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José Luis Velasco for the TFIII Transport and stability, subgroup 1

Last revised: February 2, 2017

Radial electric fields are recognized to play a key role in several aspects
of stellarator transport. To start with, the correct calculation of the radial
electric field is typically a prerequisite for a reliable prediction of e.g. core
energy, core particle and impurity radial transport or the bootstrap current,
since it is one of the thermodynamical forces driving neoclassical transport.
Additionally, radial electric fields affect the particle orbits leading to changes
in the transport coefficients and stellarator-specific confinement regimes at
low collisionalities, such as Core Electron Root Confinement (CERC) [1].
In this document, the possible relevance of this for the goals of the OP1.2
campaign is discussed.

1 Background

CERC plasmas have been discussed at lenght before and after OP1.1, so only a few key
general features are summarized here:

• Low density ne, and peaked electron temperature Te, much larger than the ion
temperature Ti.

• Important contribution of the
√
ν regime for both species.

• Radial electric field Er positive and large (the size typically given by minus the
electron temperature gradient).

• Energy transport dominated by the electrons; particle transport controlled by the
ions.

These conditions were achieved in OP1.1, as demonstrated by direct measurement of
the radial electric field combined with electron energy power balances, see e.g. [2, 3, 4].
In [4], ECH-power steps were performed in order to achieve transition to ion root in
the core region; however, although the radial position of Er crossover from positive to
negative changed in agreement with neoclassical expectations, the transition in the core
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region was not verified, at least partially because of the low electron collisionality. The
higher densities expected for OP1.2 will most certainly allow the study of the transition
to ion root.

However, it is immediately apparent that CERC plasmas are of limited relevance for
the overall W7-X program, since high-density operation is considered to be a prerequisite
for maximizing the performance of W7-X plasmas. Somewhat more precisely, the main
features of CERC plasmas discussed above are probably at odds with those of the plasmas
required e.g. for the verification of the neoclassical optimization of W7-X, which we could
roughly summarize as [5]:

• High density, in order to achieve ion temperature similar to that of the electrons.

• Important contribution of the 1/ν regime.

• Radial electric field small and negative (the size typically given by the ion temper-
ature gradient and/or the density gradient).

• Energy transport is dominated by the ions; particle transport controlled by the
electrons.

The same probably applies to to plasmas around (above and below) the transition to
ion root, which may not comply with the two first bullet-points.

Still, studying the transition from CERC plasmas to high density fusion-relevant plas-
mas (going through ion root plasmas of relatively low density) may provide a unique
testbed for studying neoclassical transport and gaining confidence in its quantitative
predictions. Going from the conditions described above as CERC to the highest den-
sities predicted for OP1.2 consists on a quite wide scan in plasma parameters that are
relevant for neoclassical transport:

• From low to relatively high density (perhaps from flat to peaked), and from Te � Ti
to Te ∼ Ti.

• From dominant
√
ν regime to dominant 1/ν regime for both species.

• From large and positive to small and negative radial electric field.

• Ion energy transport from negligible to dominant; from ion as particle-flux-controlling-
species to electrons.

Such scans may result useful for gaining understanding on the neoclassical predictions:
while it is of course important to focus on the most relevant high-density scenario, we can
probably be more confident in quantitative predictions if they agree with measurements
in a certain range of plasma parameters (a range that should not be too wide but
neither too narrow). On the other hand, the parameter dependence of quantitative
disagreements, if any, can shed light on the physics behind them.
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One reasonable concern is that it may be difficult to perform scans that are gradual
enough for a study as discussed in the previous paragraph, given that the transition
consists basically on a bifurcation. However, things may be smoother than what has been
outlined before. For instance, plasmas in which Er is positive but small, and therefore
where there is no improvement of electron transport (and thus not very peaked Te) have
been reported in TJ-II [1] and Heliotron-J [6]; this may have to do with a non-negligible
contribution of the 1/ν regime to electron transport. In OP1.1, radial regions in which
Er is positive but small (more precisely, comparable in absolute value to the negative
values of outer regions) were measured and predicted by neoclassical simulations, e.g. [3].
In W7-AS, a region with positive ion root was measured in plasmas with hollow density
profiles [7].

2 Er validation

As it is well known, the radial electric field of stellarators far enough from quasisym-
metry can be predicted by neoclassical theory imposing ambipolarity of the neoclassical
fluxes. As in [5], neoclassical calculations require complete radial profiles of ne, Te, Ti
and at least an average value of the effective charge. Comparison between neoclassical
predictions (NTSS, DKES,SFINCS, and FORTEC-3D) of Er and measurements from
several diagnostics were already performed after OP1.1, and should be straightforward
to extend these analyses to OP1.2 plasmas. It is noted that, in order to model accu-
rately the radial position and width of the transition region between electron and ion
root, a radially-global code such as FORTEC-3D may be required. The same applies to
confinement modes such as the H-mode, if found at higher densities.

3 CERC/transition to ion root

While the potential relevance of a scan around the electron-to-ion root transition can be
argued for many theoretical predictions, from now on we focus briefly on four issues. The
first three are tangential to topics considered crucial for preparation of reactor operation.
The last three are also matter of study of different Task Forces and subgroups and of the
experimental proposals discussed within them (in the next section, a list of experimental
proposals that cover at least partially ideas mentioned here is provided).

3.1 Validation of booststrap current predictions

In bootstrap current simulations, both the ion and electron contributions have to be
calculated, but their relative relevance may depend strongly on the plasma regime, see
e.g. [8] and refs. therein: very roughly speaking, for ion root plasmas, the negative
radial electric field partially cancels out the ion channel while adding an additional
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contribution to the electron channel; for electron root plasmas, the positive radial electric
field partially cancels out the electron channel while adding an additional contribution
to the ion channel. A scan from CERC plasmas to higher densities may thus, to some
extent, allow to validate independently the predictions of the ion and electron bootstrap
channels. This would allow to circumvent the lack of separate measurement of the two
contributions, as the Rogowski coils will measure the total current and CXRS, which
provides measurements of the ion contribution with radial resolution, will probably not
be available for all the discharges.

3.2 Particle transport and density control

Potential core depletion, common to other helical devices, may be exacerbated by some
aspects of the optimization criteria of the helias line [9] if core particle transport is
dominated by neoclassical effects. Although the documentation available is scarce as
compared to that of energy transport (due to the difficulty of measuring the particle
source), it is generally considered that in CERC plasmas the particle transport estimated
from particle balance does not comply with neoclassical predictions, as a an unphysically
large and radially non-monotonic particle source would be required in order to maintain
the density profile (in other words, the density profile CERC plasmas is flat or even
hollow, but it should be even hollower according to neoclassical theory). On the other
hand, it is considered that the predictions of neoclassical predictions theory are more
accurate at more fusion-relevant higher densities, e.g. [10]. This means that a scan from
CERC plasmas to higher densities could lead us from a situation in which core particle
transport is not understood to a situation where it is, at least qualitatively. Such scan
might shed some light on the physical causes of discrepancy at low densities and thus
allow us to rule out the possibility (small, but perhaps not absolutely negligible) that
they are relevant for reactor scenarios.

3.3 Impurity transport

Standard neoclassical simulations typically predict impurity accumulation in ion root
plasmas and impurity expulsion in electron root plasmas due to the Z-dependence of
thermodynamical force which is proportional to Er; recently, the contribution of other
thermodynamical terms such as the ion temperature gradient is being studied more in
detail [11, 12, 13], as well as other corrections to standard neoclassical theory, e.g. [14].
The transition from electron to ion root is a scenario in which several of these terms
can be scanned. In particular, plasmas close to the transition, with small Er along
a significant part of the minor radius, could be a testbed for studies of corrections to
standard neoclassical theory such as the variation of the electrostatic in flux-surfaces, as
they may become relatively more prominent.

3.4 Effect of neoclassical transport on turbulence

CERC plasmas are characterized by large radial electric fields, which typically come
accompanied by large Er shears, specially close to the cross-over to ion root. It is
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generally accepted that sheared E × B flows are likely to reduce turbulence levels, in
particular facilitating access to H-mode, e.g. [15, 16]. Plasmas around the transition
from electron to ion root may thus be a scenario where this physics can be studied.
Indeed, reductions in the level of turbulence were detected in transitions to CERC in
CHS [1] and are currently being studied for TJ-II. While perhaps not instrumental
for the transition, this reduction of turbulence may contribute to the total observed
improvement of energy confinement. Since the modelling tools for turbulent transport
have substantially improved in the last decade and are starting to provide estimates of
energy flux in realistic stellarator plasmas, this is probably a feature worth studying.
For the same reason, even if the behaviour of turbulence in the sheared radial electric
field of CERC plasmas proves itself fundamentally different from that of e.g. H-modes,
the activities of validation of gyrokinetic simulations in stellarators will probably benefit
from as much experimental input as possible.

4 A brief comment on magnetic configurations

Scans in the magnetic configuration were performed for CERC plasmas of OP1.1 [4]
and, as predicted, little dependence was observed in radial transport since the CERC
feature was considered to mask the effect of different values of the effective ripple. As
the density is increased, differences will become more apparent, as noted in [5].

5 Existing experimental proposals

Below there is a (non-exhaustive) list of already existing experimental proposals that
cover at least partially the topics discussed in this document, or that make explicit use
of a scan between electron and ion root plasmas.

In preparation within TFIII.2

• Effect of the Radial Electric field on impurity transport. N. Pablant (PPPL).

• Measurement of Core Impurity Fluxes A. Langenberg (IPP).

• Plasmas close to impurity temperature screening in W7-X. J.L. Velasco (CIEMAT).

• Detailed formulation of the neoclassical impurity transport in W7-X. N. Tamura
(NIFS).

In preparation within TFIII.3

• Study of the turbulence aspects in the transition from negative to positive Er in the
plasma core. A. Kraemer-Flecken (FZJ).

• Radial electric field profile dependence on magnetic configuration and plasma sce-
nario. J.L. Velasco (CIEMAT).
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• Characterization of the level of density and radial electric field fluctuations. E.
Sánchez (CIEMAT).

• Transition TEM to ITG dominance. G. Weir (IPP).

Others

• ECH power threshold of CERC transition in W7-X and comparison with LHD. S.
Satake (NIFS).

References

[1] M Yokoyama et al., Nuclear Fusion 47 1213 (2007).

[2] T Klinger et al., Plasma Physics and Controlled Fusion 59 014018 (2017).

[3] N Pablant et al., 43rd EPS Conference on Plasma Physics, Leuven, Belgium (2016).

[4] A Dinklage et al., 43rd EPS Conference on Plasma Physics, Leuven, Belgium
(2016).

[5] C D Beidler, last meeting.

[6] T Minami et al., 16th CWGM, Madrid, Spain (2017).

[7] R Brakel et al., Plasma Physics and Controlled Fusion 39 B273 (1997).

[8] J L Velasco et al., Plasma Physics and Controlled Fusion 47 115014 (2011).

[9] H Maassberg et al., Plasma Physics and Controlled Fusion 41 1135 (1999).

[10] A Dinklage et al., Nuclear Fusion 53 063022 (2013).

[11] N Tamura et al., 58th Annual Meeting of the APS-DPP, San José, CA (2016).
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