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Abstract

Magnetic well is the main stabilising mechanism in the TJ-II stellarator, since this is an almost
shearless device. TJ-II has the capability to vary its magnetic configuration by changing the
currents of its coils, allowing one to change the magnetic well keeping almost constant the vacuum
rotational transform profile, in particular. This characteristic makes this stellarator a suitable
device to study the impact of unfavourable magnetic well conditions on plasma performance and
stability. The here reported experiments explored a family of ten magnetic configurations with
similar rotational transform and varying magnetic well, from positive values to negative ones,
hence exploring Mercier-unstable configurations. We succeeded in developing reproducible NBI-
heated plasmas, even when the most Mercier-unstable configurations were performed, although
the turbelnce level was higher in the latter configurations. The position of the plasma boundary

agreed with the equilibrium calculations in all the cases.



I. INTRODUCTION

Stellarators are designed to present good Mercier stability properties, which is the case
of TJ-II [I]. Besides Mercier criterion, stellarators are aimed to present a small Shafranov
shift [2], stability to ballooning modes [3] and optimized neoclassical confinement properties
[4]. Optimization under Mercier criterion has always some implications on the design of
the device, making mandatory the conception of complex magnetic configurations with coils
difficult to build and hence, expensive.

When one considers the perturbations that interchange magnetic flux between two re-
gions of a plasma, the concept of magnetic well arises as a relevant property of magnetic
configuration for this process. Magnetic Well measures plasma stability against short per-
pendicular wavelength modes driven by the plasma pressure gradient [5]. In the J =0

(currentless) limit the magnetic well is defined as:

V2 (7) .

Where (B) represents the averaged magnetic field for closed magnetic line in a closed mag-

netic surface.

Analyzing the magnetic flux through a magnetic surface, one concludes that the stability
assessment for interchange modes includes the condition that the average magnetic field
intensity on a magnetic surface is minimum, i.e., the stable plasma region is the one where
the intensity of the magnetic field, B, increases, averaged on a magnetic surface, along the
outward direction [6]. So, being the specific volume U = dV/d®, and Uy its value on the

magnetic axis and U, on the outermost surface, the magnetic well depth is:

-AU  Uy-U,
= 2
U 0 (2)

Local stellarator stability is studied by using the Mercier criterion, which establishes that

the plasma is stable when the energy interchange of tubes of plasma is positive. Therefore,
the stability condition becomes a variational principle. The plasma is stable against localised
interchange perturbations when the functional derivative of the energy functional against

radially localized perturbations is positive [7]. This condition can be expressed as:

D (p) = Dw(p) + Ds(p) + Di(p) + Dk (p) > 0 (3)
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This equation gives us the linear stability properties of local interchange modes. The two
first terms in the RHS of Eq. represent the contribution of the magnetic well and the
magnetic shear, both with stabilizing character. The third term corresponds to the plasma
current, whose stabilizing capability depends on its sign and on the possible introduction of
resonances in the plasma column. The last one comes from the geodesic curvature, which
presents areas stable or unstable. All the terms are functions of the magnetic surface and
are, therefore, calculated at every radial position given by the effective radius p. The higher
the value of , the more stable the plasma one gets.

Previous experiments on LHD have shown the capability of achieving high pressure plas-
mas beyond the Mercier stability criterion without a serious degradation of confinement [g].
A possible theoretical explanation of these phenomena is given in [9], where the non-linear
plasma profile evolution itself tends to create a pressure profile that avoids the instability.
The self-organization mechanisms between transport and gradients that could play a role
here are shown experimentally in [I0]. The idea is that Mercier criterion only gives informa-
tion of linear stability, because a stable situation with plasma confinement is found, although
nothing is said about the non-linear evolution of the plasma.

Further experiments on LHD have shown that magnetic well has also influence on island
dynamics. The decreasing magnetic well tends to increase the island size, while the increasing
one tends to heal the island [11]. High beta W7-AS plasmas were still stable under Mercier
criterion (see e. g. [12]), since this device appeared to be stable for high beta plasmas.

TJ-II is an almost shearless device [13], therefore the main stabilising term in is the
corresponding to the magnetic well. Changing the magnetic well is a knob to modify the
stability properties of the plasma. In a previous work, the effect of magnetic well scan on
turbulent flux was investigated in ECRH low density plasmas, showing an increase of such
flux, but without any remarkable impact on plasma confinement [I4]. In the present work
we explore the effects on plasma confinement of the reduction of the magnetic well taking
advantage of the flexibility of TJ-II in NBI plasmas. TJ-II allows one to explore magnetic
configurations with very low values of magnetic well and even, in some cases, with magnetic
hill, but keeping similar rotational transform profiles around the plasma edge [I], so that
the changes on stability properties depend only on the magnetic well scan.

This paper is organized as follows. Section [[1]is devoted to explain the properties of the

TJ-II stellarator, which makes this device appropriated for this study, and the analyzed



diagnostics. The Mercier criterion calculations come in Section [Tl and the experimental
results are shown in Section [Vl Section [V]is devoted to the Conclusions and the Discussion

of the results.

II. EXPERIMENTAL SETUP

TJ-IT is a heliac-type stellarator with an average major radius of R = 1.5 m and an
average minor radius (for the standard configuration) of a = 0.22 m (see [13]). It is capable
of confining plasmas lasting several hundreds of ms with a first ECRH heating phase with
two 53.2 GH z gyrotrons that deliver ~ 300 W in the second harmonic of X mode; and then
a NBI heating phase during which each injector can provide up to 600 MW . Although TJ-II
disposes of two NBI injectors, only one of them was available when the reported experiments
were carried out.

As it has been stated above, TJ-II is an almost shearless stellarator: this feature allows
one an accurate control of the low-order rational values that appear in the rotational trans-
form profile and makes magnetic well its main stabilizing mechanism [3], [1]. This makes
TJ-II a very suitable device to explore the stability thresholds by reducing the magnetic
well profile for similar ¢/27 profiles at the plasma edge. Figure [1| (a) shows the complete
ten-configuration family that has been explored in these experiments. It covers a wide range
of magnetic well conditions that cam be examined in Table[[} starting with optimal stability
conditions, with ascending positive well values along most of the plasma radius (configu-
rations 10044 64 to 100-44_77); then attempting cases with W (p) > 0 but dW (p)/dp < 0
for the outer plasma region p > 0.8 (from 100_44 84 to 9944 90) and, finally, three config-
urations (from 1004399 to 100.41_109) with negative and decreasing magnetic well along
most of the plasma column. In TJ-II, these numbers stand for the current that circulate for
the magnetic field coils as in TF_VF_CC. Fig. [I| (b) provides the ¢/27 profiles for all the
mentioned configurations, proving that most of them exhibit the 8/5 rotational close to the
p ~ 0.8 position.

For simplicity reasons, we will label the configurations with their magnetic well values
at the plasma edge (W(p = 1)). Fig. [l (¢) shows a drastic reduction of plasma volume
when we perform a scan decreasing the magnetic well value: the theoretically least stable

configurations are almost half of the volume of the most stable ones. Fig. [2| shows three
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Configuration| Magnetic Well (%) |Plasma Volume (m?)
100-44_64 2.36 1.096
101_42_64 2.35 1.079
100-44_70 1.66 0.991
100-44_77 1.11 0.847
10044 _84 0.54 0.771
09944 87 0.32 0.723
099_44.90 0.12 0.680
100-43-99 —-0.29 0.568
10042104 —0.53 0.511
100-41_109 —0.69 0.450

TABLE I. List of magnetic configurations explored during the experiments. The Magnetic Well

value is taken at p =1,

examples of how the vacuum magnetic field lines topology and plasma size change from the
bigger and almost symmetrical configurations (left) to the small and deformed low stability
cases. It is also seen that more stable configurations are also more symmetric, with respect
to the line that units the magnetic axis with the central conductor, than the less stable ones.
These changes in topology are accompanied by the appearance of larger magnetic islands

for the same magnetic perturbation introduced numerically in the configurations.

Turbulence at the plasma edge was studied using a rake-type Langmuir probe shown
schematically in Fig. [3| (a) and in a photograph (taken between two of the experimental
days) in Fig. |3| (b). The plasma sections shown in Fig. [2| correspond to the sector where
the mentioned Langmuir probe is located, and the dotted lines that cross the field lines
represent the access range of the probe for each configuration (also represented in a more
general way in Fig. |3 (c)). The probe consists of eight pins separated by 1.7 mm along the
radial direction as shown in the schematics of Fig. [3| (a). All the pins are set to measure
floating potential of plasma with a 2 M Hz sampling rate. Although the probe is at a fixed
position during each plasma discharge, it can be displaced several times in order to measure
floating potential profiles at different radial positions in the plasma periphery for similar

density and temperature conditions.



III. THEORETICAL CALCULATIONS

Here we show the Mercier criterion calculations for the configuration 10042104 which
has a magnetic well value in the edge of W = —0.53%, therefore it is supposed to be unstable
even for low pressure plasmas. As we will show in the following Section, we still obtain stable
plasmas in such a configuration experimentally as well as in those with theoretically worse
stability properties, which is an important result. Two types of pressure profiles are used
for the calculations, linear and quadratic with the normalized magnetic flux (see Fig. 14| (a),
where s = p?).

The shapes of the magnetic surfaces of three magnetic configurations of the family con-
sidered for this work have been shown in Fig. [2, where the Poincaré maps of the field lines
are shown. One can see in the Poincaré plots the onset of the rational 8/5 that appears at

the minor radius p =~ 0.8. The shape of the configurations also changes strongly.

When equilibrium is calculated using VMEC [15], it is observed that the magnetic well
is increased with plasma pressure and becomes larger for the quadratic profile. The plasma
becomes more stable, as can be seen in figure Fig. [4] (b), for the vacuum case and for the
former two types of pressure profile. Nevertheless this magnetic well increase is not enough

to stabilize the configuration in the Mercier sense.

We perform the Mercier criterion calculation for the case of the linear pressure profile
and < 8 >~ 0.3 %, which is of the order of the values we have used in our experiments.
The Mercier coefficient of Eq. |3, D,s, is negative along the whole minor radius and shows
a large minimum at the position of the ¢/2m = 8/5 resonance, showing that the mode is
strongly unstable, as can be seen Fig. 4| (¢). The effect of this mode on global stability can

be limited, since the fraction of the profile affected is small.

We perform a zoom of the Mercier coefficients (see Fig. [4] (d)) in order to explore the
effect of the different terms. The large minimum is dominant, showing some radial extension.
It can be seen that the Mercier coefficient D,; is negative along the whole minor radius,
which implies that the plasma is unstable everywhere, despite of the fact that the magnetic
well is positive in the inner radii. Having a detailed look on the figure, it is seen that the
shear and the current terms are very small, as expected, while the most destabilising term is
the geodesic curvature. Therefore, Mercier stability in TJ-II is a play between the stabilising

magnetic well and destabilising geodesic curvature.



We find that the plasma is Mercier unstable even in the inner radii, where the mag-
netic well term is positive. Experiments have been performed to explore the effect of such

instability on TJ-II plasmas.

IV. RESULTS
A. Stored energy and confinement time

The present results take into account tens of plasma discharges, with more than five
reproducible plasmas obtained in all the magnetic configurations described in Section [[I]
A set of diamagnetic loops allows us to measure the stored diamagnetic energy for all the
cases [22] i. Taking into account that plasma volume decreases drastically as we move from
the most Mercier-stable to the most unstable configurations, we study the evolution of the
stored energy divided by the plasma volume (density of plasma stored energy) instead of the
plasma energy itself. Fig. |5 shows the energy density for the NBI heating phase dividing
the data in three subgroups of common NBI-density values in TJ-II. Stored diamagnetic
energy for each density range was extracted shot by shot. The error bars correspond to
the dispersion of these data for a given magnetic well value. The density of stored energy
on magnetic well is weakly decreasing by the decrease of the magnetic well for these NBI-
plasmas. The effect seems to be stronger for the negative values of the magnetic well, being
more clear for the low and high density cases.

The decrease of volume and change of plasma shape along the magnetic well scan (shown
in Fig. [1] (¢)) affect the absorption of NBI power. The Monte-Carlo code FAFNER [16] has
been used to perform simulations for three electron density values to estimate the absorbed
power for six of the configurations used in these experiments. The absorbed power for the
four remaining configurations was obtained via polynomial interpolation of the simulated
data. The results are shown in Fig. [6] where it is seen that the deposited NBI power
depends on plasma volume almost as much as it does on electron density. The NBI power
deposited in the plasma is used to estimate the energy confinement time for each magnetic

configuration:

FE
Pabsorbed - dE/dt

(4)

T =
The energy confinement time is plotted in Fig. [7] A weak dependency of 7z with the
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magnetic well is seen, while the latter it is positive. Only a clear decrease of 75 is appreciated
in the last three configurations of the studied family, the most Mercier-unstable ones. This
result is not in contradiction with the behavior of the density of stored energy shown in Fig.
Bl The trend observed in Fig. [7] of increasing 75 up to the configuration with magnetic well
equals to 0.5 includes both, the magnetic well and the plasma volume, the latter increasing
almost linearly with the former. According to ISS04 scaling law [I7], the confinement time
increases almost linearly with the volume, since the major radius is constant in this device
and the confinement increases as the square of minor radius, which would explain the strong
dependence shown in Fig. [6], in contrast with the weaker shown in Fig. [f| For configurations
with magnetic well value larger than 0.5, the confinement improvement with the volume
does not appear due to the fact that the effective ripple is much larger in the plasma edge
of those configurations, making larger the neoclassical transport (see [18], [19] and [20]) and

compensating the improvement of confinement due to the increase of volume.

B. Shear layer position

The Langmuir probe described in Section [ was used to measure the floating potential
profiles shown in Fig. (a) when positioned at different locations between p = 1 and
p = 0.8. These profiles were obtained using data of several reproducible discharges, therefore
at similar conditions of electron density and stored energy during the NBI phase, but with
the Langmuir probe at slightly different radial positions. For clarity, Fig. (a) shows
floating potential profiles for three representative cases of the ten configurations explored
when the mean electron density is n.(0) = 2-107' m™3. These profiles are formed by several
(always more than five) individual profiles, each of them corresponds to a different Langmuir
probe radial position when reproducible plasmas were obtained. The dotted lines represent
the grade 3 polynomial adjusted to each case: the change in curvature (maximum) of this
polynomial is taken as the shear layer position for the given configuration and density.

When several (more than five) different individual floating potential profiles are extracted
for a magnetic configuration, the radial behavior of the profile is clear, and can be easily
fitted to a 3rd degree polynomial (black dotted lines in Fig. |8 (a)) with regression coefficient
R? > 0.9. This fit is accurate enough to take care of the change of curvature that determines

the shear layer position for each configuration, which gives the plasma boundary position



[21]. The amount of points contained in a density range varies from one discharge to another,
and this is taken into account by weighting the mean shear layer position and its dispersion
for each configuration and density. This procedure is repeated for all the configurations at
different electron density values and the obtained shear layer positions, which are compared
with the last closed flux surface position predicted via VMEC simulations.

We present in Fig. [§ (b) the measured shear layer postions against the LCFS calculated
with VMEC, showing a clear one to one linear dependency. Bigger (more Mercier-stable)
plasmas present a farther Last Closed Flux Surface (LCFS) position (more negative) and are
represented by the points in the left region of the graph, while in the smaller (less Mercier-
stable) configurations the absolute position of the LCFS is closer to the plasma core and
appear represented in the right part of the graph. The error bars come from the polynomial
adjust uncertainty: all the experimental points that fall into the error bar of each polynomial
maximum are averaged to give a shear layer position, with their dispersion is represented in
the error bars. The linear dependency exhibited between the calculated and the experimental
positiones means that the effect of reducing the magnetic well in limiting the plasma size is
negligible, if any. The same analysis of floating potential profiles acquired in other sector of
TJ-II and using different Langmuir probe gives the same result: the shear layer position is
not affected by the reduction of magnetic well, even in magnetic hill conditions. This means

that the possible effect of the magnetic well on the 8/5 rotational is nule or negligible.

C. Electromagnetic turbulence

Langmuir probes are also suitable diagnostics to measure the electrostatic turbulence.
Now we know the shear layer position for each configuration and we can study the turbulence
in the floating potential signals at this point with similar physical properties. We took the
root mean square (RMS) of the mentioned signals as a measure of the electrostatic turbulence
level and, again, analyzed its behavior for some fixed electron density values. The result of
this study is shown in Fig. |§] (a). For the same pins and signals (meaning the same shear
layer positions extracted using the method explained in Section a Fourier spectrum
(without electron density distinction) has also been computed (shown in Fig. [9] (b)). Both
analysis methods show a noticeable increase of the electrostatic turbulence, specially for the

three last magnetic configurations (the ones with negative magnetic well at the edge).
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Finally, in order to complete our results with the magnetic turbulence, we implemented a
similar Fourier analysis for one of the arrays of Mirnov coils in TJ-II. A detailed study of all
the cases, taking into account the heating conditions, leads to the appearance of a recurring
mode in the signals, whose frequency descends from ~ 160 kH z in the Mercier-stable TJ-II
standard configuration to =~ 50 kH z for the more unstable magnetic hill cases. This behavior
is show in Figures [10| (b), (c¢) and (d) for three selected NBI discharges at the most Mercier
stable configuration, a magnetic hill situation and a negative magnetic well configuration
respectively. Fig. (a) shows the Fourier analysis of the floating potential signals of the
Langmuir probe for the same magnetic well scan, although some more configurations have
been included in this figure. The results exposed in Fig. the frequency of this elec-
tromagnetic mode decreases as the magnetic well value lowers. Also, in general, the power
intensity of these modes seems to decrease slightly when the magnetic hill configurations are

compared with the Mercier-stable ones.

V. CONCLUSIONS

This paper reports on the results of several experiments devoted to the variation of the
magnetic well carried out in the TJ-II stellarator between 2013 and 2014. The family of
magnetic configurations chosen presents the 8/5 rational close to the edge and very similar
rotational transform profiles. The main result of our research is the operation of plasmas well
above the Mercier stability threshold, even under magnetic hill conditions. This plasmas
were not only obtained, but also repeatedly reproduced, giving similar properties. The shear
layer position is detected with Langmuir probes at the same position where it was expected
to be via VMEC simulations, which shows that the interchange instabilities do not play a
relevant role for edge plasma confinement.

Also density of stored diamagnetic energy appears to be almost unaffected by the decrease
of Mercier stability, although energy confinement time reduces when the magnetic well value
becomes negative at the plasma edge. Nevertheless this reduction can be attributed to
the decrease of plasma volume in the configurations with shallow well or hill. In fact,
the International Stellarator Scaling Law [I7] predicts roughly a linear dependence of the
confinement with the volume in TJ-II. For large magnetic configurations, the increase of the

magnetic ripple compensates this improvement.

10



Electrostatic turbulence measured at the plasma edge with Langmuir probes and magnetic
turbulence measured using Mirnov coils show an increase of electromagnetic activity in the
low magnetic well plasmas, as it had been previously reported in [I4] for ECRH plasmas. The
relationship between this increase in electromagnetic activity and the modest degradation
of confinement for plasmas beyond the Mercier stability criterion is unclear yet. The most
feasible explanation is that Mercier criterion only provides information about the linear
properties of interchange mode stability, saying nothing about the non-linear evolution.
Self-organization mechanisms between MHD modes and transport could explain the good

confinement of Mercier unstable plasmas in TJ-II.
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1 these magnetic signals, pointing to a electromagnetic nature of this phenomena.|
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B Probe sector
Configuration 100_44 64, W=2,26%
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FIG. 2. Poincar plots of the magnetic field lines for three of the explored configurations. The
magnetic island is created artificially by introducing a magnetic perturbation.
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FIG. 3. Langmuir probe: (a) Schematics of the probe system. (b) Recent photograph of the rake
of pins. (c) Plasma access region.
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FIG. 4. For the 100-42_104 configuration, with W = —0.53 % (a) Pressure profiles with the flux
used in the calculations. (b) Magnetic well profile calculated when the previous pressure profiles are
taken into account. (c) Calculated Mercier coefficients for the linear pressure profile. (d) Zoom
on the (c¢) panel to explore the behaviors of the Mercier terms and the v/2m = 8/5 resonance area.
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Den51ty of Stored Energy at the NBI phase
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FIG. 5. Density of stored diamagnetic energy during NBI heating with respect to the magnetic well
for three density values. It is only affected by the low magnetic well conditions for low density
stages.
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Absorbed Power vs. Volume and Density
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FIG. 6. NBI absorbed power (Fafner simulation) for three possible electron densities, n.(0) = 1,
2 and 3 -10m=3 for different plasma volumes. Non simulated configurations were adjusted by a

parabolic fit.
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Energy confinment time
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FIG. 7. Energy confinement time for three fixed electron density values shows little dependency on
magnetic well.
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Profiles for ne=2- 10 9m>3
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(a) NBI Phase (at the shear layer calculated position)
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FIG. 9. (a) RMS of the floating potentials at the shear layer extracted position for each configu-
ration during the NBI heating phase. (b) Fourier spectrum of the floating potential power for the

calculated shear layer positions (same pins and signals shown in (a).
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NBI2; B—2D innermost pin spectrum
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FIG. 10. Electromagnetic spectrum. (&) Fourier analysis of the floating potential of selected inner
radial positions at the Langmuir probe for several configurations of the magnetic well scan. A peak
with decreasing frequency as we go to Mercier-unstable situations can be appreciated in all the cases.
For (b), (c) and (d) Mirnov coil power spectrum, electron density, diamagnetic stored energy and
plasma current for three selected plasma discharges in the W = 2,24 % (b), W = 0,32 % (c)
and W = —0,53 % (d) configurations. A similar frequency decreasing mode can be seen in these
magnetic signals, pointing to a electromagnetic nature of this phenomena.
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