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Abstract

We present a code for the large-scale data analysis of electron cyclotron emis-
sion (ECE) measurements from magnetized plasmas called ECRad — the Elec-
tron Cyclotron Radiation transport model for Advanced Data analysis. Its key
features are low computational cost, high robustness and the capability to pre-
dict ECE spectra of plasmas with non-thermal electron populations. This is
accomplished by combining the absorption coefficient given by F. Albajar et
al., PPCF 49, 15 (2007) and a corresponding emissivity for the radiation trans-
port with geometrical optics ray tracing for the computation of the diagnostic
line of sight. Another important aspect of FCRad is that it has passed a large
amount of verification tests against real measurements by conventional, oblique
and ECE imaging diagnostics.

This paper explains the physical model of ECRad and its implementation.
Furthermore, it is discussed how the code can be used for the inference of the
electron temperature from ECE measurements and how an oblique ECE diag-
nostic can be cross-calibrated with ECRad.

Keywords: Electron Cyclotron Emission, Radiation Transport, Data Analysis

1. Introduction

Electron Cyclotron Emission (ECE) is one of the few diagnostic techniques
capable of delivering spatially and temporarily highly resolved measurements of
the electron temperature (7,) of magnetized fusion plasmas. Accordingly, an
ECE diagnostic can be found at nearly every major magnetic confined fusion
device, e.g. JET [I1 2, B], ASDEX Upgrade [4} [ [6], DITI-D [7, [8, @], W7-X [10],
LHD [I1} 12] and KSTAR [13, [I4]. Conventional ECE diagnostics are primarily
used to measure the T, profile and large T, fluctuations. Additionally, the ECE
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technique is employed to measure the poloidal and toroidal motion and spectra
of magnetohydrodynamic (MHD) modes by ECE imaging diagnostics [15] [8, [14].
Turbulent 7, fluctuations are resolved with correlation ECE [16].

The measurements of these diagnostics can be interpreted by identifying the
observed radiation temperature with T, at the cold resonance position. This is
based on the application of the black-body radiation law at the radial position,
where the observed frequency matches the electron cyclotron frequency or one
of its harmonics. However, this approach can become inaccurate if, for exam-
ple, one is interested in the T, profile near the plasma edge, where the plasma
is optically thin [4]. Another situation, where this approach is inapplicable,
occurs if the line of sight (LOS) of the diagnostic is not perpendicular to the
magnetic field. In this case the LOS of the diagnostic can be strongly refracted
and the emission is affected by the Doppler-shift [I7, I8]. ECE has also been
used to study non-thermal electron distribution functions. Here various diag-
nostic setups have been realized, like a high-field side (HFS) ECE at TCV [19],
an oblique ECE at JET [3] and, recently, vertical ECE systems at TCV [20]
and COMPASS [21I]. In all these cases and especially for the quantitative in-
terpretation of non-thermal ECE measurements [22], an accurate model of the
radiation transport [23] in the plasma is mandatory.

Several radiation transport codes for ECE are available, e.g. SPECE[24],
TRAVIS[25] and NOTEC[26]. These codes address mainly diagnostic design
[27] and the in-depth analysis of single ECE spectra [28], 29 B0]. In this paper
we present a radiation transport solver specifically designed for the large-scale
analysis of ECE spectra of toroidally symmetric devices: The Electron Cy-
clotron Radiation transport model for advanced data analysis (ECRad). At the
time of this writing, five years have passed since the code was first deployed
for the routine analysis of the ECE measurements within the ASDEX Upgrade
Integrated Data Analysis (IDA) framework [3I]. It analyzes, among the data
of other diagnostics, the measurements of the profile radiometer with a stan-
dard resolution of one milliseconds for the majority of discharges performed at
ASDEX Upgrade [4, 32]. During these five years the code has undergone con-
tinuous development to be capable of describing the majority of ECE spectra
recorded by the various diagnostics available at ASDEX Upgrade. Apart from
the analysis of the profile radiometer, the code also assisted the in-depth analysis
of ECE imaging measurements [I8], B3], 34], [35], the interpretation of correlation
ECE measurements [6] and the design of a recently deployed correlation ECE
setup at ASDEX Upgrade [36].

While the physical model of the code is resembling the main three alternative
codes mentioned above, the key feature of ECRad is the efficient implementa-
tion and its optimization towards the everyday ECE analysis. FECRad is not
restricted to ECE spectra of thermal plasmas. The code is capable of computing
ECE spectra for bounce-averaged electron momentum distribution function pro-
files. This has been used extensively in Ref. [37] to benchmark Fokker-Planck
models for electron cyclotron current drive against measurements of both radial
and oblique ECE diagnostics.

The goal of the present paper is to describe the details of the physical model



of ECRad and the key aspects of the implementation which makes the large-
scale analysis of ECE measurements computationally feasible. The paper is
structured into four parts. In section [2 the underlying physical model of ECRad
is presented. In Section [3| the implementation details are explained. Section []
discusses several applications of FCRad. Conclusions are drawn in section

2. Theory

ECRad performs two main tasks: Solving the geometrical optics equations
and the radiation transport equation. In the following the details of these two
steps are explained.

2.1. Wave propagation

In the geometrical optics limit the trajectory of an electromagnetic wave in
the electron cyclotron range of frequencies is governed by the following Hamil-
tonian system|[38]. Here we follow the notation of Ref. [39], but drop the second
order terms that describe the diffraction of the waves:

de  OAON | AN 9A/d= )
ds  JoAJON]|,_,’ ds  |9AJON||,_,

In the previous equation s is the arc length of the ray and x is the spatial
coordinate. The second canonical coordinate is IN = % with k the wave vector
and A represents the cold plasma dispersion relation give by equation .

The index of refraction Ng, derived from the dispersion relation depends
on the angular frequency of the waves w, electron density (n.) and, in case of
X-mode polarization, also on the magnetic field strength B = | B|. The cold dis-
persion relation A(x, k,w) has two roots, which correspond to the extraordinary
mode (X-mode) and the ordinary mode (O-mode):

A(x,N,w) = |N[> = N2, (X,Y,N}) (2)

with Ny, the cold plasma refractive index [40]
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has its usual notation. The angle between the wave vector and the magnetic

field is
k-B
0 = arccos () . (5)
k|- |B|

The component of N parallel to the magnetic field is denoted as N = |[N|cos 0 =
% and N = |Nsinf)| is defined correspondingly. The ”+” in equation
corresponds to X-mode and ”—" to O-mode.

The two relations in equation form a system of two coupled, ordinary,
three-dimensional differential equations, which have to be solved numerically.
The ray paths given by the Hamiltonian system fulfill reciprocity. This is impor-
tant for modeling ECE diagnostics where the origin of the ECE is not known,
while the position of the antenna is. Due to reciprocity of the Hamiltonian
system, the rays can be launched from the ECE antenna to determine the path
of the radiation traveling through the plasma to the ECE antenna.

It is common practice to disregard kinetic effects in the computation of the
trajectory of cyclotron waves with ray and beam tracing codes [41], 42}, [39] [43], [44].
There is, however, an important exception where this practice is inaccurate.
Near a cut-off layer, at which the refractive index becomes purely imaginary,
there can be a considerable influence by kinetic effects [45]. Due to the large
speed of the electrons, relativistic effects allow propagation of electron cyclotron
waves even if the refractive index given by the cold dispersion relation is purely
imaginary. Solving this problem rigorously bears two problems. First, the group
velocity of the wave approaches zero [46]. Second, there is no analytical solution
to the fully relativistic dispersion relation and an extensive numerical approach
is required. These problems can be overcome by introducing approximations,
e.g. Ref. [25], but the numerical costs are still substantial. Including finite
temperature effects in ray tracing for the large-scale data analysis of ECE mea-
surements is not feasible at the present time. To consider finite temperature
effects near cut-offs, a less rigorous approach is employed in ECRad. This is ac-
complished by introducing a weakly relativistic correction to the electron mass
in both, the cyclotron and the plasma frequency [45]

- 5 Me,0C3 - nee? B eB
Me = Meo4/1+ —, = — Wp = A ——=—, We = —. 6
0 I H kyTe P €0Me Me ( )

The Boltzmann constant has its usual notation kj, in equation @

The same approach is already implemented in TORBEAM [42], where it
is used for the determination of the cut-off layer for reflectometry. In close
proximity of cut-off layers this treatment is exact [47], but the approximation
breaks down far away from cut-off. To demonstrate that the correction given
by equation @ is meaningful and generally leads to an improvement of the ray
paths an example will be discussed in the following.

As the scenario we choose the ASDEX Upgrade discharge #35322 at t =
2.168s, in which the on axis magnetic field strength is 2.5 T. For the line of
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Figure 1: The figure shows the poloidal cross section of ASDEX Upgrade and two LOS of
an ECE channel with ppo1res = 1.07 for discharge #35322 and ¢ = 2.168s. The green line
depicts the LOS computed with the correction given by equation @ and the black dashed line
corresponds to the LOS that is obtained if the correction is omitted. The figure also shows
the contours of pp1 and the ASDEX Upgrade vessel wall. The separatrix is indicated in blue.

sight geometry and measurement frequency a channel of the ASDEX Upgrade
profile radiometer with f = 105 GHz is selected. This frequency corresponds
to a cold resonance position to the second harmonic in term of the square root
of the normalized flux ppolres = 1.07. This scenario is particularly interesting,
because a comparatively large T, at the plasma center of 8.5keV causes warm
plasma effects to be relevant for ray tracing. Figure|l|shows the ray trajectories
computed by FCRad with (green solid) and without (black dashed) the correc-
tion given by equation (@ There is a clear deviation between the two rays. To
demonstrate that the approximation actually provides better results, figure
compares the cold plasma and the corrected refractive index to the real part of
the refractive index determined rigorously from the warm dielectric tensor as
described in Ref. [48]. The refractive index corrected according to equation (@]
is much closer to the real part of the warm refractive index than the cold one.
This finding is not limited to the scenario discussed here, but is generally
true with one exception. Near a resonance the real part of the fully relativistic
refractive index tends to be lower than the one with the correction and it is
then closer to the cold refractive index. Given the results from past studies
[49, [40, [46], it is, however, not expected that the effect of the resonance on
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Figure 2: Comparison between the Appleton-Hartree cold plasma refractive index

Ncold plasma, the refractive index Nyith correction, Where the correction given by equation

is considered, and the real part of the refractive index derived from the fully relativistic dis-
persion relation Re (Nwarm dispersion)- All three refractive indices are given as functions of
the major radius.

the wave propagation is significant for the large scale data analysis of ECE
measurements. An exception is the scenario, where resonance reduces the real
part of refractive index to zero, but such fringe cases are anyways beyond the
scope of ECRad.

2.2. The radiation transport equation for electron cyclotron waves

The radiation transport equation is given by Ref. [23]:

d I,(s) 1 .
@NE,J&Y(S) o N2 oy (5) (Juw(8) — aw(s)1u(s)) . (7)

The coordinate of the path along which the radiation propagates is the arc-
length s and N, ay is the ray refractive index [23]. The absorption coefficient
is denoted as ay(s) and captures the relative loss of intensity due to wave
absorption. The source term is the emissivity j,(s). Section shows how
these two quantities are calculated. Integrating equation @ over the path of
the ray yields the intensity I, (sow) for a measured frequency w at the position of
the outer wall s.y, Wwhere the radiation leaves the plasma vessel and is detected.

For the interpretation of ECE measurements the values I, inside the plasma
are irrelevant and only I,,(Sow) is of importance. Since sqy is in vacuum, N, ray
can be set to one in equation . This can be proven by inserting Kirchhoff’s
law (cf. equation below) into equation (7):

d I,(s I,(s
)~ )5 ®

where Igp,, denotes the black body intensity. Introducing I, = I,,/N, 2
renders equation independent of N ray. In vacuum at s = sqy the ray
refractive index is one and, therefore, I, (Sow) = I, (Sow). Although Kirchhoff’s



law was considered in this derivation, it can be shown that this approximation
also holds for non-thermal distributions (cf. equation (9))).

2.8. Electron cyclotron emission and absorption

To solve the radiation transport equation the emissivity j,(s) and the
absorption coefficient a,(s) have to be calculated. In a tenuous plasma, where
dispersion is negligible, the collective motion of the electrons can be neglected
and the emissivity and absorption coefficient can be calculated as the sum of
the contributions of each electron. Hence, the emissivity is given by the velocity
space integral of the single electron emissivity weighted with the distribution
function [50]. This approach requires that refractive index Ng,, ~ 1. For plasma
scenarios typical of ASDEX Upgrade and for the frequency range for which
ECE is a useful diagnostic tool this criterion does usually not apply. Hence,
the dielectric properties of the plasma have to be retained when calculating the
emissivity. This requires the knowledge of the complex wave vector k, which
fulfills the fully relativistic dispersion relation locally. However, to obtain the
complex wave vector it is necessary to solve the fully relativistic dispersion
relation for the complex refractive index [48]. To date no analytical solution to
this problem is available and it has to be solved numerically.

Unlike the cold plasma dispersion relation, the fully relativistic dispersion
relation exhibits more than two roots. Aside from roots that correspond to
the X- and O-mode there are also roots that belong to electrostatic Bernstein
waves [40]. Especially close to a resonance it is possible that the dispersion
relation has two or more roots that lie close together [51]. At the present
time there is no scheme readily available that can reliably identify the root for
which the absorption coefficient is currently needed. Although a comparatively
robust solution to this problem exists [48] the success rate of this method proved
insufficient in practice for the large-scale data analysis targeted by ECRad.
Hence, a compromise between the complete treatment and the tenuous plasma
approach is needed.

A viable approximation for the absorption coefficient that retains the dielec-
tric properties of the cold plasma is proposed in Ref. [52]. This approach can
inherently only consider the electromagnetic energy flux of the wave, while the
so-called sloshing flux, which is non-zero only if finite temperature effects are
included in the dispersion relation, is neglected [52]. Furthermore, the refrac-
tive index N, of the plasma and the polarization of the wave only account for
the cold dielectric tensor and the correction of the electron mass introduced in
equation @ The advantage is that the absorption coefficient and the emissiv-
ity can be expressed as an integral in momentum space that can be easily and
robustly solved numerically. With these approximations it is possible to derive
the emissivity of the n-th harmonic from the absorption coefficient given in Ref.
[52] and from equation (2.9) of Ref. [38]. The full derivation can be found in
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The absorption coefficient for harmonic number n can directly be adopted from
Ref. [52):
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Both, the emissivity and the absorption coefficient contain an integral in cylin-
drical, dimensionless momentum space, with u, /| = p1//(come,0) the (dimen-
sionless) momentum perpendicular/ parallel to the magnetic field. The Lorentz

factor is denoted as v = /1 +u? + uH and w = . The distribution function

f can be an arbitrary, gyrotropic distribution. The coordinate system for the
wave electric field F normalized with the Poynting flux S

- - E
€ =(64,6y,6,) = ———
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follows the convention used by Stix, where the x and z axes are chosen such
that k lies in the z-z plane and the z axis is aligned with B [53]. The Bessel
function of first kind is denoted as J,, (b) with n-th order and b = @N, u, . Note
that most of these quantities depend implicitly on the ray coordinate s and that
the ray refractive index N, ray can be set to one as described in the previous
section. Furthermore, it should be noted that all quantities derived from the cold
dispersion relation, i.e. N1, N, N, and ¢, incorporate the weakly relativistic
correction of the electron rest mass, introduced in equation @

The absorption coefficient distinguishes itself from the emissivity by a factor
and the operator R that is applied onto the electron distribution function.
Ny

uL uj|

(11)
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The distribution function can be arbitrarily chosen in equations @ and .

To obtain the absorption coefficient o, and the emissivity j, it is necessary
to sum up the contributions of the individual harmonics

= Z Qyon; jw = ij,’rr (13)
n=1 n=1



For the majority of the ASDEX Upgrade discharges the electrons can be ap-
proximated to be thermally distributed, which allows the absorption coefficient
to be derived from the emissivity via Kirchhoff’s law [40] and vice versa:

Juon (3) : 8mcq
w = = w,n T o1, m A2 14
@ (S) IBB,W(S)NE,ray Jo, (S) w2kaeN3,ray ( )

The Rayleigh-Jeans approximation [50] for Igp ,, yields the expression given on
the right side of equation . The Boltzmann constant is denoted as ky,.

The omission of the sloshing flux and the reliance on the cold plasma ap-
proximation for the refractive index and wave polarization restrict the validity
of equations @[) and to harmonics with n > 1, and n > 2 if w. > wp
54, 52). Since ECE measurements of the fundamental resonance (n = 1) are
not common in most current magnetic confined fusion experiments, the inabil-
ity to calculate the emissivity and absorption coefficient for the fundamental
harmonic poses only a minor limitation at the present time. The second con-
dition which applies for the second harmonic could pose a problem as w. ~ wy,
for most plasmas. However, it was shown in Ref. [32] that the performance
of equations @ and is adequate for the purposes of data analysis even if
We,0 ~ wp and n = 2. It should be noted that for second harmonic emission
measurements in future devices like ITER the validity of these approximations
for the emissivity and the absorption coefficient should be reexamined. For the
interpretation of fundamental ECE measurements new expressions are needed.

2.4. The birthplace distribution of observed intensity

In classical ECE analysis each measurement frequency is mapped to its cold
resonance position. Hence, there is a one-to-one correspondence between fre-
quency and position. If broadening effects are to be considered in the analysis,
this one-to-one relation is no longer applicable. Instead, for each measurement
there is a distribution of measurement positions. Knowing this birthplace distri-
bution of observed intensity [17, 18] can be very useful for understanding ECE
measurements and it is provided as a standard output of FCRad. It is defined
by

D,(s) = —/————, 15
UJ( ) Iw (sow) ( )
where T, (/) is the transmittance of the plasma for waves at frequency w along
the ray path from point s to the observation point Sqgy:

Jow
To(f) = e ™) = exp (—/f ozw(f’)df'> (16)

Functions similar to the birthplace distribution of observed intensity, although
not normalized, have been used in various studies (see e.g. Ref. [55]) and
numerous aliases like ”total emissivity” [56], ”actual emission” [4] or ”emitting
profile” [57] can be found in the literature.



3. Implementation

ECRad is a Fortran90 code which utilizes OpenMP parallelization to solve
the geometrical optics- and the radiation transport equation for several fre-
quencies simultaneously. It was designed to be a tool for the everyday analysis
of ECE measurements, including the inference of T, from ECE measurements,
cross-calibration of ECE diagnostics or the determination of the birthplace dis-
tribution. To fulfill this role the code has to be fast, robust and straightforward
to use. For example in the IDA used at ASDEX Upgrade [31], it is not uncom-
mon that every forward model has to be executed several thousands of times for
every single time point. Simultaneously, the total computational time of IDA for
each time point should not exceed more than a couple of minutes. Furthermore,
to support gradient based optimization in the inference of T, it is important
that the radiation temperatures (Tyaq) predicted by ECRad are continuously
differentiable with respect to the input T, profile. This requirement inhibits
the usage of methods like root finding, adaptive step size algorithms and any
technique reliant on random numbers. ECRad is a unique code, because it is
able to meet all the requirements above.

3.1. Main structure

The workflow of the code has four main segments: Initialization, ray tracing,
radiation transport and post-processing. In the initialization phase interpolating
splines are computed for the input data and the antenna pattern is translated
into the initial conditions for the ray tracing. The geometrical optics equations
are solved in the ray tracing phase, in which also the grid for the radiation
transport equation is prepared. It is then solved in the subsequent phase. The
post-processing segment is optional. It provides the birthplace distributions and
warm resonance positions.

If ECRad is used as stand-alone program through its Python [58] GUI, it
will go through each of the four phases one after the other, where the post-
processing step can optionally be skipped. If FCRad is used as a library only
the radiation transport equation can be solved in subsequent computations of
Trad, once initialization and ray tracing have been performed.

3.2. Input

ECRad requires four two-dimensional matrices describing a poloidal slice
of the magnetic equilibrium (B, By, B,, and the poloidal flux ¥,,). For the
moment toroidally symmetric equilibria have to be assumed. An exception to
the assumption of toroidal symmetry is the magnetic field ripple. For ASDEX
Upgrade an already established parametrization is used for the ripple [59]. It
should be noted that FCRad could be easily extended to three-dimensional
equilibria, since the only missing component are routines for the interpolation
of three-dimensional equilibria.

Additional to the equilibrium, the T, and n. profiles, the antenna pattern
of the ECE diagnostic and a contour of the vessel wall are needed to compute
Trad- The configuration of ECRad is controlled through an input file. These
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settings include whether thermal or non-thermal distributions are considered,
whether X- or/and O-mode should be assumed and how the IF bandwidth of
the radiometer and the volume of sight are to be discretized. If ECRad is used
as a library all the above quantities are provided through interface functions.

At present the FECRad library is implemented for thermal plasmas only,
where T, and n. are assumed to be flux functions. In the stand-alone version
T. and n. can be chosen to be two-dimensional matrices using the same grid as
the magnetic equilibrium. For the study of non-thermal ECE the stand-alone
version allows one to supply a distribution function profile. The distribution
function has to be provided on a grid spanned by pyo1, normalized momentum
u and pitch angle ¢

Y

u2 + 5_71“2
VU T e | B|
u=,/u? +u?, (=arccos | +—-—"— E=——77—, (17
+ I u Bmin(ppol)
where Buin(ppot) is the lowest magnetic field strength on a flux surface.
For a detailed list on all the ECRad settings please see table

3.8. Interpolation
Several of the input quantities provided to ECRad need to be interpolated.

3.8.1. One-dimensional and two-dimensional interpolation

The one-dimensional profiles T,, n. and B, are interpolated with the uni-
variate spline provided by the FITPACK package [60]. To avoid negative values
for ne and T, their natural logarithm is interpolated. For library usage it is
possible to provide FCRad with bindings to customized functions for the T,
and n. evaluation. This allows a consistent treatment of T, and n. across mul-
tiple forward models in case of multi-diagnostic data analysis. Two-dimensional
quantities, i.e. the three components of B, the flux matrix and T, and n, if
they are provided as matrices, are interpolated with the rectangular bivariate
spline provided by the FITPACK [60] package.

8.8.2. Interpolation of numerical distribution function profiles

The three-dimensional distribution function profile (pper, v and ¢) has to
be interpolated in the radial direction (ppo1) and in spherical momentum space.
Furthermore, the derivatives in u  and u of the distribution function are needed
to evaluate the absorption coefficient. The interpolation and the differentiation
in momentum space is achieved with the rectangular bivariate spline from the
FITPACK package [60]. The radial interpolation of the distribution function is
handled by a univariate spline interpolation of each momentum space grid cell.
Equivalent to the interpolation of T, and n,. the natural logarithm of the distri-
bution function is interpolated. This ensures that the values to be interpolated
do not vary over several orders of magnitude and that the distribution function
is always positive. Zero values in the numerical distributions are replaced by a
small positive number (1.0 x 1073°).
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8.4. Antenna pattern

Like in the model of Ref. [4], the volume of sight of each ECE antenna is
discretized into a rectangular bundle of Ny,y rays. The number of rays has to
be either one or N,y = N? + 1 with integer N > 2 or N = 0 for a single
ray per channel. The +1 is due to the central ray, which is mandatory. Even
though it only enters the computation of Tyaq if Nyay = 1, it is needed to map
quantities like the emissivity or the absorption coefficient from the individual
rays to a single LOS. It is assumed that the volume of sight of the diagnostic is
a Gaussian beam with the 1/e beam width w of the electric field. The rays are
spanned on a grid suitable for Gaussian quadrature.

One of the limitations of geometrical optics is that diffraction is neglected
and the beam waist is zero at the focus point. To mitigate this, the initial
conditions of the rays are chosen such that the beam width w at the focus point
Sfocus €quals the beam width expected of a Gaussian beam in vacuum. The
evolution of the beam width of a Gaussian beam in vacuum is given by [61]

2 _ ) 2
w(s) =w0\/1+ (e~ Swit)” (18)

T2w;

with s the arc length of the beam, A the wave length, syaist the position of
the waist and wg the beam waist. Both wy and swaist are calculated from the
radius of curvature R.,., and the beam width at the antenna. The evolution of
Reurv(s) of a Gaussian beam in vacuum is given by

Reur(5) = (s ) (1 LT > (19)
curv waist )\2(5 — Swmst)2 .

The discretization of frequency bandwidth is also adapted from Ref. [4]
and, similar to the number of rays Ng.q has to be odd such that a central fre-
quency exists. The bandwidth is only considered for the radiation transport and
only the central frequency enters the geometrical optics equations to minimize
computational time. For the averaging of T;,q over the bandwidth a Gaussian
quadrature algorithm is used.

The code expects that the provided antenna position is sufficiently far away
from the confined region of the plasma such that n. at the antenna position
is negligibly small. It is not required that this position lies inside the domain
where the magnetic equilibrium and the input T, and n, profiles are defined. In
this case vacuum propagation is assumed until a position inside the domain is
reached.

3.5. Ray tracing

The geometrical optics equations are solved using the DLSODE [62] pack-
age. While the code assumes a toroidally symmetric equilibrium, the toroidal
inhomogeneity due to the magnetic field ripple is included in the ray tracing.
The chain rule is applied to compute the right-hand side of equation analyt-
ically for improved numerical stability. Straight propagation is assumed until a
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position is reached, where the magnetic equilibrium and the kinetic profiles are
defined and ppo < 1.20, or (%’)2 > 0.04 with w, the plasma frequency. Addi-
tionally to these conditions it is necessary that the position lies inside the vessel
contour. Upon plasma entry the rays are coupled to the plasma by Snell’s law.
The propagation is stopped if either the ray leaves the vessel contour, reaches
the upper hybrid resonance w%H = wg +w? in case of X-mode polarization, or if
it leaves the domain for which the magnetic equilibrium or the kinetic profiles
are defined.

Another noteworthy exit condition for the ray tracing algorithm are reflec-
tions at cut-off layers inside the plasma [I7]. If the wave vector k(s) deviates
by more than 90° from the initial wave vector k(s.nt) the ray tracing is also
stopped. The reason for this approach are uncertainty issues. For flat n, profiles,
as often encountered in the core of tokamak plasmas, even a small uncertainty
in ne or the magnetic equilibrium can give rise to large errors in the ray path
near and especially after a cut-off layer is encountered. Accordingly, the amount
of ECE that is scattered into the antenna by the cut-off layer is subject to large
uncertainties. To circumvent the computational effort necessary to accurately
propagate the uncertainty of the density profile and the magnetic equilibrium
onto the prediction of T;,q in a cut-off situation the treatment above was cho-
sen. Since the ray path is shortened by this approach, the predicted optical
depth is lower than it would be for the full path. If the optical depth of the
shortened path is low, the measurement can be removed automatically from the
data analysis according to the criterion described in section If, however,
the measurement is optically thick even for the shortened ray path the amount
of radiation scattered off the cut-off layer and toward the antenna is irrelevant,
because it is reabsorbed. Hence, unnecessary computational effort is avoided.

3.6. Radiation transport

The radiation transport equation, equation @, can be solved by a simple,
explicit 4th order Runge-Kutta scheme on a static grid. For the spacing of
the grid the approach of Ref. [4] was adapted. Accordingly, dense grids near
resonances are nested into a sparse grid that covers the remaining LOS. Since
the grid is static it is possible that the combination of strong absorption with an
insufficiently small grid size leads to large numerical errors, which can give rise
to negative radiation temperatures. Such cases are automatically identified by
ECRad and are resolved with one of two strategies. If the distribution function
is thermal and the total optical depth 7,, of the current grid cell is so large that
it is optically thick (adjustable, default: 7,, > 5) then the radiation temperature
is set to the electron temperature of the grid cell and the computation continues.
In case of non-thermal distribution functions or insufficiently large optical depth
of the cell, the grid is recomputed using half of the initial cell size. Smaller
numerical errors are identified by comparing T;,q obtained by the 4th order
Runge-Kutta scheme with T},4 obtained with an explicit forward Euler scheme
at each step. If the deviation between the two schemes is larger than 50 % then
the grid is also recomputed with a two times higher resolution. To assure that
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T}aq is continuously differentiable with respect to the T; profile, changes of the
grid size must not be carried out during an optimization process. Because of
this, it is useful to restart the inference of T, multiple times, such that the grid
can be adapted in between subsequent optimizations (see section .

3.7. Absorption and emission

The evaluation of the absorption coefficient and the emissivity (cf. equa-
tions @ and ) is the most computationally intensive step when solving the
radiation transport equation. For thermal plasmas it is sufficient to only eval-
uate the absorption coefficient and compute the emissivity via Kirchhoff’s law.
Far off resonance and for sufficiently small T, the absorption coefficient and the
emissivity are negligibly small. To identify these regions for thermal plasmas,
a fast approximation formula was developed for the absorption coefficient. The
details of this approximation can be found in appendix By using
the approximation to check if the absorption coefficient needs to be evaluated,
the total amount of computations of the absorption coefficient is reduced by 30
to 60 % depending on the plasma scenario.

3.8. Wall reflections

For the lower range of measured frequencies, for which the cold resonances
lie near the plasma edge or in the scrape-off layer (SOL), the optical depth of
the plasma 7, can be very small. This means that the radiation passes through
the plasma multiple times due to wall reflections without being fully absorbed.
The amount of radiation scattered into the antenna by reflections on the vessel
wall can be estimated by an infinite reflection model [4} [63], if the optical depth
of the measurement is not too low [63]. The model assumes radial propagation
between plane-parallel walls, such that neither the trajectory of the wave nor its
polarization is affected by the reflection. The implementation in FCRad allows
for independent wall reflection coefficients for X- and O-mode. Furthermore, it
is possible to consider that wall reflections converts a user defined fraction of
O-mode to X-mode.

In practice this approach produces satisfactory results if 7, > 1. At very low
optical depths (7, < 0.5) the simple model of infinite reflections is insufficient
and the agreement between forward modeled T;,q4 and the measurements can
become quite poor (see ref. [32]). For this reason the ECRad model is not
expected to be reliable if the optical depth of a measurement is below 7, < 0.5.

The scaling factor kren between the observed intensity I, res and the inten-
sity obtained from the radiation transport I, is given by [G3]:

[w Refl 1
—_— ? 2
RRefl = Iw 1 R P ( O)

The wall reflection coefficient is given by Ryan € [0,1]. Ryan is not simply a
material property, Because of the simplicity of the infinite wall reflection model.
It also characterizes the average Ty,q that each consecutive pass through the
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plasma provides. Note that in practice this is not simply the T;.q that the
initial pass provided, since each reflection will produce a unique LOS.

As shown in Ref. [4] values close to one show the best fit for a majority of
the measurements. In the FCRad code the wall reflection coefficients for X- and
O-mode are treated individually. The default values for Ry.y is 0.90 for both,
the X-mode and the O-mode. For the X-mode the value is adopted from Ref.
[4]. For the O-mode this value is arbitrarily chosen, as O-mode emission has
not been interpreted successfully with ECRad yet [35]. Per default the scaling
factor Kreq is only considered for measured frequencies with 7, < 9.

8.9. The polarization filter

Most ECE diagnostics have a beam-splitting polarizer designed to filter ei-
ther X- or O-mode radiation. In case of a radial ECE diagnostic and if X-mode
is desired, the wires of the filter are usually aligned with the toroidal direction
of the torus. Because of the poloidal magnetic field and to some extent due to
the magnetic field ripple this implies that the filter is not perfectly aligned with
B, even if the LOS is perfectly radial. The EFCRad code allows polarization
mismatch to be considered in the calculation of T,,q. The modeled T}aq is then
given by:

Trad,mod - (EX : P)2 Trad,mod,X + (60 . p)2 Trad,mod,O (21)

The ray paths and radiation temperatures for the X- and O-mode are cal-
culated independently of each other. The fractions of X- and O-mode that
pass through the filter are obtained by projecting the (normalized) polarization
vector ex,o of the X/O-mode onto the polarization vector of the filter p. The
polarization vector is calculated for the plasma parameters at the last closed flux
surface. This practice is common for the determination of electron cyclotron res-
onance heating (ECRH) polarization and it is expected to be also appropriate
for ECE [64]. Cold plasma dispersion is considered for the computation of ex o
[40, B2].

3.10. Output

The output provided by ECRad depends on whether it is used as a library or
run stand-alone. In the latter case the code has two primary modes of operation.
One is designed for speed, which produces solely the cold resonance positions,
Traq and 7, as output. The other mode is designed for highest verbosity. In this
mode the radiation transport equation is always solved twice considering two
sets of absorption coefficients and emissivities. For thermal plasmas the primary
set of T;aq is obtained with equations @ and . The secondary set of Tyaq
considers the absorption coefficient and emissivity according to Ref. [48] and
Kirchhoff’s law. The approach from Ref. [48] features higher overall accuracy,
because the absorption coeflicient is derived self-consistently from the fully rel-
ativistic dispersion relation. This means that it is also appropriate for ECE of
the fundamental resonance, unlike the primary model. These two features come
at increased computational cost and at reduced robustness. The purpose of the

15



secondary set of T},q is to allow the identification of cases, where equation @ is
inappropriate. In case of non-thermal distributions the primary and secondary
results are obtained with equations @ and . The primary results consider
the non-thermal distributions, while thermal equilibrium is assumed for the sec-
ondary results. In verbose mode FCRad produces the birthplace distribution
of observed intensity binned to a signed ppo axis, where negative signs corre-
spond to positions on the HFS. It also provides warm resonance positions and
the birthplace distributions for each considered ray which allows the birthplace
distribution to be fully resolved in all three spatial coordinates. For the de-
tails on the output files generated by the graphical user interface (GUI) see
appendix

The ECRad library provides an interface function that delivers T.q4 for ther-
mal plasmas as computed by the primary model. Additionally, an interface func-
tion exists which retrieves the birthplace distribution for a list of ECE channels
as specified by the user.

8.11. Graphical User Interface

A GUI has been developed for computations with ECRad. It is written in
python 2.7 and uses the wx-Library[65] as a front-end. The GUI features the
automatic loading of profiles from the ASDEX Upgrade database, controlling
the ECRad configuration and antenna pattern of the ECE diagnostic. It is
not tied to the ASDEX Upgrade environment and all the information required
by FCRad can also be provided to the GUI through MATLAB data files. To
quickly examine the results from ECRad the GUI allows T}.q, T, the birthplace
distributions and the ray geometry to be visualized. Lastly the GUI has tools
to perform and examine cross-calibrations of ECE diagnostics (cf. section [1.2)).

4. Example applications

In this section two applications of FCRad are discussed. The first case
shows how ECRad is used for the inference of T, with the IDA used at ASDEX
Upgrade. Several examples for the application of IDA and ECRad can be found
in Ref. [32]. Most noteworthy are the successful treatment of the optically
gray region near the plasma edge and the interpretation of ECE measurements
affected by harmonic overlap. As a new application of FCRad we present in
section how an oblique ECE diagnostic can be cross calibrated against a
known T, profile. ECRad has also been used extensively to compare the state
of the art theory for electron cyclotron damping against measurements. The
detailed report on this work will be subject to a future paper. First results can
be found in Ref. [37].

4.1. ECRad in IDA

ECRad has been used as the ECE forward model in IDA for several years.
The strategy of ECRad’s usage has evolved and several tweaks were found that
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significantly reduce the run time. In this section the implementation of FCRad
in IDA is discussed.

IDA is a Bayesian data analysis tool kit in which the n, and T, profiles are
determined simultaneously from a data set comprised of the measurements of
multiple diagnostics [31]. The goal of the analysis is to find the maximum pos-
terior. In IDA this multi-dimensional, non-linear optimization problem is split
into five, subsequent optimizations, where the result of the previous optimiza-
tion provides the starting point for the subsequent optimization.

In the first optimization only classical ECE is considered. Since ECRad
is the most expensive forward model in IDA, falling back on classical ECE
analysis significantly reduces the computational cost of the first iteration. Before
the first optimization step it is necessary to identify any measurement that is
beyond the scope of classical ECE analysis. An example would be a channel
affected by harmonic overlap (see Ref. [32]). Once the first sub-optimization is
completed the following steps are performed before each of the four remaining
sub-optimizations:

— Perform ray tracing for all ECE channels.

— Obtain the cold resonance positions along the refracted LOS as they are
needed for classical ECE analysis.

— Determine if the amount of points in the numerical integration of the
absorption coefficient (cf. equation ) can be reduced or needs to be
increased.

— If the current estimates for the T, and n. profile cause the grid of the
radiation transport equation to be too coarse, ECRad will automatically
switch to a finer grid every time it is called in between the sub-optimization
calls.

— Use the optical depth predicted by ECRad to remove any channel strongly
affected by wall reflections (7, < 0.5) from the considered data set.

— Select all channels with intermediate optical depths 0.5 < 7, < 5 and flag
them as "requires FCRad”.

— Compare result from classical ECE analysis with synthetic T}.,q for remain-
ing channels. Flag all channels with more than a 2% relative deviation
between the two estimates as "requires FCRad”.

— Only use ECRad where necessary. Fallback to classical ECE analysis for
all other channels.

One of the most important performance improvements is to keep the number of
channels that are forward modeled as low as possible. Another important im-
provement is to perform ray tracing only in between sub-optimizations. Strictly
speaking a fully self-consistent treatment would require ray tracing every time
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Traq is evaluated. However, recalculating the ray trajectory in each optimiza-
tion step is not feasible for two reasons. First, computing the ray trajectories is
much more expensive than solving the radiation transport equation. Second, as
explained earlier, it is possible that a large change in n, during the optimization
causes ECE channels to enter cut-off, and, consequently, leave the domain in
which ECRad predicts Ty.q4 accurately (see Ref. [35]). A solution would be
to remove the affected ECE channels from the analysis but altering the set of
considered measurements during an optimization causes a failure of the opti-
mization routine. To avoid such situations, the n, profile provided to ECRad
by IDA is frozen to the results obtained from the previous sub-optimization for
all but the last sub-optimization.

In practice the inability to perform ray tracing for each computation of Ty.q
is unproblematic. In case of the profile radiometer at ASDEX Upgrade, the
influence of refraction on the measurements is weak. Hence, ray tracing only
in between optimization steps in IDA is sufficient. Five sub-optimization steps
are observed to be sufficient for obtaining converged results in routine data
analysis. For applications of radiation transport modeling in the analysis of
ECE measurements see also Refs. [4] [32].

4.2. Cross calibration of oblique ECFE diagnostics

The typical hot-cold-calibration technique [66] might not be possible for all
ECE diagnostics due to technical reasons, like , e.g., the lack of temperature con-
trol of the radiometer causing the calibration factors to drift slowly over the day,
or the lack of room for an in-situ calibration setup. Nevertheless, measurements
of Tiaq can still be obtained by cross-calibrating the diagnostic against known
T, profiles. For example, the ASDEX Upgrade collective Thomson scattering
system[67] can be used as an uncalibrated, steerable, oblique ECE diagnostic
for the study of non-thermal electron distribution functions. For oblique ECE
diagnostics classical ECE analysis is inappropriate because the LOS can be sub-
ject to strong refraction and the emission is broadened by the Doppler-effect.
Hence, radiation transport modeling is required for the cross-calibration. In the
following the details of the cross-calibration method implemented in the python
GUI of ECRad are explained in section [£.2.I] Additionally, an example of a
cross-calibration is shown.

4.2.1. Cross-Calibration method

The goal of the cross-calibration is to obtain a calibration coefficient C' and
its uncertainty for each channel of the diagnostic. For this purpose a linear
regression is performed

vdiag(t) = QiTi rad,mod (t) + Vi, (22)

where V%, 1s the preprocessed signal measured by the channel ¢ of the diag-
nostic, @; = 1/C; the inverse of the cross-calibration coefficient, T; rad mod (%)
the forward modeled Tyaq given the plasma parameters at time ¢, and V/% the
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offset of the regression. The preprocessing consists of three steps. Most ra-
diometers have an offset, i.e. even if there is no plasma the signal is non-zero.
The first step is to remove the offset by subtracting the average signal level in
the time window from 0 to 1 ms. The length of this window is adjustable in the
GUI. After the offset removal, the signal is median filtered with a kernel/window
size of 3 to remove potential outliers. In the third step the signal is averaged.
The statistical uncertainty of i diag 18 determined by computing the standard
deviation of the median filtered signal. The linear regression yields @Q;, the as-
sociated statistical uncertainty AQ; stat, Vo and the corresponding statistical
uncertainty AV} ... The statistical uncertainty of the cross-calibration factor
C; is computed from AQ); stat using Gaussian error propagation.

The systematic uncertainty ACj; gy is approximated by computing the stan-

dard deviation of the time resolved calibration coefficient ¢;(¢) = T; rad,moa (t)/ Vi diag (t).

4.2.2. Example

At ASDEX Upgrade the collective Thomson scattering system [67] allows
oblique ECE measurements. In the —1.8 T discharge #35662, both receivers
of the collective Thomson scattering system, "CTA” and "CTC”, were used
to measure the ECE around 105 GHz, which corresponds to cold resonance
positions at around ppol,res =~ 0.2. The toroidal angles of the two receivers were
chosen such that one receiver was sensitive to co-streaming electrons, i.e. ¢, =
—20° for TORBEAM convention[42], and the other (¢, = 20°) to counter-
streaming electrons with respect to the plasma current. For both receivers the
polarizers were set to X-mode and 100 % X-mode is considered in the analysis.

Figure [3| summarizes the cross-calibration process. Figure a) depicts the
temporal evolution of c49(t) and Tuo rad,moa for channel 40 of receiver "CTA”,
with f = 106.55 GHz. c4o(t) differs at most about 5% from the average. This
is very close to the ideal case of a constant calibration factor. Note that all the
plasma parameters entering the cross-calibration, i.e. T, ne and the magnetic
equilibrium are derived from measurements and are, therefore, uncertain. Fig-
ure [3| b) shows the heating power of the Neutral Beam Injection (NBI) system
and n. at the magnetic axis. The NBI heating was modulated such that it
performed a triangular shaped power scan. This results in a variation of T,
which is necessary to get adequate estimates of the systematic uncertainties.
Figure c) shows the linear regression. The results of the cross-calibration are:
|C40‘ = 33.9k€VV_1, AC4O,stat = O.leeVV‘l, A0407Sys = 0.9keVV~! and
Vio,o = 0.2mV, AVyj o star = 0.2mV. This corresponds to a total uncertainty
of the cross-calibration of well below five percent.

5. Conclusions

The code ECRad for the interpretation of ECE data was presented. ECRad
has been used extensively for the interpretation of ECE measurements at ASDEX
Upgrade [31],[32], 33} [68]. Large scale data analysis is made feasible by ECRad’s
low computational cost, high robustness and the support for gradient based
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Figure 3: Summary of the cross calibration for discharge # 35662 and channel 40 of the
?CTA” receiver. a) The time trace of the absolute value of the time resolved calibration
coefficient c40(t) (left y-axis) and the forward modeled Tyad mod- b) NBI heating power (left
y-axis) and ne at the magnetic axis (right y-axis) as functions of time. c) the linear regression
of the measured signal Vd*iag vs. Trad,mod-

optimizers. Additionally, it is also capable of predicting ECE spectra for arbi-
trary electron distribution functions. The key to achieve this is the absorption
coefficient given by Ref. [52]. Supplementing this absorption coefficient with
geometrical optics ray tracing allows the interpretation of oblique ECE measure-
ments with ECRad. Two example applications of ECRad, the implementation
of ECRad in IDA and the cross-calibration of oblique ECE diagnostics against
known T, profiles were discussed. The revisions of the code are managed through
a git repository. This paper describes the revision with the tag “v1.0”. The code
is distributed by Rainer Fischer (rainer.fischer@ipp.mpg.de) upon request, after
a software agreement with the Maz-Planck-Institut fiir Plasmaphysic, excluding
the commercial exploitation of the code, has been signed.
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Appendix A. Emissivity

While the absorption coefficient of ECRad can be adopted directly from
Ref. [52], a rigorous derivation of the emissivity given by equation @ cannot
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be found in the literature and it is, therefore, provided by this appendix. The
starting point is equation (2.9) of Ref. [3§].
-1

2
9 w

S5 D2 |

OH

waiw € - <.7.7*> =) (Al)

jw:

where (jj*) is given by equation (2.11a) of Ref. [3§]
2,,2 3
. Me,0CHW d°u nWe,0 *
(G50 = —5 " Zn:/R 75(7 — Ny = —=)VaViif(w)  (A2)
and V,, by equation (2.11b) of Ref. [3§]

V, = <UL;Jn(bn), —|—’L'ulJrll(bn), U|Jn(bn)) . (A3)

The three equations were adjusted such that the notation is consistent with the
remaining paper. All quantities used in equations to were already
introduced in section except for the group velocity v, the geometrical optics
Hamiltonian H and the normalized electric field, or polarization vector, e =

To obtain equation @[), equation has to be expressed in terms of e
(cf. equation (II])). To do so the absolute value of the Poynting flux in the
geometrical optics limit is needed

OH | |E?
|S] = |vg] wa— S (A4)
From this one can deduce
.. log| | OH| _, ... -
* N e — 128l T a* Y A
e -(jj*) e 20 o, | € UIT) e (A.5)

Inserting this expression into equation (A.1) produces equation @ once it is
simplified and transformed to cylindrical coordinates.

Appendix B. Upper limit estimate for the absorption coefficient

The upper-limit estimate is based on the approach given by Hutchinson [50],
which uses the following approximations:

- The electrons are thermally distributed.
- The refractive index is N, = 1.

- The propagation is quasi-perpendicular.
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- The ”polarization factor” is approximated in the non-relativistic limit.
Hence, all factors v ~ 1, which implies that 3, = u, /. Of course to
have any relativistic broadening this approximation must not be applied
to the resonance condition, where ~ is fully retained.

The two differences with respect to the treatment given by Hutchinson are that
the fully relativistic distribution function is retained and that dimensionless
momentum is used as the coordinate system. In the following expression the
integration over u is already carried out:

wyl,+

” " 2n+1
QO n,approx ~ Ot()/ f(ul(UH),UH) < l( |)> du“ (Bl)
w),—

2

2 2(n—1)
(ewe,0)" ne ™ (sin 9)2m_1 (cos? 0+ 1)

a0 = 87T€()CO (m — 1)'

ug (u)) = (5 —cos@) —uj—1
L cosf £ \/%2+C082071

1—cos?20

uj,+ =

Since the distribution function can be expressed as a simple exponential
function in u the equation above has an analytical solution that can be obtained
by repeatedly applying integration by parts. Although the expression obtained
after the integration in u is quite lengthy, the computational cost is still small
since numerical integration is not necessary and no Bessel function needs to be
evaluated.

This formula works very well as an upper limit for the absorption coefficient.
This is demonstrated in figure where the approximation (dashed lines)
is compared to the absorption coefficient given by equation (solid lines).
For the comparison the two absorption coeflicients are shown as functions of
the cyclotron frequency wco normalized with the measurement frequency w.
Figure a) shows the two absorption coefficients for a measurement frequency
f = 140 GHz and n, = 10.0, 8.0 and 6.0 x10'° m~—3. In figure b) f =
105GHz and n.= 6.0, 4.0 and 2.0 x10' m™3. For the low frequency case
smaller densities are necessary to avoid cut-off. For these calculations T,=8 keV
and 6§ =80° are considered. For all the combinations of n., f and ﬁ shown in
equation figure delivers an upper limit for the absorption coefficient
given by equation

The absorption coefficient given by equation is only evaluated, if

3
Tapprox — 2As § Q' n,approx > Terits (B2)

n=2
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Figure B.4: The absorption coefficient given by equation (sold lines) is compared to
the absorption coefficient given by the crude approximation (cf. equation (B.1)) (dashed
lines) for six ne and two different measured frequencies frcp =140 GHz (figure a)) and
fece =105GHz (figure b)) as a function of the cyclotron frequency normalized to the
measured frequency. For all frequency- and density combinations the upper limit estimation
is larger than the absorption coefficient given by equation 4

where As is the local step size and 7,4 is an adjustable threshold. In practice a
Terit = 1.0 x 1078 m™! has proven to not alter the forward modeled T,.q of the
test cases while improving the performance of the model considerably.

Appendix C. Input and Output of ECRad

At the time of this writing the output of ECRad is stored in a large amount
of ASCII encoded files, which are not optimally organized. This is compensated
by the GUI of FCRad that automatically reads the ASCII output and stores
them as a single binary file using the Matlab [69] formatting ”.mat”. All fields
in the ”.mat” file are described below in tables to

If not otherwise noted all quantities are given in SI-units. The dimension
of the individual quantities is noted in the table caption. For many quantities
there is either a ” _comp” or secondary counterpart. These quantities are derived
from the secondary absorption coefficient, which is either the fully relativistic
treatment in case of thermal plasmas, or according to a thermal distribution
using equations [9] and [I0] in case of non-thermal plasmas.

Tables to summaries the fields of the ”.mat”-file that contain the
results, where table[C.I] contains the main results, table[C.2|describes the details
on the parameters on/of the individual rays and table lists the quantities
related to a cross-calibration. The file also contains all information on the
ECRad settings (see table and the considered scenario (see table .
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” time”

time of the calculations [s]

7 edition”

Edition of the output file

"ECRad_git_tag”, "ECRadGUI_git_tag”

"ECRadPylib_git_tag”

Git SHA1 tags of ECRad,
the GUI of FCRad
and the library of the
GUI

" Trad” Radiation temperatures of
the primary model [keV]
"tau” Optical depth primary
model (dimensionless)
”?Trad_comp” Radiation temperatures
of the secondary model
[keV]
”tau_comp” Optical depth of

secondary model

”s_cold”, "R_cold”, ”z_cold”, "rhop_cold”

Cold resonance position
(87 Rv Z, ppol)

7s_warm”, "R_warm”, ”z_warm”, "rhop_warm”

Warm resonance (s, R, z,
Ppol)

”s_warm_secondary”, ...

Warm resonance
secondary model s, ...

”launch_x”, ”launch_y”, ”launch_z”,

Launching point [cm)]

?launch_f”

frequency [Hz]

29 2

”launch_pol_ang”, ”launch_tor_ang”

launching angles
(TORBEAM convention)

[deg ]

"BPDrhopX”, "BPDX”, ”BPD_secondX”,

Birthplace distribution
binned to HFS/LFS ppo1
(X-mode)

"BPDrhopO”, "BPDO”, "BPD_secondO”

same as above, O-mode

Table C.1: Main results of the ECRad calculation. With the exception of time, and edition,
the git tags, and the birthplace distribution, all quantities have as first index time and as

second index channel number. The birthplace distributions are 3 dimensional fields, where
the third index is the pp) axis.
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b2 SX” , ”XX” , ” yX77 , ” ZX?? ,77 rhopX77

LOS of each ray, s, x, ¥, 2, ppol,
X-mode

7507, ’x0”, ... Same as above O-mode
"HX” Hamiltonian from ray tracing,
X-mode.
Values greater than 1.0 x 1074
indicate problems in the ray tracing.
"HO” Same as above, O-mode
"NX”, "NeX” Refractive index of the ray and
refractive index from the
Appleton-Hartree dispersion relation,
X-mode
"NO”, ”NcO” Same as above, O-mode
XX, 'YX X and Y, X-mode
7X0”,’YO” X and Y, O-mode
”thetaX” 0 = arccos (7| g"‘%o [rad], X-mode
”thetaO” Same as above O-mode
" TeX” T, [eV], X-mode
" TeO” T [eV], O-mode

"ray _BPDX”, "ray_BPD _secondX”

Birthplace distribution along ray,
primary and secondary model,
X-mode

"ray_BPDO”, "ray_BPD_secondO”

Same as above, O-mode

"ray_emX”, "ray_abX”, "ray_TX”

Emissivity, absorption coefficient and
transmitivity, primary model, X-mode

"ray_em_secondX”, ...”

Sames above, secondary model,
X-mode

"ray_emQO”, ...

Emissivity, absorption coefficient and
transmitivity, primary model, O-mode

2

"ray_em_secondO”, ...

Sames above, secondary model,
O-mode

Table C.2: Quantities computed on each ray. Accordingly, each field is three dimensional if
a single ray is considered per channel, or four dimensional in case of more than a single ray
per channel.
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”calib_diags” Diagnostic identifier for the calibration specified in
the GUI
7 calib” calibration factors [keV V1]
"rel_dev” relative statistical uncertainty of the calibration
(%]
"sys_dev” systematic uncertainty of the calibration [keV V1]
”masked_time_points” list of bools, True if this index of "time” was
considered in the calibration.
7 calib_mat” calibration factors, time dependent [keV V~1]
”std_dev_mat” std. deviation of signal, time dependent [V s

Table C.3: Results related to a cross-calibration. For all fields the first index is the diagnostic.
For ”calib_-mat” and ”std_dev_mat” the second dimension is the "time” entry with the mask
given by ”masked_time_points”. Third dimension of ”calib_mat” and ”std_-dev_mat” is the
channel number. ”calib”, "rel_.dev”, ”sys_dev” are two dimensional fields, where the first
dimension is the diagnostic and the second dimension is the channel number.
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field

recommended value

description

7 dstf”

n/a

Mode of the calculation
options are:

?TB” for thermal
"Re” for distribution from
bounce-averaged
Fokker-Planck codes

”extra_output”

Whether post-processing is
performed in FCRad

ray tracing”

True

Whether ray tracing is
performed

7 ripple77

True

Whether the magnetic field
ripple is considered

”weak_rel”

True

Whether the weakly
relativistic correction of me o
is considered

” Niray” ,

Number of rays

"N _freq”,

Number of frequencies in IF

?ratio_for_3rd_harm”

0.4

Third harmonic emission
considered if wc o/w is
smaller than this value. Not
used if "dstf” is set to "Re”,
where harmonic numbers 2
through 5 are always
considered

” considered_modes”

1 — X-mode, 2 — O-mode
and 3 — both

”mode_conv”

0.0

Mode conversion factor from
X-mode to O-mode due to
wall reflections

7reflec_X”, "reflec_O”

0.9, 0.9

Wall reflection coefficients
for X- and O-mode

"R shift”, ”z_shift”

n/a

Shifts the equilibrium
coordinate system

” b))
large_ds”,
”small_ds”,
”max_points_svec”

2.5 mm,
0.25 mm
20000

Radiation transport:
Large and
small step size and
maximum amount points

Table C.4: Fields containing the configuration of the ECRad calculation.
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” time”

time points for launch, profile and
equilibrium information

”launch_diag_name”

Name of diagnostic for each
channel

”launch_R”, ”launch_phi”, ”launch_z’

)

R, ¢, z Position of the antenna

”launch_f”’, ”launch_df”,

Channel frequency and bandwidth

”launch_pol_ang”, ”launch_tor_ang”,

Poloidal and toroidal launch angle
(in degrees)

”launch_pol_coeff_X”

-1 if ECRad should calculate the
polarizer efficiency. Otherwise
polarizer efficiency for X-mode

”launch_dist_focus”,

Distance between to focus point
and launch position

”launch_width”

Beam width at antenna

9

"rhop_prof’, ”Te”, "ne

T, and n, profile information

”profile_dimension”,

If 2, T, and n. are matrices and
”rhop_prof” is ignored

b2 eq7R77 , 7 eq,Z” , » eq,rhop”

Grid for equilibrium data and ppol
matrix

” equr” , ” equt” , ” equZ” ,

Magnetic field components

?vessel_bd”

Sequence of R and z points
describing the contour of the
machine vessel

”Te_scale”, ” Te_rhop_scale”

Scaling factor for T, and its ppol
axis.

"ne_scale”, "ne_rhop_scale”

Same as above but for n,

Table C.5:

number as second index.
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Fields containing the scenario considered in the ECRad calculation. Can be used
as input of GUI. Launch geometry follows the convention of the TORBEAM code [T0]. All
quantities are either in SI-units or dimensionless. All quantities except ”vessel_bd” and the
scaling parameters have time as first index. All parameters with ”launch” have the channel
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