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Abstract

A method to control plasma particle and energy confinement in the TJ-II Heliac device is reported. A
small toroidal current is induced in the plasma with te aid of a 0.2 Wb air core transformer. Plasma
particle and energy confinement improve (degrade) with negative (positive) plasma current. For typical
TJ-II discharges, plasma density and temperature broaden considerably when plasma current is
sufficiently negative, accounting for a 40% incrase in stored energy. The experimental results agree
qualitatively with the paradigm of instability growth rate modifications with magnetic shear.
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Resumen

Se describe un método para controlar el confinamiento de las partículas y las energía en el Heliac TJ-II.
Con ayuda de un transformador de 0,2 Wb con núcleo de aire se induce una pequeña comente
toroidal. El confinamiento de las partículas y la energía mejora (empeora) con corriente negativa (positiva).
La densidad y la temperatura de descargas típicas de TJ-II se ensanchan considerablemente cuando la
corriente del plasma es suficientemente negativa, dando lugar a un aumento del 40% de la energía
almacenada. Los resultados experimentales coinciden cualitativamente con el concepto de modificación,
por la cizalla magnética, del crecimiento de inestabilidades.
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TJ-II is a 4 period Heliac type Stellarator of 1.5 m major radius and a plasma
volume of about 1 m3 [1]. Its main feature is its flexibility to operate in a
wide range of magnetic configurations with very flat rotational transform (t)
in the vacuum field, with vacuum ¿ profiles ranging from 0.6 to 2.2. It has
also an air core ohmic transformer with 0.2 Wb available for induction of a
small toroidal plasma current with negligible ohmic heating. This system was
incorporated to the TJ-II design to allow compensation of bootstrap and neutral
beam driven currents. Also, the use of the transformer allows for sweeping L
profiles during plasma discharges. This type of application has already been
exploited in some advanced stellarator concepts, such as W7-AS, to study the
effect of rational surfaces in confinement [2]. In the case of TJ-II, the very flat
rotational transform makes the transformer a useful tool to search for effects
related to the magnetic shear (s = (—r/L)(CLL/dr)): both positive and negative
signs of the shear are easily accesible with moderate induced current. Thus, the
experiments here reported were aimed at studying the dependence of plasma
transport with i and s in one single discharge.

The remainder of the paper is as follows. In section 2 we describe a set of
experiments in which the plasma current was inverted during the flat-top of the
discharge, from positive to negative and viceversa, in low density discharges.
Since negative current happens to increase notably the plasma confinement, a
last set of discharges with high density is exposed to show the benefit of negative
induced current in confinement. Section 3 is devoted to a physical discussion of
the findings and the main contributions of this work are highlighted in section
4

This section describes a series of experiments in wich i profiles are swept with
the aid of the transformer at lower rate than the plasma particle (~ 10 ms) and
energy confinement time (~ 3 ms). This scanning procedure allows the study
of the dependence of plasma transport with L and magnetic shear in one single
discharge. Fig. 1 shows a set of correlative plasma discharges with identical
Helium gas puffing, one for reference (black) and two (red and blue) in which
plasma current is inverted during the fiat-top of the discharge from Ip = -lkA
to Ip = 3kA. The maximum applied loop voltage is 0.8 V. Poynting power
input V • I « 2.4 kW, is negligible compared with total constant input ECRH
power, 300 kW, about 85% of which is absorbed in the plasma. When Ip is
inverted from negative to positive (vertical dashed line), a clear transition to a
lower line averaged density is observed. Line density is measured along a central
chord with a microwave interferometer. Similar transitions appear in soft X-ray
emission (energy range 0.8 to 1.5 keV) measured along a central chord [3], and
Ha emission measured along a chord looking at the limiter [4]. According to
magnetic surface mapping experiments and numerical calculations [5], the TJ-II



L profile is rather flat but monotonically increasing from the centre to the edge.
Choosing the vacuum ¿ at the plasma edge to be 1.6 allows a resonant 3/2 surface
inside the plasma, close the boundary. As plasma current is inverted from
negative to positive, ¿(0) raises, sweeping the resonant surface deeper inside the
plasma. With moderate induced positive current (counteracting the bootstrap
level ~ -1 kA) the resonant surface i = 3/2 is eventually excluded from the
plasma [6]. This is reflected in the level of poloidal field MHD activity up to 40
kHz, the bandwith of the installed Mirnov set.

Fig. 2 shows electron density, ne, temperature, Te, and pressure, Pe, profiles
measured before (t=1125 ms) and after (t=1170 ms) the transition using a high
resolution Thomsom Scattering (TS) diagnostic [7]. Only one TS measurement
is currently available per shot. TS profiles are color coded corresponding with
the discharges of Fig. 1. One may have expected an improved confinement at low
magnetic shear at slightly positive values of Ip, corresponding with the exclusion
of the 3/2 resonant surface from the plasma. However, TS profiles before (red)
and after (blue) the transition indicate that the confinement worsens for positive
plasma current. A lower bound for the plasma energy stored in the electrons,
We, can be estimated from TS data in its radial range. The result is We = 275
J before the transition and We — 125 J after the transition.

No clear indication of confinement improvement or degradation at moderate
negative plasma current is found in this experiment when compared with a
reference discharge (black traces in Fig. 2).

To test wether the confinement improves with enough negative plasma cur-
rent we perform a series of reciprocal discharges to those commented before,
with the plasma current being inverted from Ip « 1.5kA to Ip s» -3kA at the
same rate (compare loop voltage signals in Fig. 1 and Fig. 3). The high
reproducibility of these discharges in terms of correlation between the Ip and
thermodynamic time traces has eased programming the TS diagnostic at rele-
vant times: Fig. 4 shows TS profiles measured at t= 1114 ms, 1184 ms, 1274
ms corresponding with Ip « 1 kA (black traces), Ip R¿ -2 kA (blue traces) and
Ip RS -3 kA (red traces). These are measured in three identical correlative dis-
charges (#5677,#5678,#5679) shown in Fig. 3. The changes in X-ray emission
and Ha signals in the last part of the discharge correspond with an unscheduled
cold pulse propagation experiment that was performed simultaneously. Electron
density, temperature and pressure increase during the whole time of Ip lowering,
from t « 1100 ms to t RS 1300 ms. For Ip R¿ 1 kA, We= 34 J. For Ip « -2 kA,
We= 146 J, four times bigger. For Ip « -3 kA, We= 194 J, an additional 34%
increase. Changing plasma current from positive to negative has thus resulted
in more than a fivefold increase in electron energy.

The results presented so far belong to a rather extense series of discharges
aimed at proving the cause-effect relationship far below the density cut-off limit.
Once this has been accomplished, the next step consists of using this way of
controlling confinement to push up for plasma performance. To do this, the
gas puffing waveform is adjusted to achieve the highest plasma density without
reaching the cut-off limit. In other words, we are trying to see the beneficial
effect on confinement starting from the highest possible density achievable in



these ECRH heated plasmas. Fig. 5 shows two sets of two discharges each,
one set for reference without applied loop voltage (black and green) and one
set where the plasma current inversion takes place at an early stage of the dis-
charge (red and blue). All sets have identical Hydrogen gas puffing waveforms.
Note that these four correlative discharges correspond to an alternate turning
on (#5786,#5788) and off (#5787, #5789) of the induced toroidal current, il-
lustrating once more the robustness of this technique. These discharges have
vacuum i — 1.68 at the plasma edge, allowing again for a L = 3/2 resonance
inside the plasma. This configuration has a confining volume of about 1 m3.
Electron temperature evolution is measured with an Electron Cyclotron Emis-
sion (ECE) system [8], and its evolution is shown at normalized effective minor
radius positions p = 0.02, 0.24, 0.512. TS profiles measured at the plasma
flat-top (t=1200 ms) are shown in Fig. 6 for a reference discharge (black sam-
ples) and a discharge with Ip = —5 kA (red samples). TS density data are
complemented with reflectometry measurements [9] in the range 0.57 < p < 1.

The plasma current has been set to become negative at an early stage of the
discharge in order to see the cummulative effect on confinement over a longer
period of time. This is felt by a remarkable broadening of Te profile that results
in a plasma current of -5 kA for an applied loop voltage of 0.8 V. Poynting
power input in this case is 4 kW, again negligible compared with total constant
ECRH input power ss 300 kW.

Transitions in confinement take place again around Ip = 0, and are observed
in electron temperature, soft X-rays and Ha diagnostics (see Fig. 5). MHD
activity is observed around the time of current inversion in all four discharges,
beeing somewhat weaker for the reference set. This MHD activity is clearly
reflected in Mirnov signals. Some large ELM-like MHD events [10] take place
at a later stage when Ip < -3 kA, whose effect in confinement is reflected in
small drops in the electron temperature, large bursts in the Ha signal, and mi-
nor changes in line averaged density. It is important to note that, in despite
of having larger MHD activity, discharges with negative plasma current have
broader ne, Te, Pe profiles and total radiated power than the reference set. This
implies a significant improvement in confinement. As one would expect, large
magnetic fluctuation bursts affect the confining properties of TJ-II. However,
clear improvements in transport coexist with enhanced magnetic activity. This
excludes all low frequency (< 40 kHz) magnetic turbulence from being respon-
sible of the changes in transport: integrated TS pressure profiles give We=217
J for the reference set and We=320 J for the negative current case, almost a
50% higher. An integration over the whole plasma volume using a guessing of
Te would add up around 100 J to these figures [11].

The experiments here presented evidence a cause-effect relationship between
induced toroidal current (and, very significantly, its sign) and confinement. This
relationship must be looked for in either



i) rational surface placement,
ii) transformer induced E\\ x B± drift
iii) or magnetic shear microinstability reduction.
In the first case (i), if the large bursts in the Mirnov signals are to account

for the presence of low order rational surfaces, it is clear that not only they
show up in both, degraded and improved transport sets of discharges, but they
are stronger in the latter. There are, of course, concommitant brief transient
degradations in confinement as expected, but this is only a marginal effect.

Regarding point (ii), the geometry of TJ-II allows for an average E^ x Bx
drift. We have calculated its value due to a loop voltage of 1 V on a discrete
set of flux surfaces, using a 3D numerical library for TJ-II geometry [12]. Local
radial drift velocities can be as high as 0.7 m/s, reversing sign in the region
closest to the main poloidal field coil (central conductor in TJ-II). When the
total velocity flux across a flux surface is calculated the net result increases
linearly with the flux label, reaching a maximum of 0.01 m/s at the plasma
boundary. Preliminary transport calculations (not shown) indicate that this
is at least two orders of magnitude below what would be needed to explain
the observed changes in density. Likewise, favourable convective heat would
not account for the observed increments in electron temperature. On the other
hand, the E§-induced polarization of trapped particle population may drift them
at a considerably higher velocity. This Ware pinch type of drift is consistent
with the experimental results since, contrary to tokamaks, it can change sign for
a stellarator causing both inward and outward fluxes depending on the sign of
the toroidal electric field relative to the toroidal magnetic field. An estimation
of this effect is left for a future exercise.

Respect to point (iii), it is common knowledge that s affects the stability of
linear plasma modes [13]. Many theoretical studies report that negative mag-
netic shear can improve confinement by efficiently stabilysing certain types of
microinstabilities. Particularly, negative magnetic shear can raise the stability
limit for Mercier and ballooning type instabilities in TJ-II [14]. TJ-II discharges
without induced toroidal current have very low magnetic shear. Using induced
toroidal current we gain access to a class of profiles with regions of s < 0
that, in line with experimental evidence coming mostly from tokamaks [15],
may have favoured instability growth rate reductions. Furthermore, the effect
is completely reversible and positive magnetic shear may unleash instabilities
otherwise not significant in conventional discharges. As an example, in an early
work [16] for stellarator geometry it is suggested that confined plasmas similar
to those of TJ-II should be close to marginally stable to dissipative trapped
electron modes, the radial width of which is proportional to the magnetic shear
scale length. It is therefore possible that the action of the transformer for Ip > 0
pushes the plasma towards a regime of high transport. A recent and very rel-
evant work for the results here presented can be found in Ref. [17], where
theoretical and computational calculations of drift wave instabilities in a geom-
etry similar to that of TJ-II, lead to the conclusion that local magnetic shear
has a stabilizing effect on drift waves while positive local shear is destabilizing.



4 Conclusion
A series of plasma current sweeping experiments have been performed at TJ-II
with the aid of 0.2 Wb air core transformer. It has been found that confinement
degrades when the current is induced in the direction of the toroidal magnetic
field, and conversely, in a very controllable way. The same effects are found for
Helium and Hidrogen, being very significant in low density plasmas. For typical
high density plasmas, negative plasma current accounts for a 40% increment of
bulk electron energy.

Among several possible explanations for the changes in confinement, the
experimental results favor magnetic shear as the main cause, although ExB
related effects cannot be ruled out. This urges to further:

i) theoretical studies, like drift wave mode stabilisation with magnetic shear
(see e.g. [17], [18]) in stellarator geometry, and trapped orbit drifts in the
presence of a toroidal electric field,

ii) new experiments combining transformer-induced plasma current with
non-inductive plasma current generation, like electron cyclotron current drive,
to discriminate between the effects of ExB drift and magnetic shear.

From a practical viewpoint, these experiments open a search path to control
confinement in Heliac type stellarators, which may be relevant for reactor grade
designs on issues like Helium ash removal.
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Figure 1: Confinement degradation with positive plasma current. Starting from
the top: Plasma Current, Loop Voltage, Line averaged density, Soft X-ray emis-
sion, HQ emission and mirnov coil r.m.s level for a reference discharge with zero
induced plasma current (black) and two identical discharges (red and blue) in
which plasma current is reversed at t=1150 ms (vertical dotted line across the
windows). Two extra dotted lines mark the Thomsom firing (see Fig. 2) for the
black and blue (t= 1125 ms) and red traces (t= 1170 ms).
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Figure 2: TS density, temperature and pressure profiles measured before
(t=1125 ms; black and blue) and after (t=1170 ms; red) the plasma current
inversion corresponding to Fig. 1.
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Figure 3: Confinement improvement with negative plasma current. Starting
from the top: Plasma Current, Loop Voltage, Line averaged density, Soft X-ray
emission, HQ emission and mirnov coil r.m.s level for three identical discharges
(black,red and blue) in which plasma current is reversed (vertical dotted line
across the windows). Three extra dotted lines mark the Thomsom firing before,
during and after the current inversion (see Fig. 4).
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Figure 4: TS density, temperature and pressure profiles before (t=1114 ms;
black), during (t=1184 ms; blue) and after (t=1274 ms; red) the plasma current
inversion corresponding to Fig. 3.
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Figure 5: Confinement improvement with negative plasma current in a high
density plasma. Starting from top: Plasma Current, Loop Voltage, Line density,
ECE at r/a=0.02 (lower), 0.24 (middle) and 0.512 (upper), Soft X-ray emission,
Ha emission and mirnov coil r.m.s level for two reference discharges (black and
green) and two discharges (red and blue) in which plasma current is reversed
(red dotted line across the windows). The black dotted line marks the Thomsom
firing time (see Fig. 6. Two extra vertical lines mark large MHD events.
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Figure 6: TS density, temperature and pressure profiles measured at the plasma
flat-top (t=1200 ms) for a reference discharge (black) and a discharge with
negative plasma current (red) corresponding to Fig. 5. For p > 0.57 the density
is complemented with microwave reflectometry data.


