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Abstract

At the ASDEX Upgrade tokamak, a new fast method for the evaluation of the Fast-Ion D,, (FIDA)
diagnostic has been developed. Up to now, the analysis of FIDA data required forward-modelling
with the FIDASIM code, whose long calculation times restricted the analysis to single time points
within a discharge. We developed a faster forward model, which makes it possible to study the
evolution of the fast-ion distribution over whole discharges. The computational time to evalu-

ate a single time point has been reduced from minutes to near real-time. The new method allows
the reproduction of the FIDA spectrum using the FIDASIM weight functions approach: the spec-
tral intensity is obtained by convolving the fast-ion distribution function with a weight function.
The latter can be seen as the product between a wavelength-independent FIDA intensity func-
tion, called R, and an analytic probability of emission in a determined A range. The computational
times are strongly reduced by adopting a look-up table (LUT), in which the R functions computed
by FIDASIM are stored as a function of the most relevant plasma parameters, line of sight geome-
try and neutral components (beam components and halo). The LUT requires the previous knowl-
edge of the neutral densities inside the tokamak, for this purpose, a fast model has been imple-
mented within the RABBIT code. A detailed evaluation of the new method’s approximations is
provided, highlighting the discrepancies identified relative to the FIDASIM reference.

1. Introduction

Fusion reactors will rely on fusion-born « particles for plasma heating. In current devices, without
Deuterium-Tritium operation, supra-thermal ion populations are created by external heating sys-
tems, such as the neutral beam injection (NBI) and the ion cyclotron resonance heating (ICRH).
Understanding the behaviour and ensuring an effective confinement of the fast ions is, therefore, crucial
for efficient reactor operation.

Fast Ion D, (FIDA) spectroscopy is a widely employed diagnostic used for fast ion studies in several
machines [1-4]. It is based on the charge-exchange reaction between fast ions and neutrals:

D

fast+D0_>D?att+D+' (1)
Equation (1) holds for a D beam and a D plasma. The donor neutral D’ can be both a fast neutral
injected by the NBI, either at full, half or one third of the injection energy, or a thermal halo neutral.
Since the reaction can be considered elastic, the fast ion Dgst has the same velocity vector as the fast
neutral D% . The latter almost immediately de-excites, giving rise to a well localized radiation. FIDA
looks at the Balmer-« line emission, the brightest falling in the visible range, at roughly 656.1 nm. The
Einstein coefficient associated to the 3 — 2 transition is Az ~ 4.4 x 107s™!, corresponding to a charac-
teristic emission timescale of &~ 2.3 x 10~ ®s (data taken from [5]). When measuring the D,, spectrum,

the FIDA emission can be clearly distinguished from the other spectral D, components by its large
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Doppler shift. Although easy to identify, the FIDA spectrum is difficult to interpret because energy and
pitch can not be independently inferred from the wavelength shift. In addition, the radiance is propor-
tional to the density of the fast ions that are neutralized along the line of sight (LOS), which involves
the calculation of energy-dependent cross sections. Ultimately, the fast-ion distribution can not be deter-
mined from a single FIDA measurement, as only part of the distribution is sampled. For this reason,
the data analysis is conventionally carried out with the FIDASIM code [6, 7]. Synthetic FIDA signals
from a given fast-ion distribution are forward-modelled and, in this way, it can be assessed if the sim-
ulated fast-ion distribution matches with the experimental results. The standard forward modelling is
based on a Monte Carlo simulation, while an alternative is represented by the weight function method
(cf section 2). Due to the long computational times (on the order of minutes per simulation), FIDASIM
allows to analyse only single time points within a discharge.

In this work, a fast analysis method based on the weight function approach is implemented. The
reduced computational time allows the reproduction of the FIDA emission over entire discharges. This
improvement enables the identification of time points of interest and the analysis of a large number of
discharges, thereby supporting the creation of large databases. The new fast method also paves the way
to future real-time applications.

Alternatively to FIDASIM’s forward modelling approach, the fast-ion distribution function can be
reconstructed by velocity-space tomography, using the information coming from different viewing
directions [8, 9]. Tomography also relies on weight functions and therefore our new fast method could
potentially make tomographic reconstructions faster and more widely available.

The weight function approach used to reproduce the FIDA intensity is described in section 2. In
section 3, the concept of the new fast method is introduced. Detailed information on the implemen-
tation and verification of the look-up table (LUT) built to reproduce the weight functions is given in
section 4. In section 5, the analytic formula to obtain the wavelength dependent emission probability is
discussed. The fast neutral model implemented within RABBIT can be found in section 6. The verifica-
tion of the new fast method is presented and discussed in section 7. Last, in section 8, the summary of
the work is reported, along with the outlook.

2. The weight function approach

Weight functions represent the probability that a fast-ion of a specific energy and pitch range is neutral-
ized and, subsequently, emits D,, radiation in a given wavelength range. Each wavelength bin A\ of the
spectrum can be interpreted as the weighted integral over energy and pitch of the fast-ion distribution
function:

104 +oo +1
Irpa (A1, A7) = m/ W(A1, A\, E,p) x F(E,p)dEdp (2)

o —1

W(A1, A2, E,p) is the weight function in [ph cms™!], F(E,p) is the fast-ion distribution in [fast
ions/(dE dp cm?)], \; and ), are the limits of the chosen wavelength range, E is the energy and p is
the pitch (p = VH/V). Irpa is then obtained in [ph/(s nm m? sr)].

Weight functions depend on the geometry of the lines of sight, on the density of neutrals, on the
kinetic plasma profiles and on the magnetic field vectors. Since the neutral density is concentrated
around the neutral beam and the lines of sight are designed to go through it tangentially to flux sur-
faces, the FIDA radiation can be assumed to be well localized. Therefore, the conventional weight func-
tion approach neglects all spatial dependencies and the calculation uses the LOS integrated neutral den-
sities and the LOS averaged plasma parameters weighted over the neutral density. Both these quanti-
ties, although involving the integral and the average over the whole LOS, can be considered almost local
due to the strong concentration of the neutrals along the beam. This represents an approximation and
small variations from the standard FIDASIM Monte Carlo approach, which is based on a 3D grid, are
expected. The limitations that arise by ignoring the spatial dependencies can be overcome by augment-
ing the weight functions from 2D to 3D [10]. In this work, we accept this approximation and use the
traditional 2D approach for the sake of simplicity. However, this introduces inaccuracies when the fast-
ion distribution changes rapidly within the measurement volume. The weight function calculation also
involves the solution of the collisional radiative model (evaluated spatially independently for the averaged
plasma parameters) and the Doppler and Stark effects.

We note that, given its underlying assumptions, the weight function approach is formulated for active
FIDA signals.



10P Publishing Plasma Phys. Control. Fusion 68 (2026) 085014 B Tosto et al

2 € [660, 661] nm
#38507-4.351s-R=1.71m 0.35
054 0305
0.25 §

=}
0.04 0.20§
0.15 £

Q
054 010£
0.05
0.00

Pitch

20 40 60 80
Energy [keV]

Figure 1. Weight function calculated with FIDASIM in the A range [660, 661] nm for a specific line of sight (toroidal) and time
point. Each wavelength bin A of the spectrum has a different weight function. Examples of different weight function shapes
can be found in [4, 11].

An example of a weight function calculated in the wavelength range [660, 661] nm for a specific LOS
and time point of the discharge #38507 of ASDEX Upgrade is reported in figure 1. The shape of the
weight function strongly depends on the A range considered. By calculating Ippa(A;, Az) with weight
functions in different wavelength ranges A\, the whole synthetic spectrum can be reconstructed.

3. Concept of the fast method

The basic idea of the new fast method is that the FIDA intensity can be obtained with reduced compu-
tational time if weight functions are obtained more efficiently, i.e. without performing the full FIDASIM
calculation, assuming prior knowledge of a predicted fast-ion distribution (equation (2)). For this pur-
pose, according to the derivation made in [11], we split the weight function calculation as follows:

W(A],)\z,E,p, ¢) =R (E,p) pI'Ob (A] <A< Az‘E,p, ¢) (3)

R(E,p) is a A-independent FIDA intensity function, which can be interpreted as W(0,+0c0, E, p, $), i.e. a
weight function integrated over all wavelengths. This quantity does not have an analytical expression
but is instead implicitly computed within FIDASIM weight function calculation. It represents a line
integrated flux of photons and constitutes an intermediate result obtained before to the inclusion of
Doppler and Stark effects, which introduce the wavelength dependence. An example of R function for
each one of the four neutral components of #38507 is shown in figure 2: (a) full energy component, (b)
half energy component, (c) one third energy component and (d) halo neutrals. Note that R(E,p) has an
implicit dependency on the overall geometry, so it changes for each LOS. Indeed, the calculation strongly
depends on the line integrated neutral densities, line averaged plasma parameters and fields as well as on
the time a fast ion takes to traverse the beam and halo neutral populations.

prob(A; < A < A\|E,p, ) is the probability that a photon is emitted in a determined wavelength
range, given the (E, p) coordinates and the projection angle ¢ between the LOS and the magnetic
field. The latter probability can be calculated exploiting an analytical formula derived in [11], which is
addressed in a subsequent step of the work and explained in greater detail in section 5.

Since no analytical equation is available to get the R functions, we decide to reproduce them through
a LUT, built within FIDASIM. For building the LUT, a further splitting is applied to equation (3):

R(E
W()\17A27E7p7¢) = ( p) * MLOS—int *
NLOS—int
prob (A} < A < \|E, p, ¢) (4)

with 710s_ine the line-integrated neutral density. The ratio R(E, p)/nos_int hereafter denoted R, is

the quantity stored in the LUT. Since R is proportional to the line integrated density, this normaliza-
tion yields a density independent quantity suitable for analysing arbitrary discharges using the LUT.

R is therefore later multiplied by the actual line integrated density of the discharge under analysis. In
FIDASIM, the neutral densities are calculated up to the energy level n = 6, so the neutral density by
which the R function is divided is given by the sum of the populations in the six levels. Even though R
is density independent, the dependency on the LOS geometry is still present.

3
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Figure 2. R functions relative to #38507 at 4.351 s and R = 1.71 m. (a) full energy component, (b) half energy component, (c)
one third energy component and (d) halo neutrals. The R functions represent a line integrated flux of photons, an intermediate
step to get the weight functions, still not related to the emission wavelength. By multiplying the R function by the probability of
the emission in a determined X range, the corresponding weight function is obtained. The R functions are, therefore, a common
factor for the calculation of the emission in every wavelength range.
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Figure 3. Time traces of #38507 related to (a) NBI power, (b) plasma current and (c) electron density. The time point used to
build the look-up table is marked with a vertical dashed line. The NBI source relevant for the FIDA diagnostic is Q3 from box 1,
highlighted in orange, the other active sources belong to box 2.

A further step consists in analysing the four neutral components (full, half and one third energy
component and halo) separately. Given their different nature, an individual analysis permits to identify
different behaviours and different parameters dependencies.

To build the LUT, a shot which features standard global parameters at a time point belonging to the
flattop phase is selected. The shot is #38507 and the time point is 4.351 s, for which a good agreement
between FIDASIM and the experimental measurements is obtained [12]. The main discharge parameters
are displayed in figure 3: (a) NBI power, (b) plasma current, (c) electron density.

The evaluations that have to be done after this assumption are: how well will a LUT built on a ref-
erence shot work for different discharges? How much is the geometry of the LOS affecting the results,
i.e. for shots from different experimental campaigns? All these open questions will be addressed in the
following.

The new method in its entirety is outlined in the flowchart in figure 4. First, we need a simulated
fast-ion distribution function. Here, in principle, any code can be used, from slower codes such as
TRANSP, to real-time capable codes like RABBIT [13]. Within the new method, RABBIT is also used
for a fast simulation of the neutral populations, from which the line integrated neutral densities and
the line averaged plasma parameters are calculated. These are then used to obtain the R function using
the LUT. By means of an analytical formula for prob(\; < A < A, |E,p, ¢), the weight function can
be reconstructed using equation (4). As a last step, the emission intensity can be easily obtained with
equation (2).

To test the performance of the fast weight function calculation against FIDASIM, the fast-ion dis-
tribution simulated by TRANSP is used, i.e. the same one employed within FIDASIM. Future work
will focus on interfacing the distribution function obtained from RABBIT with the new fast method,
enabling the fast calculation of synthetic FIDA signals for entire discharges, potentially even in real-time.

In the next sections, all the different steps outlined in the flowchart will be described in detail,
paying particular attention to the approximations introduced. The impact of the latter will always
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Figure 4. Flowchart summarizing the main steps in which the work is divided. A simulation code will be used to obtain the pre-
dicted fast-ion distribution (e.g. TRANSP or RABBIT). The RABBIT code will be used to calculate the line integrated neutral
densities and the line averaged plasma parameters. The latter will be the inputs to obtain the R function of the analysed shot by
means of a look-up table. To obtain the weight function associated to a chosen wavelength range, the R function will be multi-
plied by the probability of the emission in that range. With the knowledge of the weight function, the intensity of the D, emis-
sion can be calculated with equation (2).

be assessed on the FIDA emission intensity (always against FIDASIM), since the final goal of the fast
method is the evaluation of the spectrum.

We set as target to keep the relative error between the new method and FIDASIM approximately
within 10%. Ideally, the smaller error, the better the performance. However, since the final goal is to
reproduce the experimental spectrum, we also need to account for the impact of the approximations
of the weight function method, as well as the non-negligible uncertainties in the experimental intensity
calibration.

As a final remark, we recall that the adoption of the weight function approach in the new method
implies that only active FIDA signals are considered. However, passive FIDA radiation is typically negligi-
ble, as edge neutral density and fast-ion profiles do not significantly overlap [14]. In cases where passive
contributions are non-negligible, they can be subtracted from the experimental data before comparison
with the new method.

4, The LUT for R

The LUT is the core of the new fast method. First, the implementation and the design are described in
detail, then the performance is tested and assessed.

4.1. Sensitivity study
To build a LUT for the R functions, their main dependencies need to be identified. The fundamental
parameters on which the weight function calculation is based on are the line integrated neutral densities
and the line averaged plasma parameters. Note that the line average is weighted over the neutral density
(kmean = [ kd;dl/ [ d;dl with k plasma parameter and j = E, E/2, E/3, halo). R is by construction inde-
pendent of the neutral density (equation (4)), therefore the most relevant parameters to consider are the
line averaged plasma parameters. To assess which of them are affecting the calculation significantly, a
sensitivity study is performed running FIDASIM and scaling the whole profile of each plasma parameter
at a time. The profiles are both decreased and increased by multiplying by 0.5 and 1.5, respectively. The
plasma parameters showing stronger variations are added to the dimensions of the LUT. Consistently
with the assumptions made in section 3, the sensitivity study is performed on each neutral component
separately. Given the different nature of the beam and halo neutrals, they can feature different plasma
parameters dependencies and have different entries in the LUT.

The sensitivity study is performed on: electron density (n.), electron temperature (T), ion tempera-
ture (T;), effective charge (Z.g) and plasma toroidal rotation (v;). The plots showing the complete results
can be found in appendix A, while the outcome is summarized in the following:
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Table 1. table summarizing the structure of the beam and halo neutrals look-up tables. The
parameters included in each table are listed along with the respective ranges. The LUT’s
structure is chosen by searching for a balance between accuracy, computational time and
storage size.

NBI table Los [em ™3] Zeit T. [keV] Eij
halo table = 7 [1-10] x10°  [1.2-2] [0.1-10]  T; [keV] [0.1-10]

e 1.: parameter whose variation affects more the R functions (15%-30%), no particular differences in
the behaviour of the beam and halo neutrals are observed.

e Z. second parameter leading to noticeable variations in the R functions (5%-16%). All the neutral
components show the same percentage of agreement between the reference and the modified R func-
tion for each LOS.

o T.: parameter affecting in a slightly different way each neutral component, impacting more on the
halo neutrals (1%-4%).

e Ti: as T, influences more the halo neutrals (again 1%—-4%), while can be considered almost negligible
for the beam neutrals, showing variations below 2% for each LOS.

e v, parameter showing a percentage of variation always below 2%, with a stronger impact, again, on
the halo neutrals. This can be understood because the latter, differently from the beam neutrals, are
a thermal population whose velocity vectors can be described by a Maxwell distribution shifted by
plasma rotation.

All the results obtained are in agreement with the sensitivity study performed in section 4.3 of [15].
In conclusion, in the LUTs for both beam and halo neutrals are included n., Z.s and T.. The LUT
for the halo neutrals will, in addition, include T;.

4.2. Implementation and design
The LUT calculation is implemented within the FIDASIM code. Specifically, two different LUTs are
made, with a slightly different design (summarized in table 1):

e Beam neutrals LUT: seven dimensional table that includes the R functions for each one of the three
velocity components of the neutral beam. The dimensions are: E, p, LOS, #e, Zess, T and injec-
tion energy (Ej,j). The latter is set to the three different injection energies of the neutral compo-
nents. Setting this parameter to one specific value, the R function of the corresponding component
is obtained, i.e. full, half or one third energy component.

e Halo neutrals LUT: seven dimensional table whose dimensions are E, p, LOS, ne, Zef, Te and Ti.

We recall that the LUT needs an entry for each LOS due to the already mentioned implicit depen-
dency of the R functions on the LOS. Although R is defined to be independent of the neutral densities,
with all plasma parameter dependencies incorporated into the LUT, it still contains the dependencies
on the line averaged fields values and on the time fast ions spend traversing the beam and halo neutral
populations.

The R functions are stored for a grid of line integrated plasma parameters. The grid points are cho-
sen to cover the whole range of possible values obtainable during a discharge in AUG. The number of
points for each line integrated plasma parameter is chosen based on the sensitivity study: for the param-
eters with a stronger influence on the R functions are selected ten points, while for the others only five.
This choice is made to reduce the size of the table and, consequently, the computational times. The con-
struction of one single LUT with this design requires up to half a day. The ranges chosen are: n, in [1—
10]x10'3 cm ™3, Z.¢ in [1.2-2] and T. and T; in [0.1-10] keV. The parameters for which ten points
are set are electron density and effective charge. Concerning both electron and ion temperature, the
points on the grid are not equidistant, but a finer tuning is used for lower temperatures. This is because
the chosen range is wide enough to also cover discharges with high temperatures, although these are
expected to remain well below 10 keV.

To summarize, the routine implemented within FIDASIM produces as output a LUT for the R func-
tion, as a function of energy and pitch, associated to each neutral component, for each LOS and for each
point on a grid of line integrated plasma parameters. To reproduce the R function of an arbitrary shot
using the LUT, after fixing the desired LOS, a four dimensional interpolation on the parameter grid is

6
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performed, using as target the already known LOS averaged plasma parameters of the new pulse. Since
the calculation is strongly related to the geometry of the tokamak, the LUT can be used to analyse only
shots of the same tokamak as the reference shot, in this case ASDEX Upgrade. Despite this, a LUT for
another machine is straightforwardly obtained exploiting the same routine and using a different geome-
try as input, i.e. using a standard reference shot from another tokamak.

4.3. Verification

To check the approximations introduced, the FIDA emission intensities of different shots are calcu-
lated both with FIDASIM (using the weight function method) and the LUT and compared to each
other. The comparison is made calculating the relative error on the LUT intensity as follows: (Ippasim —
Iiut) /Irasiv. }

To obtain Ijyr, the interpolated R from the LUT is first multiplied by the line integrated neutral den-
sity of the specific discharge. The resulting R function is then multiplied by the probability of the emis-
sion in the selected wavelength range (equation (3)). Since the calculation of this probability constitutes
a subsequent step of the new method, the LUT is, for initial verification, built using the weight functions
instead of the R functions. This approach allows the impact of the approximations introduced only by
the LUT on the intensity calculation to be assessed. The wavelength range chosen is [660, 661] nm.

The tests are made for three different AUG discharges. First, to evaluate the approximations related
only to the choice of the line integrated plasma parameters, the intensity of the reference shot (#38507)
is calculated. Then, to assess how well the weight function of an arbitrary shot is reproduced using the
LUT, two different discharges are selected. The first one belongs to the same experimental campaign as
the reference shot, the second to a different one. This choice allows to estimate how much a relatively
small displacement in the position of the lines of sight influences the results.

The comparison between the intensities computed with FIDASIM and the LUT will be shown only
for the toroidal lines of sight (CER) of ASDEX Upgrade. To explain this choice, it must be recalled that
the new method is based on the weight functions approach, which is an approximate method relying
on the assumption that the FIDA radiation is well localized. The final target is to reproduce the exper-
imentally observed emission intensity. If the FIDA radiation is not sufficiently localized along the LOS,
the weight function calculation can lead to noticeable discrepancies with both the Monte Carlo and the
observed spectrum. This is because it relies on line integrated and on line averaged quantities. According
to [4], at ASDEX Upgrade the toroidal lines of sight provide the best radial resolution, as they are the
most tangential to flux surfaces. For this reason, the verification of each step and of the new fast method
will be shown only for those LOS. For the sake of completeness, the results for all the lines of sight are
reported in appendix B.

The outcome of the comparison between the intensities computed with FIDASIM and the LUT for
the three different shots is shown in figure 5 and summarized in the following:

(i) Reference shot (#38507, t = 4.351 s)
The percentage error on the intensity obtained from the LUT as a function of the LOS is shown in
figure 5(a). The relative error is in the range of 1%, showing a good agreement between the two cal-
culations. The half and one third energy components are subject to an additional approximation.
The LUT is built using the neutrals at full energy, while the other two components are obtained by
dividing the injection energy by a factor two and three, respectively. This results in worse agreement
with respect to the full energy component and the halo neutrals. These last two neutral components
show a percentage error well below 1% for each LOS. The results show that the parameter grid cho-
sen for the LUT is appropriate and, from now on, only different shots from the reference one will
be analysed.

(ii) Shot from the same experimental campaign (#39648, t = 5.375 s)
#39648, from the same experimental campaign as the reference shot, features a higher density (n. =
7.26x 10" m—3). As expected, the errors shown in figure 5(b) have now increased, but remain well
below 10% for each LOS. This result shows that the LUT could also be applied in the analysis of a
different shot from the same experimental campaign as the reference one.

(iii) Shot from a different experimental campaign (#30809, t = 4.48 s)
As a last test, the relative error on the FIDA intensity is calculated for a discharge from a different
experimental campaign. This shot features a lower density (1. = 3.9x10' m~?) and, in addition
to NBI heating, also ICRH is used. Between different campaigns, the lines of sight can be displaced
by some millimetres and this change of geometry introduces an additional distinction between the
analysed shot and the reference one. In this case, the CER lines are displaced between 3 mm and

7
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Figure 5. Percentage error on the FIDA emission obtained from the look-up table, relative to each neutral component and
toroidal line of sight of ASDEX Upgrade for: (a) #38507, (b) #39648 and (c) #30809. CER-02 is the innermost LOS (R = 1.7 m),
increasing the number associated to the CER line, the radial position moves towards the edge, ending with CER-29 (R = 2.1 m).
The relative error increases starting from the reference shot, moving to a different shot form the same experimental campaign
and ending with a discharge from a different one. Nevertheless, the error always stays well below 10%.

4 mm with respect to #38507. The results obtained are shown in figure 5(c). Making a comparison
with figure 5(b), the range of percentage errors has not increased. However, while previously only a
few LOS were above 3%, the values are now on average larger. In conclusion, these results suggest
that the impact of the different lines of sight’s geometry might remain within an acceptable range of
agreement.

5. Analytic weight functions

Once obtained the A-independent R functions from the LUT, we need to calculate the probability of the
emission in a determined wavelength range (equation (3)). The probability prob(A; < A < A\|E, p, ¢)
depends on the Doppler shift, on the Stark splitting and on the collisional radiative processes, which are
all related to the ion gyro-angle at the moment of the CX reaction.

The analytic expression for the emission probability has been derived in [11] and is given by:
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Figure 6. pdf(y|E, p) relative to #38507 at R = 1.71 m. The energy is 72.5 keV and the pitch is fixed at six different values. For
the beam neutrals, the probability distribution function associated to p = = 1, i.e. the fast ion is moving parallel to the mag-
netic field, is close to a uniform distribution (pdfp, = 1/2). Increasing the pitch, the amplitude of pdfp,, increases, denoting a
stronger dependency of the D, emission on the gyro-angle. Differently from the beam neutrals, the thermal halo slightly devi-
ate from a uniform distribution for every pitch. In addition, increasing the energy, the amplitude increases and vice versa. It is
stressed how modelling pdfp,, as a cosine function would represent a rough approximation, leading to big deviations from the
expected intensity.

where [ stands for the Stark line and +y is the gyro-angle. The limits of integration ~; and ~y, corre-
spond to the boundaries of the wavelength interval A\; and A, respectively. prob(I|7y) is the probabil-
ity that a detected photon, given the gyro-angle, comes from the line / of the Stark splitting, which can
be analytically computed. pdf(~y|E, p) is the probability density function of the D,, emission as a func-
tion of . The emission is not equally probable for all gyro-angles, since the latter are related to the
charge-exchange and electron transition probabilities. These probabilities are determined by the cross-
sections o (vy) and the relative velocity vy.. The relative velocity, in turn, depends on energy, pitch and
gyro-angle of the fast ion, as well as on the neutral species involved in the reaction, i.e. beam neutrals
or thermal halo. These neutral populations themselves depend on the specific NBI source. A simple
cosine model for pdf(~|E,p), as proposed in [11], was tested but found to be unsatisfactory. For this rea-
son, and to avoid introducing additional approximations, the probability density function is computed
numerically using FIDASIM. An example pdf(+y|E,p) of the D, emission for each neutral component of
#38507, at a fixed energy and at six different pitch values, is shown in figure 6: (a) full energy compo-
nent, (b) half energy component, (c) one third energy component and (d) halo neutrals.

We now have all the ingredients to calculate the probability of the emission in a determined A
range, according to equation (5). Once this is known, the weight function can be reconstructed using
equation (3). To make a qualitative comparison, a weight function computed both with FIDASIM and
with the analytical formula is shown in figure 7.

To quantify the introduced approximations, the percentage error in the FIDA emission intensity com-
puted using analytical weight functions is evaluated against FIDASIM results. The results obtained for
each neutral component of #38507 are shown in figure 8. The relative error on each neutral component
stays within 10%. In addition, since the experimentally measured FIDA emission corresponds to the total
signal, the contributions from each neutral component are summed together. By doing this, the relative
error reduces to 3%. Note that the relative error in the total FIDA emission is not equal to the sum of
the individual component errors, since each component contributes differently to the total, with the halo
and the full energy component dominating. The result obtained indicates that the analytical formula is
precise enough to reproduce the FIDA intensity for our purposes.
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Figure 7. Qualitative comparison between a weight function (#38507, t = 4.351 s, R = 1.71 m) obtained from the analytic
calculation and from FIDASIM. Since in FIDASIM’s calculation the factor 1/(4m d\) is included inside the weight function,
R(E,p)prob(A1 < X < A\;|E,p, ¢) must be multiplied by the same factor to obtain [Ph cm/(s nm sr)]. The plot is zoomed in the
region where the weight function is different from zero. A very good agreement between the two calculations is observed.
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Figure 8. Comparison between the FIDA emission intensity computed by FIDASIM and with the analytic formula for each
toroidal LOS and neutral component. In addition, the total emission is obtained as the sum of the intensities due to all the neu-
trals. The percentage error associated to the latter, shown in black, is kept within 3%. The results always refer to #38507 at t =
4.351 sand X in [660, 661] nm.

5.1. Combination of analytic weight functions and R LUT

Once the performance of the analytical formula has been tested, it can be used to get the FIDA intensity
from the LUT built for the R functions. This step combines the approximations of the LUT, estimated

to be within 10% in section 4, to the ones due to the analytical formula. Concerning the latter, further
inaccuracies are introduced when employed in the analysis of an arbitrary shot. Indeed, pdf(~|E,p) needs
to be numerically computed with FIDASIM, which is not compatible with a fast evaluation of the FIDA
diagnostic. For the purpose of this work, it has been decided to store the probability density function

of the D, emission for the reference shot in a file and to use it in the analysis of each discharge. This is
again a strong assumption, since pdf(~y|E,p) depends on the reaction probabilities and, in turn, on the
neutral distribution, which changes between different discharges. We underline that the stored pdf(y|E,p)
refers to the NBI source Q3, on which the FIDA diagnostic is aligned. Despite this drawback, we have
the advantage that the calculation of prob(I]y) is made using the actual magnetic field B and projec-
tion angle ¢ of the analysed shot. The latter allows us to introduce the effects of the real geometry of
the lines of sight of the specific discharge, since up to this point only that of the reference shot has been
used.

The intensities computed with FIDASIM and with the LUT for the same discharges studied in
section 4, belonging to both the same and a different experimental campaign with respect to the refer-
ence shot, are compared to each other. Before showing the results, the procedure to get the weight func-
tion from the LUT is briefly summarized. Using as target the previously computed line averaged plasma
parameters, the four dimensional interpolation on the parameters grid is performed. The obtained R
function is then multiplied by the actual line integrated neutral density of the analysed discharge. Last,
the R function thus calculated is multiplied by the analytical emission probability to reproduce the
weight function.

The outcome of the comparison is summarized in the following:

10
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Figure 9. Percentage error on the FIDA emission obtained with the look-up table coupled with the analytical formula for: (a)
#39648 and (b) #30809 in the A-range [660, 661] nm. The neutral components are shown separately and, then, they are summed
together to find the total FIDA emission (shown in black). Compared to figure 5, the approximations introduced with the analyt-
ical formula translate in an increased relative error. Anyway, the one on the total emission, estimated within 6%, is still perform-
ing in an acceptable range.

(i) Shot from the same experimental campaign (#39648)
The percentage error on each neutral component and on the total FIDA emission for each toroidal
LOS of the FIDA diagnostic is shown in figure 9(a). Concerning the separate neutral components,
the error stays within 5%. Comparing the plot with figure 5(b), where the same comparison is per-
formed without the additional approximations introduced by the analytical formula, it is possible to
assess how the error has increased for each LOS. Nevertheless, the relative error on the total FIDA
emission stays within 3% (see black line in figure 9(a)). The latter result shows that, given all the
approximations introduced up to this point, the new method allows to reproduce the total FIDA
emission within the target uncertainty range.

(ii) Shot from a different experimental campaign (#30809)
Figure 9(b) shows that, for this discharge, the percentage error stays within 11% for all the neutral
components and toroidal lines of sight. As done before, since the FIDA diagnostic is looking at the
total emission, the intensities due to all the neutral components are summed together. The relative
error on the total FIDA emission now stays within 6%. Making a comparison with #39648, a wors-
ening in the percentage errors can be clearly observed. This could indicate that, when using the ana-

lytical formula with pdf(+y|E,p) of the reference shot, the change in the lines of sight’s position plays
a role.

It can now be discussed if the approximations introduced by the analytic calculation can be accepted
or if it is better to build the LUT for the weight functions. The latter would reduce the approximations,
but it would increase in dimension according to the number of wavelength ranges included and would
lack flexibility. In particular, the number of wavelength ranges and their width would be fixed. By con-
trast, using the analytical formula, the A-range can be chosen as desired. Indeed, a LUT made for the R
functions is advisable. However, the impact of the approximations introduced within the analytical cal-
culation must be evaluated in the context of all the other steps of the fast method and the desired level
of confidence in the final result. This point will be discussed again when presenting the results obtained
with the fully developed new fast method.
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6. Fast neutral model

The calculation of the R function via the LUT requires prior knowledge of the line integrated neutral
densities and line averaged plasma parameters of the discharge considered. For a fast analysis, a fast neu-
tral model able to reproduce the neutral population and to calculate the above mentioned LOS-related
quantities is needed.

We decided to implement the neutral calculation inside the RABBIT code [13]. The latter is able to
simulate the NBI fast-ion distribution in real-time. To this end, it is equipped with a simplified model
for the beam geometry and attenuation, i.e. the population of beam neutrals was already available within
the code. However, a model for the halo neutrals was missing. In addition, routines to include the LOS
geometry were also not present.

First, we incorporate the geometry of the lines of sight into the code, enabling the calculation of the
line integrated neutral densities and line averaged plasma parameters. The profiles of the plasma param-
eters are given to the code as input. Last, a fast model for the halo neutrals is implemented to obtain the
same LOS-related quantities for this neutral component as well. Each one of these steps is described and
discussed in detail in the following.

6.1. LOS geometry
The calculation of the line integrated neutral densities and of the line averaged plasma parameters needs,
in the first instance, the information about the LOS geometry.

Within RABBIT, the beam attenuation, based on BESFM [16], is modelled in one dimension along
the beam centreline, using a coordinate [ aligned with it. The latter is divided in a fixed number of
points distanced by default by dl = 0.01 m, which can be changed flexibly. The shape of the beam is
described by a Gaussian in the plane perpendicular to I, whose width o diverges penetrating inside the
plasma, according to o(I) = a; + ayl + a3F*. The lines of sight of the FIDA diagnostic are closely looking
at the beam axis, which represents the source of the neutral particles. The geometry of the LOS is pre-
pared according to the beam coordinate system, in order to facilitate the calculation.

Each LOS is divided in a fixed number of points, in each of which we have to calculate the neutral
density. To get the density at a given point, the point is projected onto the beam axis and the 1D neu-
tral density is evaluated at the corresponding projected coordinate Ip. This value is then multiplied by a
beam profile function and by a factor converting the density from 1D to 3D:

2
13p (Pros) = mip (Ip) exp —PLLZE Gsp (6)
20 (lp)

where n;p(lp) is the density along the beam, dp,,—j, is the distance between the point on the LOS and
the projected point, o(lp) is the width of the beam in the projected point and Csp is the constant to
pass from one to three dimensions. The latter can be found putting equation (6) inside

mo= [ [maa )
The resulting constant is Csp = m

In this way we get the neutral density along each LOS, which will be needed for further calculations.

6.2. Beam Neutrals
The simulation of the beam neutrals within RABBIT, based on [16], consists of the solution of the col-
lisional radiative model along the beam. The model accounts for ionization, impact excitation and de-
excitation with electrons, ions and impurities, charge-exchange reactions with ions and impurities and
spontaneous de-excitation. Before entering the plasma, all the neutrals are assumed to be in ground
state. In the time evolution, the number of atomic states considered is usually set to n < 2 to reduce
the computational time. The collisional radiative model returns the evolution of the beam density along
I, i.e. the density in [1/m] in each point sampled along the beam axis. The model takes into account the
three beam neutral components separately.

For our model we calculate the following LOS-related quantities:

(i) Line integrated neutral density
The line integration is performed summing the neutral density, multiplied by dlos, in each point
along the LOS:
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Mint,j =/ n3p,j (Pros) dlos (8)
LOS

with j = E, E/2 or E/3, i.e. each beam component is treated separately.

(ii) Line averaged plasma parameters
The plasma parameters required from the LUT for the beam neutrals are #., Zs and T.. As already
introduced in section 2, the line averaged plasma parameters are weighted over the neutral beam
density:

o SO ki dlos 9
mean — W
>ty nijdhos

with k plasma parameter and j = E, E/2 or E/3.

6.3. Halo Neutrals
The simulation of the halo neutrals was not previously included within RABBIT and therefore we imple-
mented it from the ground up. The first step consists of finding an appropriate model to describe the
halo population that is consistent with RABBIT’s beam model and meets the requirement of a fast
computation.

At first, a simplified halo model taken from the FAST code and employed within CHICA
(equation (10) in [17]) was tested. The approximations introduced by this model were leading to rel-
ative errors in the final results exceeding 20%. For this reason, given the importance of the halo neu-
trals in determining the emission intensity, we decided to reproduce the halo population making use of
a LUT. The latter is built with FIDASIM using the reference shot #38507, and stores the ratio between
the halo density and the beam density gradient along the beam axis and the width of the halo cloud
in the two directions perpendicular to the beam centreline. The choice of storing the halo density over
the beam density gradient comes from the physical processes that generate the halo neutrals. The first
generation of halo neutrals, produced by direct charge exchange (DCX), is created by the CX reaction
between beam neutrals and thermal ions. The DCX neutrals can be lost due to ionization or further
charge exchange with thermal ions. In the case of ionization, the neutral particle is lost, whereas in the
case of CX the loss of the DCX neutral is balanced by the creation of a new neutral particle. This pro-
cess establishes a chain reaction in which the newly created neutrals can undergo further CX with ther-
mal ions, leading to several generations of halo neutrals. In summary, the primary source of the halo
neutrals is the neutral beam. In particular, the number of halo neutrals generated is proportional to the
number of beam neutrals lost through charge exchange, i.e. to the beam density gradient. In addition, to
be able to obtain an evaluation of the spatial extent of the halo population, the LUT stores the width of
the cloud. The latter is just an approximation, obtained as the standard deviation of the halo density in
the two directions perpendicular to the beam axis in FIDASIM’s beam grid. Each quantity stored in the
LUT is evaluated for each point on a plasma parameter grid and for each position along the beam.

When using the LUT to obtain the halo density within RABBIT, differences with respect to FIDASIM
in the beam simulation and attenuation need to be considered. FIDASIM employs a full 3D Monte Carlo
simulation and thus provides a good benchmark for our fast method, whereas RABBIT computes the
neutral population only up to the separatrix. Consequently, the beam density gradient leads to a zero
halo density outside the plasma and to a steep increase at the separatrix. In FIDASIM, instead, the halo
density increases gradually since also retrodiffusion is considered, i.e. the halo neutrals generated at a
given position along the beam axis can contribute to the population present both toward the core and
toward the edge. To reproduce this phenomenon into RABBIT, the beam density gradient is averaged
over a gaussian as follows:

=l
Vitag (1) = [Vn(l) exp (—5:2) dI (10)

Jow(-55) d

Viiavg at position Iy contains the contribution of the beam density gradient in each point along the
beam, with the corresponding weight, determined by an arbitrary o. This is done to mimic the complex
motion of neutral particles in FIDASIM, which takes into account their behaviour immediately before
and after the considered position. If ¢ is set to values smaller than the sampling distance d/ between the
points along the beam in RABBIT, Vn,, is equal to Vn. As o increases, the profile gradually becomes
flatter. For this reason, with d/ = 1 cm, we found that a suitable choice is ¢ = 2 cm. As an example,
figure 10 shows the superposition of the halo population computed by the two codes for #30809. Besides
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Figure 10. Superposition of the one-dimensional halo density along the beam axis obtained from FIDASIM and RABBIT. In
the region where the beam enters the plasma, the difference between the two codes is immediately visible. RABBIT computes
the neutral density only in the confined plasma region. After reaching the halo density peak, other smaller discrepancies are
introduced by the different beam attenuation calculation performed in the two codes.

Table 2. Table summarizing the approximations introduced in the fast method, along with the step at which each is applied, compared
to FIDASIM weight function calculation.

Step Approximations

Fast-ion distribution function TRANSP: same as FIDASIM RABBIT: approximate real-time simulation

Fast model for neutral densities (RABBIT) Different beam attenuation LUT for halo neutrals

Weight function calculation LUT for R analytical formula for prob(A1 < A < A2 |E, p, $) tabulated pdfp,, (7|E, p)

small discrepancies, the approximated method employed within RABBIT is able to reproduce both the
trend and the values assumed by the halo density along the beam axis.

Once the halo density along the beam is obtained, the line integration can be performed and the line
averaged plasma parameters can be calculated.

(i) 3D neutral density and line integration
Before performing the line integration, the linear density must be converted into a 3D density. The
conversion is similar to equation (6), but extended to account for the two independent widths of the
halo cloud, obtained from the LUT, along the axes perpendicular to the beam centreline. The line
integrated halo density is again obtained with equation (8).

(ii) Line averaged plasma parameters
The line averaged plasma parameters are obtained with the same procedure explained for the beam
neutrals, by applying equation (9). The only difference is that the LUT for the halo neutrals, in addi-
tion to 71, Zegr and T, requires the calculation of the line averaged T;.

7. Verification of the fast method

Now we have discussed all the components of the new fast method, as outlined in the flowchart in
figure 4, and we can test it against FIDASIM. The approximations introduced, together with the corre-
sponding steps, are listed in table 2. The verification is made employing the fast-ion distribution simu-
lated with TRANSP and used in FIDASIM. In this way it is possible to identify the relative error arising
just from the approximations introduced by the new method.

In figure 11, the relative error on the FIDA emission intensity obtained with the new method for
each toroidal LOS of the same discharges analysed in the previous sections, #39648 and #30809, is
shown.

Despite all the approximations introduced in the different steps of the new method, the percentage
error on the total FIDA emission (shown in black) remains within 10%. Considering the large uncer-
tainty in the experimental FIDA intensity calibration, the result obtained can be considered acceptable
and the new method is deemed to perform reliably.
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Figure 11. Relative error on the FIDA emission obtained with the new method as a function of the toroidal lines of sight for: (a)
#39648 and (b) #30809 in the A-range [660, 661] nm. We recall that CER-02 is the innermost line, while CER-26 is the outermost
one. Again, the black line refers to the error on the total emission, which is the one we need to compare the simulated spectrum
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Figure 12. A whole spectrum obtained with the standard FIDASIM Monte Carlo simulation is shown in black in logarithmic
scale. Superposed to it, the intensity in a set of different wavelength ranges calculated both with FIDASIM weight function
approach, in red, and with the new method, in blue, is displayed. The discharge is #39648 and the lines of sight are: (a) CER-08,
located at R = 1.79 m and (b) CER-20, located at R = 1.97 m.

All the comparisons presented so far refer to the fixed wavelength range [660, 661] nm. However, the
new fast method allows the selection of an arbitrary wavelength range and the reconstruction of a whole
spectrum. Fixing a LOS, the emission intensity is now calculated for a set of wavelength ranges both
with FIDASIM and with the new method. The results obtained choosing an inner and an outer CER
LOS, superposed to a whole Monte Carlo spectrum, are shown in figure 12: (a) CER-08 and (b) CER-
20. The nice match obtained between the calculations can be clearly observed. However, the region we
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are interested in is the one starting around 660 nm, i.e. some nanometres shifted from the other compo-
nents of the D, spectrum, where we can isolate the emission only due to the fast-ions.

At this point we can comment further on the last remark of section 5. Overall, with the new method
we are able to keep the relative error on the total FIDA emission within 10%, our defined target, and
well below this threshold for most CER lines of sight in both discharges #39648 and #30809. Based on
these results, creating a LUT for the R functions proves to be a more effective approach than doing so
for the weight functions, due to the flexibility in the choice of the analysed wavelength range. This con-
clusion may, however, be reconsidered if higher accuracy is required.

In such cases, it would also be possible to create a LUT specific to each experimental campaign,
thereby recovering the correct LOS geometry. Nevertheless, the preferred approach is to use a single
LUT consistently. The results indicate that the error introduced by millimetric displacement of the
lines of sight remains within the target uncertainty range, supporting the reuse of the LUT as valid
approximation.

8. Summary and outlook

In this work, we have developed a fast method to reproduce the FIDA emission intensity, based on the
FIDASIM weight function approach. The new method enables a significant reduction in computational
time by avoiding FIDASIM calculation, reproducing the weight functions through a LUT for the R func-
tions and an analytical formula for prob(\; < A < A\,|E, p, ¢). This reduces the simulation time per time
point from minutes to near real-time performance, with the fast-ion distribution function simulation
excluded from this estimate. The LUT requires the knowledge of the line integrated neutral densities and
of the line averaged plasma parameters, which are obtained through a fast neutral model implemented
for this purpose within the RABBIT code.

The work is focused on reproducing the FIDA emission intensity along the toroidal lines of sight
of AUG, which are the ones with the best radial resolution. The relative error on the results obtained
with the new fast method compared to FIDASIM is kept within 10% for each CER LOS of the analysed
discharges. We can state that the new method performs as intended, although discrepancies may arise
when the experimental conditions differ from those of the reference shot. The LUT is not a flexible tool
and, for example, we are storing the R functions from a shot in which only NBI Q3 is active. If other
beams of box 1 are active, the neutral distribution is subject to changes. The reference discharge features
a common set-up for FIDA measurements, but possible differences need to be taken into account.

The main goal of a fast analysis of FIDA data is the possibility to reproduce the emission over whole
discharges, in order to study the evolution of the fast-ion distribution. By comparing the forward-
modelled FIDA signal with experimental data, discrepancies can be identified and used to infer fast-
ion transport. The reduced computational times enable the systematic study over large numbers of dis-
charges, allowing the identification of trends and of relevant time points, thereby improving our under-
standing of fast ion behaviour.

The prerequisite of this approach is the availability of a fast-ion distribution function. TRANSP sim-
ulations over hundreds of time points can be used to reproduce the trend of the FIDA emission over
entire discharges. However, due to TRANSP long computational times, this approach is not compati-
ble with a fast analysis. To speed up the whole calculation, we need to integrate within the new method
the real-time simulated fast-ion distribution function provided by RABBIT. While FIDA measurements
are typically localized on the low field side, RABBIT calculates the flux surface averaged distribution
function, introducing inaccuracies. How to interface the RABBIT distribution function with the new
method and how to mitigate the resulting uncertainties is currently under investigation. This final step
will enable the study of entire discharges on real-time timescales and may pave the way for real-time
FIDA applications.

Data availability statement

No new data were created or analysed in this study.
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Figure 13. Sensitivity study performed on: (a) ¢, (b) Zeg, (c) Te, (d) T; and (e) ;. The parameters showing stronger variations
are 1. and Z.g. Weak variations are observed for T and T;. v; can be considered negligible for all the neutral components.

Appendix A. Sensitivity study

The plots showing the sensitivity study performed on each plasma parameter are shown in figure 13:
(a) e, (b) Zesr, (¢) T, (d) Ti and (e) v;. Each profile is increased and decreased, keeping all the other
parameters fixed. The ranges covered by the profiles are (approximately): n. in [4-7] x10" 1m~™3, T,
in [1-4] keV, T; in [1-6] keV and angular frequency in [1.1-0.2] x10° rad s™!. The effective charge has
the nominal value of 1.82. The R function obtained with the modified parameter is compared to the
reference one for each line of sight (LOS), following the metric:

Z (Rreference (E7P) — Rinodified (Eap))z > 1
R? (E,p) ng - 11y

Ep reference

with ng and n, number of energy and pitches, their product is the actual length of R. The metric is
expressed as percentage in the plots and denoted as %.
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Figure 14. Percentage error on the FIDA emission obtained from the look-up table, relative to each neutral component and line
of sight of ASDEX Upgrade for: (a) #38507, (b) #39648 and (c) #30809. The CPR lines are poloidal LOS, CPF-01 is the outer-
most, while CPF-08 is the innermost. Both F-50 and F-85 are radial LOS, with identification numbers starting from the edge and
increasing approaching the core. Last, we find again the toroidal lines, with CER-02 the innermost one. For all the three analysed
discharges, the error always stays below 10%.

Appendix B. Verification of the fast method for the full set of Fast-Ion D, (FIDA) lines
of sight

Each step of the new fast method has been tested for all the lines of sight of the FIDA diagnostic of
ASDEX Upgrade. In addition to the toroidal (CER) LOS, the diagnostic is equipped with poloidal (CPF)
and radial (F-50 and F-85) lines of sight, which are identified with increasing numbers toward the core.
A detailed description of the lines of sight geometry is provided in [4].

The ability of the look-up table (LUT) to reproduce the FIDA intensity (section 4.3) for all the lines
of sight is shown in figure 14: (a) #38507, (b) #39648 and (c) #30809. The percentage error is kept
below 10%, as desired.

The second step consists of reproducing the FIDA emission intensity using the LUT for the R func-
tions and the analytical formula for the D, emission probability (section 5.1). The relative error associ-
ated to each LOS is reported in figure 15: (a) #39648 and (b) #30809. The total FIDA emission is always
kept within 10%, except for CPF-08 in discharge #30809.

Finally, adding the line integrated neutral densities and line averaged plasma parameters calculated by
RABBIT (section 7), the relative error on the full fast method is calculated for each LOS and shown in
figure 16.

The crossing of the 10% threshold in the poloidal lines of sight is clearly visible. The observed dis-
crepancy between the new method and FIDASIM is attributed to the calculation of the line integrated
halo density. The overestimation of this quantity within RABBIT, compared to FIDASIM, is observed
for both shots and increases from the core CPF LOS toward the edge. This results in an overestimation
of the intensity. The main difference between the various lines of sight lies in their geometry: the CPF
lines look into the halo cloud in the poloidal direction, while the CER in the toroidal one. Given the
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exception is CPF-08 in discharge #30809.

(a) #39648
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Figure 15. Percentage error on the FIDA emission obtained with the look-up table for the R functions coupled with the analyt-
ical formula for: (a) #39648 and (b) #30809. The total FIDA emission, shown in black, is kept within 10% as desired. The only
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Figure 16. Percentage error on the FIDA emission obtained with the whole new fast method for: (a) #39648 and (b) #30809. An
increased relative error on the CPF lines of sight, due to the line integrated halo density calculation in the poloidal direction, is
observed. Only for those LOSs, the total FIDA emission, shown in black, is not kept within 10%.

difficulty of reproducing the shape of the halo cloud (section 6.3), the observed discrepancies may arise
from the approximations used in the calculation of the cloud width. For #39648 the total FIDA emission
stays within 10% for all the LOS, apart from the CPF (i.e. the ones showing the biggest relative error on
the density estimation). For #30809, the total FIDA emission is always estimated within the target error
range, but it must be highlighted that this is due to the compensation between the overestimation of the
beam emission and the underestimation of the halo one.
We recall that all the relative errors are calculated with respect to a single FIDASIM simulation, how-
ever, since the neutrals are obtained via a Monte Carlo method, each run yields slightly different results.
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Figure 17. Superposition of the Monte Carlo spectrum and of the intensities obtained with FIDASIM weight function calcula-
tion and with the new fast method in the wavelength ranges [659, 660] nm, [660, 661] nm and [661, 662] nm. The discharge is
#39648 and the LOS is CPF-07 (R = 1.76 m), where the relative error between FIDASIM weight function method and the new
fast method is higher than 20%. The plot aims at highlighting why we searched for a small relative error in the CER lines, where a
nice match between the Monte Carlo and the weight function simulations is observed.

When comparing the results obtained with the new method to different FIDASIM runs, the relative error
can vary by up to 4%.

A final remark concerns the target value for the relative error set at the beginning, i.e. 10%. As
already discussed, the weight function method represents an approximation and a good match with the
Monte Carlo simulation can be achieved only under the conditions discussed in section 4.3. We now
focus on one poloidal LOS, CPF-07 at R = 1.76 m, which is affected by a relative error exceeding 20%
for #39648. Figure 17 shows the superposition of the Monte Carlo spectrum and the intensities in the
wavelength ranges [659, 660] nm, [660, 661] nm and [661, 662] nm, calculated using both the FIDASIM
weight function method and the new fast method. The former slightly underestimates the Monte Carlo
intensity, while the latter overestimates it. Both approaches show a relative error between 10% and 15%
with respect to the Monte Carlo result. This highlights that a good agreement, i.e. within the target rel-
ative error, must be searched when a high compatibility between the Monte Carlo simulation and the
weight function method is ensured.

The cause of the observed discrepancy between the fast method and FIDASIM in the poloidal lines
of sight calculation has not been investigated further, since the work is focused on reproducing the
intensity along the toroidal (CER) lines, which are showing a nice performance in each step of the work.
The investigation and the improvement of the results in the other LOS will be part of future work.
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