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An analysis of the radial electric field and heat transport, both for ions and electrons, is presented for high-T,
electron cyclotron heated (ECH) discharges on the Large Helical Device (LHD). Transport analysis is done
using the TAsk-3p transport suite! utilizing experimentally measured profiles for both ions and electrons.
Ton temperature and poloidal rotation profiles are measured using the recently installed x-ray imaging crystal
spectrometer diagnostic (XICS)?, while electron temperature and density profiles are measured using Thomson
scattering. The analysis also includes calculated ECH power deposition profiles as determined through the
TRAVIS ray-tracing code. This is the first time on LHD that this type of integrated transport analysis with
measured ion temperature profiles has been performed without NBI injection, allowing the heat transport
properties of plasmas with only ECH heating to be more clearly examined. For this study, a plasma discharge
is chosen which develops a high central electron temperature (7., = 9keV’) at moderately low densities
(neo = 1.5 x 1019m~=3). The experimentally determined transport properties from Task-3p are compared to
neoclassical predictions as calculated by the ¢srRAkE and FORTEC-3D codes. Predictions of a strong positive
neoclassical ambipolar electric field (E,.) in the plasma core are compared to poloidal rotation measurements
from the XICS diagnostic. Both the new diagnostic capabilities (XICS) and the integrated modeling help to
provide a better understanding of the interplay of transport and the radial electric field in the formation of

high temperature electron heated stellarator/heliotron plasmas at low collisionalities.

I. INTRODUCTION

In stellarator plasmas, it is possible to develop plas-
mas with high central electron temperatures in low col-
lisionality plasmas through the use of electron cyclotron
heating (ECH)3. These conditions are associated with
core electron-root confinement (CERC) plasmas?®, which
develop a region of positive electric field and reduced elec-
tron heat transport in the central region of the plasma.
The core electron-root formation is due to a 3D-specific
bifurcation of the ambipolarity condition at low collision-
alities. This reduction in transport leads to a peaking
of the electron temperature in the core and is known
as the high-T, regime. Plasmas of this type on the
Large Helical Device (LHD) have reached central temper-
atures of greater than 15keV in low density conditions,
Neo = 0.2 x 10'm ™3, and greater than 9keV even with

densities as high as ne, = 1.5 x 10¥%m=3.

In these plasmas, neoclassical predictions based on the
condition of ambipolar flows predict a positive electric
field (electron-root solution) across the core region of the
plasma when in the high-T, regime, while a negative elec-
tric field is otherwise expected. Previous studies have re-
ported that a transition from the ion-root phase to the
electron-root phase requires a particular ratio of density
to input power. An understanding of the applicability
of the neoclassical predictions to these plasmas, as well

as the dynamics involved in developing the electron root
region, is being actively pursued at LHD.>®

In this paper high-T, plasmas are revisited by looking
at the detailed evolution of a CERC discharge which is
produced using only ECH heating. In the discharge stud-
ied, an increase in power and decrease in density is as-
sociated with an expansion of the positive radial electric
field from a well defined core region to a region covering
the majority of the plasma minor radius. The associated
changes in transport brought about by this transition will
also be examined.

The analysis of the transport and radial electric field
structure is performed with the TAsk3D transport suite
along with measurements of the poloidal rotation from
the high resolution x-ray crystal spectrometer (XICS)?.
For this analysis the ion temperature profiles are taken
from the XICS system, and electron temperature profiles
are taken from the Thomson scattering system'®. To
determine the ECH heat deposition profile the TrRAVIS
ray-tracing code'! is used. Heat transport estimates will
be made using power balance considerations based on
the plasma parameters and calculated power deposition
profiles. Finally, the experimental estimates of the ion
and electron heat fluxes and the radial electric field will
be compared with neoclassical predictions.

This work benefits from the recent installation of the
XICS diagnostic which allows, for the first time on LHD,



the ion heat transport and poloidal rotation to be mea-
sured in the absence of any neutral beam injection. This
enables the study of plasmas that are only heated us-
ing ECH. The use of a single source of external heat-
ing simplifies power balance calculations and reduces the
sources of uncertainties. In addition, neoclassical calcu-
lations or simulations of a plasma without momentum
input by NBI are significantly easier to perform, and in
most neoclassical treatments external momentum drive
is neglected. The neoclassical calculations in the current
work are more directly comparable with the experimen-
tal values since no external momentum input sources are
present during the shot evolution.

The analysis developed for this study highlights the
current capabilities of the Task-3p suite for thermal
transport analysis and demonstrates the integration of a
set of equilibrium and power deposition codes, providing
the base set of tools required for power balance analysis
in stellarator geometries.

Il. METHODS
A. Shot Evolution

The analysis in this paper is based around an ECH
heated discharge from the 16th LHD experimental cam-
paign in 2012. Time traces for shot 114722, are shown in
Fig.1. This discharge begins as a typical CERC plasma
with a transition from a low-T, phase to high-T, phase as
the ECH heating power is increased. Typical density and
temperature profiles during these two phases are shown
in Fig.2.

This discharge utilizes an inward shifted configuration
with the magnetic axis location set to 3.53m. The mag-
netic field on axis is +2.705T, which corresponds to the
clockwise direction when viewed from the top. During
most of this shot, only ECH heating is used, with a peak
injected power of 4.4 MW . This heating is achieved using
a combination of the three 77GH z, one 82.7G H z and one
154G H =z systems, and is injected from multiple launcher
systems'?.

Starting at 3.5s the 154GHz Gyrotron is turned on in-
creasing the injected power from 2.5M W to 3.4MW . An
additional 77G H z system is added at 3.64 seconds raising
the injected power to 4.4MW. During the 200ms after
the power increase at 3.5 seconds, the plasma transitions
from a low-T, phase to a high-T, phase. During this
transition it can be observed that the line integrated den-
sity decreases (from 1.6 x 10m =2 to 1.0 x 10'9m=3), the
electron temperature increases (from 4keV to 9keV'), and
there is a dramatic change in poloidal rotation. While the
electron temperature increases dramatically, the density
loss and reduction in 7T; leads to an overall reduction
in the total stored energy, a relatively constant electron
stored energy, and a strong decrease in the ion stored en-
ergy (see Fig.1(b)). During this shot, and in particular
around the transition time, there is no significant change

(a) Timehistory for LHD shot 114722
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FIG. 1. (a) Time evolution of LHD shot 114722. (a.i) Central
electron temperature as measured by Thomson scattering and
averaged over the 10 central channels. (a.ii) Inverted central
ion temperature from the XICS diagnostic. (a.iii) Central
electron density taken from Thomson scattering and normal-
ized to the line integrated measurements from the FIR sys-
tem. (a.iv) Line integrated poloidal rotation, measured by the
XICS diagnostic. (a.v) Injected ECH power. The black line
represents the total injected power, the colored lines repre-
sent individual gyrotrons. (a.vi) Injected NBI power from the
perpendicular neutral beam. (b) Time history of the plasma
stored energy. The solid blue line is the total stored energy as
measured by the diamagnetic loop. The blue and red dashed
lines represent kinetic stored energy calculated from the mea-
sured temperature and density profiles. The black dashed line
shows the total kinetic stored energy found by adding the ion
and electron stored energy.

in the gas puffing rate or any other particle fueling source
(except during neutral beam injection).
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FIG. 2. Temperature and density profiles for 114722 at
3500ms and 4000ms. (a) Electron temperature from the
Thomson scattering and inverted ion temperature from the
XICS system. (b) Electron density found from Thomson scat-
tering and normalized to the line integrated density reported
by the far infrared laser interferometer system (FIR). In all
plots the points represent the raw data, and the solid lines
represent the fit to the data used in the analysis.

During the time between 3.7 and 4.0s, 5.4M W of port-
through injected neutral beam power is added by one of
the 40keV perpendicular neutral beams (NBI #5). In
the current analysis we focus on the plasma state before
the NBI turn on (3.7s) and after the NBI turn off and
subsequent relaxation of the fast ion distribution (4.1s),
and therefore do not include the NBI deposition in the
calculations.

Correlated with the increase of the central electron
temperature after 3.5s is a dramatic change in the ar-
gon poloidal rotation, as measured by the XICS system.
The time evolution of the line integrated poloidal veloc-
ity measurements can be seen in Fig.1(a.iv). The detailed
rotation profiles, shown in Fig.3, indicate that during the
low-T, phase there is a core region of the plasma rotat-
ing in the negative poloidal direction (ion-diamagnetic
drift direction), while the outer portion of the plasma
is rotating in the positive direction. During the tran-
sition phase, the rotation inversion radius expands out-
ward, and in the high-T, phase the entire central plasma
(the measurement range is limited to p < 0.8) is rotat-
ing in the negative direction. The poloidal rotation and
electric field are closely related, and a negative poloidal
plasma rotation corresponds to a positive radial electric
field, as described in Section III.

B. TASK3D

The TAsk3D suite has been developed to provide
an integrated package for power balance analysis on
LHD.513:14 Tt acts as a framework to integrate multi-
ple codes and calculations, and to provide the necessary

data gathering and manipulation to consistently enable
transport analysis for 3D geometries. There are numer-
ous modules that can be included as part of the TASk3D
framework, however for the current work only a subset
of available calculations will be used.

For these initial studies a simplified transport model is
used that only considers ECH power deposition, local col-
lisional temperature equilibration between electrons and
the main ions (hydrogen), time evolution of the temper-
ature and density profiles, and the heat transport across
flux surfaces. Some significant simplifications will be
used such as assuming n. = n; across the entire profile,
and neglecting any radiative losses.

For the analysis done in this paper, PYTASK3D was de-
veloped as a alternative front end for the TASK3D suite.
This package handles preparation of the diagnostic pro-
files and integration of the analysis modules. The devel-
opment of PYTask3Dp was done as part of a collaborative
effort between NIFS and PPPL.

C. Diagnostic Profiles

In order to carry out the transport analysis, accurate
measurement of the ion and electron temperature pro-
files are required. The XICS diagnostic, installed in 2011
and upgraded in 2012, allows, for the first time on LHD,
for full ion temperature profiles to be measured in the
absence of neutral beam injection.

The XICS diagnostic provides line integrated measure-
ments of the plasma ion temperature and poloidal ro-
tation profile. These line-integrated measurements are
then inverted, using tomographic inversion techniques,
to recover the true temperature and rotation profiles as
a function of the flux coordinate. This inversion process
assumes that the argon emissivity and temperature are
constant on flux surfaces. A smooth spline representa-
tion for the final ion temperature is enforced as part of
the inversion process used for the XICS profiles. The de-
tails of the diagnostic operation and inversion techniques
are described in Ref. 2,15.

Electron temperature profiles are measured by the
Thomson scattering system'®. For the electron density
the profile measured by Thomson scattering is normal-
ized to match the line integrated density measured by the
Far Infrared Reflectometer (FIR) system!6. The temper-
ature and density profiles are then filtered to remove bad
channels based on median filtering of the time history of
each channel.

Before using any of the diagnostic data in the trans-
port calculations, the profiles are fitted using a smooth
function. Several profile representations are implemented
in TASK3D which can be used to fit the raw diagnostic
data. The choice of the profile representation forces a
structure onto profiles which affects the detailed calcula-
tions of the diffusion coefficients. While the overall con-
clusions from this analysis do not depend on the profile
fitting function, the detailed shape of the diffusion co-



efficient profiles vary slightly depending on which repre-
sentation is used. The two profile shapes that have been
compared in the course of this analysis are a Gaussian
plus polynomial representation and a cubic spline repre-
sentation. The results shown in this paper are based on
the fits shown in Fig.2. Fitting against p = \/¢/dedge
is done using a Gaussian plus polynomial representation
with a sixth degree even polynomial. In the current work
the uncertainties in the measurements of T, and n,. are
not well characterized, and therefore the profiles are fit
without weighting (x? ~ > (m;— f)?). For T; and V,,, the
profiles are found through a tomographic inversion algo-
rithm which takes into account both experimental and
algorithmic uncertainties.'?

Since the ion temperature used in the current analy-
sis is based on measurement of the argon temperature,
it is important to consider whether thermal equilibration
with the main ions (hydrogen) can be expected. A simple
3 species transport model (hydrogen, carbon, argon) has
been constructed that confirms that the impurity tem-
peratures are expected to closely match the hydrogen
temperatures for the conditions in this plasma shot.

D. Equilibrium reconstruction

A reconstruction of the 3D plasma equilibrium is re-
quired as part of the TAsk3D analysis for both calculations
of the plasma volume and shape, as well as for the map-
ping of the various diagnostic measurement locations to a
effective minor radius. This same equilibrium is also used
to invert the line-integrated XICS measurements and de-
termine the local ion temperature and rotation profiles.'®

The standard approach in stellarators and heliotrons
is to model the plasma equilibrium as a set of nested
flux surfaces through the use of the vMec code!”. The
assumption of nested flux surfaces provides a good model
for the equilibrium over most of the plasma volume. In
the plasma edge, the true plasma equilibrium is expected
to become stochastic, however the general plasma shape
is still reasonably approximated by the vMEC model.

The vMEC code produces an equilibrium based on a set
of fixed inputs. To find an equilibrium that matches a
particular plasma, a reconstruction technique is needed.
For the current work the STELLOPT reconstruction tool
was used for equilibrium reconstruction. STELLOPT uses a
minimization technique to determine a vMEC equilibrium
that best matches the available diagnostic data.'®19.
This is done by optimizing the pressure profile, toroidal
current profile, total enclosed toroidal flux and a pressure
scaling factor that are used in a free boundary vMEC equi-
librium calculation. For the current reconstructions, the
following measurements were targeted: flux loop mea-
surements, electron temperature profile, electron density
profile, total stored energy, and total toroidal current.

E. Power deposition and profile evolution

Our final transport estimates are based on a power
balance calculation that includes only the ECH power
deposition and the collisional thermal equilibration be-
tween electrons and the main ion (hydrogen).? The time
dependent evolution of the ion and electron stored en-
ergy (profile evolution) is available for inclusion as part
of the Task3p, however due to the lack of time resolu-
tion and uncertainties in the diagnostic profiles this is
not included in the current calculation. No other sources
of power deposition or loss are considered in this current
analysis. The calculated heat deposition, thermal equi-
libration and stored energy evolution profiles are shown
in Fig.4.

In the current version of TAsk3p the time dependent
stored energy evolution is handled by creating an effec-
tive power deposition profile that takes into account the
change in the temperature and density profiles. This pro-
file evolution profile is found using simple differences be-
tween adjacent fitted profiles. For the electron heat flux,
the profile evolution has a negligible effect compared to
the ECH power deposition, which provides the plasma
with an order of magnitude more power. For the ion
heat flux the change in the stored energy is on the order
of the electron-ion heat transfer, and therefore may play a
more significant role. The profile evolution is nonetheless
neglected in the current analysis due to the difficulty of
making an accurate estimation given that the diagnostic
time resolution is similar to the shot evolution timescale.
The inclusion of the stored energy evolution would add a
great deal of uncertainty and make drawing conclusions
from the ion power balance calculation difficult. For the
current analysis an assumption is made that only small
changes in the ion stored energy would be expected be-
tween 3700ms and 4100ms if it were not for the intro-
duction of the neutral beam, and therefore the evolution
of the ion stored energy can be neglected. Such an as-
sumption is at least consistent with the time history of
the kinetic stored energy, shown in Fig.1(b).

Calculation of the ECH deposition profile has been
done using ray-tracing techniques. There are two avail-
able ray-tracing codes that have been used for this calcu-
lation: TrRavis'! and LupGAUss?!?2. TRAVIS is a general-
ized code for electron cyclotron propagation in 3D geom-
etry, and has been applied to several stellarator systems.
The LuDGAUSS code has been specifically developed at
NIFS for LHD plasmas. Both codes use a VMEC geometry
description and fitted T, and n. profiles as the inputs.
Separate ray-tracing runs are performed for each com-
bination of launcher, frequency and propagation mode
active in the plasma, and then combined based on the
expected input power in each case.

Results from the TrRavIs are shown in Fig.4. The re-
sults from LHDGAUSS show a qualitatively similar deposi-
tion profile, giving us confidence is the accuracy of the
calculation implementations. The major uncertainty in
these calculated deposition profiles stems from the den-
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FIG. 3. (a) Argon poloidal rotation profiles as measured by the XICS diagnostic. Profiles are found through tomographic
inversion of the line integrated spectral measurements. Shaded regions represent the approximate error in the final inverted
profile due to photon statistics. The red shaded region represents the standard deviation, while the yellow region represents
the extreme solutions consistent with the measurements. (b) Radial electric field profiles as calculated by Gsrake. The red
line represents the electron root solution, the blue line represents the ion root solution, the unstable solution is not displayed.
Solutions for the radial electric field and main ion poloidal rotation as calculated by ForRTEC-3D are shown for the high-T. phase

by the black line.

sity profile in the plasma edge. Sufficiently accurate den-
sity profiles are not available in this region, requiring
extrapolation from Thomson density profile as shown in
Fig.2. This lack of information in the edge affects the
calculation of the mode fractions (X or O mode) that en-
ter the plasma. The approximation used in the current
calculation is that all of the injected power is coupled
into the targeted mode. The other major approximation
is that only first pass absorption is considered, and the
total absorbed power is normalized to the injected power.
The ray tracing results show that most of the power is
absorbed on the first pass and that this approximation
should have a small effect on the accuracy of the results
in this case.

During this shot, one of the perpendicular neutral
beams is turned on from 3.7s to 4.0s, during the high-T,
period. This 40keV neutral hydrogen beam injects ap-
proximately 5.4 MW of port-through power. Inclusion of
the NBI in the power balance calculation is possible, but
accurate calculations are difficult and require not only the
calculation of the initial deposition of fast ions, but also
fast ion slowing down, fast ion loss, and electron cool-
ing due to particle fueling. For these reasons we limit
our analysis to 3.7s, before the neutral beam turn on,
and 4.1s after the neutral beam turn off and subsequent
slowing down time. The slowing down time, combined
with the fast ion confinement time, can be seen exper-
imentally in the stored energy measurements shown in

Fig.1(b) after the neutral beam is turned off at 4.0s.

F. neoclassical predictions

One of the goals of this analysis is to compare exper-
imentally determined heat fluxes and poloidal rotation
profiles with neoclassical predictions, there by gaining
some insight into the both the validity of the neoclas-
sical calculation and the amount of transport that can
be attributed to neoclassical effects. Neoclassical pre-
dictions have been calculated by both the Gsrake code
(see Ref. 23,24) and the FORTEC-3D code (see Ref. 25,26).
Both of these codes find the radial electric field (E,) re-
quired to achieve an ambipolar particle flux in stellara-
tor geometries. The predicted neoclassical radial electric
field and predicted heat flux from these codes is shown
in Fig.3 and Fig.5 respectively. When comparing these
neoclassical predictions to experimental quantities, it is
important to note that neither GSRAKE or FORTEC-3D in-
clude impurity species (such as argon) in any of the cal-
culations.

The GgsrAKE code is based on a general solution of the
ripple-averaged kinetic equation. This treatment is valid
only in the case of simple stellarator geometry, of which
LHD qualifies. Details on the applicability of GSRAKE
to LHD, and comparisons against other calculation tech-
niques are detailed in Ref. 27.
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FIG. 4. Power deposition profiles for LHD shot 114722 cal-
culated for electrons (a), and main ions (b). Profiles for ECH
deposition, electron-ion coupling and time dependent stored
energy evolution are shown. The stored energy evolution pro-
files are shown here for comparison with the other power depo-
sition profiles but are not included in the final power balance
calculation. ECH deposition is calculated using the TrRAvVIS
ECH ray-tracing code and includes the three 77GHz and the
154GHz systems. The ECH deposition profiles are only shown
for the high-T. phase; the low-T.e deposition profile is similar
but not as strongly peaked on axis.

FORTEC-3D uses a Monte-Carlo particle following ap-
proach, allowing it to use fewer assumptions and ac-
count for non-local finite orbit effects. For the results
shown in this work, a new technique was used that al-
lowed FOrRTEC-3D to calculate both the ion and electron
particle fluxes for a self consistent solution for the ra-
dial electric field and other neoclassical transport pa-
rameters. This calculation is done by first calculating
a guess of the radial electric field E,¢ using a local code
for the electron fluxes and ForRTEC-3D for the ion parti-
cle fluxes. The initial guess is obtained by solving the

time evolution of E, according to the radial current,
dE./dt = —- 660 (Z;T1 —T.), where T" denotes the par-
ticle fluxes and ¢ 1 denotes the effect of the classical po-
larization current (see Ref. 9). A series of E, profiles
are then created based on this initial guess, F,.qg + AFE,
and FORTEC-3D is run on each F, profile in this series
to calculate both ion and electron fluxes. This provides
the dependence of the particle flux as a function of E, at
each point in the plasma. Finally the ambipolar solution
is found by fitting the E, dependence of the difference in
particle fluxes (Z;I'; — ') and finding the zero crossing.
Compared to a local neoclassical solution like GSRAKE,
this method importantly includes the higher-order ef-
fects such as the ion finite-orbit-width and FE,-shear on
the neoclassical flux. In the ForRTEC-3D results shown in
Fig.3, the calculation between p = 0.75 and p = 0.85 has
a high uncertainty because the particle fluxes calculated
by ForTEC-3D become insensitive to the radial electric
field in this region.

1. RESULTS

The power balance analysis of this discharge focuses
on three times, 3500ms, 3700ms and 4100ms. The first
time is during the low-T, phase, while the later two times
are both in the high-T, phase, before and after the NBI
injection (as described in Section ITE). For the analysis
of both the low-T, and high-T, cases, the plasma has
not completely reached a steady state in terms of the
electron temperature and density profiles, however the
stored energy evolution terms have been examined and
are have a small effect on the electron power balance.
More importantly, the poloidal rotation profile is fully
evolved giving confidence that the results capture the
essential transport properties at the analysis times.

The power balance calculations performed using
TASK3D assume thermalized electron and ion distribu-
tions at the chosen analysis times (when the neutral
beams are not active). This assumption is supported
by the close agreement between the kinetic energy, cal-
culated using the measured temperature and density pro-
file, and the stored energy measured by the diamagnetic
loop (see Fig.1(b)). This agreement provides confidence
that at the analysis times there are no fast ion or fast
electron populations that need to be considered, and that
the argon and hydrogen temperatures are the same.

The ion and electron heat flux calculated by TAsk3p
are shown in Fig.5, and compared with neoclassical pre-
dictions from gsrake. Both the electron root and the
ion root solutions from GsrakE are shown. The poloidal
rotation measurements shown in Fig.3 can be used to de-
termine that during the high-T, the electron root solu-
tion should be chosen wherever two solutions exist. This
choice is also supported by the agreement between in the
ion heat flux between the power balance analysis and the
neoclassical electron root solution; the ion root solution,
with QNeoclassical > QPowerBalancea is not phySicaHy real-



istic.

For the ions, the experimental heat fluxes are approxi-
mately the same as the neoclassical predictions over most
of the plasma (when choosing the electron root solution).
This suggests that the ion flux is dominated by neoclas-
sical effects. As mentioned in Section ITE, the stored
energy time evolution was not included in the power bal-
ance measurement. This adds uncertainty to the quan-
titative comparison between the power balance and neo-
classical calculations, however the qualitative agreement
is captured by the current results.

For the electrons the neoclassical electron heat flux is
nearly an order of magnitude lower than the measured
heat flux in both the low and high T, phases. This is
an indication that electron transport is almost entirely
dominated by turbulent sources in the range 0.3 < p <
0.8 where power balance and neoclassical calculations are
available without large uncertainties. After the transition
to the high-T, phase, an increase in the electron heat
flux is seen in both the neoclassical and experimental
heat fluxes, however because of the uncertainties in both
calculations it is not possible to draw strong conclusions
about the source of this increase, weather neoclassical or
turbulent.

Calculation of the thermal diffusion coefficients during
the low-T, and high-T, phases are shown in Fig.6. Even
before entering the high-T. phase, the electron thermal
diffusion coefficient, x. shows a region of reduced trans-
port inside of p = 0.4. During the high-T, phase, this
reduced transport region is maintained, while outside of
this region the transport is increased. This behavior can
be seen in the electron temperature profile where the tem-
perature and temperature gradient increase dramatically
inside of p = 0.4, but change more modestly outside of
this region. The majority of the electron heating is de-
posited in the core region of the plasma.

The ion temperature decreases only slightly between
the low and high T, phases. Without neutral beam injec-
tion, the only power being deposited to the ions is from
electron-ion collisional thermal transfer. This transfer
has a dependency on the electron temperature that goes
as approximately ngTe_l/ > when T, << T. as in the
present case, and therefore there is less heating of the
ions as the electron temperature increases and density
decreases (see Fig.4). Since there are only small changes
in the ion temperature, or ion temperature gradient, this
is seen as a reduction in the ion thermal diffusion coeffi-
cient, x;.

Measurements of the poloidal rotation can give us some
insight into how the radial electric field changes during
the transition to the high-T, phase. The poloidal rota-
tion can be related to the radial electric field through the
force balance equation®330.

_ L opr
" engZ; Or

— (voBy — v By) (1)

where 7 is in a direction perpendicular to the magnetic

flux surface, the subscript I denotes the ion species, ny
is the ion density, Z; is the charge, p; is the pressure, v
is the velocity, and B is the magnetic field. The pressure
gradient and toroidal velocity terms are typically quite
small in stellarator plasmas, especially in the case of ar-
gon which has a large value of Z. This allows us to relate,
qualitatively, the radial electric field profile directly to the
measurement of the poloidal rotation. The poloidal ro-
tation measurements, taken from the XICS system, show
an expansion of the electron root region from the core re-
gion inside of p = 0.3 (low-T, phase) to the entire plasma
out to p > 0.8 (high-T, phase), see Fig.3.

These measurements are consistent with the neoclassi-
cal calculations of F, from gsrRAKE and FORTEC-3D. In-
side of p = 0.3 asraAKE finds a single electron root solu-
tion, with a positive radial electric field, to exist for both
the low-T, and high-T, phases of this shot. During the
low-T, phase, GsrAKE only finds a single ion root solution
outside of p = 0.3, with a small negative E,. After the
transition to the high-T, phase an electron root solution,
with a large positive E,, is also found as a possible solu-
tion over most of the core plasma, out to approximately
p = 0.7. Similarly ForTEC-3D predicts an electron root
solution out to p = 0.8, which is in general agreement
with the rotation measurements.

A direct quantitative comparison of the measured and
neoclassical poloidal rotation is not possible in the cur-
rent work since the measured rotation is for argon, while
the neoclassical calculation is done only considering hy-
drogen (but assuming that the hydrogen temperature
profile is equal to the argon temperature). It is possi-
ble however to see a qualitative agreement in the shape
of the rotation profile and the magnitude of the rotation
velocity, as shown for the FOorTEC-3D calculation in Fig.3.

IV. CONCLUSION

A detailed study has been completed of a high-T, ECH
heated discharge which transitions from a state with a
localized core electron-root E,., to a global electron-root
FE,., with a corresponding increase in the central elec-
tron temperature. The use of the XICS diagnostic along
with the TAsk3D suite has allowed the radial electric field
structure to be inferred, as well as the both the ion and
electron heat transport.

The current results are consistent with the results from
NBI sustained plasmas with ECH heating, such as in-
Ref. 8 and Ref. 7. The final determined central value for
the electron thermal diffusion coefficient during the high-
T, phase is similar between the these studies. Previous
studies however have focused on the electron transport
properties, and have not reported ion heat transport re-
sults. The current results for both the heat transport and
radial electric field structure in the absence of NBI injec-
tion contribute to the general understanding of CERC
discharges as well as the role of the neutral beams in
these previous studies.
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FIG. 5. Transport analysis showing ion and electron heat fluxes during the low-Te and high-T. phases of shot 114722. The
black line shows TAsk3D power balance calculations. The red points represent the GSRAKE neoclassical electron-root solution,
while the blue points represent the ion-root solution; the unstable solution is not shown. The low-T. plots use profiles from
3500ms, the high-T. plots use profiles 3700ms for the power balance results and 4000ms for the neoclassical calculation. There
are large uncertainties in the profiles and flux surface geometry for p < 0.3 and p > 0.8, therefore these regions have been

deemphasized.
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FIG. 6. Thermal diffusion coefficients for ions and electrons
calculated for 114722 at 3500ms, 3700ms and 4100ms as de-
termined from power balance.

Measurements of the poloidal rotation show qualita-
tively good agreement with neoclassical calculations of
the radial electric field from FORTEC-3D and GSRAKE both
in the low-T, and high-T, phases of this shot. This
gives additional confidence to previously reported results
for high-T, plasmas with only ECH heating, such as in
Ref. 9, as well as confidence in future studies using these
software tools. Future studies will allow this evolution
to be more carefully measured and provide more direct
theoretical comparisons.

Finally the current capabilities of the TAsk3D suite for
use in stellarator/heliotron transport research have been

highlighted. This framework will be used for future trans-
port studies to build further understanding of stellarator
plasmas and the role of neoclassical transport.
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