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Abstract
The complex dynamics of plasma and the heat flux through divertors in stellarator fusion
devices, with a focus on the Wendelstein 7-X (W7-X), can be more easily understood by
leveraging the proper orthogonal decomposition (POD) method. POD has been used to analyse
discharges to identify divertor asymmetries indicative of underlying plasma transport
phenomena. It has been demonstrated that the POD method, recognised for its
dimension-reduction prowess, can effectively distill high-dimensional datasets into a
manageable number of significant modes, facilitating the interpretation of intricate plasma
behaviour. The findings reveal that the primary POD modes encapsulate the majority of the
significance of the signal, underscoring the asymmetries caused by plasma drifts, and revealing
the correlations of the POD modes linked to specific physical phenomena within the reactor
vessel. Furthermore, an average symmetrisation parameter has been introduced as a diagnostic
tool to quantify symmetry in heat flux deposition, revealing its potential to characterise and
mitigate asymmetries.

Keywords: proper orthogonal decomposition, divertor, heat flux, stellarator, Wendelstein 7-X

1. Introduction

The control of heat flux through plasma-facing compon-
ents (PFCs) remains a critical challenge in magnetic con-
finement fusion, particularly for steady-state devices such

3 See Grulke et al 2024 (https://doi.org/10.1088/1741-4326/ad2f4d) for the
W7-X Team.
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as stellarators. The Wendelstein 7-X (W7-X) (Klinger et al
2019), the most advanced stellarator to date, has demon-
strated substantial improvements in plasma confinement and
the reduction of neoclassical transport, attributable to its quasi-
isodynamic (QI) magnetic configuration (Landreman 2011).
The heat and power exhaust is realised with the island diver-
tor, which creates a non-axisymmetric distribution of diver-
tor power loads (Jakubowski et al 2021) dependent on plasma
configuration and plasma parameters. Due to complexity of
the non-linear phenomena at the plasma edge it is not always
straightforward to model transport in the island divertor, there-
fore it is important to be able to gain insights into depend-
ence of the power loads on plasma parameters by other
means (Pedersen et al 2019a, Niemann et al 2020a, Grulke
et al 2024).

1 © 2025 The Author(s). Published by IOP Publishing Ltd
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Only the standard W7-X configuration is QI-optimised;
the alternative edge-ι settings (e.g. low-ι 5/6 and high-ι 5/4)
are not QI-optimised by design, although some may exhibit
favourable transport through reduced turbulence. In this paper
we primarily analyse the standard and low iota configuration
for the detailed proper orthogonal decomposition (POD) res-
ults, while additional discharges across high-mirror or iota
scan settings are included in the survey to demonstrate meth-
odological robustness.

Real-time diagnostics, such as infrared (IR) thermography,
play a critical role in monitoring heat flux distribution, provid-
ing high-resolution thermal imaging of the divertor surfaces,
and identifying asymmetries and hotspots. However, advanced
data analysis techniques are required to fully interpret the com-
plex heat flux patterns captured by these diagnostics (Sitjes
et al 2018, Jakubowski et al 2021).

This study employs POD to reduce high-dimensional ther-
mographic data into orthogonal modes, representing the most
significant spatial and temporal features of the heat flux distri-
bution. By isolating dominant heat flux patterns, POD enables
a clearer understanding of how the magnetic topology influ-
ences heat deposition on the divertor plates, providing a
reduced-order representation of the underlying physical pro-
cesses (Mendez et al 2019, Kriete et al 2023). A symmet-
risation parameter is introduced to quantify the asymmetry
between the upper and lower POD modes, offering a dia-
gnostic tool to assess power load symmetrisation and optimise
divertor performance under varying plasma conditions (Pisano
et al 2020).

All analysed discharges employed a constant electron
cyclotron resonance heating (ECRH) profile without changes
during the discharge. Consequently, observed temporal fea-
tures in the POD modes can be ascribed to intrinsic plasma
dynamics-such as evolving density, bootstrap current devel-
opment, or transport phenomena-rather than heating modula-
tions. This ensures that the extracted modes are representative
of physical effects rooted in the magnetic configuration and
plasma behaviour, not external forcing.

Correlations between specific POD modes and key plasma
parameters, such as plasma density, electron and ion temper-
ature profiles, and toroidal currents, provide further insight
into how plasma conditions influence heat flux dynamics, with
implications for mitigating asymmetries and improving power
exhaust in stellarator configurations (Lazerson et al 2018, Gao
et al 2019, Corre et al 2021). Experimental data from the oper-
ational campaigns OP1.2 and OP2.1, obtained by IR thermo-
graphy and real-time image processing, form the foundation
for the development of predictive models to manage heat loads
in future high-power, long-pulse operations (Sitjes et al 2018,
Niemann et al 2020a).

While IR thermography has been extensively used for map-
ping heat flux distributions in fusion devices, this study repres-
ents the first time that the POD method is utilised to decom-
pose these data into spatial and temporal modes. This novel
approach enables us to extract dominant features in the heat
flux patterns and simultaneously correlate them with multiple
key plasma parameters.

Figure 1. Illustration of the island divertor concept, where the
island count, denoted as n, varies across different stellarator devices.
In the case of the W7-X device, n is selectable within the range of
4–6, with n= 5 as the conventional choice. Reproduced from Feng
et al (2006). © 2006 IAEA, Vienna.

2. Heat Transport in Wendelstein 7-X

Heat transport in Wendelstein 7-X (W7-X) is governed by
the island divertor concept, which utilises magnetic islands at
the plasma edge to manage heat and particle exhaust. These
islands, formed by the unique three-dimensional magnetic
configuration of W7-X, intersect with the divertor plates as
presented in figure 1, defining strike lines where heat flux is
deposited (McCormick et al 2003, Feng et al 2006). The mag-
netic configuration is characterised by a low-shear edge, allow-
ing for extended connection lengths and efficient parallel heat
transport along magnetic field lines.

The rotational transform ι at the edge determines the size
and positioning of magnetic islands, with configurations such
as low-iota (ι≈ 5/6) and high-iota (ι≈ 5/4) modulating the
heat flux distribution across the divertor targets (Andreeva et al
2022).

These islands serve to channel heat exhaust from the plasma
boundary, minimising localised heat accumulation by guiding
heat flux to defined divertor areas. The five-fold symmetry of
W7-X, along with the adjustable edge rotational transform,
allows for flexible control of the heat distribution across the
divertor targets, which are presented in figure 2.

During Operation Phase 1.2b, uncooled graphite Test
Divertor Units (TDUs) were used to handle heat fluxes exceed-
ing 10MWm−2 without active cooling, while the subsequent
high-heat-flux (HHF) divertor in OP2.1 introduced water-
cooling for sustained operation under higher power scenarios
(Wurden et al 2018, Kriete et al 2023, Grulke et al 2024).
These magnetic islands enhance exhaust management by isol-
ating the scrape-off layer (SOL) and maintaining plasma pur-
ity in the core through effective separation of recycling neutral
particles.

2
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Figure 2. The divertor surface spans 5 m in length and 1 m in
width, comprising several target modules: vertical targets
(TM1v–TM3v), low-iota targets (TM1h–TM4h), low-load targets
(TM5h–TM6h), and high-iota targets (TM7h–TM9h). Reproduced
from Puig Sitjes et al (2021). CC BY 4.0.

Compared with OP1.2b TDUs, the OP2.1 water-cooled
HHF targets differ in thermal inertia and surface emissiv-
ity history, which can affect IR camera absolute calibration
and response time. Our POD pipeline operates on detrended,
mean-subtracted matrices and therefore is primarily sensit-
ive to coherent spatio-temporal variance, not absolute heat-
flux scale. This limits the impact of modest inter-phase cal-
ibration differences on the extracted leading modes. In the
analysis where only the mode structure is critical to the dis-
charge analysis, the scale differences do not alter the observ-
able conclusions.

Connection lengths (Lc) within the SOL play a crucial role
in governing the efficiency of heat transport. In W7-X, Lc
in the island SOL can range from 450 to 1700m (Niemann
et al 2020b). These longer connection lengths allow heat and
particle fluxes to travel parallel to the magnetic field, reducing
the risk of localised overheating and ensuring an even distri-
bution of heat across the divertor.

The radial power fall-off length, Λq, in W7-X typic-
ally ranges from 9 to 14mm, significantly wider than those
observed in tokamak H-mode operations, which reflects the
lower magnetic shear and broader heat flux profile in the
stellarator configuration (Pedersen et al 2019b). Additionally,
E×B drift effects create asymmetries in the heat flux distri-
bution, leading to lack of symmetry between the upper and
lower divertor targets. These asymmetries are influenced by
the edge magnetic topology and are modulated by variations
in plasma density and magnetic configuration (Hammond et al
2019, Kriete et al 2023).

Real-time monitoring of heat flux in W7-X is achieved
using IR thermography, which provides high-resolution tem-
perature maps of the divertor surfaces. These measurements
are processed through the THEODOR code to calculate heat
flux based on surface temperature data (Herrmann et al 1995,
Gan et al 2013). During the operational campaigns, IR ther-
mography plays a critical role in mapping the strike lines and
heat flux distributions. We clarify that this estimate applies to
the fraction of non-radiated power: for example, a substantial
fraction of the total heating power-often between 30%–50% is

radiated away from the plasma volume, then of the remaining
power, up to 95% is observed on the divertor targets (Pedersen
et al 2019b).

The island divertor configuration in W7-X demonstrated
robust heat-handling capabilities during long-pulse opera-
tions, with sustained plasma attachment preventing excess-
ive thermal stress on the PFCs. These diagnostics also
helped correct for magnetic error fields, improving the align-
ment between predicted and observed strike-line geometries,
thereby optimising heat load distribution (Hammond et al
2019, Niemann et al 2020a).

POD, as introduced in section 3, offers a powerful tool for
analysing complex heat flux dynamics by isolating dominant
modes in the thermal data. This reduced-order analysis has
been instrumental in identifying correlations between specific
POD modes and plasma parameters such as density and tem-
perature profiles, helping to predict heat flux behaviour and
prevent localised overheating.

3. POD

POD, also called the Karhunen–Loéve expansion is a math-
ematical technique employed to analyse complex, high-
dimensional datasets by reducing them to their most signific-
ant components, or modes. In plasma physics, where the beha-
viour of complex systems generates large quantities of data,
POD is used to decompose this data into a series of orthogonal
spatial modes, each modulated by time-dependent coefficient.
This decomposition simplifies the study of complex systems,
such as the heat flux distribution on PFCs, by isolating the
dominant features and patterns that drive the system’s beha-
viour (Tanaka et al 2018).

POD decomposes a given signal into an infinite number of
orthogonal spatial modes Φk(x) and corresponding temporal
coefficients ak(t), which represent the temporal evolution of
each spatial mode:

Î(x, t) =
∞∑
k=1

ak (t)Φk (x) . (1)

This decomposition allows the separation of spatial struc-
tures and temporal behaviour, offering a clear interpretation of
the physical phenomena governing plasma dynamics.

To identify the spatial modes, one solves the eigenvalue
problem associated with the covariance matrix:

CΦk (x) = λkΦk (x) , (2)

whereΦk(x) represents the kth spatial eigenfunction, or mode,
and λk is the corresponding eigenvalue. The eigenvalues are
ordered such that λ1 ⩾ λ2 ⩾ · · ·⩾ λ∞, indicating that the first
few modes capture the largest portion of the variance in the
dataset. The eigenvalue λk quantifies the contribution of the
kth mode to the total system variance.

3
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The temporal coefficients ak(t), which describe the evolu-
tion of each mode in time, are obtained by projecting the ori-
ginal fluctuation dataset Î(x, t) onto the corresponding spatial
mode

ak (t) =
ˆ

Î(x, t)Φk (x)dx. (3)

This projection isolates the contribution of each mode to
the overall dynamics, allowing for the study of how differ-
ent spatial patterns evolve over time. In fusion devices like
W7-X, where the perpendicular transport is defined to a large
degree by turbulence and parallel transport by convection/-
conduction and drifts, these spatial modes can correspond to
coherent structures in the SOL or localised heating patterns on
the divertor (Gao et al 2019, Niemann et al 2020b).

In practical applications, the infinite sum in the POD
decomposition is truncated to include only the first k modes,
where k is chosen such that the retained modes capture a
desired proportion of the total variance, typically defined by
the cumulative sum of the eigenvalues:

k∑
i=1

λi

/ ∞∑
i=1

λi ⩾ Threshold. (4)

By retaining only the leading modes, POD significantly
reduces the complexity of the system while maintaining its
most important features. This reduced-order model is particu-
larly useful in scenarios requiring real-time analysis or control,
such as divertor heat flux management in long-pulse plasma
operations (Pisano et al 2021, Grulke et al 2024).

4. Understanding strike line characteristics and
divertor asymmetries using POD

In the W7-X, a QI stellarator (Landreman 2011) with a five-
fold modular structure, the coil systems are categorised into
three distinct groups: superconductingmagnets, trim coils, and
control coils (CCs) (Rummel et al 2019). The CC system com-
prises of ten uniform 3D-shaped CCs, strategically positioned
behind the baffle plates of respective divertor units as presen-
ted in figure 3. Their primary functions include the correction
of error fields and to vary the position and the geometry of
the strike lines on the divertor surface through changing the
magnetic island size and position (Jauregi et al 2003, Śleczka
et al 2018). The strike line resulting from the plasma-divertor
interactions is recorded by the IR systems. The data from the
cameras is calibrated and converted into a temperature map.
These maps were then utilised by the 2D THEODOR code for
calculating the heat flux density. Subsequent analyses focus
on various heat flux parameters, including heat flux profiles
and the wetted area (Niemann et al 2020a). The profile of heat
flux on the divertor element is determined through the resolu-
tion of a two-dimensional heat diffusion equation, utilising the
explicit Euler method for computation (Herrmann et al 1995)

ρcp
∂T
∂t

=∇(κ∇T) , (5)

Figure 3. Magnet systems of Wendelstein 7-X: non-planar coils
(red), planar coils (blue), trim coils (black), and control coils
(green). Reproduced from Rummel et al (2019). CC BY 4.0.

where ρ is the volumetric mass density, cp the specific heat
capacity and κ the heat conductivity. To simplify the analysis
of the mean heat flux, the mean divertor approach has been
used, treating upper and lower divertor modules separately. In
this method, heat flux is averaged across the respective diver-
tor modules. The mean heat flux analysis offers insights into
the deposition of heat flux across the divertor surface and its
variation during a discharge.

The selected discharge, 20 180 828.030 in low-ι magnetic
configuration, serves as a model for analysing heat flux
dynamics in the W7-X stellarator. This discharge was chosen
due to the stability of key plasma parameters, including ECRH
power (PECRH), electron density (ne), and electron temperat-
ure (Te). These steady conditions are ideal for isolating and
analysing heat flux distribution and identifying asymmetries
under quasi-steady-state conditions. Figure 4 presents the tem-
poral evolution of key plasma parameters. Moreover, the target
modules, which are specialised components integrated within
theW7-X divertor system are strategically positioned to meas-
ure the localised heat flux impacting the plasma-facing sur-
faces, allowing for segmentation of essential data on energy
deposition. This precise measurement facilitates the analysis
of spatial asymmetries in heat flux, which is critical for evalu-
ating the performance of the magnetic configuration (Boscary
et al 2021). Figure 5 shows the mean heat flux recorded on
target modules TM1h through TM4h. Although all four tar-
get modules are displayed, only TM1h to TM3h will be used
for the POD analysis, as they receive the most significant and
stable heat fluxes, while TM4h experiences minimal heat flux.
This selection of the target modules included in the analysis
is based on the configuration of magnetic islands and strike
lines inW7-X, which directs the majority of heat flux to TM1h
through TM4h. These target modules capture the essential spa-
tial and temporal patterns and reveal asymmetries between the
upper and lower divertors, making them ideal for analysing
drift-induced transport phenomena.

The selection of target modules for POD analysis is
discharge-specific and depends heavily on the magnetic con-
figuration, plasma conditions, and divertor geometry. In other

4
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Figure 4. Temporal evolution of key plasma parameters in
20 180 828.030 discharge: the graph presents a stable discharge
profile with parameters such as PECRH, ne, Te, and impurity content
remaining constant. Notably, Itor exhibits a monotonic increase.

discharges, particularly those with different magnetic field
topologies, the choice of target modules may change. For
instance: in configurations where strike lines are distributed
unevenly across the divertor, target modules experiencing the
most intense heat flux should be prioritised; for discharges
with highly dynamic or transient behaviours, it may be neces-
sary to select target modules that capture rapid changes in heat
flux over time; in discharges aimed at exploring symmetry or
specific divertor cooling strategies, target modules from both
high-heat and low-heat regions may be chosen to provide a
more balanced view of the divertor performance.

Ultimately, the selection of target modules should con-
sider their relevance to the physical phenomena under invest-
igation, ensuring that they provide a representative dataset
for analysing heat flux patterns and asymmetries. For dis-
charge 20 180 828.030, TM1h through TM3h meet these cri-
teria, as they not only capture the dominant heat flux dynam-
ics but also provide insight into the asymmetries associated
with plasma drifts and magnetic topology effects. By ana-
lysing these heat flux values independently of plasma para-
meter trends, we focus specifically on spatial and temporal
heat flux behaviours which emerge under steady plasma con-
ditions. This approach enables a targeted investigation of the
transport phenomena shaping heat deposition on the W7-
X divertor, which can vary significantly depending on the
experimental goals and operational configurations of other
discharges.

One key feature of this discharge is the steady increase
in the toroidal current, which exhibits a smooth, gradual rise
over the course of the experiment, reaching a maximum value
of 13kA. This steady evolution of the toroidal current plays
an important role in influencing the magnetic topology of the
plasma, impacting the position and intensity of strike lines on
the divertor plates, through the modification of edge plasma
iota (ι) and thus the magnetic island position. This evolution
aligns with the changes in mean heat flux across the selected
target modules. By analysing these parameters together, we
establish a comprehensive view of the plasma’s influence on
heat flux dynamics, particularly in regions susceptible to drift-
driven asymmetries (Hammond et al 2019, Kriete et al 2023).
Figure 6 shows an averaged divertor surface map, present-
ing the strike line of the mean heat flux deposited on the
divertor surface. This strike line provides a spatial context for
understanding heat flux patterns across different regions of
the divertor, visually illustrating areas of high and low heat
load. QI optimisation reduces, but does not eliminate, neoclas-
sical bootstrap drive; in addition, net toroidal current can arise
from ECCD balance and edge conditions. The measured Itor
therefore reflects a small but finite bootstrap contribution and
auxiliary-current effects. Its steady rise modifies the edge ι-
profile and hence the island geometry.

Both the beginning and the end of the discharge were
excluded from the analysis due to the transient behaviour typ-
ically observed during the initial ramp-up and final decay
phases. By focusing on the central, steady-state portion of the
discharge from tstart = 0.3 to tend = 19s, where plasma para-
meters are fully developed and stable, the analysis can better
isolate the effects of the evolving toroidal current on heat flux
dynamics and divertor performance. This careful selection of
the discharge time window enhances the reliability of the data,
minimising the influence of transient phenomena such as rapid
changes in edge density or shifts in plasma position in order
to simplify this first analysis. The stable conditions during this
discharge, combined with the controlled increase in toroidal
current, provide an excellent opportunity to study the effects of
current-driven modifications to the magnetic island structure.

The above discharge, 20 180 828.030 has then been ana-
lysed with the use of POD (Pearson 1901, Berkooz et al 1993,
Tanaka et al 2018, 2019). For the POD analysis, a data mat-
rix has been constructed from the fluctuation components of
the composed data matrix Î(x, t) = I(x, t)− Ī(x, t) of the heat
flux on selected divertor modules, TM1h through TM3h. By
structuring the matrix to separately analyse upper and lower
divertors, we can preserve and investigate asymmetrical pat-
terns. Figure 7 illustrates the original data matrix, where the
structured arrangement enables a focused analysis on the spa-
tial variations in heat flux. This matrix configuration is advant-
ageous in the stellarator geometry, as the non-axisymmetric
magnetic fields of W7-X promote drift-induced asymmetries
that manifest in the form of differential heat and particle fluxes.
By arranging the data in a matrix suited for POD, we effect-
ively set the foundation for a decomposition that reveals these
underlying drift dynamics.

The eigenvalues, illustrated in figure 8, represent the vari-
ance contribution of each mode, with the first two modes

5



Plasma Phys. Control. Fusion 67 (2025) 105027 B Zamorski et al

Figure 5. Mean heat flux variation over time for target modules (TM1h–TM4h) in discharge 20 180 828.030, separated by upper and lower
divertor regions. The plot shows average heat flux trends for each target module, revealing significant differences in heat deposition between
the upper and lower divertors.

Figure 6. Averaged divertor surface map showing the strike line of
mean heat flux deposition across the divertor surface in discharge
20 180 828.030. In part (a), the upper module of the divertor is
displayed, while in part (b), the lower module of the divertor is
shown. The maps highlight regions of concentrated heat load,
revealing the asymmetric distribution of heat flux between the upper
and lower divertor modules, consistent with edge drifts (Hammond
et al 2019).

collectively capturing a significant portion of the total vari-
ance (52.6% and 33.9%, respectively), amounting to 86.5%.
This high cumulative contribution demonstrates that these two
modes encapsulate the dominant patterns in heat flux distri-
bution, while the remaining modes contribute to finer, more
localised features.

The first spatial mode Φ1, shown in figure 9, captures a
relatively symmetric distribution of heat flux across the diver-
tor modules. This pattern reflects a baseline heat flux distri-
bution, indicative of a balanced deposition profile across the

Figure 7. Data matrix for POD analysis of mean heat flux matrix
depicting the spatial distribution of energy deposition on divertor
surfaces, vital for understanding the thermal load patterns,
illustrating the extent of plasma–material interaction regions, critical
for assessing the distribution and management of heat loads across
the divertor surfaces.

selected target modules. The corresponding temporal coeffi-
cient a1(t) presented in figure 10 shows significant temporal
evolution, including a pronounced rise around t= 11− 12 s.
This dynamic behaviour suggests that this mode is strongly
influenced by variations in heating. This observation will be
explored further in a later section of this work, where correla-
tions with plasma parameters will be analysed to better under-
stand the relationship between heating power and the temporal
evolution of this mode.

The second spatial mode Φ2, shown in figure 9, captures
a prominent asymmetry between the upper and lower diver-
tors, corresponding to the baseline heat flux pattern observed
in figure 7, where we can see that the lower module of the
divertor receives a significantly larger heat flux load.

6
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Figure 8. The percentage contribution λk/
∑n

i=1 across various
POD modes. Each mode’s contribution, in descending order of
magnitude, is essential for optimising mode selection in data set
reconstruction. Additionally, beyond a certain point, further modes
have negligible effects, as their values fall below the level of
experimental measurement.

However, the rapid increase in the temporal coefficient
a2(t) presented in figure 10 during the latter part of the dis-
charge indicates a dynamic evolution of this mode. This sug-
gests that the observed asymmetry is not merely a steady-state
feature but is instead influenced by time-dependent plasma
processes, possibly linked to changes in magnetic topology,
confinement properties, or drift-induced transport phenomena.
The dominant drifts in W7-X are the poloidal and radial E×B
drifts (Hammond et al 2019), with the poloidal one prevailing
at low densities and the radial one at higher densities (Kriete
et al 2023). Here, due to the relatively low density, we mainly
observe poloidal drifts, which are determined by the electron
temperature distribution at the divertor (Vp ≈ 3Te,divertor/e),
while the radial electric field Er depends on the potential distri-
bution. This transient behaviour emphasises the importance of
considering temporal dynamics when interpreting the spatial
asymmetries in heat flux distribution.

Higher-order modes, such as Φ2 and beyond, reflect pro-
gressively finer spatial features, potentially indicative of tran-
sient or localised plasma phenomena. The temporal coeffi-
cients for these modes show higher variability, suggesting that
these modes may correspond to non-stationary processes. By
combining any twomodes throughweighted summation based
on λi and λj, such that

Φi+j =
λiΦi+λjΦj

λi+λj
,

one can approximate complex effects that span multiple spa-
tial and temporal scales, thereby capturing interactions that
would be obscured in single-mode analysis. This approach
underscores the adaptability of POD in isolating and inter-
preting physical features whichmaymathematically span vari-
ous modes, however represent one physical effect embedded
within a high-dimensional dataset.

Figure 9. Spatial modes derived from the POD analysis for
discharge 20 180 828.030, showing the distribution of values across
target modules TM1h–TM3h for the upper (red) and lower (blue)
divertors. The symmetrisation parameter values are presented
between the upper and lower components with appropriate shading.
Spatial Mode 1 (Φ1) shows a relatively symmetric heat flux
distribution influenced by heating variations. Spatial Mode 2 (Φ2)
captures a pronounced asymmetry with dynamic temporal
evolution, linked to time-dependent plasma processes. Higher
modes reflect localised fluctuations and transient plasma
behaviours. λ values obtained from figure 8.

5. Average symmetrisation parameter (ς)

In the context of heat flux distribution analysis, symmetry
between the upper and lower divertors plays a crucial role in
understanding and optimising PFC performance in stellarators
such as W7-X. In particular, asymmetries in the heat flux are

7
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Figure 10. Temporal coefficients derived from the POD analysis for discharge 20 180 828.030. Each plot presents the temporal coefficient
of one of the first four individual POD modes, with its corresponding eigenvalue (λi) representing the variance contribution. Temporal
coefficients a1(t) (λ1 = 52.58%) and a2(t) (λ2 = 33.90%) capture the dominant temporal dynamics of heat flux, while coefficients a3(t)
and a4(t) reflect higher-frequency, localised fluctuations contributing less variance. This decomposition provides a detailed view of the
temporal behaviour of each mode, offering insights into how these independent components influence the heat flux distribution on the
divertor over time.

often indicative of drift-driven transport phenomena, which
are shaped by the interaction of radial electric fields, dens-
ity gradients, and the three-dimensional magnetic topology of
the stellarator. To quantitatively assess this asymmetry, the
average symmetrisation parameter (ς) is introduced, a metric
designed to capture the degree of symmetry in heat flux con-
tributions across the divertor surfaces. The average symmet-
risation parameter has been defined as:

ς =

∑N
k=1λk

(
Φlower
k −Φupper

k

)
∑N

k=1λk
,

whereΦupper
k andΦlower

k are the values of the kth spatial mode

respectively for the upper and lower divertor modules, Φupper
k

andΦlower
k are the mean of the kth spatial mode values respect-

ively for the upper and lower divertor modules, λk is the eigen-
value associated with the kth mode, representing the variance
contribution of the mode and N is the total number of spatial
modes considered in the calculation.

This parameter obtains the eigenvalue-weighted asym-
metry between the upper and lower divertors, normalised by
the sum of all eigenvalues. The symmetrisation parameter

quantifies the net asymmetry in the spatial distribution of heat
flux, weighted by the contribution of each mode to the total
variance. The parameter’s value has the following physical
implications:

• ς > 0: The lower divertor receives a greater average heat flux
contribution from the spatial modes compared to the upper
divertor.

• ς < 0: The upper divertor receives a greater average heat flux
contribution than the lower divertor.

• ς ≈ 0: A balanced or symmetric heat flux distribution
between the upper and lower divertors.

By incorporating the eigenvalues (λk) into the calculation,
ς ensures that modes with higher variance contributions
(i.e. those that capture more significant features of the heat flux
distribution) have a proportionally larger impact on the over-
all measure of symmetry. Furthermore, in figure 9, the sym-
metrisation parameter values for individual pairs ofΦk points
(upper and lower divertor contributions) are presented. These
values are shown as vertical distances between corresponding
points on the upper and lower divertor curves, visually high-
lighting the local asymmetry in each mode.

8
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Figure 11. Average symmetrisation parameter (ς) per mode, for
discharge 20 180 828.030. The bars represent the normalised
asymmetry in spatial mode contributions, with negative values (red)
indicating higher contributions from the upper divertor and positive
values (blue) indicating dominance of the lower divertor. The
horizontal dashed line presents the overall ς = 0.19 for this
discharge, reflecting a net asymmetry favouring the lower divertor.
This visualisation highlights the dominant role of certain modes in
shaping the overall heat flux distribution asymmetry.

In order to visualise the contributions to ς , a histogram
(figure 11) of the weighted asymmetries λk(Φlower

k −Φupper
k )

can be generated. This histogram highlights the relative
importance of each mode in determining the overall asym-
metry. A horizontal line indicating the value of ς provides
a clear summary of the net symmetry or asymmetry in the
system. Additionally, figure 9 presents the vertical distances
between the upper and lower divertor values for each spatial
mode Φk, providing a direct visualisation of the local asym-
metry that contributes to the symmetrisation parameter. This
granular representation complements the histogram by show-
ing the pointwise contributions to the overall asymmetry.

6. Correlating plasma parameters with POD
temporal Coefficients

The analysis of correlations between plasma parameters and
the POD temporal coefficients reveals key physical insights
into the dynamics of heat flux distribution in the W7-X stel-
larator. Specifically, the relationships of the first two temporal
coefficients a1(t) and a2(t) with line-integrated electron dens-
ity (ne) and toroidal plasma current (Itor) highlight the distri-
bution of physical effects across modes and their underlying
causes. These correlations are visualised in figure 12, where
plasma parameters are mapped onto a unit circle based on their
correlation with a1(t) (x-axis) and a2(t) (y-axis).

As shown in both figure 12 the first temporal coefficient
a1(t) exhibits a strong correlation with the line-integrated
electron density (ne), labelled (int n dl) in the plot, (r=
0.729). This suggests that the dominant heat flux patterns are
strongly influenced by density-driven effects, such as radial
particle transport and associated drifts in the plasma edge.
Furthermore, the correlation becomes even stronger when
a1(t) is combined with a2(t) as a1+2(t), (r= 0.861). This
observation indicates that the physical effect associated with

Figure 12. Correlation scatter plot between plasma parameters and
the first two temporal coefficients from POD analysis. The plot
illustrates the degree of linear correlation between operational
plasma parameters, such as ion temperature (Ti), radiation (Prad),
and bootstrap current, with the primary temporal coefficients
derived from the Proper Orthogonal Decomposition of divertor heat
load data. The encapsulating circle represents the unit correlation
boundary, emphasising the tight clustering of most parameters and
indicating their potential interdependencies during the discharge
process in the W7-X Stellarator.

density-driven transport is spread across the first two modes,
with a1(t) capturing the bulk of the steady-state behaviour
and a2(t) reflecting dynamic adjustments or secondary effects.
This dual-mode behaviour likely reflects the interaction of
steady-state density gradients and transient effects such as
fluctuations in edge transport or the influence of magnetic
island structures.

The second temporal coefficient a2(t), which represents
secondary features in the heat flux dynamics, shows a strong
correlation with the toroidal plasma current (Itor), (r= 0.648).
This is visually represented in figure 12, where Itor aligns more
strongly with a2(t) compared to a1(t).

The influence of Itor on a2(t) reflects the role of toroidal
current evolution in modifying the edge magnetic topology,
particularly in the vicinity of magnetic islands and strike line
positions. Changes in the Itor can shift the magnetic field con-
figuration, affecting the spatial and temporal distribution of
heat flux on the divertor surfaces. The relatively weaker correl-
ation of Itor with a1(t) further supports the interpretation that
Itor influences dynamic, rather than steady-state, effects.

7. Reconstruction of the POD Modes

Reconstruction is a critical step in validating the POD meth-
odology and interpreting the spatial and temporal dynamics of
heat flux distribution. By reconstructing the heat flux signal

9



Plasma Phys. Control. Fusion 67 (2025) 105027 B Zamorski et al

Figure 13. Reconstructed heat flux data for the first four POD
modes for discharge 20 180 828.030, showing the temporal
evolution of mean heat flux across target modules TM1h–TM3h in
the upper and lower divertors. Mode 1 captures the dominant
asymmetry in heat flux distribution, consistent with the primary
drift-induced transport effects. Mode 2 highlights additional
asymmetries and broader-scale patterns, while Modes 3 and 4 reveal
higher-frequency fluctuations and localised features. The colour
scale indicates the mean heat flux intensity, with warmer colours
representing higher fluxes. These reconstructions demonstrate how
each mode contributes uniquely to the overall heat flux dynamics.

from a subset of PODmodes, it is possible to assess the accur-
acy of the decomposition process and gain deeper insights into
the physical phenomena represented by individual modes. The
reconstructed heat flux contributions for the first four modes,
which collectively fully reconstruct the original data set, have
been presented in figure 13 and the implications of their spatial
and temporal structures will be discussed below.

The reconstructions highlight the asymmetry between the
upper and lower divertors, particularly in Modes 1 and 2.
These asymmetries align with the observations of the aver-
age symmetrisation parameter (ς) discussed previously. The
strong contributions fromModes 1 and 2, combined with their
correlations to ne and Itor, underscore the role of density-driven
transport and magnetic topology changes in shaping these

asymmetries. The distribution of physical effects across mul-
tiple modes is further emphasised by the combined correlation
of a1+2(t) with ne, which is stronger than the correlation of
a1(t) alone. This suggests that the interplay between steady-
state transport and dynamic adjustments contributes signific-
antly to the observed heat flux patterns. The reconstructed data
for Modes 1 and 2 collectively describe the large-scale, dom-
inant behaviours, while Modes 3 and 4 add finer-scale fea-
tures and transient effects. These interactions provide a com-
prehensive picture of the heat flux dynamics, highlighting the
multiscale nature of the physical phenomena at play.

The reconstructed signal achieves a near-perfectmatchwith
the original heat flux data, as indicated by the negligible
standard deviation (σ ≈ 0) between the reconstructed and ori-
ginal signals. This validation confirms that the leading modes
(Modes 1–4) are sufficient to reproduce the primary heat flux
dynamics, demonstrating the robustness of the POD meth-
odology and its ability to decompose and interpret complex
plasma behaviour.

8. Discharge Groupings Based on POD
Characteristics

To characterise the effectiveness of the POD analysis across
different W7-X discharges, we propose grouping the dis-
charges based on key features of their POD results:

• Single-mode dominated discharges: in these discharges, the
first POD mode captures an overwhelmingly large frac-
tion of the variance (typically >80%− 90%). Higher-order
modes carry only minor residual variance. Such a single-
mode structure often occurs under steady conditions with no
strong evolving asymmetries—for example, either a largely
symmetric heat flux distribution or a fixed asymmetric pat-
tern that persists throughout the discharge. In single-mode
cases, the POD essentially identifies one dominant spatial
pattern (e.g. the baseline heat flux profile), and the temporal
coefficient of that mode captures the bulk of the dynamics
(often just a gradual rise or fall in overall heatflux intensity).
These discharges tend to show weak correlations between
the POD coefficients and plasma parameters; since the diver-
tor heat flux pattern remains relatively stable, changes in
density or current have little distinguishable effect on the
single dominant mode. The average symmetrisation para-
meter (ς) in this group can vary: if the single dominant mode
is symmetric, ς will be near zero (balanced upper/lower heat
load), whereas if the mode is inherently asymmetric, ς will
be significantly positive or negative indicating a persistent
divertor load asymmetry.

• Multi-mode (two-mode) discharges: these discharges
exhibit a richer structure where the first two POD modes
each contribute a significant portion of the variance (for
example, Mode 1 on the order of 50%−80% and Mode 2
capturing an additional 20%−40%). The cumulative con-
tribution of the first two modes is high (often 90%−95%),
indicating that a two-mode superposition is needed to
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describe the divertor heat flux dynamics. This typically cor-
responds to cases with evolving or more complex asymmet-
ries: for instance, a discharge where the heat flux distribu-
tion shifts over time due to changing plasma conditions will
require one mode for the base pattern and a second mode to
capture the shifting or oscillatory component. Multi-mode
discharges generally show stronger correlations between
POD temporal coefficients and external plasma parameters.
A common scenario (as seen in our analysis) is that the
first mode’s coefficient correlates with the global density
evolution (reflecting density-driven changes in overall heat
flux patterns), while the second mode’s coefficient correl-
ates with the plasma current evolution (reflecting topology
changes that introduce asymmetry). In these cases, the pres-
ence of two significant modes indicates an interplay of at
least two physical processes. The symmetrisation parameter
ς in two-mode discharges is often moderate—the dynamic
interplay tends to prevent one divertor side from always
dominating. For example, the lower divertor may receive
more heat early on and the upper divertor later, resulting in
an average ς closer to zero despite the instantaneous asym-
metries. Thus, multi-mode discharges often hover around a
balanced average (|ς| moderate), in contrast to single-mode
asymmetric cases which if asymmetries occur will maintain
a large |ς| throughout.

• Higher-mode or complex cases (rare): in our dataset, higher
modes beyond the first two carry only minimal variance
(each < 10%). We did not identify any discharge that fun-
damentally required more than two modes for a qualit-
ative description. In principle, however, a discharge with
very transient or oscillatory behaviour might spread vari-
ance across several modes (none overwhelmingly dom-
inant). Such a case would fall into a ‘complex’ group
where no single mode or two-mode combination captures
as much as 90%. These would likely coincide with non-
stationary phenomena (e.g. cyclic oscillations or abrupt
events), and the POD might yield several modes of compar-
able weight. In our W7-X survey, no discharge fell clearly
into this category—even the most dynamic scenarios were
adequately described by two significant modes—but we
note it as a potential grouping for more complex future
datasets.

In figure 14, we illustrate the proposed groupings by plot-
ting each analysed discharge in terms of two representative
features: the dominance of the first mode (x-axis) and the
strength of correlation with a key plasma parameter (y-axis).
As described, single-mode dominated discharges congregate
on the right side of the plot, where >80% of the variance is
in Mode 1. These points (shown as square markers) gener-
ally have low correlation coefficients (clustered around the y-
axis), reflecting the fact that their sole dominant mode does
not track plasma parameter changes strongly. In contrast, the
two-mode discharges (circular markers) appear toward the left
with a somewhat lower first-mode fraction (∼50%−80%) and
typically more varied correlation values. The colouring of the

Figure 14. Scatter plot of multiple W7-X discharges in a feature
space defined by POD mode dominance and correlation strength.
The x-axis is the variance fraction captured by the first POD mode,
indicating whether a single mode dominates the heat flux pattern.
The y-axis is the Pearson correlation coefficient (r) between the first
mode’s temporal coefficient (a1) and the line-integrated electron
density (ne). Each point represents a discharge. Squares denote
single-mode dominated discharges (first mode >80% variance),
while circles denote two-mode discharges. The points are further
coloured by the average symmetrisation parameter (ς) to indicate
divertor heat load balance: red points have positive ς (lower divertor
receives more heat on average), blue points have negative ς (upper
divertor receives more heat), and green points are near ς ≈ 0
(symmetrically balanced).

points provides additional insight into divertor asymmetry: for
instance, nearly all the single-mode points are green (indicat-
ing that their time-averaged ς is small), whereas many two-
mode points appear red or blue (indicating a persistent bias
to one divertor). This suggests that single-mode discharges
generally maintain stable, symmetrical heat flux distributions,
while two-mode discharges tend to exhibit dynamic asymmet-
ries that shift the divertor load toward one side consistently
throughout the discharge. Overall, this feature-space visual-
isation supports the qualitative grouping: Group I (single-
mode, squares) represents stable patterns with a single dom-
inant mode and typically balanced loads, whereas Group II
(two-mode, circles) includes more dynamically evolving dis-
charges characterised by dual-mode structures and persistent
divertor asymmetries. This grouping approach is preliminary
but provides a useful map of when the POD method yields
simple vs multi-faceted descriptions of the divertor heat flux.

Essentially, by examining metrics like the fraction of vari-
ance in the first mode, the cumulative contribution of the first
two modes, the correlations of mode coefficients with plasma
parameters, and the symmetrisation parameter (ς), we can dis-
tinguish different types of divertor heat flux behaviour.

For example, some discharges are dominated by a single
spatial mode with only minor higher-order contributions,
indicating a largely static or equilibrium heat flux pattern,
whereas others distribute their variance across two signific-
ant modes, signalling more complex or evolving patterns. In
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Table 1. Survey of W7-X discharges analysed in this work. For each pulse we list the magnetic-configuration category (edge
rotational-transform setting), injected ECRH power PECRH, the peak line-integrated density

´
ndlmax, and the pulse duration tdur. ‘Standard’

denotes the quasi-isodynamic baseline; alternative settings (e.g. Low iota, iota scan, High Mirror) are included to test methodological
robustness.

Discharge Mag.Config. PECRH
´
ndlmax tdur

20 180 816.10 Standard 3.2MW 4.7m−2 15.0 s
20 180 828.30 Low iota 2.5MW 3.9m−2 20.0 s
20 181 010.11 Standard 4.5MW 8.1m−2 8.0 s
20 181 010.22 Standard 4.5MW 4.7m−2 12.0 s
20 181 010.38 Standard 5.5MW 12.0m−2 9.6 s
20 181 016.04 Standard 3.5MW 6.5m−2 10.0 s
20 181 016.06 Standard 5.9MW 12.0m−2 9.0 s
20 181 016.38 Standard 4.0MW 8.0m−2 6.0 s
20 181 017.24 Iota scan 2.0MW 6.0m−2 3.0 s
20 181 017.25 Standard 4.0MW 11.5m−2 37.0 s
20 181 017.41 Standard 5.5MW 5.5m−2 5.0 s
20 230 222.16 High mirror 4.5MW 14.0m−2 14.0 s

the latter, the first mode often represents a baseline symmet-
ric component while the second mode captures an asymmet-
ric deviation or temporal shift in the strike-line distribution.
We find that these two-mode discharges tend to occur when
there are changes during the discharge (for instance, a ramp
in density or a shift in edge current), as evidenced by strong
correlations between the POD coefficients and those changing
parameters. In contrast, discharges without significant profile
evolution (steady-state conditions) often fall into the single-
mode category, where POD yields essentially one salient mode
that mirrors the time-invariant spatial distribution of heat flux.
This mode grouping is reflected in the symmetrisation metric
as well, a discharge with a persistent top-bottom asymmetry
(large |ς|) typically shows that asymmetry captured in one
dominant POD mode, whereas discharges with time-varying
asymmetry tend to require multiple modes yet may have a
smaller average ς .

If a discharge falls into the single-mode dominated group,
the implication is that the divertor heat-load pattern is gov-
erned by one primary effect (e.g. a stable magnetic topology
configuration or a constant drift-induced asymmetry) and that
the POD, while still providing a compact representation, may
not reveal more than what one could observe directly. In these
situations, additional modes or correlations do not contribute
much, and the POD analysis serves mainly to confirm that
the divertor heat flux was steady or symmetric (or persistently
skewed) throughout that shot. On the other hand, if a discharge
is grouped as a two-mode case, the POD analysis has teased
apart two concurrent phenomena, for example, a baseline heat
distribution and a superposed shifting component tied to dens-
ity or current changes. In such cases, POD proves highly valu-
able, as it not only compresses the data but also separates dif-
ferent physical processes. We emphasise that this classifica-
tion is exploratory and introduced in this article as an initial
guide. It lays the groundwork for more targeted analyses, for
instance, the investigation within a given magnetic configura-
tion how discharges transition from single- to two-mode beha-
viour as heating or fuelling is varied. A detailed, configuration-
by-configuration study is beyond our present scope and will be

addressed in future work. Here, our intention is to introduce
the concept and demonstrate its promise: even with a modest
set of 12 discharges presented in table 1, one can begin to see
patterns in when POD yields one dominant mode versus two,
and how that correlates with plasma conditions.

9. Conclusion

In this study, a total of twelve discharges spanning mul-
tiple magnetic configurations were analysed using the POD
method. The primary criterion for discharge selection was
the presence of stable ECRH power throughout the pulse.
This ensured that the temporal evolution captured by the POD
modes could be attributed to intrinsic plasma dynamics and
magnetic topology effects, rather than external heating modu-
lations. While the POD method provides a powerful tool for
distilling divertor heat-flux data, it is important to acknow-
ledge its limitations and the scope of its applicability. One
limitation is evident in cases of single-mode dominance: when
essentially one mode encapsulates the entire behaviour of the
system, the POD analysis does not uncover multiple independ-
ent features, it reduces the data to a trivial single degree of free-
dom. In such cases, the insight gained is limited. Another lim-
itation is that POD, by construction, prioritises modes by vari-
ance rather than by physical meaningfulness. Thus, there may
exist lower-variance yet physically coherent structures (for
example, a small oscillatory hotspot or a subtle fluctuation)
that are relegated to higher modes or even obscured entirely
by the dominance of larger-variance patterns. In other words,
POD can miss or deemphasise phenomena that are important
but energetically small. A related point is the sensitivity of
POD to signal-to-noise levels: noise or random fluctuations, if
pervasive, will contribute to the overall variance and can mix
into the POD modes, sometimes making the interpretation of
higher-order modes ambiguous.We have taken care in our data
conditioning (e.g. subtracting background levels and focusing
on steady phases of the discharge) to mitigate spurious effects.
It is worth emphasising that one of the inherent strengths of the
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PODmethod lies in its robustness to uncorrelated noise. Since
POD extracts coherent spatial and temporal patterns based
on variance, random fluctuations tend to average out across
the time basis and are effectively excluded from the domin-
ant modes. Consequently, the leading POD modes are largely
unaffected by residual noise, while small-scale uncorrelated
perturbations are relegated to higher-order modes with neg-
ligible eigenvalue contributions. Although the signal-to-noise
ratio always plays a role in any diagnostic process, the POD
algorithm intrinsically suppresses incoherent noise, and this
property has been exploited in previous applications. In this
work, we have qualitatively noted this behaviour, and a more
systematic sensitivity analysis, exploring how mode structure
evolves with noise filtering, temporal window selection, or
data resolution, will be addressed in a future study.
Diagnostic Uncertainty and POD Robustness: The IR ther-

mography system used to determine divertor heat flux carries
an estimated uncertainty in absolute magnitude of approxim-
ately 10%, primarily due to calibration errors and repeatab-
ility. It is important to stress, however, that this diagnostic
uncertainty does not directly propagate into the POD in a lin-
ear or quantitative manner. POD inherently identifies dom-
inant spatial-temporal structures based on coherent variance
within the dataset and tends to suppress uncorrelated noise by
relegating it to higher-order modes with negligible eigenval-
ues. Thus, the impact of diagnostic uncertainty on the lead-
ing POD modes is expected to be minimal. While a precise
quantification of POD uncertainty is non-trivial and seldom
addressed in the literature, we implemented a didactic sensit-
ivity analysis to estimate its effect. The input matrix was per-
turbed by ±10%, and the POD was recomputed to assess the
variation in explained variance (λi), spatial mode structures,
and temporal coefficients. The results indicate that the relative
changes in the leading mode variances were negligible. The
detailed results are summarised in the table 2 below. These res-
ults confirm that the leading POD modes are extremely robust
to reasonable variations in input magnitude, and that the uncer-
tainty introduced by the diagnostic system does not affect the
integrity of the extracted dominant structures. It follows that
fluctuations or asymmetries detected in the primary modes,
particularly those exceeding a few percent, are unlikely to res-
ult from instrumental noise and can be interpreted as physic-
ally meaningful. The present results therefore reflect the fea-
tures that consistently emerge across modes and discharges.
Although a rigorous uncertainty propagation remains an open
challenge, we highlight that the lack of such analyses in the
existing literature is not due to irrelevance but rather due to
the intrinsic methodological difficulty. It is generally accepted
that the accuracy of POD results is fundamentally constrained
by the accuracy and richness of the underlying data. This con-
sideration, however, further strengthens the conclusions drawn
here, given the excellent internal consistency and mode separ-
ation observed.

One complementary approach we foresee to overcome
some of POD’s limitations is the application of dynamic
mode decomposition (DMD) alongside POD. DMD is a data-
driven decomposition technique that, unlike POD, is expressly

Table 2. Sensitivity of POD mode parameters to ±10%
perturbations in input data. Changes in explained variance (λ) are
reported as relative differences, and correlations of spatial and
temporal modes are reported as Pearson coefficients.

Mode ∆λ−10% [%] ∆λ+10% [%] r±10%
spatial r±10%

temp

λ1 2,1 × 10−14 1,5 × 10−13 1.0 1.0
λ2 −1,6 × 10−14 −1,8 × 10−13 1.0 1.0
λ3 −4,1 × 10−14 8,2 × 10−14 1.0 1.0
λ4 −2,5 × 10−13 −1,3 × 10−13 1.0 1.0

designed to identify modes associated with specific oscilla-
tion frequencies. Each DMD mode is characterised by a fixed
frequency and thus can directly capture coherent oscillatory
behaviour that might be smeared across multiple POD modes.
DMD could help detect and characterise cyclic or periodic
heat-flux patterns that are not immediately obvious from the
POD analysis alone. We suggest that a combined application
of POD and DMD would provide a more complete picture of
the heat-flux dynamics: the POD excels at capturing the dom-
inant spatial distribution of heat loads and overall energy con-
tent, while the DMD would be able to pinpoint any underly-
ing periodicities in time and attribute them to distinct modes.
Together, these methods could cross-validate each other.

The results of the first time application of the Karhunen–
Loéve expansion on the heat flux distributions, presented in
this study demonstrates the effectiveness of POD as a use-
ful tool for analysing and interpreting the complex dynam-
ics of plasma. By isolating the dominant spatial and tem-
poral modes, the POD method provided valuable insights
into the asymmetries and transport phenomena governing heat
deposition on the divertor surfaces. The introduction of the
average symmetrisation parameter (ς) further enhanced the
analytical framework, offering a quantitative measure of the
heat flux asymmetry between the upper and lower divertors.
This parameter not only highlighted the physical significance
of drift-induced transport but also established a clear met-
ric for assessing divertor performance under varying plasma
conditions.

The correlation analysis revealed compelling connections
between the POD temporal coefficients and key plasma para-
meters, notably the strong association between the first two
coefficients a1(t)with the line-integrated electron density, and
a2(t)with the toroidal plasma current. These findings point to a
division of physical effects across multiple modes, suggesting
that steady-state and dynamic behaviours in plasma transport
can be distinguished and separately analysed. This example of
the use of POD demonstrates the ability of POD to decom-
pose the simultaneous influence of several plasma parameters
on the heat flux.

The reconstruction of heat flux signals validated the POD
methodology by accurately reproducing the observed data
while preserving the key spatial and temporal features. This
reconstruction underscored the multiscale nature of heat flux
dynamics, demonstrating how dominant and higher-order
modes interact to create the observed patterns of asymmetry.
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The combined use of reconstruction, symmetrisation analysis,
and parameter correlations provided an overview of plasma-
edge interactions, in the stellarator magnetic configurations.

The validation of these findings with a second discharge,
20 180 816.010 (corresponding figures presented in appendix),
further reinforces the reliability and applicability of the pro-
posed methodologies. The asymmetries in the given discharge
have been chosen to me more dominant on the upper divertor,
in order to serve as a testbed for the robustness of the POD ana-
lysis and the symmetrisation parameter. The results demon-
strated consistency with the primary discharge, confirming
that the observed physical effects and analytical insights are
not specific to a single plasma scenario but hold broader sig-
nificance across varying operational conditions.

In summary, this study highlights the potential of POD
and the average symmetrisation parameter as powerful tools
for exploring and optimising divertor heat flux dynam-
ics in stellarator-type fusion devices. By bridging the gap
between experimental observations and theoretical models,
this approach provides a pathway for improving PFC perform-
ance and advancing the operational capabilities of the W7-X
and similar fusion reactors.

This work presents the first application of the POD method
to the analysis of heat flux data acquired via IR camera
measurements. While the toroidal current is the dominant
factor-shifting the magnetic island and consequently altering
the heat flux distribution on the divertor-we also observed
correlations with other plasma parameters, such as plasma
density and Wdia. Although a more detailed examination of
these correlations is beyond the scope of this paper and will
be addressed in future work, our analysis demonstrates that
POD can effectively capture the interplay of multiple plasma
parameters.
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Appendix

In addition to the primary analysis of discharge
20 180 828.030, further validationwas performed on discharge
20 180 816.010, which is in the standard magnetic configura-
tion, to verify the reproducibility of the POD framework. As
illustrated in figures 15 and 16 in appendix, the time-averaged
divertor heat flux distribution and its associated data matrix
exhibit characteristics similar to those observed in the primary
discharge (cf figures 4 and 7). The percentage contribution of
the PODmodes, presented in figure 8 for the primary discharge
and figure 17 for the validation discharge, consistently demon-
strates that the first two modes capture the bulk of the total
variance-thereby corroborating the dimension-reduction effic-
acy of the PODmethod. Moreover, the spatial modes and tem-
poral coefficients obtained from the primary analysis (figures 9
and 10) are reflected in figures 18 and 19, respectively, indicat-
ing that the dominant heat flux patterns and their evolution are
robust across different discharges. The average symmetrisa-
tion parameter, which quantifies the asymmetry between the
upper and lower divertor heat fluxes, is also consistent between
the two discharges (compare figures 11 and 20), affirming
that the underlying drift-induced transport phenomena are
reliably captured. Furthermore, the correlation scatter plots
(figures 12 and 21) reveal similar strong associations between
the POD temporal coefficients and key plasma parameters
such as line-integrated electron density and toroidal plasma
current. Finally, the reconstructed heat flux profiles (figures 13
and 22) exhibit near-perfect agreement with the original
signals, thereby validating the overall POD decomposition.
Collectively, these extended results substantiate that the POD
method, along with the Average Symmetrisation parameter,
robustly captures the essential features of divertor heat flux
dynamics across varying plasma conditions, thus enhancing its
applicability for predictive modelling in stellarator-type fusion
devices.
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Figure 15. Time-averaged divertor heat flux distribution for discharge 20 180 816.010.

Figure 16. Data Matrix of 20 180 816.010 for POD Analysis of Mean heat flux.

Figure 17. The percentage contribution λk/
∑n

i=1 across various POD modes for the 20 180 816.010 discharge.
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Figure 18. Spatial modes derived from the POD analysis for discharge 20 180 816.010.
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Figure 19. Temporal coefficients derived from the POD analysis for discharge 20 180 816.010.

Figure 20. Average symmetrisation parameter (ς) per mode, for discharge 20 180 816.010.
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Figure 21. Correlation scatter plot between plasma parameters and the first two temporal coefficients from POD analysis of discharge
20 180 816.010.
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Figure 22. Reconstructed heat flux data for the first four POD modes for discharge 20 180 816.010.
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