such as a few

tenth seconds that has been reported on the CIC conductor [9]. As the second, it was observed

that losses were significantly decreased in accordance with the charging cycles, whose

phenomenon has also reported in the CIC conductor [10,11], Figure 9 shows the measured

dependence of the AC losses in the 1st layer conductor as a function of run number, which

were periodically measured from the beginning of the coil test by the manual dump from 20%

current (9.2 kA) with the dump time constant of around 20 s. Note that many runs of up to

100% charging and intentional quench test were involved among such run numbers. As

indicated in the figure, the losses were finally reduced by around a half value of the initial one.

Detail investigation will be required in future to explain the phenomenon but one of the

possible explanations for this reduction is to break the low resistance links between strands

due to generation of large electromagnetic loads when energizing the coil at the high current

regime. A coupling time constant (in) for the CS Insert was preliminarily evaluated to be 90

to 140 m-sec as shown in Fig. 10, based on the measured data at the trapezoid current

operation where the ramp rate (dB/dt) was varied from 0.2 to 2.0 T/s. When estimating such

coupling time constant, hysteresis losses and losses at the joint for each current were assumed

to be the value at dB/dt=O in the figure. The coupling time constant results in being much

higher than the ITER design reference of 50 ms. [8] However, the CS Insert could achieve to
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energize 13 T with the ramp-up rate as high as 1.2 T/s without quench, indicating enough

margins for the ITER CS coil operation scenario even that the time constant was larger than

the ITER reference by more than twice. This result will request to reduce the coupling time

constant determined as the reference.

6. Ramp rate limitation

An instability induced by fast ramp-up has been reported as one of the unique instability for

the superconducting pulsed magnet with the CIC conductor. [12,13] Therefore, a ramp rate

dependency of quench or ultimate operation current (ultimate operation magnetic field) was

tried to observe with a major concern as one of the pulsed coil stability performance. It was

measured on the CS Insert, varying its ramp rate up to 2.0 T/s with the trapezoid current

operation. Measured data, namely, the achieved magnetic field as a function of ramp rate

without quench are plotted in Fig. 11. In the figure, the estimated Ic curve, calculated from

temperature rise due to AC losses with the coupling loss time constant of 100 ms, is also

indicated. The data indicated as E and D in the figure can be plotted on or close to the Ic curve

and any quenches were not observed at lower regime than the Ic curve, deduced that the CS

Insert operation limit should depend on its Ic performance. An effect of higher ramp rate is

mainly to increase conductor temperature caused by AC losses and to reduce the temperature

margin, namely, the quench current. Unknown instability was not observed through the ramp

rate test in the CS Insert.

7. Quench characteristics

To investigate propagation of normal zone, temperature and pressure rise during quench in the

CIC conductor, quench test was performed by using the CS Insert. Inductive heater, installed

at the highest field region (the center of the conductor) was used to induce quench.

Thermometers and a pressure tap are also mounted at the center region to measure the

maximum temperature and pressure rise in the quench. The test was carried out at a field of

13 T, keeping the initial temperature at the conductor center of 5.3 and 6.8 K simulated as 2-K

and 1.5-K margin, respectively. Furthermore, a delay time to initiate the current dump was

controlled up to around 7 s so as to observe the extension of normal zone obviously. A typical

measured behavior of a normal voltage across the conductor at the initial temperature of 5.3 K

is shown in Fig 12, observed that the voltage increases in proportion to (time)1' in the first

two seconds and (time)1'6 after two seconds. The normal zone voltage behavior in case of 6.8

K shows almost the same tendency. A Joule heating energy is to define the energy generated

by growth of normal zone until the current dump. It will provide a characteristic to indicate a

size of the disturbance induced by the quench. The temperature and pressure rise data through

the quench test are arranged as a function of the Joule heating energy as shown in Fig. 13 and
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14 for temperature and pressure, respectively. Note that the temperature at the higher regime

was evaluated by using the resistance of copper stabilizer. The ITER design criteria determine

the hot spot temperature of 150 K assuming the delay time of 5 s. The temperature and the

pressure rise at the Joule heating energy of 70-80 kJ correspond to the data at the delay time

of around 7 s, whose values are read to be around 85 K and 0.21 MPa from the figures,

respectively. They are converted to around 90 K and 0.82 MPa in absolute unit Comparison

between the hot spot temperature by the ITER design and the measured temperature rise

proves that the coil should have enough safety margin against the ITER hot spot design

criterion. As the end of this session, let's mention the biggest quench. It was experienced in

the 0.4-T/s pulsed operation with the initial temperature as high as 7.5 K. The quench current

reached to be 43.6 kA. Measured normal voltage across the coil is shown in Fig. 15, observed

rapid voltage increase and reached to be 10 V within 1 s Indeed, the normal zone extended to

almost whole conductor more than 100 m. The maximum temperature rise was around 65 K.

The maximum pressure rise, unfortunately, could not measure beyond the measurable range

of pressure sensor. But it supposed to be in the range of 6-7 MPa at the conductor center. The

CS Insert and the test facility, of cause, could withstand such a big quench without any

troubles.

8. Tcs of the CS Insert and Cyclic test

Tcs of the CS Insert was investigated in detail since thermometers were mounted at the peak

field position, allowed to measure the Tcs temperature directly. Tcs was measured at the

specified current of 40, 30, 20, 10 and 1 kA, respectively Critical current (Ic) measurement

was simultaneously done at both of 20 and 10 kA to check that the measured Tcs should be

the same as the Ic measurement. Then the CS Insert has the voltage tap pair located at the

center turn with the length of 1.1 m. The Tcs and Ic was determined to be 11 ii V indicated at

such voltage tap pair, corresponding to 0 1 /i V/cm that is the same voltage defined by the

ITER Ic reference. Measured data are plotted in Fig. 16, where the Tcs curve calculated by the

ITER criteria is superposed It can confirm that the measured Tcs performance enough

satisfies the ITER criteria and shows better Tcs than the criteria This is the reason that the

actual Jc of the CS Insert should be higher than the Jc defined by the ITER design criteria.

Though the actual degradation should be evaluated from the actual Jc of the CS Insert strand,

it is a fact that the CS Insert has enough Tcs or Jc margin to satisfy the ITER design.

Cyclic test was applied to the CS Insert as one of the crucial tests to reveal fatigue

performance for an large pulsed magnet with the CIC conductor. Cyclic test was performed to

charge the coil current rapid up and down from 0 to 40 kA in 13-T back-up field from the

CSMC. Figure 17 shows the used current pattern The test cyclically applied a peak

electromagnetic force from 0 to 520 kN/m to the center part of the CS Insert conductor and
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10,003-cycles was finally achieved. During test, degradation was checked to measure Tcs

after 100, 200, 500, 1001, 2001, 5001 and 10003 cycles, respectively. And Tcs degradation

was observed and the measured Tcs were over-plotted in Fig. 16. When the measured Tcs at

40 kA, 13 T are re-piotted as a function of cycle number as shown in Fig. 18, it notices that

the degradation shows an interesting tendency. Significant degradations were occurred at the

specified cycle intervals such as between 0 and 100 cycles and between 500 and 1000 cycles,

however, the degradation was not appeared for the other cycle intervals. It was found that the

AC test operation including many of large quenches was performed between the intervals that

indicate the degradation. Accordingly, it suggests that such degradations might be caused by

not cycles but quenches We, however, can't find reasonable explanations that the degradation

should be caused by quenches, so far. Change of mechanical and electric-insulation stiffness

also monitored through the cyclic test and significant changes of strains and electric insulation

resistance were not appeared. To conclude, the CS Insert, namely, the conductor simulated for

the ITER CS coil, can withstand full charge operation up to 10,000 cycles.

9. Conclusion

The CS Model Coil project, continuing over 8-years international collaboration, has here

attained a significant milestone through the first coil test. The CSMC and the CS Insert are

obviously proved to satisfy and exceed almost all the ITER CS coil design criteria as shown in

Table 4. Finally, we can say that the superconducting magnet technology is now developed to

a level that will allow the ITER magnet to be built with confidence.
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Table 1 Major parameters of the Coil modules compared to those the ITER CS coil

Maximum field
Operating Current

Outer Diameter
Height
Weight

Stored Energy

12
45

8T
kA

ITER-CS

4.15 m
2.0 m x 6
840 ton

6GJ

13
40.

.5T
5kA

- CS Insert

13T
40 kA
1.57 m
1.80 m*
7.7 ton
11 MJ

CSMC
Inner Module

13
46 kA
2.71 m
1.80 m*
49.3 ton

640

CSMC
Outer Module

T
46 kA
3.62 m
1.80 m*
52 ton

MJ
*: Conductor winding pack only

Table 2 Concretely implemented test items

Test item Brief contents
DC test operation
1) 13-T demonstration
2) 13-T with 2-K margin
3) Shearing temperature
4) AC losses
5) Joint performance
6) Stability and quench

Demonstration and verification to produce 13-T peak field with 46 kA
Demonstration of 13-T operation with temperature margin of 2 K
To measure shearing temperature (Tcs) for 1st laver. 1 lth laver and CS Insert
To measure AC losses bv manual dump, changing the dump time constant
Evaluation of the 40 conductor joints, measuring their resistances
To observe stability and quench behavior, induced bv intentional disturbance

AC test operation
1) 0.4-T/s demonstration
2) AC demonstration
3) AC losses
4) Ramp-rate limitation

Demonstration of 0.4-T/s trapezoid operation, producing 13 T peak field
Demonstration of several AC operation patterns
To measure AC losses with the trapczoid operation pattern
To observe the stability behavior, changing the coil ramp rate

Cvclic test for the CS Insert
1) Cvclic test
2) Shearing temperature

To perform cyclic operation (0 to 40 kA) for the CS Insert until 10,000 cycles
To check degradation due to cycles, measuring Tcs after specified cycles
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Table 3 List of typical demonstrated operations

No. Contents of the operation
DC Operation of the CSMC
DC1

DC2

DC3

DC4

DC-5

Ramp-up to the nominal current of 46 kA and generation of a maximum field of 13 T (stored energy
640 MJ) with an inlet temperature of 4.5 K. No coil quench occurred, even in the virgin run.
Ramp-up to 13 T with elevated inlet temperatures of 5.3 K and 6.3 K to the innermost turn (highest
field laver) without quench.
Fast discharge from 13 T with a time constant of 8.5 s, corresponding to a field change of -1.5 T/s,
to simulate the operation of ITER CS at plasma breakdown phase.
Fast discharge from 13 T with a time constant of 5.3 s (shortest), corresponding the maximum-filed
change of 2.5 T/s. The peak voltage of the coil terminals was around 4800 kV.
All the 37 conductor joints (35 interlaver joints + 2 terminal joints) worked as designed, generating
around 4 W per joint at a current of 46 kA.

AC Operation of the CSMC
AC1

AC2

AC3

AC4

ACS

AC6

Ramp-up to 46 kA, 13 T, with an inlet temperature of 4.5 K at a ramp rate of 0.4 T/s. flattop of 5 s,
followed bv ramp-down to zero at 0.7 T/s.
Ramp-up to 46 kA. 13 T, with an inlet temperature of 4.5 K at a ramp rate of 0.4 T/s. flattop of 5 s.
followed bv a fast discharge with a time constant of 8.5 s (1.5 T/s).
Ramp-up to 46 kA, 13 T. in 26 s (0.5 T/s), flattop of 5 s, ranip-down to 41 kA in 2 s (0.7 T/s). flattop
of 5 s. followed by ramp-down to zero in 18 s (0.6 T/s).
Bipolar operation of zero to -11 kA in 6 s, 2 s flattop, -11 kA to +35 kA in 40 s. 4 s flattop, and
ramp-down in 19 s.
Ramp-up to 46 kA. 13 T, with inlet temperatures of 6.0 K and 6.5 K at 0.4 T/s. flattop of 5 s.
followed by ramp-down to zero at 0.4 T/s. A quench occurred at around 45 kA during the ramp-up
in the 6.5-K operation.
Ramp-up to 46 kA. 13 T, with an inlet temperature of 4.5 K and 6.5 K at 0.6 T/s, flattop of 10 s,
followed by ramp-down to zero at 0.6 T/s. A quench occurred at around 41 kA during the ramp-up
in the 6.5-K operation.

DC Operation of the CS Insert
DCI-1

DCI-1

Ramp-up to the nominal current of 40 kA and generation of a maximum field of 13 T with a buck-up
field from the CSMC and an inlet temperature of 4.5 K. No quench occurred, even in the virgin run.
Ramp-up to 13 T with a back-up field from the CSMC and an inlet temperature of 5.3 K and 6.8 K
without quench.

AC Operation of the CS Insert
ACI-1

ACI-2

ACl-3

AC1-4

ACI-5

AC1-6

AC 1-7

Ramp-up to 44.3 kA, 13 T, with an inlet temperature of 4.5 K at a ramp rate of 0.4 T/s, flattop of 5 s.
followed bv ramp-down to zero at 0.7 T/s.
Ramp-up to 44.3 kA. 13 T. with an inlet temperature of 4.5 K at a ramp rate of 0.4 T/s, flattop of 5 s.
followed by fast discharge from with a time constant of 10 s. corresponding to a field change of
1.3 T/s. to simulate the operation of ITER CS at plasma breakdown phase.
Ramp-up to 44.3 kA. 13 T, in 26 s (0.5 T/s). flattop of 5 s. ramp-down to 39 kA in 2 s (0.7 T/s).
flattop of 5 s. followed by ramp-down to zero in 18 s (0.6 T/s).
Bipolar operation of zero to -11 kA in 5.4 s. 5 s flattop. -11 kA to +44.3 kA in 40.5 s. 5 s flattop, and
ramp-down in 14.3 s.
Ramp-up to 44.3 kA. 13 T. with an inlet temperatures of 4.5 K at 0.6 T/s. flattop of 5 s. followed b\
ramp-down to zero at 0.6 T/s.
Ramp-up to 44.3 kA. 13 T. with an inlet temperatures of 6.5 K at 0.5 T/s. flattop of 5 s. followed bv
ramp-down to zero at 0.5 T/s.
Ramp-up to 44.3 kA. 13 T. with inlet temperatures of 4.5 K at 1.2 T/s. flattop of 1 s. followed by fast
discharge from with a time constant of 10 s. A quench occurred at around 44. kA from the CSMC
during ramp-up.

rn



Table 4 Summary of the test results compared to the design criteria

Items
Operation Current (kA)
Maximum Field (T)
Current Ramp-up Rate (T/s)

Current Ramp-down (T/s)**
Hot spot temperature (K)
Fast discharge decay time const, (s)
AC loss coupling time const, (ms)
Joint resistance (n Q)

R&D target
46
13

0.027 ( g 13 T)
O.4(;S13T)*
-1.2 at 13 T

150 (5-s delay time)
20

25-100
Less than 6.5

Achievement
46
13

1.2 ( ^ 13 T)

-1.5 at 13 T
90 (7-s delay time)

5.3
90—140

Average 2.0

ITER-FEAT design
42/45

13.5/12.8
0.1—0.2 ( ^ 8 T )
0.045 ( ^ 13.5 T)

-1.2 at 13 T
150 (2-s delay time)

7.5
50

Less than 4.5

*: This test program target. **: at the plasma break down

i i/i



Figure caption

Fig. 1 Configuration of the CS model coil and the CS Insert

Fig 2 CS model coil and CS Insert after completion of installation

Fig. 3 Fast discharge from 13 T of the CSMC by a field change of more than -1.2 T/s

Fig. 4 0.6-T/s fast charging of the CSMC up to 13 T

Fig. 5 Successful charging of the CS Insert up to 13 T by a ramp rate of 1.2 T/s

Fig. 6 Measured Tcs performance on the 1st layer conductor of the CSMC

Fig. 7 Measured Tcs performance on the 1 lth layer of the CSMC

Fig. 8 Measured AC losses performance of the CSMC on its coupling time constant

Fig. 9 Decrease of the measured AC losses as a function of number of manual-dump

Fig. 10 Evaluation of coupling time constant (nz ) for the CS Insert

Fig. 11 Achieved magnetic field as a function of ramp rate without quench

Fig. 12 Measured normal voltage across the conductor

Fig. 13 Temperature rise as a function of the Joule heating energy

Fig. 14 Pressure rise as a function of the Joule heating energy

Fig 15 Measured normal voltage across the coil in the biggest quench

Fig 16 Measured Tcs performance on the CS Insert

Fig. 17 Operated current pattern of the cyclic test

Fig. 18 Measured Tcs at 40 kA, 13 T as a function of cycle number

Note that following all figures are expected to be the size of l/6pp
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Fig. 1 Configuration of the CS model coil and the CS Insert

Fig. 2 CS model coil and CS Insert after completion of installation
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Fig. 4 0.6-T/s fast charging of the CSMC up to 13 T
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Abstract. The world's largest pulsed superconducting coll was successfully tested by charging up to 13 T and 46
kA with a stored energy of 640 MJ. The ITER Central Solenoid (CS) Model Coil and CS Insert Coil were
developed and fabricated through an international collaboration and their cool down and charging tests were
successfully carried out by international test and operation teams. In pulsed charging tests, where the original
goal was 0.4T/s up to 13T, the CS Model Coil and the CS Insert Coil achieved ramp rates of 0.6T/s and 1.2T/s
up to 13T, respectively. In addition, the CS Insert Coil was charged and discharged 10,003 times in the 13-T
background field of the CS Model Coil and no degradation of the operational temperature margin directly
coming from this cyclic operation was observed. These test results fulfilled all the goals of CS Model Coil
development by confirming the validity of the engineering design and demonstrating that we are now ready to
construct the ITER coils with confidence.

1. Introduction

In the ITER Central Solenoid (CS) Model Coil Program, the CS Model Coil and the CS Insert
Coil have been developed so as to confirm the validity of the engineering design of the ITER
Nb3Sn CS coil and to develop technologies to fabricate the ITER CS coil. This international
collaboration began in 1992. The CS Model Coil is composed of an Inner Module and Outer
Module as shown in Fig. 1. A CS Insert Coil is placed in the inner bore of the CS Model Coil.
Also indicated in Fig. 1 are two other insert coils: Nb3Sn toroidal field (TF) Insert Coil and
Nb3Al Insert Coil which can also be placed for testing in the inner bore of the CS Model Coil.
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The purpose of the latter two insert coils is to measure the superconducting performance of
the conductors developed for the ITER TF coil under the 12-T background field of the CS
Model Coil. The Nb3Sn TF Insert Coil and Nb3Al Insert Coil are now being fabricated by the
Russian Home Team and Japanese Home Team of the ITER Project, respectively.

Table 1 shows the designed performance of the CS Model Coil and CS Insert Coil together
with the required performance of the ITER CS coil. The essential feature of the CS coil is to
be operated in pulsed mode so as to induce and control a plasma current of about 15 MA.
Therefore, the target performance of the CS Model Coil and CS Insert Coil as pulsed coils
were selected as a charging ramp rate of +0.4 T/s up to 13 T and a discharging ramp rate of
-1.2 T/s from 13T. The pulsed field losses generated during pulsed operation make this a
difficult design point not previously demonstrated in this scale in superconducting magnet
technology. The largest pulsed coil before the CS Model Coil Program operated up to 7 T
with a stored energy of 30 MJ.

2. Development and fabrication of the CS Model Coil and CS Insert Coil

The first step of this challenge to superconducting magnet technology was initiated by the
development of Nb3Sn strands with a high critical current density at 13 T and with a low
pulsed loss. For the strand to be used in the conductor wound in the high-field layers, the
development target was to realize a critical current density of higher than 550 A/mm2

Table 1 Major parameters of the coil modules compared to those of the ITER CS Coil

Maximum Field
Operating
Current

Outer Diameter
Height
Weight

Stored Energy

ITER-CS

12.8 T
45 kA

13.5 T
40.5 kA

4.15 m
2 m x 6 *

840 ton**
6GJ

CS Insert

13T
40 kA

1.57 m
2.80 m
7.7 ton
11 MJ

CSMC
Inner Module

13T
46 kA

2.71m
2.80 m
49.3 ton

CSMC
Outer Module

7.3 T
46 kA

3.62 m
2.80 m
52 ton

640 MJ
* 6 modules ** including support structure
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FIG. 2 A Nb3Sn strand developed for the CS coil and its improvement in pulsed field loss

at the reference field of 12 T and a pulsed loss of less than 200 mj/cm3 for a bipolar magnetic
field swing between +3 T and -3 T. Before the start of this development, the fabrication of a
Nb3Sn strand with critical current density higher than 550 A/mm2 was possible, however the
pulsed loss due to superconducting hysteresis loss was typically much bigger that 200 mj/cm3.
The development of this advanced strand was carried out by reducing the diameter of the
Nb3Sn filaments below 4 microns, taking special care to reduce the electromagnetic coupling
between filaments. Fig. 2 shows one of the successfully developed strand containing, in a
core with a diameter of 0.51 mm, 8037 Nb3Sn filaments each with a diameter of 2.7 microns.
The superconducting core was separated by a Ta barrier so that the resistivity of the Cu
stabilizer would not be increased by the diffusion of Sn. Before cabling of 1152 strands, each
strand was coated by 2.5-micron Cr to increase the contact resistance between strands. In
addition, each sub-cable with 192 strands was wrapped by Inconel tape. By increasing the
resistivity between stands or between sub-cables as shown in Fig. 3, the pulsed loss due to
coupling current under pulsed field was successfully reduced. The cable of 1152Nb3Sn
strands is protected by a thick jacket of Incoloy 908 which has a similar thermal expansion
rate and assures the minimum strain between the activation temperature of 923 K to produce

Simm

SS
Spiral Tube gg

12mm*

3".,' -0-8 mm

Strand
o1 1152 Strands

FIG. 3 Configuration and cross section of the conductor developed for the CS coil
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FIG. 4 CS Model Coil Inner Module FIG. 5 CS Model Coil Outer Module

Nb3Sn and the operation temperature of 4.5K. Incoloy 908 has a potential problem of cracking
due to Stress Accelerated Grain Boundary Oxidization during activation heat treatment,
however the technology to avoid this critical problem was established. The CS conductor
jacketed by European Team was shipped to the USA for fabrication of the CS Model Coil
Inner Module and to Japan to fabricate the CS Model Coil Outer Module and the CS Insert
Coil. These three coil modules were successfully fabricated by 1999 [1, 2, 3]. The installation
and assembly of these coils took place at Naka Fusion Research Establishment of JAERI as
shown in Figs. 4, .5 and 6 by collaboration of Japanese Team and USA Team. This
installation work took 5 months to prepare this system with a cryogenic weight of 180 tons for
testing. The weight includes supporting structures to give a compressive pre-loading of 9000
tons to the coils.

W-

FIG. 6 Installation of the CS Insert Coil into the inner bore of the CS Model Coil



3. Test of the CS Model Coil and CS Insert Coil

The purposes of the test of the CS Model Coil and the CS Insert Coil were as follows;
(a) Demonstrate a reliable cool-down to 4K without any damage to insulators in 480 hours
(b) Confirm DC performance of the CS Model Coil by charging up to 13 T, 46 kA with a

stored energy of 640 MJ and of the CS Insert Coil up to 13T, 40 kA.
(c) Achieve pulsed charging performance by a ramp rate of+0.4 T/s to 13T and discharging

performance by a ramp rate of-1.2 T/s from 13 T for both of the coils
(d) Measure operational temperature margin for both of the coils
(e) Perform and demonstrate a cyclic charging of the CS Insert for 10,000 times

3.1 Initial Cool-down

Initial cool-down of the CS Model Coil and the CS Insert Coil was started in March 2000 by
keeping the temperature difference between outlet helium and inlet helium within 50 K. A
typical distribution of helium mass flow rate was 50 g/s to the Inner Module, 50 g/s to Outer
one, 15 g/s to the CS Insert Coil, 50 g/s to supporting structures as shown in Fig. 1, and 15 g/s
to the 4-K base structure for a total flow rate of 180 g/s. A cool-down time of about 500 hours
was experienced mainly determined by the cool-down rate of the supporting structures. All
the coil modules showed a clear superconducting transition at 17.5 K. No degradation of the
electrical insulation of the coils was found. Finally the coil system was connected to a 4-K
supercritical helium circulation pump with a capacity of 800 g/s and the coils became ready
for a charging test. Steady state heat load including this helium pump was about 960 W at
4.5K.

3.2 DC Charging Tests

The DC charging tests of the CS Model Coil were started in April 2000 by using a 50-kA DC
power supply and a circuit breaker for coil protection with a capacity of 50 kA, 10 kV
connected to a 1-GJ dump resistor. Quench detection was set at a normal voltage in each layer
if higher than 100 mV continued for more than 1 sec. The first charging to 13 T of the CS
Model Coil was carried out with a helium mass flow rate about 10 g/s for each conductor. As
shown in Fig. 7. the coil current was increased step-wise in 3 hours and the CS Model Coil
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FIG. 7 First DC Charging of the CS Model Coil up to 46kA, 13T
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finally reached the goal of 13 T, 46 kA with a stored energy of 640 MJ without any quench in
the first trial. In this first charging to 100-% current, 37 voltage signs of conductor
movements in the inner-most layer were observed during the current ramp up from 90% to
100%. The number of signs under the same condition drastically decreased in the second
charging to 100% down to 3 and to zero at the 3rd charging. This means that the microscopic
movement of the conductor was completed in the initial two chargings to 100-% current and
the coil found its mechanically stable structure. The same tendency was observed by the
number of major acoustic emissions from the CS Model Coil, where the number of counts in
the first charging to 100-% current was 951 that was decreased down to 416 in the second
charging, and stayed around 230 from the fourth charging. The first charging of the CS
Insert Coil up to 13 T and 40 kA under the background field of the CS Model Coil was also
successfully achieved in June 2000 without any quench during the first trial.

The detailed superconducting performance of the coil can be measured by the current sharing
temperature (Tcs) when the critical current at 13 T is equal to the operating current, 40 kA in
the case of the CS Insert Coil for example. Figure 8 shows how we measured the Tcs. We
kept the maximum field of 13 T and the operating current of the CS Insert to be 40 kA under
the background field of the CS Model Coil. Then we increased the temperature of helium
flowing into the CS Model Coil by a resistive heater and measured the normal voltage
generated between the terminals of the coil as shown in Fig. 8. The current sharing
temperature (Tcs) is defined when a normal voltage of 0.1 micro-V per cm of the conductor
length is generated. The length between the voltage taps attached to the location where a
magnetic field of 13 T is generated is 110 cm. In the case shown in Fig. 8, the normal
voltage crossed this criteria of 11 micro-volt when the conductor temperature at the same
place reached 7.46 K measured by a high-voltage temperature sensor attached to the
conductor. The operational margin measured by the CS Insert Coil at 13 T and 40 kA before
the 104 cyclic tests was 7.65 K which corresponds to a temperature margin of 2.3 K compared
to the designed operation temperature of 5.3 K. This measured value is sufficiently higher
than the temperature margin of 2 K for the original ITER magnet design or 1 K for the ITER-
FEAT magnet design.

3.3 Pulsed Charging Test

Pulsed charging tests using the high power supplies of the JAERI tokamak JT-60 were
initiated in May 2000. The CS Model Coil achieved 0.6 T/s up to 13 T and the CS Insert Coil
achieved a swift pulsed charging of 1.2 T/s up to 13 T without any quench as shown in Fig. 9.

so
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FIG. 8 Measurement of the current sharing temperature of the CS Insert Coil
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July 20,2000

FIG. 9 Pulsed Charging of the CS Insert Coil by a ramp rate of 1.2T/s up to 13T

In this swift charging case, the temperature of the conductor at the 13-T location increased to
6.7 K because of pulsed losses. Based on the measurement of the current sharing temperature
of the CS Insert Coil, it was expected that the superconducting state would be maintained up
to 7.4 K, therefore the CS Insert Coil retained its superconducting stability during this 1.2-T/s
swift charging.

To evaluate the pulsed loss performance due to coupling current, a coupling loss time
constant is usually calculated. The lower the coupling loss time constant, the lower pulsed
loss we can expect in the coil for charging with a high ramp rate. The original design value
for the CS conductor was 100 ms. This coupling loss time constant was measured by
trapezoidal chargings of the CS Insert Coil up to 20 kA and for a ramp rate from 0.2 to 2.0 T/s.
A preliminary value of the coupling loss time constant of the CS Insert Coil was determined
to be 115+/-25 msec. Being helped by a good operational temperature margin, the CS Model
Coil and the CS Insert Coil could achieve a ramp rate to 13 T of 0.6 T/s and 1.2 T/s
respectively, without any quench. These values are 1.5 and 3 times higher than the
development goal for these coils.
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3.4 10,000 Cycle Charging Test

Under the background field of the CS Model Coil, charging and discharging between (0 kA,
13T) and (40 kA, 13 T) of the CS Insert Coil were repeated for 10,003 times. In this test, we
simulated the cyclic operation required for the ITER CS coil. The current sharing temperature
as described in 3.2 was measured at 13T and 40 kA before and after 100, 200, 500, 1000,
2000, 5000 and 10,000 cycles. Fig. 10 shows the variation of Tcs from 7.65 K down to 7.20 K
at the end of these tests. This result shows no major degradation of Tcs during 100 and 500
cycles, and during 1000 to 10,000 cycles. Test records show that we have carried out artificial
quenches of the CS Insert Coil by using heaters at the points where two drops of Tcs are
observed in Fig. 10. In these artificial quench tests, conductor temperature measured at its
jacket indicated increases up to around 65 K, suggesting that much higher temperature might
appear in the Nb3Sn filaments. Therefore, the decrease of the Tcs from 7.65 K to 7.20K as
shown in Fig. 10 is considered to occur due to the artificial quench tests carried out to
measure the quench propagation performance of the coil and not by cycling under usual
condition.

4. Conclusion

The world's largest pulsed superconducting coil as shown in Fig. 11 was successfully
developed, fabricated and tested. We are now ready to construct ITER CS coil with
confidence.
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