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ABSTRACT

Two novel web apps for W7-X are introduced: Profile Cooker and Power House. They are designed to streamline the workflow of profile
fitting and power balance analysis while offering a graphical user interface that works in any common browser. This allows us to compile a
comprehensive database of experimental power balance results. All fitting functions available in Profile Cooker are presented and compared
on the basis of example profiles. The power balance equation assumed in Power House is established and its individual terms are discussed.
The main focus of the power balance analysis is on the turbulent transport coefficients. A model for quick calculation of neutral beam power
deposition based on experimental profiles is presented. Neoclassical root transition poses an issue for power balance analysis due to the
uncertainty of the radial electric field. A global, neoclassical simulation with the code EUTERPE is performed for a set of experimental

profiles to gain an understanding of the neoclassical root transition.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0225315

I. INTRODUCTION

To understand energy confinement and transport in a plasma,
power balance analysis is a powerful tool. The global confinement of
a stellarator plasma can be quickly evaluated with 0-D scaling laws,
such as ISS04." In contrast to that, power balance analysis enables a
spatial resolution of confinement properties and a separation of dif-
ferent transport channels. The line of the analysis presented in this
work resolves the power balance along a minor radius coordinate
and is in that sense a 1-D approach.

A plasma can exchange power through heating, radiation, neo-
classical transport, and turbulent transport. Power balance analysis
puts these contributions on the balance and is essentially an exper-
imental method. The basis is formed by one-dimensional plasma
profiles of particle density and temperature, which are recorded by
various diagnostics during experiments. Heating sources are either
taken directly from machine parameters or calculated from the pro-
files by analytic models, while the radiated power can be inferred
from bolometric inversions. Neoclassical transport at W7-X is well

understood by neoclassical theory, which has been verified against
experimental results.” This leaves the main focus of the analysis on
turbulent transport.

At Wendelstein 7-X, power balance analysis has been proven
useful to investigate turbulent transport. A correlation between tur-
bulence suppression based on observation of density fluctuations
and reduced turbulent transport coefficients based on power balance
analysis has been found.’ In discharges with improved plasma per-
formance after pellet injection, a reduction of heat transport to near
neoclassical levels has been shown via power balance analysis.*

The aim of this work is to establish a common workflow for
power balance analysis, starting from experimental data and allow-
ing to compile a comprehensive database of power balance results
comprised by a large number of experiments. The main results of the
power balance analysis are the turbulent transport coefficients x,, x;»
and y,q. In the following, the web apps Profile Cooker and Power
House are introduced, which are designed to streamline this work-
flow. After that, the contributions to the power balance are covered
in detail.
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This paper is organized as follows: Sec. I covers the introduc-
tion. Section II provides the presentation of back- and front-end
of the web apps Profile Cooker and Power House, embedding in
a workflow. Section III gives the production of plasma profiles
from lower level diagnostic data. Section IV presents the underly-
ing power balance equation and derivation of turbulent transport
coefficients. Section V presents the basics of neoclassical theory,
neoclassical solver codes, and intricacies of the radial electric field.
Section VI gives the power source and sink profiles from heating
and radiation and implementation in Power House. Section VII
concludes this paper.

Il. PROFILE COOKER AND POWER HOUSE

The web apps Profile Cooker and Power House are presented.
They work in any common web browser and facilitate a user-
friendly workflow for performing profile fitting and power balance
analysis. Since the contributions to the power balance comprise
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data from disperse diagnostics, the solution requires filtering and
interpolation to a common radial grid. A web app offers the advan-
tage of a standardized approach to the analysis, which reduces
complexity, greatly improves efficiency, and prevents occasional
human errors. It propagates measurement uncertainties in a con-
sistent way and allows us to efficiently compile a large database of
power balance analysis. In addition, it rigorously saves all inputs
including raw data, calculation parameters and versions when stor-
ing the results. Figure 1 shows how Power House and Profile
Cooker integrate into the existing ecosystem of web services used by
the W7-X team.

Profile Cooker retrieves diagnostic data directly from the W7-X
Archive.” A magnetic equilibrium is chosen from the VMEC REST
APL° a web service (REpresentationalStateTransfer ApplicationPro-
gramminglInterface) for the VMEC code.” The equilibrium is used
to map the data to the minor radius. Profile fits processed by Pro-
file Cooker are saved in a profile fits database, from where they are
queried by Power House. The codes Neotransp® or NTSS’ handle

NTSS

neoclassics code

neotransp

neoclassics code
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FIG. 1. Flowchart depicting the workflow with Profile Cooker and Power House.
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the calculation of neoclassical fluxes, which also requires a magnetic
equilibrium from the VMEC REST API. At the end of the workflow,
the results of the power balance calculation are saved to a power
balance database. Profile Cooker and Power House each provide a
graphical user interface to handle the workflow.

A. Back-end implementation

First of all, the back-end of the web apps is explained. The
implementation of Power House is modeled after that of Profile
Cooker. The following description applies to both apps. The code
is written in python using dash.plotly, a handy HTML library for
python.!” This allows the design of a graphical user interface that
works in any common browser. There are many built-in elements
such as buttons, toggle switches, tabs and text entries, which can be
easily programmed with callback functions. The plots are realized
with the plotly framework and are fully interactive, which allows us
to zoom and pan as well as to hide elements. In addition, the plots
can be exported by the click of a button as either raster or vector
graphics. A detailed documentation of the library is given on the
plotly website.!!

For the purpose of centralized storage of results, the back-
end is connected to the database tool MongoDB, implemented in
python with the pymongo package.'”'” The user can store results in
a database from where they can be reloaded and compared directly
next to each other in one plot in the web app. This approach allows

Select shot trust cache Cupd. cache Time Ono Oslice ® window

20180927.030

2018-09-27 . [Jplot time selection

Profiles Profiles plot control

W7X20180927.030, 2.5000-2.9000

Line styles
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us to backtrace the inputs and settings of previous calculations and
to easily search and filter results. In addition to the database connec-
tion, finished work can be saved locally as a dictionary in json format
if desired.

In the following, the functionality of the user interface of each
tool is described.

B. Graphical user interface of Profile Cooker

The app Profile Cooker serves as a tool for analysis and fitting
of profile data at W7-X. Its use case is not limited to power bal-
ance analysis, but it serves as the foundation for many experimental
studies. Figure 2 shows the graphical user interface, as seen in a web
browser.

At the top, there are widgets to choose a shot and in-shot
time. Once a shot is loaded, the plot widget on the right shows
an overview of the time traces, including heating power, line inte-
grated density, temperatures, and diamagnetic energy. If either a
slice or window of time is selected, the respective time averaged
data are displayed in the profiles plot in the center. The fits appear
together with the used experimental data. All functions available in
the Fit tab are explained in Sec. III. Profile Cooker optionally cre-
ates Monte Carlo (MC) samples of fits as a method to estimate the
uncertainty. Previously saved fits are reloaded from a table under
Fit DB. In the tab VMEC, the equilibrium used for mapping can
be changed. The remaining tabs contain settings for the individual
diagnostics.

Profile cooker for the W7-X Team s Help
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FIG. 2. Graphical user interface of Profile Cooker.
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C. Graphical user interface of Power House

Power House is a web application designed to streamline power
balance analysis based on experimental plasma profiles. To this
end, it is coupled to outputs of Profile Cooker. Figure 3 shows the
graphical user interface.

In the Program widget, a shot number is selected. Following
this, available profile fits from the fit database of Profile Cooker
are chosen under the respective profiles tab. Profiles can alterna-
tively be uploaded to Power House as a file in json format. Once
profiles are added, Power House automatically chooses the best
matching reference equilibrium for the data. However, it may alter-
natively be manually selected from a table. The main ion species in
the plasma is selected in the ne tab. Since the electron density is a
usual experimental input, the main ion density is adjusted to fulfill
quasineutrality. At the present time, there may only be one species
of ions, but an option to add plasma impurities is planned for the
future.

There are further tabs with modules to add ECRH, NBI, and
radiation power, as well as a kinetic energy time derivative, dEdt,
which are detailed in Sec. V1. In theRadial Grid widget, thelength
and boundaries of the radial grid are specified, to which all input
arrays as well as calculated quantities are interpolated.

Power House uses the MC samples computed by Profile Cooker
to estimate the uncertainty of its fits in order to propagate errors
in the power balance analysis. The number of samples taken into
account can be chosen, allowing also to use sets of profiles with
varying numbers of samples to be matched.

Power House is coupled to the neoclassical codes Neotransp
and NTSS, which can be selected to calculate the neoclassical fluxes.

ARTICLE pubs.aip.org/aip/rsi

This involves finding a radial electric field E; to satisfy the ambipo-
larity condition and requires a reference equilibrium and a corre-
sponding set of transport coefficients from the DKES code.'” In
Neotransp, neoclassical root solutions for the electric field can be
calculated separately; alternatively, a given E, profile from a differ-
ent calculation may be imported and used. NTSS does not offer these
options. See Sec. V for details on the neoclassical calculation and the
root solutions. The button RUN sets off the calculation.

Within the Turbulence model widget, several parametric ad-
hoc models are available to estimate turbulent transport coefficients,
which can be compared to the experimental findings from the power
balance analysis.

The center of the user interface is occupied by a prominent plot
widget. All plots are arranged in stacked triplets of related quanti-
ties. These plots serve first as a quick overview of the results, but can
also be saved as raster or vector graphics for further use. An option
to generate custom plots in the application will be added soon. At
the bottom, there are options to display either only the quantity as
a line, include an error band or the MC samples. All quantities of
power may be either depicted as a local power density or cumulative
integral of power, also controlled by a toggle at the bottom.

Saving and loading results from the power balance database is
handled from the Database widget. It is possible to load a previous
power balance calculation for editing or comparison.

lll. PROFILE FITTING

Power balance analysis requires profiles of plasma density
and temperature, which means differentiable functions that can be
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FIG. 3. Graphical user interface of Power House.

90:€¥:80 Y202 Joquialdas 61

Rev. Sci. Instrum. 95, 093529 (2024); doi: 10.1063/5.0225315 95, 093529-4

© Author(s) 2024


https://pubs.aip.org/aip/rsi

Review of

Scientific Instruments

interpolated to a common, discrete minor radius grid. In a toroidal
magnetic confinement device with well-defined nested flux sur-
faces, such as Wendelstein 7-X, an effective minor radius 7.4 can be
defined as

Teff = a\/s. (1)

It serves as a flux surface label, where a is the minor radius
at the last closed flux surface and s is the toroidal flux coor-
dinate. Note that there are other, yet equivalent definitions for
the effective minor radius, such as the minor radius of a torus
with cylindrical cross section, major radius R, and flux surface
volume V.

Plasma diagnostics measure their respective quantities either
as localized data points, for instance, the Thomson scatter-
ing diagnostic'”""" and the charge exchange recombination spec-
troscopy CXRS,'® or as line integrated signals for a specific line of
sight, such as the x-ray imaging crystal spectroscopy XICS."*” The

5r degree 3
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4+ degree 7
1
&
= 3r h
& X,
S| i .
f )

ol a)polynomial
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two-power without offset
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N
= T N
=3 X
©
& oL -!I -
m
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profiles, therefore, need to be constructed as mathematical functions
that match the measured data, a process called fitting.

Subsections 1[Il A-III E give an overview of the different
profile fitting functions and settings offered in the fitting tool
Profile Cooker. Results are compared on the basis of profile fits
of two example profiles from the Thomson scattering diagnostic:
an electron temperature profile from discharge W7X20180927.030
between 2.5 and 2.9 s and an electron density profile from dis-
charge W7X20181009.016 between 4.5 and 4.7 s. Arguments are
then made for the most robust and versatile function to provide
sufficient accuracy in profile fitting.

A. Fitting functions

At present, there are five different fitting functions in Profile
Cooker: the polynomial, the truncated Gaussian, the two-power fit,
the Gaussian process, and the lowess. Further fitting functions can be
readily added thanks to the modular structure of the Profile Cooker

app.

ol b)two-power

1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

window size 0.01 m
window size 0.05 m
window size 0.2 m

ol d)lowess
1 1 1 1 1 1 1 1
0 0.1 0.2 03 0.4 05 0.6 07

Teyy [m]

FIG. 4. (a) Polynomial fits with degree 3 (blue, dotted line), degree 5 (gray, solid line), and degree 7 (red, dashed line). (b) Truncated Gaussian fit (blue, dotted line), two-power
fits without (red, dashed line) and with offset (gray, solid line). (c) Gaussian process fits, the length scales are 0.02 m (blue, dotted line), 0.2 m (gray, solid line), and 2 m
(red, dashed line). (d) Lowess fits with a window size of 0.01 m (blue, dotted line), 0.05 m (gray, solid line), and 0.2 m (red, dashed line). Electron temperature data from the

Thomson scattering diagnostic, discharge W7X20180927.030, 2.5-2.9 s.
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For the polynomial fit, the main setting is the degree of the poly-
nomial. It must be chosen high enough to reflect the profile shape,
but low enough to prevent the fit from overshooting. There is also
the option to exclude the linear term, which helps eliminate a finite
gradient in the center.

Truncated Gaussian fitting approximates profiles with a cut-off
normal distribution function with the fit parameters ¢y and c1,

o) _ ()
fregr) =co ——————

> (2
1- e_(i)

This is particularly suited for profiles with a steep gradient and
a plateau in the core. rg is @ minor radius coordinate and a is the
minor radius at the last closed flux surface.

The next fitting function is the two-power, which is well known
in fusion research. It yields the three fit parameters co, c1, and ¢,
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An offset may be added to the function, which contributes a
fourth parameter.

Similar to the polynomial and the truncated Gaussian, the two-
power is a simple, straightforward parametric function. It works well
for profiles that fall off from the plasma core to the edge with not
more than one inflection point. For more complex profile shapes,
the number of parameters may be insufficient for a precise regres-
sion. The lack of settings makes the truncated Gaussian and the
two-power functions rather inflexible.

Gaussian process fitting is a well-known non-parametric
method. In Profile Cooker, it is performed by the sklearn package,
an open-source machine learning package for python.”! Presently,
only the radial basis function kernel (RBF) is supported in Profile
Cooker. Its main setting is the length scale, which is a measure for
the characteristic length on which the fit changes.
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FIG. 5. (a) Polynomial fits with degree 3 (blue, dotted line), degree 5 (gray, solid line), and degree 7 (red, dashed line). (b) Truncated Gaussian fit (blue, dotted line), two-power
fits without (red, dashed line) and with offset (gray, solid line). (c) Gaussian process fits, the length scales are 0.05 m (blue, dotted line), 0.2 m (gray, solid line), and 1 m (red,
dashed line). (d) Lowess fits with the powers constant (blue, dotted line), linear (red, dashed line), and quadratic (gray, solid line). Electron density data from the Thomson

scattering diagnostic, discharge W7X20181009.016, 4.5-4.7 s.
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Lowess, or loess, is a local regression that can adjust to arbi-
trary profile shapes. Profile cooker uses a Nadaraya-Watson fit,
which is a non-parametric regression that approximates the func-
tion locally by a polynomial. The function has two key settings,
the power and the window size. The power may be constant, lin-
ear, or quadratic. The window size governs the radial range from
which data points are considered for the local regression. In prac-
tice, this window size proves very helpful in making the fit either
smoother or more serpentine without creating unphysical over-
shoots. One particular advantage of the lowess fit is its robustness
against individual, outlying data points due to a leave-one-out
algorithm.

The fitting functions are compared with a representative
selection of parameters each for electron temperature data from
W7X20180927.030 in Fig. 4 and for electron density data from
W7X20181009.016 in Fig. 5.

In Sec. VII, all the fitting functions can provide reasonable
results if the settings are chosen well. As non-parametric approaches,
the Gaussian process and lowess are certainly more sophisticated
than the parametric functions polynomial, truncated Gaussian, and
two-power. As a result, they are more versatile in fitting a wide
variety of profile shapes.

As the preferred function for profile fitting in this work, the
lowess fit stands out. This is, first, due to its easily adjustable smooth-
ness with the window size setting. Transport calculations as used in
power balance analysis strongly depend on profile gradients, which
in turn rely on smooth but precise profiles. The second reason is its
robustness against outlying data points.

B. Weighting practices for data points

Weighting refers to the relative significance that is put on data
points when creating a fit, where some have more weight than others.
Profile Cooker offers three weighting practices that can be selected
independently of the fitting function.

First, the error practice performs a least square optimiza-
tion with the measurement error, as provided by the respective
diagnostic.

Second, the option std uses the standard deviation of values in
a chosen time window for the least square approach. Simply phrased,
the more the signal of one channel oscillates in time, the less weight
is given to it for the fitting.

Third, the dist practice uses no errors for weighting. Instead,
the scatter in the data points is taken as an error estimate, where the
name dist refers to the distance from the fitted line. It is a particu-
larly suitable method for profiles with unaccounted statistical errors
where the data points are strongly scattered.

Figure 6 shows the comparison of different weighting practices
on the basis of a lowess fit of electron density data. In this example,
the measurement errors (black error bars) are not representative;
thus, the weighting practice dist is a suitable choice.

C. Influence of magnetic equilibrium

Diagnostics, such as Thomson scattering return data points that
correspond to volumes, are located in a three-dimensional space
of vessel coordinates. The transformation of these coordinates to
the minor radius is called mapping and requires a 3D magnetic
equilibrium reconstruction.
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FIG. 6. Lowess fits with weighting practices error (gray, solid line), std (red,
dashed line), and dist (blue, dotted line). The data points show measurement
errors (black error bars) and temporal standard deviation (red error bars). From
discharge W7X20181009.016, 4.5-4.7 s.

By default, Profile Cooker automatically chooses an equilib-
rium from a look-up table in the VMEC web APL.° The parameters
considered for this are the configuration (defined by the coil cur-
rents), the minor radius, and the plasma . The average magnetic
field on the axis is scaled to the required value. Alternatively, a spe-
cific equilibrium can be manually chosen from the VMEC web API.
A plot helps compare the pressure used in the VMEC equilibrium to
the kinetic pressure of the currently processed profiles.

Profile Cooker also uses ion temperatures from the x-ray imag-
ing crystal spectroscopy XICS, which is based on line integrated
measurements.”” Profiles are obtained through tomographic inver-
sion and can be found in the W7-X Archive. These profiles are,
therefore, untouched by the mapping in Profile Cooker and appear
as a continuous lines with error bars. The fitting works the same
as for scattered data points and is performed with the same func-
tions. Offsets may occur in the tomographic inversion, consequently
the XICS tab in Profile Cooker offers input fields for scaling and
offsetting the profile.

D. Monte Carlo sampling

There are several methods for estimating the fitting uncertain-
ties, which are selected at the bottom of the Fit tab in the Profile
Cooker interface.

In the Monte-Carlo method, samples of the individual data
points are generated with a distribution according to the selected
weighting practice. Then, the respective fitting function is repeated
for each sample, thereby creating distributed samples of the fit. The
fit database then saves the value of the fit alongside with the samples.
Note that the samples result from a randomized process and there
is no upper or lower boundary, as the samples may cross each other.
However, one can compute the standard deviation of the samples for
each radial position. This may then be added to either the fit value
or the mean of the samples and used as an upper or lower bound-
ary. Power House uses three times the standard deviation as an error
estimate.

Rev. Sci. Instrum. 95, 093529 (2024); doi: 10.1063/5.0225315
© Author(s) 2024

95, 093529-7

90:€¥:80 Y202 Joquialdas 61


https://pubs.aip.org/aip/rsi

Review of
Scientific Instruments

15F
_ 10
s
g
3
=)
=
g st
ok L J
1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Tesy [m]

FIG. 7. MC samples of an electron density fit with uncertainty band. From
discharge W7X20181009.016, 4.5-4.7 s.

The number of MC samples generated in Profile Cooker is
choosable; the default is 30. Figure 7 shows a fit with 10 MC sam-
ples and an uncertainty band of twice the standard deviation, as it
appears in Profile Cooker.

E. Further settings

Profile fits are commonly demanded to have a vanishing gradi-
ent on the magnetic axis, which is motivated by the symmetry of
toroidal devices. This effectively means that the derivative by the
minor radius must be zero at reg = 0,

d
—f(rer=0) =0. 4
dre f(reg=0) (4)
To meet this, Profile Cooker offers the option fit in s with
several of the fitting functions in Sec. III A, referring to the flux
coordinate s,

s(regt) = (%)2 (5)

Therein, the minor radius res is replaced by s as the x-
coordinate over which the fitting is performed. The effect is
illustrated on a polynomial function of degree n,

Fs(re)) =Y o =D & rlfe (6)
k=0 k=0

In the derivative, only uneven powers of rg are retained, and
thus, all terms vanish for 7. = 0,

d “ . _
P ﬁf(s(reff)) =3 2k 7)
¢l k=1

Any other function may be developed into a Taylor expan-
sion, for which the same argumentation holds. This is an easy way
of ensuring a vanishing profile gradient on the magnetic axis while
maintaining a smooth profile shape.

Irrespective of the chosen fitting function, core and edge
boundary conditions can be set.
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Profile Cooker allows the option to exclude individual data
points from a profile by deselecting the respective channels. This can
be done in the graphical user interface by a simple click on the point.

In addition, the lowess fitter performs automated weighting of
outliers by the leave-one-out algorithm.

IV. POWER BALANCE EQUATION

In this section, the power balance equation assumed in Power
House shall be established. It is a function of a radial coordinate such
that it can be solved with the input of measured 1-D plasma profiles.

The power balance equation for a plasma derives from the
energy continuity equation, which has the dimension of a power
density in its differential form,

0 €kin
ot

= _V_' : Ii +psource- (8)

The temporal change of kinetic energy density ey, is equal to
minus the divergence of energy flux g plus a local power density
source or sinkp . .

To transform the power balance equation to only depend on
reff, it is averaged over a flux surface. This operation entails integrat-
ing over the toroidal and the poloidal coordinate and normalizing to
the surface area of the flux surface, denoted by (). Flux surface quan-
tities, such as particle density #n and temperature T, are constants on
flux surfaces; thus, the average of ey, = %n T is trivial. This is not
true for the energy flux 4. Assuming that the gradient of the flux sur-
face volume, V'V exists; the flux surface averaged divergence of § can
be expressed as

(0= (o0 )~ (5% s )~ (v (a5, )
0

Xk
o . Ofeff <4 - ov >
8 (q > OV Oregr 1 vreffareff
1 0 V.o 1 0 _,
= =V D1 (q- VTeff) = W%V Gavg> 9)
Javg = (Cf ﬁ’éff)y (10)

where g, is introduced as an averaged, scalar quantity that mea-

sures the energy flux across a flux surface and the prime ’ denotes
the partial derivative with respect to r.g. In the following, any energy
flux g or particle flux I' is to be understood as an averaged flux by the
definition of Eq. (10). This yields a one-dimensional power balance
equation,

8ekm 1 a /
A 14 arce )- 11
ot v’ areff q+ <Pso ce) ( )

In addition to this differential form with the dimension of a
power density, the power balance equation can be transformed to an
integral form by the volume integration f "V dferr,

8Ekin
ot

= _qV/ + Psource- (12)

This quantifies the accumulated power inside the flux surface
labeled with reg and is, therefore, referred to in the following as a

Rev. Sci. Instrum. 95, 093529 (2024); doi: 10.1063/5.0225315
© Author(s) 2024

95, 093529-8

90:€¥:80 Y202 Joquialdas 61


https://pubs.aip.org/aip/rsi

Review of

Scientific Instruments

cumulative integral. The kinetic energy Eyi, and the power source
Psource result from integration over the energy density ey, and the
power density (psource > respectively.

Equation (12) can be applied to a single fluid plasma or to an
individual particle species like electrons. For the latter case, the con-
tributions to the power balance equation shall be discussed in more
detail,

30 [re }
E a [ 0 (1’1 T)V,dreff = _(QNC + qturb)V,
Teff=

Teff
+ Z eInc Er Vldf’eff

Fefr=0

+ Pheat + Pexchange ~ Lrad- (13)

The energy flux q can be broken up into a neoclassical energy
flux gy caused by collisions and an anomalous energy flux g,
caused by plasma turbulence. The neoclassical energy flux is accom-
panied by a neoclassical convective flux I'nc, which are both well
understood by neoclassical theory.?

Relevant contributions to the power source term are the exter-
nally applied heating power Py, the collisional heat exchange with
other particle species Pexchange> and radiative losses Proq. The term
Z e I'ncEy captures the work exerted on moving particles with charge
number Z in a radial electric field E,.’

Equation (13) provides a 1-D approach to plasma confinement,
which complements the nested flux surface structure of W7-X and
other magnetic confinement devices.

A. Turbulent transport coefficients

By means of power balance analysis, the turbulent energy flux
G, €an be obtained from experiments. In this section, turbulent
transport coefficients are defined. They serve as figures of merit
for the level of turbulence suppression and facilitate comparisons
between different plasma scenarios.

Heat conduction in a particle ensemble may be described by
Fourier’s law,

G=-xnvT. (14)

A diffusive approximation is chosen for turbulent transport,
in accordance with other experimental works.”” >’ Under station-
ary conditions and for typical plasma profiles, the particle flux and,
hence, the convective heat transport are small, which make this a
valid simplification. The coefficient y possesses the dimension of a
diffusivity. Applying the definition of a flux surface averaged flux
from Eq. (10), a matching definition of a flux surface averaged y, is
found,

Gavg = (q ﬁreff) = _<X n ﬁT . ﬁreff)

oT - - -
= —(x n —Vregr- Vreff> = —(x IVreff|2>n T

8reff
= —Xavg N Tl) (15)
Xavg = (X |§reff|2)- (16)

Similarly, for q,,, the suffix is dropped from Xavg 1D the
following:

g=—xnT. (17)
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When q is identified with the turbulent flux g, , in the power bal-
ance equation for electrons, the turbulent transport coefficient for
electrons, x > can be extracted as

qturb,e
== . 18
Xe He Te’ ( )
The same may be done for any ion species denoted with i,
qturb,i
= — dubi, 19
Y=t (19)

In cases where the heat exchange between plasma species can-
not be reliably determined, it becomes necessary to treat the plasma
as a single fluid. This is further discussed in Sec. VI C. To aid in the
single fluid description, an effective turbulent transport coefficient
Xeg Shall be defined as

Jturb

—. 20
neTé + niT,-' ( )

Xeff = —

It is important to note that y, is not representative of a par-
ticular transport channel, as the driving mechanisms of turbulence
for electrons and ions may be distinct. However, just like y, and
X it is helpful as a measure for the general quality of turbulence
suppression in a plasma scenario.

B. Core and edge limits

This section defines limits to the radial range in which power
balance analysis is reliable. Since the power balance analysis is a vol-
umetric method, it is ill-defined near the magnetic axis (7. = 0),
where the considered volume is small. In addition, there are a num-
ber of caveats to the power balance specific to the plasma core and
edge that shall be addressed in this section.

Many of the considered plasmas are heated by microwaves
from the ECRH system of W7-X. It is usually tuned to be in reso-
nance with the magnetic field on the magnetic axis. In reality, the
deposition of microwave heating power is not perfectly punctual
due to the Gaussian shape of the EC radiation.”® Small deviations
lead to widely varying power densities due to the small volume near
the magnetic axis. It is, therefore, safest to limit the power balance
analysis to the region outside of the deposition zone.

Symmetry demands the gradient of any profile to vanish on the
magnetic axis. This presents a problem to the definition of the tur-
bulent transport coefficients from Eqgs. (18)-(20). In addition, the
axis is often not covered by experimental data points with sufficient
resolution. This requires external constraints on the profile fits. One
possible approach is to fit profiles in a flux coordinate proportional
to the square of the minor radius, which inherently forces the gradi-
ent to vanish on the magnetic axis. This approach is offered in Profile
Cooker as an optional setting.

Close to the plasma edge, interactions with the neutral gas from
either gas fueling or wall recycling become a sizable contribution
to the power loss. Right at the plasma edge, the power is either
deposited onto the island divertor of W7-X or other plasma fac-
ing components (PFCs), depending on the magnetic configuration,
or radiated off by impurities in detachment cases.”” The interaction
with PFCs is not included in the power balance [Eq. (13)] and more
difficult to model than the power balance in a fully ionized plasma.
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To avoid the ECRH deposition zone and to ensure finite pro-
file gradients, the power balance is evaluated outside of reg = 0.1 m.
To exclude interactions with neutral gas and PFCs as well as strong
radiative losses, an outer limit is set at r.g = 0.4 m. The effec-
tive minor radius of W7-X extends to roughly reg = 0.5 m®”® and
depends on the magnetic configuration. These limits provide a con-
servative region to safely perform power balance analysis for most
plasma scenarios at W7-X. Likewise, they open up an analytic range
where the effects of different turbulence suppressing scenarios can
be observed.

V. NEOCLASSICAL SIMULATION

Neoclassical particle and energy fluxes I'nc and gy, of a parti-
cle species are described by a diffusive approach, where both fluxes
depend on the gradients of density and temperature n’ and T' as well
as the radial electric field E;,’

n  ZE, D, 3\T
Ine = —nDy| [ 2 - 222 21
NC = -1 1[(11 T)+(D1 Z)T] (21)

n' ZE, D3 3 T’
=-nTD — - — — == 22
gqNC n 2[(71 T)+(D2 2)T] (22)

This form yields three transport coefficients D1, D5, and Ds. It
can be rewritten into a form with a transport matrix D,

Wz T
e D) p(Pr D2\[w ™1, "ar | (3
qNc D, Ds T

T

The off-diagonal elements D, are assumed to be equal, which
is valid close to the thermal equilibrium due to the Onsager
relation.”’

Each of the coefficients Dj, is calculated by a kinetic energy inte-
gral over a monoenergetic transport coefficient Dy for particles with
mass m and velocity v,’

2
mv

2 o —K ;1-05
D, = 7[ dK e K Dy, K=—. 24
"= Jad n o7 (24)

These monoenergetic transport coefficients Di; can, for
instance, be produced by the drift kinetic equation solver code
DKES.""" They contain information on the particle drift orbits,
which is the implicit cause for neoclassical transport. Dy; is a func-
tion of three parameters with the collision frequency v and the
average magnetic field on the magnetic axis By,

Dy = Dll("eff) v E) (25)

v vBy
It is possible to compute D;; for a given magnetic configu-
ration and store it as a data table for later transport calculations.
There is an extensive database of reference equilibria for mag-
netic configurations at W7-X distinguished by coil currents and
plasma f, each with an adjacent set of DKES data.” Power House
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draws from this database and selects the most suitable dataset for a
discharge.

The set of neoclassical equations is closed by the condition of
ambipolarity, which determines the radial electric field E,

I'nce = Zi Ineie (26)

Ambipolarity links the electron flux I'nc, to the ion flux I'ng;i
for a charge number Z;. It is a necessary condition to prevent the
separation of electric charges and thereby violation of quasineutral-
ity. For an axisymmetric device, neoclassical transport is inherently
ambipolar.z’jl In a general stellarator, on the other hand, a radial
electric field arises, which enforces ambipolarity. Note that turbulent
transport is generally ambipolar in the gyrokinetic approximation
and, hence, does not affect the radial electric field.*”

Equation (23) can be solved for an electric field E,, on which it
depends explicitly as well as implicitly through the transport coef-
ficients D,. There may be several solutions for the electric field;
in W7-X, there are up to three.”””* These solutions are commonly
referred to as roots and may exist on the entire minor radius or a
limited area for a given set of profiles.

A. Root solutions

First, the ion root is characterized by a negative value of the
radial electric field. It can be illustrated as a situation where the ions
would otherwise diffuse faster than the electrons, so the negative
electric field restricts ion diffusion and pushes electron diffusion.
The ion root is present in most W7-X discharges, at least near the
plasma edge.

Second, the electron root has a positive electric field and pre-
vails where the electron temperature is much greater than the
ion temperature, which leads to a lower electron collisionality and
thereby larger electron diffusion in the 1/v regime.”” These condi-
tions are provided in the core of plasmas with low density and central
electron heating, typically by ECRH.

The third root has a smaller, positive electric field and is ther-
modynamically unstable; thus, it is excluded from the neoclassical
simulation.’

In the case that several root solutions exist for the same radial
position, the electric field matches one of them and may transition to
another root along the minor radius. The appearance of CERC (core
electron root confinement) has been proven at Wendelstein 7-X.*!
Given that only the ion root solution is present at the edge of typical
W7-X plasmas, a transition of the radial electric field from electron
root to ion root is a necessary consequence.

The shape of the electric field in the transition area may be
approximated by a diffusion equation,’

OE, 1 0 ’

0 E e
1o, E e
ot V' Oresr

eff =
Ofeff et~ €

(Ince = ZiTnci),  (27)

where D represents the diffusion coefficient for the electric field
and ¢ is the permittivity of the plasma. Qualitatively, Dr controls
the width of the root transition area and thereby the steepness of
the electric field, where Dg = 0 forces an immediate transition with
a discontinuous electric field.
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FIG. 8. (a) Electron and ion density (blue, solid line). (b) Electron temperature (solid, red line) and ion temperature (solid, blue line). (c) Radial electric field for electron root
(dashed, red line), ion root (dashed, blue line), diffusion approximation with Dg = 1 (dotted, purple line), Dz = 10 (dotted, green line), and EUTERPE code (solid, orange
line). (d) Cumulative neoclassical power compared to heating power from ECRH (black, solid line). From discharge W7X20221214.028, 2.5-2.9 s.

B. Global simulations with the code EUTERPE

To evaluate the diffusion approximation in Eq. (27) for an
exemplary case, a global, neoclassical simulation with the code
EUTERPE was performed.”” Such simulations eliminate the need
for free parameters, such as the electric-field diffusion-coefficient,
calculating the global electric field self-consistently with the Pois-
son equation instead.”® Figure 8 shows a set of experimental
profiles along with the radial electric field E, and the cumu-
lative neoclassical power Pnc =gy V', as obtained by different
methods.

Electron and ion root solutions as well as the diffusion approx-
imations with Dg =1 and Dg = 10 were calculated by the code
Neotransp, based on monoenergetic transport coefficients obtained
from the code DKES. The diffusion approximation produces an
electric field gradient that matches that of the EUTERPE result
for suitable Dg; however, the exact location of the root transition
(E, = 0) differs somewhat.

More critically, however, the diffusion approximation shows
a sharp transport maximum around the location of E, = 0, which
is reflected in the cumulative power. This is likely due to the drift
kinetic approximation used in the underlying DKES calculation,

which is invalid near E, =0 and especially at low collisionality.’
Using the diffusion approximation for the electric field with a DKES
dataset for power balance analysis is, therefore, problematic in the
transition region.

The root solutions agree well with the EUTERPE code in their
respective domains, both in terms of electric field and power. The
shape of the neoclassical power curve from EUTERPE suggests a
smooth transition from electron root to ion root close to g = 0.2 m,
unlike the transport spike found by the diffusion approximation.

Based on the comparison, the diffusion approximation can
produce a reasonable electric field, while the results for the cumu-
lative power are unreliable. Concerning power balance analysis, it
is, therefore, safer to calculate the root solutions separately. Then,
a continuous, smooth transition of the neoclassical power from
electron root to ion root can be assumed.

VI. SOURCE TERMS

This section shows how the different contributions of Psource in

Eq. (12), alongside with 65‘;‘" , are being handled in the Power House

app.
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A. ECRH absorption

The ECRH beam has a Gaussian power density profile.”® As
a rough approximation, microwave absorption may be modeled as
a Gauss curve in the effective minor radius. A precise microwave
power deposition profile can be attained with the code TRAVIS.*
In most experiments at W7-X, the ECRH is tuned for on-axis heat-
ing. Since the power balance analysis is only considered outward of
reff = 0.1 m due to profile fitting, assuming the microwave power
deposition to be punctual and central at r.¢ = 0 is sufficient for this
case. However, some experiments are heated off-axis, where the cen-
ter of power deposition is located somewhere 7. > 0. For this case,
Power House offers an approximation with a Gauss function with
adjustable center, width, and plateau to model the ECRH power
source.

There is presently no module for estimating ICRH absorption
in Power House; however, a model may be developed if demand
arises in the future. The main goals of the ICRH System at W7-
X?? are plasma start-up at a low magnetic field and studying fast
ion confinement, rather than providing major heating power. There-
fore, it is less relevant for power balance analysis than ECRH
and NBIL

B. NBI absorption

The power deposition of NBI is much broader than that
of ECRH. Modeling of neutral beam heated plasmas, there-
fore, requires accurate power deposition profiles. Power House is
equipped with a module for automated calculation of NBI power
deposition, which takes into account neutral beam stopping through

11

10

n (10" /m?)
©
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ionization and subsequent energy transfer to electrons and ions. 3-D
drift effects of fast ions are omitted.

The reaction rate of beam ionization depends locally on the
density of beam and plasma, the cross section, particle species, and
(explicitly and implicitly) on the beam energy. It is, furthermore,
sensitive to beam parameters such as injection geometry and diver-
gence. The NBI sources at W7-X are copies of those installed at
ASDEX Upgrade, for which those parameters are documented.**'
Note that the neutral beam is not monoenergetic but consists of typi-
cally three components corresponding to the full, half, and one-third
of the acceleration voltage, respectively.

After ionization, the fast ions are slowed down to thermal
energy by collisions with electrons and ions. The fractions of ini-
tial beam energy heating electrons and ions can be determined as Gg
and G1,**

1 [k dE
0 JT; 1_‘_(&)
1 [k dE
G- [ 29)
Bodi 1 ()

These expressions are simplified for a fully ionized plasma
where no re-neutralization of fast ions occurs. Ec is called the critical
energy,
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FIG. 9. (a) Electron and ion density (blue, solid line). (b) Electron temperature (red, solid line) and ion temperature (blue, solid line). (c) NBI power deposition with fast ion drifts
from BEAMS3D on electrons (red, dashed line) and ions (blue, dashed line). NBI power deposition without fast ion drifts from the Power House beam model on electrons
(red, dotted line) and ions (blue, dotted line). From discharge W7X20181009.016, 4.5-4.7 s, acceleration voltage 54 kV.
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where T, is to be entered in eV, A is the mass number of the beam
particles, and j sums over the plasma ion species.

Power House makes use of a beam model that solves a
collisional-radiative model based on Gaussian pencil beam geom-
etry in order to find the birth rate of fast ions in the plasma. This
model uses the Bayesian inference from beam emission spectroscopy
and has been verified against other codes.'**’ The same beam model
has also been used in the analysis on the particle balance at W7-X.*
Using a suitable equilibrium, the fast ion birth rate is then mapped
to the minor radius and the fractions of power deposition calculated
with Egs. (28) and (29).

The beam model neglects drifts and losses of fast ions in the
magnetic fleld and instead assumes a power deposition local to the
ionization. Precise calculation of fast ion drifts requires a gyrocenter
orbit simulation, such as the code BEAMS3D.* Figure 9 shows a
comparison of the beam model in Power House against BEAMS3D
for a set of example profiles along with the calculated NBI power
deposition profiles.

Under consideration of fast ion drifts, the total deposited power
is about 14% lower, which corresponds to the loss fraction of fast
ions that leave the confined region through drifts. For the elec-
trons, the cumulative deposited power is about 12% lower, the ions
experience about 19% less power.

Codes like BEAMS3D are too computationally intensive for the
workflow in Power House but can only be used as precomputed
results, for example, profiles. Changes to the density profile have a
profound effect on the neutral beam attenuation, which is more rel-
evant to the power deposition than fast ion drifts. The advantage of

2.5

n (1019/m3)

1.5

T (keV/kB)
SO B N W b
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the beam model in Power House is that it can quickly return power
deposition profiles specifically for the loaded density and tempera-
ture profiles and thereby maintain consistency. For a given discharge
and time, the acceleration voltage and the intensity of each energy
component of the beam are taken from the neutralizer spectroscopy
of the NBI system.

C. Collisional heat exchange

Collisional heat exchange from electrons to ions is a large
uncertainty to the power balance in many cases at W7-X. This
section exemplifies the reason for this and presents a reasonable way
to manipulate profiles to mitigate the uncertainty.

In a plasma, the temperatures of electrons and ions are not
necessarily equal. Especially in cases where only the electrons are
externally heated, the difference may be significant. In this situation,
the power density Pexchange is transferred from the electrons to the
ions through Coulomb collisions,

2 Te - Ti 2 Te - Ti
Pexchange ~ N, ~ e 32 "
Tei Te

(31)

It is proportional to the electron density n. squared, the tem-
perature difference (T.— T;), and inversely proportional to the
collision time 7,;. This quantity scales with T2, causing the heat
exchange to increase rapidly with decreasing electron temperature.
Near the plasma edge, T. tends to be very small, which leads to
high exchange power density being found in Eq. (31) even for small
temperature difference.’

— electrons

= main ions
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FIG. 10. (a) Electron and ion density (blue, solid line). (b) Electron temperature (red, solid line) and ion temperature with an initial profile (blue, dashed line) and a manipulated
profile set to T; = T, (blue, solid line). (c) Calculated exchange power for initial profiles (orange, dashed line) and manipulated profiles (orange, solid line) compared to
heating power from ECRH (black, solid line). From discharge W7X20180927.030, 2.5-2.9 s.
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Figure 10 shows a set of example profiles from a stationary, pure
ECRH case heated with a total of 2 MW.

There is a slight difference between T, and the initial T; pro-
file (blue, dashed line) near the plasma edge. The exchange power
(orange, dashed line) exceeds the total heating power of 2 MW in
that area. From the standpoint of power balance, the electrons can-
not dispense more power through Coulomb collisions than they
receive from external heating in a stationary situation; hence, this
result is paradoxical.

Physically, T and T; can be assumed to be equilibrated in situ-
ations where the collision time is very short, such as for low electron
temperatures near the plasma edge. Small deviations are likely due to
diagnostic uncertainties. The most reasonable consequence is to set
the temperatures of both species equal for the analysis, starting from
a specific radius outward. Profiles manipulated by setting T; (blue,
solid line) equal to T. from re = 0.3 m outward result in a reduced
exchange power (orange, solid line).

Power House provides the option to automatically set T; equal
to T, from the radial position where they first intersect. This may
lead to a kink in the T; profile, which is automatically smoothed by a
cubic spline over adjacent data points to prevent any discontinuity in
the gradient. The option is meant to mitigate an unphysical exchange
power, however, it is essential for the user to oversee the result. It
should be noted that in cases where the exchange power cannot be
determined with confidence, the power balance must be restricted to
the single fluid approximation, yielding y -

ARTICLE pubs.aip.org/aip/rsi

D. Radiated power

Usually, the highest radiation densities are found at the plasma
edge of W7-X.* In cases where strongly radiating impurities pen-
etrate deeply into the plasma, they can become an important
contribution to the power balance. The radiation power density
can be inferred from inversions of bolometer measurements,®"’
which are available in the W7-X Archive. Power House offers
the option to subtract a given radiation power profile from the
power balance; however, no built-in radiation model is implemented
at present.

E. Non-stationary conditions

Power balance analysis works most reliably for plasmas where
the input heating power and the density stay constant, together
with the kinetic energy of the plasma. In such conditions, the pro-
file measurements can be sampled over a long time to reduce their
stochastic error and the energy derivative term % is negligible.
However, some plasma scenarios of particular interest, such as pel-
let fueling cases with improved confinement, show a highly transient
character.” There, the plasma profiles and the kinetic energy may
change rapidly; thus, the temporal derivative of kinetic energy must
be included in the power balance.

Power House offers an application to easily add an energy
derivative term. This requires sets of profiles from three or more
different time points.
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FIG. 11. (a) Calculated kinetic energy Eyi, for a series of time points (purple crosses), spline interpolating these points (purple, dashed line), and measured diamagnetic
energy Wi, for comparison (black, dotted line). (b) Time derivative of the spline (green, solid line). (c) Radially resolved kinetic energy derivative at 1.85 s as a cumulative
integral, including the kinetic energy of electrons (red, solid line), ions (blue, solid line), and the single fluid plasma (green, solid line). A black, vertical bar indicates the

evaluation at 1.85 s. From discharge W7X20181016.
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All the profiles are interpolated to a common radial grid. For
each set of profiles, the kinetic energy is calculated on the radial grid.
This yields a table of kinetic energy vs time for each grid point, which
is then interpolated by a cubic spline function. With that, the kinetic
energy is given as a differentiable function of time that can be evalu-
ated at any time point and for each point on the radial grid. Figure 11
visualizes the process on the basis of the pellet fueling experiment
W7X20181016.037.

In Fig. 11(a), the kinetic energy Ejin, calculated from sets of pro-
files, is shown by purple crosses for a series of 18 time points. Each
time point is averaged over 100 ms in this example and the pro-
file fits consist of 30 Monte Carlo samples. The spline interpolating
these points is represented by a purple, dashed line with an uncer-
tainty interval based on the profile samples. As a proof of principle,
the measured diamagnetic energy Wy;, is plotted for comparison as
a black, dotted line. In Fig. 11(b), the time derivative of the spline is
shown as a green, solid line with an uncertainty interval. For demon-
stration, it is evaluated at 1.85 s as indicated by a black, vertical
bar.

Figure 11(c) shows the radially resolved kinetic energy deriva-
tive at 1.85 s as a cumulative integral, including the kinetic energy of
electrons in red, ions in blue, and the single fluid plasma in green.
The integral over the effective minor radius at 0.52 m is close to
-3 MW; for comparison, the total heating power is 4.8 MW in this
experiment. Therefore, the kinetic energy derivative term poses a
non-negligible contribution to the power balance.

The accuracy of the kinetic energy calculation improves with
the number and density of available time points, which requires
more profile fitting and is ultimately limited by the temporal resolu-
tion of the diagnostics. In a long series of time points, the derivative
is most accurate around the middle and should not be taken directly
at the first or last time point. For 100 grid points and 10 time points,
the computation finishes within a few seconds.

Thanks to the application described, transient plasma scenar-
ios, such as pellet fueling cases, become accessible to power balance
analysis.

Vil. CONCLUSION

Two new web apps employed at Wendelstein 7-X, the profile
fitting app Profile Cooker and the power balance app Power House,
are introduced. They facilitate a standardized workflow for power
balance analysis and allow us to compile a large database of power
balance results.

Each of the parametric and non-parametric fitting functions
available in Profile Cooker are compared next to each other, in addi-
tion to weighting practices and other settings. The lowess function is
preferred for its robustness and versatility.

The power balance equation, as it is assumed in Power House,
is established as a function of the effective minor radius. As fig-
ures of merit, the turbulent transport coefficients y,, x> and x, are
derived from the power balance. To avoid uncertainties, a radial
range for the reliability of power balance analysis is defined as
0.1 m < 7er < 0.4 m.

The codes Neotransp and N'TSS solve a set of neoclassical equa-
tions, yielding solutions referred to as electron root and ion root.

ARTICLE pubs.aip.org/aip/rsi

To investigate the area where a root transition occurs, a global, neo-
classical simulation with the code EUTERPE was performed for an
example case. It suggests a continuous, smooth transition of the
neoclassical power from the electron root to ion root.

Source terms are discussed and the input options for heat-
ing power, radiative losses, and kinetic energy time derivatives in
Power House are shown. The ECRH power deposition profile is
approximated by a Gauss function. A beam deposition model for
NBI power deposition is presented. Drifts of fast ion created by NBI
are neglected and an error estimate is given. Radiative losses to the
power balance may be added as a given power profile. The time
derivative of kinetic energy can be computed by an application in
Power House using profiles from three or more defined time points.
Very small differences between electron and ion temperatures can
lead to massive collisional heat exchange; thus, there is an option to
manipulate T; locally to T; = T..

This work forms the basis for coming database studies on
turbulent transport at Wendelstein 7-X.
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