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M3MepeHust 3JeKTPHYECKOro MOTEHIANa ¢ MOMOUIBIO 30HAMPOBAHMS IMydKkoM TkENbIX noHOB (HIBP) mns cepum paspsmos ¢ DLIP-
HarpeBoM Ha ctesuiaparope TJ-II cpaBHUBAOTCS ¢ HEOKIACCHYECKUMHU MOJEIAMHU. [loydeHo KauecTBEeHHOE coraacue Mexy npodus-
MH SJIEKTPUIECKOTO IOTEHIHala, U3MepeHHbIMU ¢ momornsio HIBP, u TeopeTnuecknmMu MOJEISIMH, MCHONB3YIOMUMH CTaHAAPTHYIO
BeNIMUMHY 3 deKTHBHOI BUHTOBOH rodpupoBky. M3MepeHHbIe 3HAUSHHUS MMOTEHIMANa TaKkxke OJIM3KH K PacCUUTaHHBIM IO JpeiidoBo-
kunerndeckomy kony DKES. TToka3ano, 4To paccunTaHHbIe KOI(QQUIMEHTH HEPEHOCa YyBCTBUTENBHBI K POQHIT0 3P (eKTUBHOIT BUH-
ToBOM TodppupoBku. [Tondupast pagnanbHbI PoduiIb 3PHEeKTHBHON BUHTOBOH TO(QPHUPOBKH, MOXKHO YIYUIINTH COTJIIACHE C DKCIIEPHU-
MEHTAJIbHBIMU JaHHBIMH.

Kirouessle cioBa: cremaparop TJ-1I, Heoknaccuueckuii nepeHoc, MOJENTUPOBAaHHE, MIEKTPUUECKUI NOTeHIHal, quarHoctuka HIBP.

INTRODUCTION

As proven by several scalings, similar power dependencies of transport coefficients and fluxes are found for
different current less devices despite their different design criteria. This is a strong indication for similar under-
lying transport processes. For example, the design of the TJ-II stellarator aimed at the magnetic flexibility in
terms of rotational transform and magnetic well but not at transport optimization, while the W7-AS device
aimed at reducing neoclassical losses. The two devices are very different in terms of neoclassical transport lev-
els, but the dependencies of electron heat transport on input power are quite similar [1, 2]. Thus, neoclassical
diffusion seems to explain transport in the core plasma, while a significant anomalous component is found as
one approaches the plasma edge. In general, it can be said that transport in stellarator/heliotron devices follows
the trends captured in the International Stellarator Scaling ISS04 [3], where it was suggested that the main dif-
ferences in the transport levels reached by each device were related to the effective helical ripple. This is a
measure of how the in homogeneities of the magnetic field modulus on each flux surface affects transport losses
in the low collisionality regimes.
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There are many indications that the neoclassical (NC) theory of transport is adequate for current less devices
as a component of transport fluxes of particles and heat, but there are not many systematic comparisons. Some at-
tempts to use neoclassical approach for the modeling of the experimental observations [4—6] have shown that in
selected plasma regimes neoclassical estimations reasonable concord to the observations [7]. In the TJ-II device,
the characterization of plasma potential to date has been based on qualitative comparisons, like low/high density
[8] and low/high electron cyclotron resonance heating (ECRH) power [9]. Numerical calculations of the neoclassi-
cal transport coefficients have been done with «prototype» profiles paying also attention to low/high density plas-
mas [10—13]. Some comparison between experiments and neoclassical calculations have been devoted to the
formation of electron internal transport barriers (e-ITB) [14] or the so-called «core electron root confinementy
(CERC) [15], which in the TJ-II case is too vague a description for the e-ITB phenomenon as will be shown also
here. Other calculations and comparisons with the experiments have been included in the inter-machine bench-
mark [16—18] of neoclassical transport or in specific cases, like a comparison of the thresholds for transport barri-
er formation in NBI plasmas depending on the presence of magnetic resonances at the edge [19], and the compari-
sons between experimental particle flux and neoclassical simulations in plasmas perturbed with pellet injection
[20]. As a basic general result, it could be said that it «looks like» neoclassical theory plays an important role in the
core plasmas of stellarators and the corresponding radial electric fields are «reasonably close» to the experimental
values when available. Disagreements in the comparison between theory and experiment, if properly estimated,
would be very valuable as indications of physics not accounted for in the derivation of neoclassical formulations.
A basic example would be that the departure of the distribution function of some plasma species from being Max-
wellian is larger than expected, so the disagreements might depend on the plasma heating methods.

The confrontation of experimental and theoretical transport coefficients is generally difficult, often impos-
sible, partly due to the uncertainties in the particle and heat source profiles. On the other hand, under the as-
sumption that only the neoclassical fluxes are non-intrinsically ambipolar, the radial electric field offers a singu-
lar opportunity for the comparison between theory and experiments. The change of root in TJ-II plasmas agrees
well with neoclassical expectations based on collisional transport fluxes [21, 22] and a reasonable agreement
with analytical formulations has been found at the only expense of adjusting the effective helical ripple [23].
This last work has motivated going a step further, trying to refine the results based on more experimental data
and adjusting also the transport coefficients that come out of the analytical formulae. If a reasonable degree of
predictive capability can be obtained for the demanding TJ-1I magnetic configurations, it is very likely that pre-
sent neoclassical formulations can be adjusted for other devices and become reliable formulae for interpretative
transport analyses, where a reasonable estimate of the neoclassical part can help in determining anomalous
components. This might be especially useful when there are also measurements that can be related with some
form of turbulence. On the other hand, any mismatch between theory and experiment should be the motivation
for further research in order to uncover the reasons.

The present paper is a first step on the systematic confrontation between measured plasma electric potential
profiles and theoretical estimates. We start this task in mid-density plasmas of the TJ-II heliac, i.e. plasmas with
densities around the cut-off (~1.4-10" m™) for the propagation of electron cyclotron waves: measurements of
the plasma potential profiles obtained with a heavy-ion-beam probe diagnostic (HIBP) are compared with those
obtained from the analytical model [24] used in a previous work [13] for the neoclassical transport coefficients,
again taking the effective-ripple profile &.¢r as the knob to approach the TJ-II geometry; and also with more ac-
curate neoclassical calculations performed with the DKES code [25].

Therefore, there are two levels of benchmarking: among experiment and models and among codes. This last
aspect, already started in [13], has been taken a step further in order to exploit the convenience of the semi-
analytical models based on neoclassical formulations for transport studies.

This paper is organized as follows. In the next Section, we describe the available experimental data for TJ-
IT used in this study. Then we explain the neoclassical modeling of the experimental data and compare modeling
with experiments. Finally, we discuss the results and give some conclusions.

EXPERIMENTAL DATA

The experimental data to be compared with neoclassical modeling come from two different experiments with
good reproducibility: (i) broad ECRH discharges with continuously varying density and (ii) on-axis ECRH dis-
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charges with two stationary stages. Both experiments have line averaged densities 77> 0.4:10" m™ and central
electron temperatures ~1 keV. The core ion temperatures, around ~0.1 keV, vary in these plasmas with a weak
proportionality with the average density. The wall conditioning consists of lithiumization on a previously B-coated
first wall. The working gas is hydrogen. The magnetic configurations have large volume and rotational transform
profiles above the main resonance /27t = 3/2, with the typical low magnetic shear of TJ-II vacuum configurations.

Discharges with broad ECRH. The discharges belong to an experiment on HIBP measurements where the
plasma-facing mirrors of two gyrotrons delivering nominally 220 kW each, aim towards pgcyx 2 0.6. The heating
deposition profile is expected to be very broad due to poor first pass absorption. The broad heat deposition has two
main advantages for our purposes: (i) it eases approaching the density cut-off value for ECRH without 7,1oosing
control of the density evolution, and (ii) pump-out loss-

es that might be significant in well-focused on-axis 2.0 sl

ECRH discharges are expected to be reduced. This sec- s 15 NBI

ond advantage should avoid that escaping high- f g 0
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configurations, labeled 100_44_64 and 100_46_65 in Time, ms

. . . Fig. 1. Time traces of electron densit and approximate elec-
the nomenclature of the TJ-II field-coils settings, which g y (ne) PP .
tron temperature (7e) based on the central electron cyclotron emis-

are equivalent in terms of effective helical ripple and  gjon (dashes) for three discharges (one color each) of experiments
neoclassical mono-energetic transport coefficients [12].  with broad ECRH

Different densities were obtained through pre-

programmed gas puffing waveforms. Electron density and electron temperature profiles were obtained with the
Thomson Scattering (TS) diagnostic and the line averaged densities were obtained from interferometry using two
different methods to count the fringes with very similar results. Fig. 1 shows the time traces of line-averaged elec-
tron density and an approximate central electron temperature (the ECE diagnostic was not absolutely calibrated)
for three discharges of the set, where the density increases during the final part due to the start of co-injected NBI.
Data considered in this work correspond mostly to line-density values up to the ECE cut-off, conditions in which
the NBI heat deposition is either zero or small (<50 kW) with respect to the ECRH. The highest densities are often

reached quite rapidly, with values of the characteristic time [(1/ n,)dn,/d t]_l ~ 20 ms, which is close to the slow-

est scanning HIBP time per profile (10 ms). Therefore, HIBP profiles corresponding to the highest densities are
less reliable and more variability than at lower densities (77 <0.9-10'"" m™) is expected.

The density and electron temperature profiles were built based on a Bayesian approach [26] that allows for
the combination of several diagnostics. Unfortunately, the ion temperature and edge values could not be ob-
tained in this set of discharges. We have used another set of previous discharges also heated by ECRH with
pecu 2 0.6 and similar densities (table). This set has been used to obtain the edge density and electron tempera-
ture, n., and 7., respectively, and the core ion temperature, T;. The electron density and temperatures from the
TS system are reliable up to p ~0.7 in these discharges due to the small densities in the outer plasma region. He-
lium-beam data have been used to have a better determination of the edge values.

Discharges from the 24-Nov-2016 experiment (V) = 0, pecu = 0.64, configuration 100_44_64, Prccu = 240 + 240 kW). Line densities
(7. ) and central ion temperatures (7io) are time averages during, respectively, 2 and 5 ms (see Fig. 2)

Discharge Time, ms 7, 10" m3 T, eV Tea, 10" m3 Tea, €V
42 767 1118.5 1.11 — 0.12+0.06 22+ 8
42 772 1131.5 0.62 110 0.10£0.04 45+ 11
42 772 1157.0 1.30 143 0.25+0.20 10+5
42 775 1131.5 1.00 130 0.09 +£0.05 38+11
42 784 1111.5 0.59 110 0.09 £ 0.04 54+ 11
42 784 1133.0 0.83 116 0.09 £0.04 51+13
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Since the bulk ion temperature in ECRH TJ-1I plasmas increases with line density at fixed power, we have
adjusted T} (Fig. 2) in order to obtain a fit that will be used to obtain the ion temperature for any of the densities
in the experiment with broad ECRH. Based on the experience that the ion temperature profile 7y(p) is similar to
the density one, n.(p), when ECRH dominates [27], we have chosen a formula that is based on #. but permits
fixing the edge ion temperature to a fraction of the electron edge temperature, here set to 70%,
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94

0.053+0.03257,
0

Li(p)= [ne(p)—p“nea]+0-7prea, (1)
where a and b (~1) are powers that serve occasionally
to make 7; < T, near the edge. Observe also that the
core value follows the fit in Fig. 2. The near-edge ion
temperatures are thus compatible with the values
found in [28, 29], but the profiles Ti(p) are still not
well determined and this is acknowledged as the
main uncertainty in these experiments. Consequently,
this is also a source of uncertainty in modeling the
ambipolar electric potential.

Two variants of the input data will be used in Sec-
tion «MODELING». Contour maps of the plasma po-
tential calculated by the models will be compared with
analogous maps from experimentally obtained plasma
potential profiles. The calculations will be based either
on profiles coming from individual discharges of dif-
ferent densities, or from averages. In the first case, and
since there is only one bring of the TS laser per dis-
charge, the electron density and electron temperature
profiles are taken at different densities from similarly
evolving discharges (see Fig. 1). Fig. 3 shows some of
the profiles thus obtained (see Fig. 4 for uncertainties
in the profiles, and also Fig. 2 in [13]). In the case of
profiles coming from averages we group the discharg-
es according to similar values of the line density at the
relevant time so as to obtain representative TS pro-
files n.(p) and Te(p), and the corresponding neoclas-
sical transport coefficients and electric fields from
DKES. Using 10" m™ as density unit, we have the
following groups of «density (discharges)»:

— configuration 100_44_64: 1.4 (46979), 1.2
(46 966, 46 976—46 978), 1.0 (46 967—46 968), 0.8
(46 969—46 971) and 0.6 (46 972—46 975);

— configuration 100_46_65: 1.4 (46 992—
46 993), 0.9 (46 994—46 995), 0.7 (46 996—46 997)
and 0.6 (46 998—47 000).

All the previous discharges have HIBP data in
scanning mode, i.e., plasma profiles are available for
all the near-stationary phases of the plasma. Since the
scanning times from low to high-held side range from
10 to 20 ms, each profile is obtained during half these
times. Therefore, the scanning can be taken as corre-
sponding to steady plasma, if the evolution is slow
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enough. In the worst case (10 ms per profile) and taking the line density as proxy for the plasma evolution, we
can set a limit at n, /(dn, /dt) <20 ms.

Two-stage on-axis ECRH discharges. Another experimental set has been obtained from repetitions of
two-stage discharges under on-axis ECRH only. In this case, the plasmas can be considered perfectly stationary
for practical purposes. During a first stage, two ECRH lines are active delivering 220 + 240 kW and the gas-
puffing waveform is set so as to keep the line averaged density constant for nearly 100 ms. Then the 240 kW
gyrotron for ECRH is turned off, and the gas puff is changed in order to have an approximately constant but
higher density during a second stage. Therefore, the two stages can be characterized by different collisionalities:

— Ist stage: lower collisionality, 7, ~ 0.45:10" m™; T.(0) ~ 1.2 keV;

— 2nd stage: higher collisionality, 7, ~ 0.75:10" m™; 7.(0) = 0.9 keV.

The choices of densities and temperatures respond to the experience that, in the lower collisionality regime (1st
stage), the radial electric field remains in the neoclassical electron root (£, > 0) regime in all of the plasma volume;
while in the higher collisionality regime (2nd stage) part of the plasma in the outer zone is in the ion root (£ <0).

Plasma profiles shown in Fig. 4 charge-exchange have been built for each one of the two stages of this set
of discharges. Owing to repeatability, TS-profiles have been combined with interferometry and He-beam data
for groups of discharges with line densities in the ranges 0.49 + 0.03 (1st stage, 15 discharges) and 0.71 + 0.05
(2nd stage, 13 discharges), always in units of 10" m™. As in the previous experiment, the profiles have been
adjusted with Bessel functions of 4th order (electron density) and 3rd order (electron temperature); but the ion
temperature is not well determined. Measured core values are found around 0.09 + 0.01 keV although the neu-
trals energy spectrum obtained by the charge-exchange (CX) diagnostic can hardly be explained with just one
slope (one thermal velocity). Therefore, the experimental profiles have been defined again using Eq. 1, but ex-
changing the fitting value by 7;(0) values compatible with the measured core temperatures.

Since in the two experimental sets 7;(p) is poorly determined, the comparison with HIBP measurements of
the plasma electric potential will be done also based on a self-consistent ion temperature profile as explained in
Section «MODELING».

HIBP measurements. In what follows we use two sets of HIBP data. The diagnostics worked in scanning
mode during the discharges with broad ECRH (see subsection «Discharges...») using periods of about 5 ms per
profile (10 ms going from the extreme low to high field sides) and 7 ms per profile in some cases [30]. In the two-
stage discharges (subsection «Two-stage...»), where plasmas were very steady, a larger scanning period was taken
(=15 ms per profile) in order to allow for local measurements of fluctuations with the purpose of elaborating a two-
dimensional map of electrostatic data [31]. Here we are only interested on the data taken by the diagnostics following
a scanning line that passes close to the magnetic axis in order to obtain the plasma electric potential ¢(p).

MODELING

Experimental density and temperature profiles are taken as input to obtain the radial electric field according
to the formulation given in [24, 32]. Here we briefly remind that the authors provided expressions for the mono-

energetic particle fluxes in the three typical low-collisionality regimes of stellarators, Dy, o 1/v,D Nk v/ E;

and D, ocv/ E,% . We obtain numerically the convolution of these coefficients with the Maxwellian distributions
associated with the input temperature profiles. The results converge if the convolution integrals extend to three
or more thermal speeds [22]. Once the transport coefficients are obtained for the thermal species as functions of
the radial electric field, the ambipolarity condition of null radial current is solved by equating the collisional
radial fluxes of electrons and ions, I'.(E,) = ' E,), and the radial electric field is obtained. This, in turn, is inte-
grated radially to obtain the electric plasma potential in order to compare the results with the experimental pro-
files. The radial electric field and plasma potential are related through the flux-surface averaged gradient of the

vacuum flux-surface radial coordinate, E,.(p) =—-Vo(p) =—0,0{Vp|)(p).

As mentioned in the Introduction, we consider the neoclassical formulations as correct except for an unde-
termined effective ripple, .i(p), which will be adjusted in order to reproduce the experimental results. It must
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be reminded that there is flexibility in the choice of &.irbecause the radial electric field is rather robust in this
respect, while the changes in ripple have a stronger impact in the resulting transport coefficients.

Finally, as part of the study we have let the neoclassical modeling replace the uncertainties in the ion temperature
profiles. Therefore, in the results that follow we show the calculated plasma potentials based on (i) all the experimental
profiles or (ii) only the well-characterized electron density and electron temperature profiles with an evolving ion tem-
perature profile given by the neoclassical model itself. How Ti(p) is determined in case (ii) is explained next.

Transport calculations for TJ-II are commonly done using the ASTRA suite [33] where the geometry is rep-

resented by diagonal, flux-surface averaged metric coefficients like (|Vp|)(p). The calculations of the ambipolar
electric field and corresponding neoclassical transport coefficients according to different models have been in-

cluded in ASTRA [22]. The experimental density and temperature profiles are inputs for the evaluation of E,,
but in some cases we have substituted the ion temperature by its evolving profile under the following considera-

tions. The ion heat fluxes are due to a neoclassical thermal diffusivity, X,NC, plus an anomalous contribution. To

make things simpler, the latter is not based on a physical model but on a simple function that gives additional
heat fluxes near the edge. Therefore, we set an ion heat transport coefficient

NC 4
X=X, +2p )

and a corresponding ion heat flux oc x;n0,7;. Since there is no direct ion heating mechanism in the present dis-

charges, we set Coulomb collisions with the electrons and charge-exchange losses as the only ion heat sources,

R=P,-F™ (3)

The term fl’c X requires profiles of neutral density and temperature. Since this term is not dominant and, for our

present purposes, we just need a reasonable ion energy sink, we have obtained such profiles from a calculation with
EIRENE [34] assuming a typical particle confinement time of these discharges [2, 35]. Typical net CX power losses
are at most a few kW in these plasmas, much smaller than electron-ion heat exchange. It will be seen, however, that
predicted core ion temperatures are considerably higher than those obtained with the CX neutral particle analyzer.

As a comparison point, other neoclassical computations have been done using the kinetic equation through
DKES code. In the integration of the monoenergetic diffusion coefficients over Maxwellian distributions the
experimental profiles are used, but due to the uncertainties in 7i(p), this profile was varied by a constant factor
in order to achieve the convergence of the integrals in some cases. The well-known problem with DKES is the
difficulty in converging at low collisionalities and thus this is an important source of inaccuracy in our results
using this approach. Just as in the Astra computations, the radial electric field is obtained from the ambipolarity
condition and the right root is determined by minimization o the heat production rate [17].

COMPARISON BETWEEN MODELS AND EXPERIMENTS

Experimental results. Fig. 5 shows contours of the measured plasma potential as a function of averaged
line-density and normalized minor radius for three TJ-II discharges: Ne 46 969 (HIBP scanning at
7.5 ms/profile), Ne 46996 (10 ms/profile) and Ne 47000 (5 ms/profile). All of them correspond to the experi-
ments with broad ECRH deposition and their density and temperature profiles are similar to those of Fig. 1.
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Fig. 5. Contours ¢( 71g, p) of the experimental plasma electric potential profiles as a function of the line-averaged density in three TJ-II
discharges (a — Ne 46 969, b — Ne 46 996, ¢ — Ne 47 000) with broad ECRH. Thin dashed lines mark ¢ = 0
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The variation of plasma potential with density is quite similar among discharges for 7, < 0.9-10" m™.

Core values ¢(0) = 0.8 kV are found at the smallest densities when the plasma potential is everywhere positive.
Negative values start to appear with small increments of the density and the plasma central potential decays to
null voltages around 77, = 0.8:10" m™.

The variability is larger for higher densities. This could be due to the poorer stationarity mentioned in Sub-

section «Discharges...». Still, we can see that the voltages are very small at 0.8 <7z, < 0.9 (x10" m) and nega-

tive voltages of a few hundred volts are reached in the core region when the density is further increased.
Plasma potential profiles obtained in one of the

repetitions of the two- stage discharges are plotted in 1.0,

Fig. 6. The near-edge values from HIBP are found to 0.8

be in agreement with the values obtained using a

Langmuir probe, although the uncertainty of the 061

HIBP profiles is larger in this plasma region. Accord- 2 0.4.

ing to the measurements, there is no essential differ- ¢&

ence with the profiles obtained with broad ECRH: in 0-24

the two-stage discharges we find ¢(0) = 0.8 kV at n.(0) O_—-WM‘
~ 0.6:10" m™, similar to Fig. 5 where this central o2

density value corresponds to average density 0 02 04 0.6 0.8 10
~0.5-10" m™. Actually, core temperatures are quite P

Fig. 6. HIBP profiles of the plasma electrostatic potential ¢(p) in each

similar: 7,(0) = 1.2 keV in both types of experiments
(see Figs. 3, 4).
Neoclassical calculations. The calculations to be

of the two stages of TJ-II discharges with on-axis ECRH:
Ist stage, Teo = 1.2, Tio = 0.08 keV, neo = 0.6-10" m3 (red);
2nd stage, Te0 = 0.9, Tio = 0.09 keV, neo = 0.8-10'° m =3 (blue)

compared with the experimental data of the previous sub-section have been performed in two different ways. The
analytical formulation [24] has been used to reproduce either (i) the experimental profiles or (ii)) DKES results. In
both cases we have used the effective ripple, e.(p), to modify the calculations. In case (i) we have simply searched
for one effective ripple that allows us to approximate the experimental plasma potential profiles in all the data at
once. In case (ii), we have imposed e profiles like those found in the literature for the TJ-II stellarator, which, as
we shall see later, give E, and diffusivity values on the order of those obtained numerically with DKES.

We begin by showing the results of the neoclassical formulation on different sets of data when e is adjust-
ed in order to approximately match HIBP values. The four boxes in Fig. 7 illustrate the results in several vari-

ants of the calculations with an effective ripple of 10
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o
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which is around ten times smaller than the rip- £ 028 = o4 02
. . . o o
ple found numerically in the literature for TJ-II = 04 0o = 0
configurations [12, 17, 36]. The evaluation of EO- 02 § 02 ij
¢(p) is based on the integral of E, from the -04 0 ' '
. 06 08 10 12 14 06 08 10 12 14
plasma edge, where there is an unknown value Line density, x10" m 3 Line density, x10'° m™
¢s = @(p=1) not accounted for in the models. 1.0 08 1.0 08
In order to make a comparison with experi- £, 06 ;§0.8 06
mental values we present the results of the cal- 206 045> o6 04
culated ¢(p) with an offset ¢, taken from the g ' 02°¢ 204 02
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experimental data near the edge, (pEHBP. In the Tg 02 02 Téo.z 02
top panels (see Figs. 7, a, b) we show the cal- Z 0 : 04 2 : ; -04
culations based on averaged experimental 06 08 10 12 14 06 08 10 12 14

Line density, x10' m™ Line density, x10' m™

profiles. The densities start at 7, =0.6:10" : ) .
Fig. 7. Contours of the calculated plasma electric potential profiles in TJ-II

m > because this is the smallest one in the set of
averages. In the first case (see Fig. 7, a), the exper-
imental profiles have been used as explained in
Subsection «Discharges...». Low-density poten-
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discharges with broad ECRH using ¢(7,, p) small ripple Eq. 4: (a) aver-
aged experimental profiles in groups of similar density; (b) the same except
that 7i(p) is obtained from ion energy balance; (c) individual experimental
profiles from different discharges; (d) the same except Ti(p) from ion ener-
gy balance. A thin dashed line marks ¢ =0
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tials are in fairly good agreement with the measurements shown in Fig. 5, but high density values seem underesti-
mated in magnitude. When the ion temperature is allowed to evolve using the diffusivity and heat sources of Egs. 2
and 3 we obtain higher ion temperatures during the stage of higher densities and correspondingly lower core plas-
ma potentials (see Fig. 7, b). The results from the neoclassical formulation are still acceptably similar to the meas-
urements when profiles from single discharges at different densities are used instead of averages (bottom pan-
els). The core values @(0) ~ 0.7 kV at the smallest density are somewhat larger than the experimental ones,
@(0)™? ~ 0.6 kV. Negative values also start to appear with small increments of the density but now the plas-
ma center decays to null voltages at lower values of around 77, = 0.9-10" m™. As in the case with averaged

density and temperature profiles in panels (see Figs. 7, a, b), the experimental 7; gives smaller magnitude of the
negative plasma potential at the highest densities (see Fig. 7, ¢) than the evolving 7; case (see Fig. 7, d), but even
this latter case yields core plasma potentials ~ —0.25 kV that are smaller in magnitude than the experimental values,
~-0.40kV.

The magnitude we are normally interested in is not the plasma potential, but the radial electric field. Radial
derivatives amplify the uncertainties, which is the reason why we have made a comparison with the plasma poten-
tial so far. Despite this, we make the comparison of radial electric field profiles in what follows.

In the two-stage discharges where we can use averages of the profiles for the modeling of Er, potential pro-
files @(p) can be obtained with small errors, while the experimental ¢"'®" is quite accurate thus a fairly reliable

1.0 i | v v 10
L a -

0.8 £
z | -
E“ 0.6 %
g ‘ S
S 04 2 0 —
=% 3]
.2 L
B [5) b -
3 0.2 = -
o : =
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| ~10 | I | |
0.2 0 0.2 04 0.6 0.8 1.0

p
Fig. 8. Plasma potential profiles in the two-stage experiments (series #484-xy): lower collisionality (460 kW ECRH and line density 0.45-10' m~
magenta) and higher collisionality (220 kW and 0.75-10'° m3, blue). Solid lines are HIBP data and dotted lines are corresponding poly-
nomial fits. Model calculations with the small ripple (Eq. 4) are shown by dashed lines («). Radial electric field from the derivative of the
fitted polynomials (—) and from modehng (===) ()

101 g B Ex(p) can be derived. Fig. 8 shows the comparison be-
'e;o,g '—§ _ tween experimental values and neoclassical model
506 5 values using the same ripple as for the broad ECRH
g 5 experiments. Fig. 8, a shows the plasma potential pro-
EM 8 files and Fig. 8, b the corresponding radial electric
§02 & g 1 fields. As expected, the differences in E+(p) are large
z M Z o TR 4 despite the similar magnitudes of the bulk plasma po-

06 08 10 12 14 06 08 10 12 14 . .
. . o . . o3 tential. The large £r from HIBP near the edge is an
Line density, x10"” m Line density, x10"” m R . . . .
10 E— 1.0 - --a 10  artifact of the fitting to polynomials; by inspection of

8  Fig. 8, a, the near-edge HIBP electric field during the
2nd stage could be close to zero rather than growing.
Fig. 9 shows the contour plots obtained after ob-
taining the derivative of the HIBP plasma potential pro-
- files measured during several discharges (see plot titles)
—4  of the broad-ECRH experiments, including also an en-
semble of profiles from different discharges in the mag-

netic configuration 100_44_64 (bottom right plot). The
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Fig. 9. Contour plots of the radial electric field, obtained from
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derivation of the spline-fits to HIBP plasma potential profiles, in
the indicated discharges: Ne 46 996 (a), Ne 47 000 (b), Ne 46 992
(c), configuration 100_44_64 (d)

¢@""™"(p) profiles have been fit using a cubic spline,
from which we have obtained the electric field as
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e 12 o
T 4 dp

where the factor 1.2 is a good figure for the flux-surface average of |Vp| in most of the plasma, and a = 0.19 m
is the minor radius that corresponds to these magnetic configurations. This is a simplification that works very
well for the present practical purposes. The figure aims at showing explicitly the variability of the multi-profile
measurements, as well as to allow for a visual comparison with the calculated £,.. We present the whole range
0 < p< 1 even though the values near the boundaries are affected, as before, by the polynomial fits. However,
the latter are very good in the range, say, 0.1 < p < 0.9, where we find consistency in the data from the different
panels in Fig. 9:

— E, > 0 (electron root) for line densities below, approximately, 0.7-10" m~. The highest E, values are
found around p = 0.4;

— the ion root seems to appear inside the plasma, around 0.7 <p < 0.8, in agreement with Doppler reflec-
tometry [37];

— the plasma region with positive electric field moves towards the core as the density increases;

— the plasma goes through a stage of near null radial electric field in most of the plasma at line-densities
around 77, ~0.8:10"” m?;

— only at the highest densities does the plasma stay completely in the ion root, iz, > 1.2:10" m™.

As expected after the results obtained for the two-stage discharges, these features are hardly obtained with the
modeling based on the small ripple (Eq. 4), which we do not show for brevity: the electron root is found in the
whole plasma (except at the very edge) for the lowest densities, but the maximum E, is found around 0.6 < p < 0.8
and the ion root often starts at the edge, although this last point is very sensitive to the boundary values.

The calculations shown in Fig. 7 have been repeated using effective ripple profiles like those published pre-
viously [12, 17, 36] for the same TJ-II magnetic configuration (remember that the two magnetic configurations
used here are practically equivalent). In particular, the & profiles shown in references [12, 17] are very similar
and give correspondingly similar results under the analytical model of Ref. [24] used in the present paper. We
have taken a profile in between these two that can be expressed with a simple formula,

€erf = 0.054-10°. 5)

As mentioned before, the values given by this effective ripple profile are approximately one order of magni-
tude larger than those of the profile that approximates HIBP data (Eq. 4) and, consequently, overestimate the
plasma potential because electron transport is promoted: ¢(0) at low densities is larger than the experimental val-
ues, and it reaches less negative values at high densities. On the other hand, this effective ripple yields numerical
results that are comparable to DKES calculations with the same plasma profiles. This can be appreciated in Fig. 10,
where we show the comparison between the plasma potential values (with @, = 0 in all cases) obtained with DKES

1.0 12 a 1.0 12 b
1 £ 1
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N 05 0.2 £ 04 0.2
<
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Fig. 10. Contour plots of the calculated plasma potential in density scans using («); DKES and the neoclassical model with e = 0.054-10° (b)

and the neoclassical model for the same given plasma profiles. In particular, we have taken the set of averaged dis-

charges from configuration 100_44_64, to which we have added profiles from single discharges at densities 1.0, 1.2,
1.4,1.9 and 2.2 (10" m™) in order to extend the scan. DKES results are quite similar to the results found with the
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semi-analytical formulation. This is not surprising because a similar result was obtained previously [13] using the
same model formulation and a not too different effective ripple (around a 70% of the present one).

We ought to mention here that the calculations from DKES have also important uncertainties related to the
lack of convergence of the monoenergetic diffusion coefficients (Di;) at low collisionalities and large radial
electric fields. In order to set the values in this regime we used a criterion based on the interpolation to the ex-

pected analytical collisionality scalings (~1/v, ~ Jv oor ~v) which still leaves some uncertainty in the values.

Also, sometimes there is a significant variation in D;; from one flux surface to the next leading to «spiky» pro-
files for £, and the particle fluxes.

£ 8
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o 2
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Fig. 11. Radial electric field from DKES calculations (lines) and from the analytical model (dashes) (a); corresponding electron diffusivi-
ty. Plasma profiles correspond to the stage 1 (blue) and stage 2 (red) of the two-stage experiments (see Fig. 4) (b): — — DKES stage 1; —
— DKES stage 2; — Beidler stage 1; — Beidler stage 2

As a further comparison between the numerical calculations with DKES and the analytical model, in Fig. 11
we compare the profiles of radial electric field and neoclassical electron diffusivity in the two stage experiments.

In agreement with Fig. 10, the magnitudes of Er
and D. are more or less the same for the analytical
model and DKES estimates although the radial pro-
files are not exactly the same. At larger radii, DKES

10°

produces Er values that are more positive than the
analytical model for both stages. On the other hand,
the diffusivity has a better agreement near the edge
region for the two calculations while the values in the
plasma bulk from DKES tend to be lower than those
from the analytical model of Ref. [24]. Our results
from DKES for the diffusivities have the same trends
found in previous works based on Monte Carlo simu-

Ion diffusivity, m?/s

H
<

0 01 02 03 04 05 06 07 08 09 1.0 ] ]
P lations [17] and also on DKES computations [12],

Fig. 12. Ton thermal diffusivity profiles from DKES calculations namely, the electron thermal diffusivity has an in-
using the plasma profiles that correspond to stage 1 (blue) and crement near the central plasma (see Fig. 11, b while
stage 2 (red) of the two-stage experiments (see Fig. 4); — — DKES  the ion thermal diffusivity, shown in Fig. 12, has an
stage 1; — — DKES stage 2 increment in a region closer to the edge, especially
seen here for stage 2. The well-known poor convergence of DKES at low collisionalities is responsible for the
large fluctuations in the radial profiles. We also point out that the inaccuracy of the experimental ion tempera-
ture produces large uncertainties in £ since it is quite sensitive to the relative values of the ion to electron
temperatures, especially near the edge. The transition from the electron root (positive £7) to the ion root (neg-
ative Er) can change by modifying the edge T;. At whole, the agreement between the two calculations can be
reasonably good when the effective ripple is of the order of that used in the literature.
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We end the presentation of results showing the ra- ¢ 1.07 = [ —
dial electric field obtained from the neoclassical model ‘g 08 '_ :
in an extended range of densities. Fig. 13 shows the g
pattern of variation E(p, n.) from the neoclassical es- .5 06
timate using the same color scale as in Fig. 9 to ease ,15 047
the comparison (white means out of range). The pat- E 02

terns in both figures are roughly similar except that the L _
line-density values are not coincident (note the hori- 06 08 10 12 14 16 18 20 22
zontal scales in Fig. 9 and 13). This fact moved us to Line density, x10%? m

play with the uncertain ion temperature up to twice the Fig. 13: Contour map of the neoclassical estimate of the radial
measured values, which has been found to be insuffi- electric field for the broad ECRH experiments extended to the
cient 1o explain the disagreement between measure- IR T LE B e b s
ments and model. We see that the trends and the order

of magnitude of the E,. values are comparable between
NC calculations and experiments, but the differences
are significant enough to make a fine comparison and an assessment of the errors not worth it.

section «Discharges...»). Zones in white are out of the range indi-
cated in the color bar

DISCUSSION AND CONCLUSIONS

In this work, we have used experimental data from ECRH plasmas of the TJ-1I heliac to make two compari-
sons: (i) experimental data versus neoclassical calculations and (ii) numerical kinetic calculations versus analyt-
ical formulae. Two sets of discharges were used, for which plasma profiles and the corresponding HIBP meas-
urements of the electric potential are available and validated.

The analytical calculation captures the qualitative behavior of both, the experimental data (Figs. 5 and 7)
and the numerical values obtained with the kinetic code DKES (Fig. 10). This means that neoclassical scalings
and dependencies can explain to a good extent the radial electric field in TJ-II plasmas. The comparison be-
tween kinetic calculations (where the effective ripple is an output) and the analytical formulation using the same
effective ripple indicates that the formulation reproduces quite well the dependencies and values of the neoclas-
sical fluxes obtained numerically; and, consequently, the radial electric fields. With respect to the comparison
with the experimental values of the plasma potential, we have found that quantitative agreement between the
neoclassical formulation and the experimental data can be found to an acceptable level by adjusting the effective
ripple, but the needed value is an order of magnitude smaller than the one used in DKES comparisons. There-
fore, referring now to DKES or analytical calculations as, simply, neoclassical model, a main result of this study
is that the quantitative differences between experiments and model are too large for an acceptable assessment of
the latter with the assumed hypothesis (local fluxes, gyro-center approximation etc.). We have played with the
most uncertain of our inputs, namely the ion temperature, in order to find out at what extent a systematic modi-
fication of the 7; profiles could make the neoclassical model approach the experimental values. As far as we
have checked, quite high 7; profiles, around twice the typical measurements, are still not enough to «force» a
similarity of theoretical and experimental data for the plasma potential in the scans here studied. It is acknowl-
edged, at this respect, that the boundary and near-boundary values of all the main plasma profiles, especially the
electron and ion temperatures, can give rise to large differences in the core plasma potential due to its integral
nature, but the comparison of the experimental and estimated electric fields clearly indicates that a change of the
edge temperature values is not enough either to explain the discrepancies.

If we reject 7; as the main source of discrepancy, it is in order mentioning other possibilities here. Supra
thermal electrons related with ECRH in the TJ-II stellarator have been indeed identified [38], and their presence
would increment the radial electron fluxes [39] which would tend to shift the electric field values to the positive
side (electron root). For the present experiments, we reject this as a cause for discrepancy because supra thermal
electrons would then take the neoclassical results further from the experiment and, additionally, we have chosen
discharges where this effect is expected to be mitigated in most of the studied plasmas. More important might be
the non-local effects on the particle fluxes, which have been found to be considerable in a large magnetic ripple
machine as TJ-II is. In a previous study [40] the ion fluxes were found larger than those obtained using the local
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ansatz (as is the case of DKES and the model calculations in the present work), which would tend to decrease
the plasma potential in the estimates of collisional transport. In favor of this possibility we can argue that the
TJ-II magnetic configurations used correspond to large magnetic ripple simply because they are large and, con-
sequently, the plasma gets closer to the magnetic field coils; and also that the electrons are expected to have
smaller drifts (aside from ExB) than the ions so the nonlocal effects are expected to be less pronounced in them.
In consequence, nonlocal effects in TJ-II are expected to increase the ion fluxes more than the electron fluxes
promoting in this way a shift of the radial electric fields towards negative values, possibly improving the agree-
ment with the measurements. Other effects can also affect the resulting electric fields, like the effective charge
or the variations of the electric potential on a flux magnetic surface [41], but these effects would require dedi-
cated studies before making any conjecture.

It is worth mentioning here that most ECRH TJ-II plasmas operate below line density 0.7-10' m™ and under
ECRH power above 400 kW. In these cases, the radial electric field is positive in the central region, as seen in Figs.
8 and 11. This means that the concept of core electron root confinement (CERC) observed in some stellarators,
which involves a transition from the ion to the electron root, should not be invoked for the TJ-II case as done in
[15], because the phenomenon in the TJ-II case happens in plasma conditions, where the radial electric field must
be positive in most or all of the plasma. Rather, the physics for the apparent enhancement of the electron heat con-
finement observed in TJ-II ECRH discharges includes two ingredients related with the radial electric field: (i) the
neoclassical electric field in the core plasma, where the phenomenon occurs, is already in the electron root prior to
the change in electron temperature profiles [14]; and (ii) the presence of a low-order rational number of the rota-
tional transform near the ECRH deposition zone helps, if it is not necessary as it seems, to provoke the transition
[42]. Many later experiments support these notions (see [43] and references therein). The CERC or CERC-like
discharges were intensively explored in TJ-II with HIBP measurements of plasma potential. The initial data indi-
cates the effect in the core plasma potential, accompanying the increase of the central electron temperature [44—
46]. The detailed analysis of CERC plasma potential profiles presents the targeted future studies.

The present study explored the density variation, that is allowed in ECRH plasmas. This is relatively low-
density case. The higher-density (high-collisionality) NBI plasmas also present an important issue for NC ap-
proach [4, 13]. The similar studies were done for higher density plasmas in tokamaks [5, 6]. However, the situa-
tion in such plasmas is in some sense simpler since the ion transport is dominated over electron one and £ is not
implicitly included in the transport coefficients. The observed negative electric field, resembling the one in
higher density stellarator plasmas, was analyzed even for the 3D realistic case of the tokamak with toroidal rip-
ple [47, 48]. For stellarators this topic deserves a separate study and it is planned for the future.

In conclusion, we have done a study based on measurements of plasma potential profiles in repetitive plas-
mas of the TJ-II stellarator with several densities on the order of 10'* m under ECRH. We have found that:

— local neoclassical calculations of the electron and ion fluxes using the numerical code DKES and model for-
mulae for the mono-energetic transport coefficients are found in fair agreement when the effective ripple obtained
from the numerical calculations are used in the formulation (see Fig. 10). We call this «neoclassical estimatesy;

— using the neoclassical formulation we can mimic acceptably the experimental plasma-potential profiles
at the expense of reducing the effective ripple and increasing the ion temperature with respect to the values ob-
tained from the CX-NPA diagnostic (compare Figs. 5 and 7). With the standard effective ripple, the neoclassical
estimates of the plasma potential are considerably larger than the experimental values;

— the comparison of the radial electric fields between neoclassical estimates and measurements (Figs. 8
and 9 for HIBP data, and 13 for the calculations) is good within order of magnitude, but there are notable differ-
ences in the profiles for each line-density value in this study;

— the so called CERC phenomenon must be considered in TJ-II plasmas, as a phenomenon that happens in
already electron-root plasmas. Therefore, the explanation must go beyond the mere passage from electron to
ion-root conditions.
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