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The physics of turbulence localised to the tokamak
divertor volume
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Fusion power plant designs based on magnetic conﬁnement, such as the tokamak design,
offer a promising route to sustainable fusion power but require robust exhaust solutions
capable of tolerating intense heat and particle ﬂuxes from the plasma at the core of the
device. Turbulent plasma transport in the region where the interface between the plasma and
the materials of the device is handled - called the divertor volume - is poorly understood,
yet impacts several key factors ultimately affecting device performance. In this article a
comprehensive study of the underlying physics of turbulence in the divertor volume is
conducted using data collected in the ﬁnal experimental campaign of the Mega Ampere
Spherical Tokamak device, compared to high ﬁdelity nonlinear simulations. The physics of the
turbulence is shown to be strongly dependant on the geometry of the divertor volume - a
potentially important result as the community looks to advanced divertor designs with
complex geometry for future fusion power plants. These results lay the foundations of a ﬁrstprinciples physics basis for turbulent transport in the tokamak divertor, providing a critical
step towards a predictive understanding of tokamak divertor plasma solutions.
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F

usion offers the potential of abundant, carbon-free, agile,
baseload energy supply to complement renewable generation and meet energy demand in the post-carbon era. The
fusion process both requires and generates heat in abundance.
A commercially viable fusion plant must be sufﬁciently available
to produce cost-effective energy1, which in turn requires that any
excess heat and particles arising from the fusion plasma must be
exhausted without causing performance limiting damage to the
device as recognised within mission 2 of the European research
roadmap to the realisation of fusion energy2. This is a well known
challenge given the tolerable heat ﬂux to materials expected from
a burning fusion plasma3. Successful deployment of fusion energy
is thus contingent on a solution to the challenge of plasma
exhaust, which demands a sound understanding of the transport
processes within the exhaust volume of the device, called the
divertor. The divertor volume most often exists below the X-point
of tokamak plasmas (though can also exist at the top of the device
in a double null, or upper diverted conﬁguration) . The X-point is
a null in the poloidal magnetic ﬁeld that separates the hot core
plasma, where magnetic ﬁeld lines are closed, from walls of the
device via a thin external layer of open ended magnetic ﬁeld lines
called the ‘scrape-off layer (SOL)’. The SOL acts as a channel of
heat and particles to material surfaces down the divertor ‘legs’.
The intensity of plasma transport to material surfaces in the
divertor inﬂuences the design of tokamak based fusion reactors
such as ITER4,5, The EUROfusion DEMO demonstration powerplant design6, or the UK STEP (Spherical Tokamak for Energy
Production)7 design. Indeed in fusion power plants the challenge
of successfully exhausting excess heat from the fusion process,
and particles including both unspent fuel and helium, is such
that conventional divertors may be insufﬁcient and ‘advanced’
divertors are a key area of development for the international
community8. Advanced divertors generally rely on a modiﬁcation
of the geometry of the divertor legs to realise favourable impacts9;
an example is the Super-X divertor10, where the divertor leg is
extended to a greater radial location spreading the heat and
particles over a larger area and allowing more time for the plasma
to cool, which is being tested on the MAST (Mega Ampere
Spherical Tokamak) Upgrade device11.
Turbulence within the plasma is commonplace in the edge
and SOL regions12 where severe thermodynamic gradients
build up in the plane perpendicular to the magnetic ﬁeld, and
impacts on the performance of the divertor system. Turbulent
processes from the hot-core eject plasma into the SOL in discrete structures often called ﬁlaments or blobs13, which then
ﬂow parallel to the magnetic ﬁeld into the divertor volume.
Thermodynamic gradients built up inside the divertor volume
in turn provide free energy for localised turbulent transport to
redistribute heat and particles deeper into the SOL, or into the
private-ﬂux region (PFR)—the region between divertor legs
that is un-connected to the upstream plasma. These processes
are described schematically in Fig. 1.
Divertor localised turbulent transport has been sparsely studied, yet can have a signiﬁcant impact on the performance of the
device and longevity of divertor components through factors
including:
●

●

2

The onset of divertor detachment14, a highly radiating state
that cools plasma in advance of the material interface →
Turbulent cross-ﬁeld transport within the divertor volume is
a key factor determining the heat and particle ﬂux proﬁles at
the divertor target and, therefore, the recycling, ionisation,
and recombination rates within the divertor volume which
collectively establish the detached plasma state.
the peak divertor ion and electron temperatures which
are a critical parameters determining the sputtering of the

●

material surface15 → The peaking of the ion and electron
temperature proﬁles is determined by the respective crossﬁeld transport rate in the divertor volume.
and, the peak heat-ﬂux to the divertor target which
crucially determines the potential for surface melting and
damage16 → The peaking of the parallel heat ﬂux proﬁle is
determined by the cross-ﬁeld transport rate in the divertor
volume.

Indeed, the effect of turbulent transport in the divertor must be
accounted for heuristically to correctly interpret the proﬁle of the
heat ﬂux observed to impinge on divertor surfaces in present day
devices (accounted for in the S parameter of the commonly used
‘Eich’ ﬁtting function for thermographic measurements of
divertor surface heat ﬂuxes)17. This broadening produced by
divertor transport can have complex behaviour, for example
differing between inner and outer divertor legs on MAST18 or
weakly depending on divertor leg length on the TCV (Tokamak à
conﬁguration variable) device19. Despite the impactful and
complex role played by divertor transport, there is no established
ﬁrst-principles understanding of cross-ﬁeld transport in the
divertor volume. Laminar simulations, often the tool of choice to
interpret edge and divertor physics in present day experiments, and
to design future ones, employ ad-hoc transport coefﬁcients to capture this effect which do not account for any dependance of turbulent
transport on the geometry of the divertor conﬁguration. The scale of
the transport that must be set in laminar simulations to match
experiments is anomalously high, and cannot be accounted for by
collisional transport processes. As such, setting a physics basis for
turbulence in the divertor volume is important both for present day
interpretation and predictive design of future devices, particularly
those with advanced divertors. Despite a relative sparsity of literature
concerning the physics of divertor localised turbulence, there exists a
signiﬁcant and growing empirical basis. High speed imaging is
a commonplace technique used to analyse turbulence in the
tokamak boundary, and has revealed turbulent structures in the
divertor volume of tokamak devices including NSTX (National
Spherical Torus Experiment)20,21, Alcator C-Mod22,23, TCV24 and
MAST25–28. Concurrently, advanced tomographic inversion methods for 3D structures in high speed imaging data29,30 have been
developed to allow deeper analysis of this complex imaging data,
whilst the ﬁdelity of non-linear simulations of turbulent phenomena
is growing. The STORM (Scrape-off layer Turbulence ORiented
Module) module31,32 of the BOUT++ (BOUndary Turbulence++)
framework33,34, for example, produces high ﬁdelity simulations of
tokamak boundary turbulence and has recently been validated
against experimental measurements of the motion of individual
turbulent structures35 and separately against full scale turbulence36
in the upstream region (immediately adjacent to the core plasma) of
the MAST device.
This article presents results, developed through a combination of experimental measurement utilising advanced tomographic inversion and state-of-the-art simulation using STORM
that advance the knowledge base of key turbulent transport
processes that occur in the divertor. These results lead to the
statement of a simple hypothesis regarding the impact of the
geometry of the divertor system on turbulent transport ﬂowing
into the PFR, potentially relevant to fusion power plant designs
as they increase focus on ‘advanced’ divertors with modiﬁed
geometry8, and the MAST Upgrade device11 engages in future
experimental campaigns to investigate such designs. The results
of this work provide the foundations of a ﬁrst-principles physics
basis ultimately needed for full predictability of the overall
divertor plasma solution and performance, and demonstrates a
leading order impact of the divertor geometry on turbulent
transport levels.
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Fig. 1 Schematic illustration of turbulent and parallel transport processes in the divertor volume. Turbulence in the hot core ejects particles and heat
into the scrape-off later (SOL) (blue arrows) which ﬂows along magnetic ﬁeld lines into the divertor volume (orange arrows), to be re-distributed into the
SOL and private-ﬂux region (PFR) (green arrows) in divertor legs before intersection with material surfaces.

Fig. 2 Spatial distribution and width of turbulent structures in the
divertor. a Quasi-toroidal mode number and (b) poloidal Full-Width HalfMaximum cumulative distributions of turbulent structures across all
discharges detailed in table 1. Mean values are represented by vertical lines.
Data from the simulation36 is shown as solid lines, whilst experimental data
as ﬁlled histograms. The clear separation in the histograms of toroidal
mode number between inner and outer legs demonstrate strong evidence
that turbulence in the two legs is independent.

Results
Shape, distribution, and spectra of turbulent structures in the
divertor. Figure 2 shows cumulative measurements of the mode

number (panel 2a) and width (panel 2b) of turbulent structures in
both inner and outer divertor legs of the MAST device across the
experimental database utilised in this article as a histogram.
Figure 2a demonstrates a clear separation in the histograms of the
quasi toroidal mode number between inner and outer divertor
legs. If turbulent structures in one leg where connected (along the
path of magnetic ﬁeld lines) to the other, then this mode number
would necessarily be equal in both. The clear separation of the
histograms therefore demonstrates that turbulent structures in
the inner and outer divertor legs are isolated from one another.
This corroborates measurements made on speciﬁc discharges
in the NSTX device (a sister spherical tokamak to MAST)21,
agrees with the predictions of linear analysis based on the resistive
ballooning and ﬂute instabilities37, and suggests that this
feature is ubiquitous to divertor turbulence (at least in spherical
tokamaks).
The STORM simulation reﬂects the qualitative trend found in
experiment, with a signiﬁcant difference in mode numbers
measured in the inner and outer legs and a well reproduced
toroidal mode number distribution in the inner divertor leg. The
simulation exhibits a tendency towards higher mode numbers in
the outer divertor leg than the experiment, possibly indicating
higher wavenumber turbulence generated in the simulation than
in reality. Also shown in Fig. 2, the poloidal ﬁlament widths in
both inner and outer legs are similar and the simulation faithfully
reproduces the scale of turbulent structures derived from
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Fig. 3 Spatial distribution and width of turbulent structures in the outer
divertor leg. a Quasi-toroidal mode number and (b) poloidal Full-Width
Half-Maximum (FWHM) cumulative distributions of turbulent structures
across all discharges detailed in table 1 for the private ﬂux region (PFR) at
ψN = 0.99 (blue) and scrape-off layer (SOL) at ψN = 1.01 (orange) of the
outer divertor leg where ψN is the normalised poloidal ﬂux coordinate.

experimental measurements. Despite both divertor legs showing
similar real-space widths, the variation in magnetic ﬁeld strength
from p
inner
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃto outer leg means that, relative to the Larmor radius,
ρs ¼ T e mi =eB ( ≈ 0.5 mm for the inner and ≈ 1 mm for the
outer), the inner-leg structures are 2–3 times larger than the outer
leg. In both of the quantities analysed the individual histograms
from each discharge (omitted from Fig. 2 for clarity) match
closely the cumulative histograms shown in Fig. 2, indicating that
the observations made are insensitive to the parameters of the
plasma within the ranges considered (which largely cover the
operational range available) and are thus reasonably considered
fundamental to the properties of the turbulence observed in the
MAST divertor. This is true even for a comparison between
L-mode and H-mode, though note that the H-mode studied here
is the exotic ELM-free state, used so that sufﬁcient statistics could
be generated without ELM events contaminating the measurement. The H-mode measurements demonstrate consistent
separation of toroidal mode numbers in inner and outer divertor
legs, and similar poloidal ﬁlament widths to L-mode measurements. Filament widths in the outer divertor leg are slightly larger
in the H-mode measurement, however this may be an impact of
statistical error given the relatively small sample size in each shot
individually.
The measurements presented in Fig. 2 focus on the PFR in the
inner and outer divertor legs. In principle the SOL of the outer
divertor leg is also accessible within the plane used for poloidal
inversion. Figure 3 shows the cumulative histograms of quasitoroidal mode number (3a) and poloidal ﬁlament width (3b) in
the SOL of the outer leg at ψN = 1.01, and compares these to the
histogram of the outer leg at ψN = 0.99. The measurements are
similar in almost all respects, with the exception of a tail of larger
structure widths measured in the SOL. Within the SOL structures
from upstream are also present in the divertor, though typically
outside ψN = 1.0127,28. However, these structure are observable
within the inversion data analysed in this paper, and it is plausible
that these upstream ﬁlaments may interfere with measurements
made in the SOL. For this reason, the difference observed in
poloidal widths in Fig. 4 may be attributed to interference by the
larger upstream ﬁlaments.
The spectral characteristics of the turbulence were also
investigated on the same PFR ﬂux surfaces as in Fig. 2 from the
tomographically inverted experimental and simulation data,
and demonstrate poloidal wavenumbers in the range ∣kθ∣ρs < 0.4
for the outer divertor leg and ∣kθ∣ρs < 0.2 for the inner across a
broad frequency band up to and above 40 kHz, as shown in
Fig. 4. Measurements in simulation and experiment are
4

Fig. 4 Turbulent spectra in inner and outer divertor legs. Wavenumber
(relative to larmor radius) and frequency spectra from the ψN = 0.99 surface
from the inner (row a) and outer (row b) divertor legs where ψN is the
normalised poloidal ﬂux coordinate. Three experimental examples are
provided from the database outlined in table 1 alongside the simulation in the
four columns as labelled. All data are shown on a consistent, arbitrary
linear scale.

consistent (noting a more modal behaviour in the simulation
which is due to a toroidally periodic domain with a period of
πradians). The condition of kθρs < 1 is well satisﬁed in both
divertor legs, which is a key condition for the application
of drift-reduced ﬂuid models38 such as that used in the
STORM model that the simulations considered here are based
on. This indicates that the class of model used in simulations
here can be considered reasonable for turbulence localised to
the divertor volume.
Turbulent ﬂow in the inner divertor leg. Figure 5 a shows an
example of a 2D map of the turbulent ﬂow of an individual
discharge from the experimental database, calculated in the inner
divertor. The features in this example are typical to all shots
analysed, and show structures moving dominantly poloidally
(along the projection of magnetic ﬁeld lines, the θ direction) near
to the separatrix but dominantly radially (the ψN direction)
deeper into the PFR. To compare the ﬂows across the database,
the vectors are decomposed into directions parallel (Fig. 5b) to
and perpendicular (Fig. 5c) to the projected magnetic ﬁeld lines
and averaged. The discharges with plasma current of Ip = 400 kA,
which matches the conditions used for the STORM simulation,
are highlighted in blue.
There is a net ﬂow of turbulent structures in both the radial
and poloidal directions that exhibits broadly similar behaviour
across the database. Near to the separatrix, the ﬂow measured in
the inner leg is directed poloidally towards the divertor target but
transitions to a radial ﬂow in the far PFR. The proﬁles and
magnitudes of the ﬂow measured in the simulation match that of
the experimental dataset well in the vicinity of the separatrix but
the radial ﬂow is suppressed in the far PFR suggesting that the
transport level in the simulation may be an under-estimation of
experiment. In the deep PFR turbulent structures in the
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Fig. 5 Turbulent ﬂow measurements in the inner divertor leg. a Example of a ﬂow map measured in the inner divertor leg for a typical discharge showing
scrape-off layer (SOL) and private-ﬂux region (PFR) ﬂows with the separatrix (ψN = 1 magnetic ﬂux surface where ψN is the normalised poloidal ﬂux
coordinate) shown as a white line. b Poloidal (θ direction) and c) radial (ψN direction) ﬂows in the inner divertor leg averaged poloidally for all plasmas in
the database. Blue traces indicate plasmas with a plasma current Ip = 400 kA (matching conditions used for the STORM simulation) whilst orange traces
indicate plasmas with Ip > 400 kA.

simulation are observed to decay within the inter-frame time of
the synthetic movie and are therefore not trackable by the
velocimetry which is based on frame-to-frame correlations,
indicating that losses in the simulation (dominantly parallel
losses) may be exaggerated compared to experiment. The poloidal
ﬂow is directed towards the target in the PFR and away from the
target in the SOL of the inner divertor leg. Taking vθ ~ 0.5 km/s
from Fig. 5, and reasonable estimates of ne ~ 0.6 × 1019m−3 and
Te = Ti = 20 eV for the electron density and electron/ion
temperature respectively, gives a convected heat ﬂux of
0.05MW/m2 towards the target. This is around 25% of the
typical heat ﬂux measured at the MAST inner target (0.2 MW/m2
as measured by ref. 18) indicating that the contribution of poloidal
cross-ﬁeld ﬂows to target heat ﬂuxes in MAST may be signiﬁcant.
Interrogation of the simulations reveals that the poloidal ﬂow of
turbulent structures is likely an entrainment in the E × B ﬂow due
to the sheath potential, whilst the radial ﬂow is due to the crossﬁeld propulsion of turbulent structures.

Turbulence drives in inner and outer divertor legs. Reasonable
agreement between the nonlinear fully turbulent STORM simulation and measurements across the MAST experimental database
has been demonstrated both qualitatively and quantitatively
within this article. There are over estimates in the STORM
toroidal mode number in the outer divertor leg, and underestimates in the turbulent radial ﬂow into the far PFR of the inner
leg, however the leading order details of the turbulence
are well reproduced. On this basis, the simulation has been
used to diagnose the origin and drive of the turbulence by
calculating the turbulent cross-ﬁeld heat ﬂux in both divertor
legs, comparing simulations with various turbulent drive terms
negated in succession.
Figure 6 compares the poloidally averaged turbulent cross-ﬁeld
heat ﬂux for each simulation case with different drive terms
eliminated with the full simulation in each divertor leg. In
interpreting Fig. 6, the reader should compare each coloured line
in turn to the black line to infer the effect of each of the classes of
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Fig. 6 Heat ﬂux from simulated divertor turbulence. a Example of the poloidal structure of the plasma density in the divertor of the STORM simulation
analysed. Poloidally averaged turbulent radial heat ﬂuxes into the PFR in STORM simulations of MAST36 in the inner (b) and outer (c) divertor legs. Fluxes
are compared between the full simulation (black) and simulations with interchange (blue), drift-wave (red) and Kelvin–Helmholtz (green) turbulence
removed respectively. A positive ﬂux indicates transport into the private ﬂux region (PFR). ψN is the normalised poloidal ﬂux coordinate, ~
P is the electron
pressure ﬂuctuation and vψ is the turbulent convective velocity in the ψN direction.

turbulence. Turbulence in the inner divertor leg spreads heat
more effectively into the PFR than in the outer, consistent with
thermographic measurements made by ref. 18. This is demonstrated qualitatively in the cross-section from the simulation,
shown in Fig. 6a, where signiﬁcantly more turbulence activity can
be seen in the inner divertor leg than the outer, and quantitatively
by comparing the peak heat ﬂux calculated in each divertor
leg in Fig. 6b, c. The nature of the turbulence in the PFR of
the inner-leg can be classed drift-interchange, with a clear
reduction in the heat-ﬂux occurring when either resistive driftwaves or interchange turbulence is removed from the system.
Kelvin–Helmholtz (KH) turbulence is not a driver, but close to
the separatrix shear-ﬂow effects are stabilising as their removal
leads to higher transport ﬂuxes. The inner-leg PFR is a ‘badcurvature’ region, where thermodynamic gradients are parallel to
the curvature vector of the magnetic ﬁeld, and is analogous to the
low-ﬁeld side SOL. In bad-curvature regions magnetic curvature
drives turbulence, as demonstrated by Fig. 6. By contrast, the
outer-leg PFR is a ‘good-curvature’ region and the removal of
interchange effects leads to an increase in the radial heat ﬂux
(directed into the PFR). Once again in the outer divertor leg KH
instabilities are not present and shear ﬂows are stabilising near
the separatrix. The turbulence in the outer leg arises from
unstable drift-waves, the removal of which completely suppresses
6

radial heat transport into the PFR and the turbulence may be
classed as drift-wave turbulence. For like-for-like conditions, the
difference in turbulence between inner and outer legs implies that
the inner leg will exhibit enhanced transport into the PFR
compared to the outer—an effect that is rarely if ever represented
in ad-hoc transport used in laminar modelling of the divertor. It
is notable that this effect relies only on the geometry of the
divertor legs, so is likely to be ever-present other than for deeply
exotic conﬁgurations. The important and contrasting role of the
magnetic curvature demonstrates that it is a leading order
actuator to vary turbulence levels in divertor legs. This statement
allows for the postulation of a simple hypothesis: The orientation
of a divertor leg in the poloidal plane has a leading order impact
on the level of localised transport due to divertor turbulence. The
destabilising/stabilising effect of the magnetic curvature is
maximised when a divertor leg is vertical, since thermodynamic
cross-ﬁeld gradients are fully parallel/anti-parallel to the curvature vector. Conversely the effect of magnetic curvature is
minimised in a horizontal divertor leg as gradients are
perpendicular to the curvature vector. In principle the effects
described would be opposite in the SOL where gradients are
respectively reversed, however light levels in the inner leg SOL
prevent any measurement of turbulence there and the outer leg
SOL is dominated by turbulence originating above the X-point,
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that such a conﬁguration should maximise the rate of turbulent
transport from the SOL into the PFR in the outer divertor leg; a
potentially testable hypothesis. Moreover, all of the effects
discussed are likely to present strongest in tight aspect ratio
devices due to their reduced major radius and, therefore,
increased magnetic curvature.
Conclusions
This article combines advanced measurement techniques of high
speed camera footage, a novel tomographic reconstruction
method, and high ﬁdelity turbulence simulations to assess the
physics of localised turbulence in the divertor volume of the
MAST device. The simulations reproduce the spectral characteristics, size, distribution, and ﬂow of turbulent structures
within the divertor volume. These characteristics are found to be
largely invariant across a wide experimental dataset indicating
that divertor turbulence is insensitive to operational parameters
and ubiquitous in MAST. Turbulence in the two divertor legs is
decoupled and radial heat transport from the SOL into the private
ﬂux region in the inner divertor is stronger than in the outer due
to the effects of magnetic curvature. The simulations demonstrate
that unstable resistive drift-waves contribute to turbulence in
both divertor legs. Magnetic curvature further destabilises the
inner divertor leg and the turbulence is therefore classiﬁed as
drift-interchange, whilst it has a stabilising effect in the outer leg
where the turbulence is classiﬁed as drift-wave. This indicates that
modiﬁcation of divertor leg geometry may offer a route towards
optimising turbulent transport in the divertor. This work provides a comprehensive foundation for a ﬁrst-principles understanding of turbulence in the divertor, which is required for a
fully predictive capability for tokamak divertor performance
which is, in turn, required for the design of future fusion power
plants. The MAST Upgrade device, which is has now ﬁnished its
initial experimental campaign, is ideally positioned to test the
results of this article in coming years.
Methods

Fig. 7 Schematic illustration of the impact of divertor geometry on
turbulence levels. Conﬁgurations showing proposed divertor geometry
conﬁgurations that maximise (a) and minimise (b) turbulent transport from
the scrape-off layer (SOL) into the private ﬂux region (PFR) due to the
alignment/misalignment of the pressure gradient in the PFR and the
magnetic curvature vector. ∇ P is the gradient of the electron pressure and
κ is the magnetic curvature vector.

so there is not sufﬁcient basis to make statements about these
regions. Drift-wave turbulence is ever-present, however the
impact of magnetic curvature can enhance/suppress the turbulence level. This means that transport into the PFR is maximised
in the inner divertor leg when it is angled normal to the radial
direction because the destabilising effect of magnetic curvature
enhances transport. Transport into the PFR is maximised in the
outer divertor leg when it is angled horizontally (parallel to the
radial direction) because the stabilising effect of the magnetic
curvature is minimised. This hypothesis is illustrated schematically in Fig. 7.
The impact of divertor leg geometry on divertor leg transport
is potentially important for the understanding of future powerplant divertor designs, where advanced concepts such as the
‘Super-X’ divertor10,39,40 are being considered. The Super-X
divertor, which is characterised by a long, near radial divertor
leg, is being prototyped on MAST Upgrade11 with exceptional
diagnostic coverage. The results presented in this paper imply

Experimental database. This paper focusses on results from the Mega Ampere
Spherical Tokamak device, MAST41, during it’s ﬁnal experimental campaign in
2013. During these experiments a visible light camera capable of recording in
excess of 120,000 frames per second was placed on the divertor with a tangential
view into the vessel (see Fig. 1) for several hundred individual plasma discharges.
Rather than base this study on individual plasma discharges within this set, a
database has been drawn together that covers the widest available parameter range
of the plasmas viewed by the camera. Plasma parameters from the database are
given in Table 1. The database is constructed of discharges mainly conﬁgured in the
lower single null (LSN, where only the lower X-point is active) conﬁguration
(pictured in Fig. 1) where the data quality is highest, but also considers the impact
of resonant magnetic perturbations (used to control violent edge instabilities) and
High conﬁnement (H-) mode. The strategy employed in this paper is to compare
simulation and experiment, across a wide-ranging experimental database, with
robust measurements to draw high-level conclusions around the characteristics of
the turbulence, and importantly to validate these aspects of the simulations. With
the simulations validated, the ﬂexibility of the code will be leveraged to diagnose
the fundamental physics drivers of the turbulence.
Imaging analysis. The method developed and deployed in this article for the
tomographic inversion of camera images, described and rigorously tested by
ref. 30,42, provides a mapping between the complex image recorded by a high speed
camera and a two-dimensional plane in the divertor, taken here as the poloidal
(radial-vertical) plane around the inner and outer divertor legs. It assumes that the
3D structures being imaged by the camera align to the background magnetic ﬁeld
(an assumption that is conﬁrmed in simulation). This allows for the formation of a
basis on which to perform a tomographic inversion using standard minimisation
routines. During the pre-processing stage, subtraction of the pixel-wise minimum
of a given frame with its 19 predecessors43,44 is applied to isolate ﬂuctuations from
the slowly-varying background component of the light. Figure 8 a), b) and d) show
an example of a typical camera frame with important features of the plasma
indicated. The effect of background subtraction on that frame is shown in panel
(b), and the inversion of the background subtracted image onto the inner and outer
divertor legs is shown in panel (d). The inversion domain is chosen to isolate the
PFR and near SOL region of both divertor legs, avoiding the X-point and core
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Table 1 Survey of plasma parameters from MAST and the STORM code used for analysis. The discharge number, conﬁnement
mode of the discharge, plasma density ne,sep and electron temperature Te,sep (measured at the upstream separatrix); plasma
current Ip; toroidal magnetic ﬁeld Btor; and, input heating power PNBI are shown for all discharges/simulations analysed. RMPs
refer to Resonant Magnetic Perturbations for Edge Localised Mode (ELM) control.
Discharge
29606
29608
29651
29660
29668
29669
29693
29718
29720
29723
STORM36

Conﬁnement mode
L-mode
L-mode
L-mode
L-mode (RMPs)
L-mode
L-mode
L-mode
L-mode
L-mode
H-mode (ELM-free)
L-mode

ne,sep(1019m−3)
0.72
0.97
0.85
0.94
1.05
1.25
0.97
1.00
1.37
1.4
0.5

Te,sep(eV)
18
17
24
25
27
19
32
38
29
55
15

Ip(MA)
0.63
0.63
0.62
0.63
0.63
0.42
0.42
0.63
0.42
0.82
0.4

Btor(T)
−0.59
−0.57
−0.55
−0.54
−0.56
−0.51
−0.48
−0.54
−0.47
−0.56
−0.4

PNBI(MW)
0
0
1.27
1.22
0.61
0.62
1.23
1.61
1.61
1.6
0

Fig. 8 Example stages of a typical camera data analysis process for divertor turbulence imaging. a, b Raw and background subtracted camera data.
c Synthetic camera data from the STORM simulation (see ref. 36 for simulation details). d Tomographically inverted data on sections of the poloidal plane
around the inner (closest to the device center) and outer (furthest from device center) divertor legs. White lines indicate line-segments where the
emissivity is extracted for analysis in (e), the inverted emissivity from the line segments in (d) projected onto the toroidal angle on the ψN = 0.99 ﬂux
surface where ψN is the normalised poloidal ﬂux coordinate. Crosses mark detected peak locations, horizontal lines show local Full-Width Half-Maxima.
plasma. The light emission contained in the camera images is dominated by Balmer
3 ⇒ 2 emission and is a complex nonlinear function of plasma quantities—density,
temperature and neutral density. Without a multi-measurement comparison,
which is extremely challenging for turbulent structures and was not practicable for
MAST, the direct experimental inference of these thermodynamic quantities and
(more importantly) their ﬂuctuations utilising the diagnostic camera images could
not be carried out, though previous studies indicate consistency between camera
and probe ﬂuctuation measurements26,28. Instead, this study utilises the turbulence
code (STORM) for predictions of the plasma turbulent solution to forward model
the Balmer 3 ⇒ 2 light emission observed in synthetic camera image measurements. This provides like-for-like comparison of experiment and simulation,
ensuring that any systematic uncertainties are respected in both datasets and
allowing high-level comparisons and conclusions to be drawn with conﬁdence.
Computational modelling and synthetic imaging. The STORM model is based
on a 3D drift-reduced two-ﬂuid plasma model, with the electron density, n, electron temperature, T, parallel ion velocity U, parallel electron velocity V, and parallel
scalar vorticity Ω as dynamic variables. The plasma
potential,
ϕ, is derived through


an inversion of the parallel vorticity, Ω ¼ ∇  B2 ∇ϕ . The set of equations is
solved in a ﬁeld-aligned coordinate system on a grid with toroidal symmetry, with
geometric factors derived directly from an equilibrium reconstruction45 of the
experimental plasma discharge under study, and Bohm sheath boundary conditions are applied at upper and lower divertor boundaries. The grid and geometric
properties of the system are not evolved during the simulation. The simulation
evolves the full ﬁelds (ie no speciﬁcation of a background proﬁle) and is driven by a
particle source centered on the last closed ﬂux surface to mimic neutral ionisation,
and an energy source in the core region of the simulation. These sources are scaled
until n and T within the simulation match experiment at the outer midplane
separatrix, and do not evolve within the simulation. The model makes the cold-ion,
Boussinesq, and electrostatic assumptions to make the system tractable in the
complex geometry employed for the simulation. The latter is justiﬁed by the high
resistivity of the SOL and divertor plasma in MAST, however the former two
assumptions may impact the detailed characteristics of turbulence in the
8

simulation. Nevertheless, detailed experimental validation has demonstrated that
the STORM model captures the main aspects of SOL turbulence well35,36, and
without a more detailed simulation available, is a good basis for a ﬁrst detailed
study of divertor turbulence within this manuscript.
This paper employs synthetic images of the divertor turbulence derived from
simulations conducted by ref. 36. Data from the the simulation is interpolated onto a
grid identical to that used in the experimental analysis, which is then projected along
the path of the magnetic ﬁeld to produce a camera image accounting for lineintegration effects and occlusion by machine structures. The emissivity in the poloidal
plane is a complex function of thermodynamic quantities of the plasma and neutral
gas, and atomic physics, and is forward-modelled in this paper using the OpenADAS
database46 for the Balmer 3 → 2 transition, employing a neutral particle distribution
from a complementary laminar simulation including plasma-neutral interactions. This
complementary simulation was conducted with the SOLPS-ITER (Scrape-Off Later
Plasma Simulation - ITER) code47, with Monte-Carlo neutral transport and diffusive
cross-ﬁeld plasma transport. The frames are then processed in the same manner as the
experimental data. A synthetic camera frame is shown in Fig. 8c). By design the image
does not account for any emission from the X-point, core plasma or outer-SOL regions
to capture only the salient features of the divertor legs allowing for robust comparison
between simulation and experiment.
The use of a ﬁxed, axisymmetric neutral distribution from a auxiliary laminar
simulation to generate the Dα emissivity for the synthetic simulation images was the
best estimate available, but means that experimental and synthetic images cannot be
considered entirely alike. The thermodynamic ﬂuctuations in the plasma may induce
ﬂuctuations in the ionisation of neutrals, which cannot be captured in the synthetic
images used here since there is no interaction between the turbulence and the neutral
gas in the simulation. For this reason the magnitude of the emission is not compared
between experiment and simulation, only the geometric positional and geometric
properties are compared. It is important to recognise that plasma-neutral interactions
are neglected in the turbulent simulation, but are present in the experimental situation,
meaning that such an approach to comparison should be limited to leading order
turbulent characteristics.
The STORM simulation analysed is in the slightly different lower disconnected
double null (LDN) conﬁguration’, where both X-points are active, but the lower is still

COMMUNICATIONS PHYSICS | (2022)5:139 | https://doi.org/10.1038/s42005-022-00906-2 | www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-00906-2

the primary X-point. In the shot studied by Riva et al. the gap between primary and
secondary separatrix is between 2 mm and 5 mm. In such a conﬁguration between 5%
and 30% of the total power entering the SOL is measured on the lower inner divertor48.
Reference 48 also shows that an LSN plasma may have up to twice the power to the
lower inner target compared to an LDN, however a wide range of input powers in the
LSN conﬁguration has been studied here, with no clear leading order variation in
ﬂuctuation properties. As such, this potential variation in power between the LSN and
LDN conﬁgurations is not considered likely to impact the features of the turbulence
studied. Therefore, from the perspective of the PFR of the lower divertor which is the
area of study in this paper, the STORM simulation in the LDN conﬁguration is
considered sufﬁciently comparable to an LSN plasma to justify the comparison.
Shape, distribution, and spectra of turbulent structures in the divertor.
Turbulence is complex and difﬁcult to diagnose with acceptable uncertainty.
In order to draw robust conclusions, this article focusses on simple and robust
measurements that can be readily compared between divertor legs, and between
experiment and simulation. The ﬁrst such set of measurements forms an assessment of the shape and distribution of turbulence structures across the database by
calculating a quasi toroidal mode-number (the number of structures in 2π radians
toroidally around the device), calculated by counting peaks in the emission along
the projection of a magnetic ﬁeld line in the R–Z plane, and the poloidal structure
width calculated as the full-width half maximum of these identiﬁed peaks. A useful
radial coordinate is the ‘poloidal magnetic ﬂux’ normalised using values at the
magnetic axis ψax and separatrix ψsep, such that ψN = (ψ − ψax)/(ψax − ψsep). The
analysis is carried out on the ﬂux surface at ψN = 0.99 which is sufﬁciently far into
the PFR to avoid questions of magnetic ﬁeld reconstruction misalignment, but
sufﬁciently close to the separatrix that the ﬂux of turbulent structures across the
surface is signiﬁcant. A systematic offset of the experimental ﬂux-surfaces is present which results in a radial shift of measurements by ΔψN = 0.005, though this
has little impact on the conclusions of this study.
In Fig. 8 (d) the embedded white lines show the trajectory of the ψN = 0.99 surface
in the R–Z plane in the inner and outer divertor legs, and in (e) the emissivity along
the surface is shown in an example discharge. This is cast onto the toroidal angle
subtended by the analysed section of the magnetic ﬁeld line simply by mapping the
projection of the magnetic ﬁeld. By casting this data onto the toroidal angle it is
possible to directly compare the features of the inner and outer legs.
Turbulent ﬂow in the inner divertor leg. Since the tomographic inversion
employed in this paper produces 2D time-histories in the R–Z plane, ﬂow velocities
can be derived by mapping the trajectory of turbulent structures. Velocimetry based on
two-point time-delayed cross-correlations has been used here to map the average ﬂow
of structures in the inner divertor leg. No clear directive ﬂow was reliably measurable
in the outer divertor leg, as demonstrated by the symmetric kθ spectra in Fig. 4.
Turbulence drives in inner and outer divertor legs. To determine the driving
mechanisms for turbulence in the divertor a simulation study has been carried out in
the manner of refs. 49,50 by eliminating terms from the vorticity equation, which
determines the electrostatic potential and therefore regulates turbulence, that are
known to drive certain classes of turbulent transport. The vorticity equation in
STORM is [Eq. 1]36
 
 
∂Ω
1
1
b
1
 ∇P þ ∇  bJ k þ μΩ0 ∇2? Ω
þ Ub  ∇Ω ¼  b ´ ∇ϕ  ∇Ω þ ∇ ´
∂t
B
n
B
n

Ω = ∇ ⋅ (B−2∇

ð1Þ

where ϕ is the plasma potential,
⊥ϕ) the scalar vorticity, B the magnetic
ﬁeld strength, P = nT the electron pressure, n and T the electron density and temperature, J∥ = n(U − V) the parallel current with U and V the ion and electron velocities parallel to the magnetic ﬁeld, b the magnetic ﬁeld unit vector and μΩ the (small)
collisional perpendicular viscosity. This
 equation has three terms that drive different
classes of turbulence. The term n1 ∇ ´ Bb  ∇P drives interchange turbulence51, which
is analogous to Rayleigh–Taylor turbulence, and is driven by thermodynamic gradients
in regions where the curvature of the magnetic ﬁeld has a destabilising effect. The term
1
 ∇Ω drives Kelvin–Helmholtz turbulence via sheared ﬂows52, whilst the term
B b ´ ∇ϕ
 
1
n ∇  bJ k term mediates drift-wave turbulence driven ubiquitously by cross-ﬁeld
thermodynamic gradients in a resistive plasma. To test the effect of these three different mechanisms, three simulations were performed beginning from the baseline
simulation presented in this paper thus far, with the three turbulent drive terms
 
removed in turn. To remove interchange turbulence from the simulation, ∇ ´ Bb ! 0
was set in the lower divertor. To remove Kelvin–Helmholtz turbulence,
b × ∇ϕ ⋅ ∇Ω → < b × ∇ ϕ ⋅ ∇Ω > Φ in the vorticity equation, whilst to remove driftwaves the substitution n1 ∇k P ! < n1 ∇k P >Φ is made in parallel Ohm’s law (equation 4
from ref. 36) which blocks energy transfer into resistive drift-waves. < > Φ indicates a
toroidal average in the divertor volume.
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