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Demonstration of Super-X divertor exhaust 
control for transient heat load management 
in compact fusion reactors
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J. T. W. Koenders    1,2, N. Lonigro    3,4, G. McArdle    3, C. Vincent    3, 
J. Lovell    5, S. S. Henderson    3, F. Federici    5, D. Brida6, H. Reimerdes    7, 
N. Osborne    3,8, M. van Berkel    1, The EUROfusion Tokamak Exploitation Team* & 
the MAST-U team

Nuclear fusion could offer clean, abundant energy. However, managing 
the power exhausted from the core fusion plasma towards the reactor 
wall remains a major challenge. This is compounded in emerging compact 
reactor designs promising more cost-effective pathways towards 
commercial fusion energy. Alternative Divertor Configurations (ADCs) are 
a potential solution. In this work, we demonstrate exhaust control in ADCs, 
employing a novel method to diagnose the neutral gas buffer, which shields 
the target. Our work on the Mega Ampere Spherical Tokamak Upgrade 
shows that ADCs tackle key risks and uncertainties for fusion energy. Their 
highly reduced sensitivity to perturbations enables active exhaust control 
in otherwise unfeasible situations and facilitates an increased passive 
absorption of transients, which would otherwise damage the divertor. We 
observe a strong decoupling of each divertor from other reactor regions, 
enabling near-independent control of the divertors and core plasma. Our 
work showcases the real-world benefits of ADCs for effective heat load 
management in fusion power reactors.

Nuclear fusion has the potential to provide virtually limitless, inher-
ently safe and clean energy1. The most mature configuration, the 
tokamak2, magnetically confines plasma particles in a torus-shaped 
device (Fig. 1a). However, the core power, carried by the plasma parti-
cles, eventually propagates outside the magnetically confined region 
and is compressed into a narrow region of open magnetic field lines, 
resulting in an immense heat flux3,4 akin to a welding torch. To prevent 
this heat flux from reaching the main chamber wall, it is diverted to a 
dedicated region (the divertor; Fig. 1a) using coils to create a magnetic 

field ‘null’. A key issue for reactor-scale devices is that the resulting 
divertor heat load far exceeds material limits if not mitigated3,4. As these 
loads are not only static but also change dynamically, the mitigation 
of transients is critical.

Compact, high magnetic field devices such as the Affordable 
Robust Compact reactor (ARC)5, Smallest Possible ARC (SPARC)6 and 
the Spherical Tokamak for Energy Production (STEP)7–10 promise a 
more cost-effective and faster route to commercial fusion energy11. 
However, the decreased volume per unit power results in a substantially 
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Whereas ADCs are investigated as a risk-mitigation strategy for DEMO, 
they are an absolute necessity for compact reactors. However, ADCs 
increase engineering complexity, divertor volume and therefore cost 
(Methods)34,37. Any reactor implementation has to carefully consider 
the trade-off between these drawbacks and the attractive operating 
regimes ADCs offer.

One of the most promising ADCs is the Super-X Divertor (SXD) 
(Fig. 1a,b), featuring an increased strikepoint major radius, increas-
ing the target area. Under steady-state conditions, massively reduced 
target heat and particle fluxes with an improved access to detachment 
have been observed14–16, consistent with reduced model predictions23 
and simulations38,39.

The Mega Ampere Spherical Tokamak in the UK was recently 
upgraded (MAST-U)40,41 (Extended Data Fig. 1) to facilitate long-legged 
ADCs. It features a large divertor volume to explore various ADCs, 
including the SXD. Less extreme configurations such as the Elongated 
Divertor (ED) (Fig. 1b) can also be achieved and are potentially easier 
to integrate in a reactor (Fig. 8). The ADCs are uniquely integrated with 
strong baffling to reduce the escape of divertor neutrals towards the 
core38,42. It features an up/down symmetric double-null geometry for 
improved power distribution10,13,34,43.

In this work, we experimentally demonstrate real-time exhaust 
control in ADCs, employing the ED and SXD divertor configurations 
(Fig. 1b). This presents a drastically different situation compared to the 
single-null, conventional geometries employed previously19,25–33. Our 
experiments feature a double-null, strong baffling and a 2× increase in 
total magnetic flux expansion16. We directly control the ionization front 
location in real time, and thereby detachment state, by diagnosing D2 
Fulcher emissions from excited molecules14–16. This work proves that 
ADCs are compatible with exhaust control systems, a requirement 
for their implementation in fusion power reactors. We also showcase 
their capability to passively absorb transients, a major advantage in 
addressing the heat exhaust problem. Our results also show that the 
upper and lower divertors are largely decoupled, suggesting that both 
divertors can be near independently controlled. This fulfils a crucial 
requirement for double-null reactor designs to compensate transients 
originating from power-sharing asymmetries10. The implications of the 
ADC benefits for power exhaust control are discussed and we demon-
strate the scalability of our detachment sensor strategy to reactors 
on a scientific, conceptual level, focusing on STEP7–10. This pioneering 

increased heat and particle load per area, exacerbating the heat exhaust 
challenge12,13, which is already daunting for large devices such as ITER3 
and the demonstration power plant (DEMO)4.

In a divertor, the plasma heat flux can be reduced by orders of 
magnitude by converting plasma energy flux (directed primarily along 
field lines) into photons and neutrals (not held by the magnetic field), 
spreading the heat flux over a larger area (Fig. 1c). This is achieved by 
injecting impurity and/or hydrogenic gases, dissipating the majority 
of the power (~75%) (refs. 14–16) in a ‘radiative region’ upstream of 
the ion source. The ion source initially remains attached at the target 
(Te > 3–5 eV), higher gas injection rates lead to a detached ion source 
(Te < 3–5 eV). This builds a cushion of neutral atoms and molecules 
above the strikepoint, enabling further power removal to ultimately 
ensure the required order-of-magnitude heat flux reduction.

Insufficient gas injection results in inadequate dissipation and, 
consequently, insufficient divertor protection. Conversely, excessive 
gas injection can drive the cold, detached, region into the core plasma, 
reducing core performance17–19 and potentially damaging the reactor 
through a violent plasma termination18. The challenge of maintaining 
this balance is exacerbated by transients originating from plasma core 
instabilities2, core pellet fuelling20 and power-sharing imbalances 
between divertor targets10,21. The resulting cyclic power loading can 
lead to a loss of stable detachment and therefore divertor tile crack-
ing22. Active power exhaust control is thus imperative for reactor-scale 
devices to maintain the ‘right’ balance4,8,19,23,24 in both attached and 
detached conditions.

Recent progress in exhaust control has been achieved using 
conventional divertors, employing diagnostics based on impurity 
emissions location19,25, radiated power26–29, tile temperature30, plasma 
temperature31, ion target flux32 and tile current33. However, active 
control can only mitigate transients slow enough for gas actuators to 
respond, faster transients must be absorbed passively, an inherently 
limited capability. It therefore remains uncertain if conventional diver-
tors can effectively manage the power exhaust challenge17,34, posing a 
major risk for fusion power reactors.

Several alternative exhaust solutions are being explored as a 
risk-mitigation strategy, including liquid metal divertor targets35, 
highly radiative plasma regimes36 and Alternative Divertor Config-
urations (ADCs)17,34. These configurations rely on plasma shaping 
to improve power exhaust, detachment access and its control17,34. 
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Fig. 1 | The MAST-U tokamak, its divertor configurations and detachment. 
a, MAST-U vessel with the gas valve and MWI44 locations indicated, the transport 
of energetic core particles towards the outer divertor targets is indicated by the 
red arrows. b, Cross-section of the lower divertor, using radial (R) and vertical (Z) 
coordinates, showing the wall, magnetic coils and the magnetic equilibria of the 
Super-X, Elongated and Conventional divertor configurations. c, Schematic of 

an attached divertor (left) with volumetric impurity radiation and an ionization 
region located at the strikepoint (Ltar = 0), a detached (Ltar > 0) divertor (right) 
absorbs the incoming heat flux by forming a neutral cushion, massively reducing 
the strikepoint heat flux. Credit: background image in a, United Kingdom Atomic 
Energy Authority.
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experimental work presents major progress towards addressing a key 
challenge for realizing fusion energy.

Dynamics of ADCs
In our experimental results, we observe major advantages of ADCs for 
solving the fusion exhaust challenge.

First, the divertor dynamics are studied to investigate the capabil-
ity of handling transients. We systematically identify the detachment 
input–output dynamics, as recently demonstrated for conventional 
divertors19,25. In these experiments, the divertor response to D2 gas 
inflow perturbations is measured to identify the dynamics. We employ a 
(low-field side) main chamber D2 gas valve, using a low-confinement mode 
(L-mode) scenario with 1.5-MW Neutral Beam Injection heating and core 
electron densities of 2–6 × 1019 (m3) (Methods). Using a novel ionization 
front-tracking technique, we perform a pioneering study of the detach-
ment front dynamics in alternative divertor configurations in MAST-U.

The detachment state is tracked using the D2 Fulcher emissions 
front location, defined as the position with 50% intensity extinction 
from maximum, as a proxy for the ionization front15 using the lower 
divertor Multi-Wavelength-Imaging (MWI)44 camera system (Fig. 1a). 
In post-processing, the images are inverted45 to obtain a 2D emissivity 
distribution, allowing the distance between target and ionization front 
along the divertor leg to be quantified45 as Ltar (Fig. 1c) (Ltar > 0 during 
detachment; Methods). For comparison, we conduct conventional 
divertor (CD) experiments using an additional X-point camera system 
not available in the earlier ED and SXD experiments (Methods).

By analysing the frequency response of Ltar, the detachment 
front dynamics are retrieved. The perturbation signals are especially 
designed considering experimental constraints (Methods). The con-
sidered system includes the gas system dynamics, plasma response 
and MWI camera and is conceptually illustrated in Fig. 2. Because only 
the requested gas valve flow rate can be perturbed, the gas system 
dynamics cannot be separated from the detachment dynamics46 (Meth-
ods). A typical time and frequency domain response is shown in Fig. 2 
(Extended Data Fig. 2). We observe that the response on non-excited 

frequencies mostly stays below the average noise level, with exceptions 
attributed to the gas system, not the plasma dynamics themselves 
(Methods). This indicates dominantly linear dynamics47. Crucially, this 
implies that standard, linear control techniques are also suitable for 
these ADCs, akin to conventional configurations19,25.

Comparing the dynamical response of the three divertor con-
figurations (Fig. 3) shows that the ED and SXD have a much greater 
capacity to passively absorb transients and feature a reduced detach-
ment onset threshold. In contrast, the CD requires much higher flow 
rates (5 × 1021 D2 s−1) and line-averaged core densities (5 × 1019 m−3 vs 
3 × 1019 m−3) to detach, whereas the ED and SXD are already detached 
at the lowest flow rate needed for stable core conditions (1 × 1021 D2 s−1) 
(Fig. 3a, showing Ltar > 0 for the ED and SXD). When the ionization front 
starts to detach from the strikepoint in the conventional divertor 
(Ltar > 0), it moves outside the divertor within 2.5 ms, to above the X 
point, resembling Multifaceted Asymmetric Radiation from the Edge48. 
This persists until the end of the experiment, even though the fuelling is 
subsequently reduced (Extended Data Fig. 3). The observed transition 
from attached to above the X point indicates a very narrow operational 
window, that is, only a very limited range of gas flow rates would posi-
tion the front in between target and X point, leading to a much more 
pronounced response to fuelling perturbations.

This is in stark contrast with both the SXD and ED divertors, where 
the response to the perturbations is only minimal (limited Ltar vari-
ation). The combination of this decreased sensitivity and increased 
divertor leg length entails that these ADCs have a much larger capacity 
to passively absorb transients and therefore avoid re-attachment and 
a radiative core plasma collapse. These findings are consistent with 
previous steady-state observations14–16 of a reduced detachment onset 
and front sensitivity for ADCs; our results now illustrate that these 
benefits extend to a dynamic situation.

As the ionization front in CD configuration is either attached 
or outside the divertor for most datapoints, only the dynamics for 
the ED and SXD configurations can be identified. The linear dynam-
ics of the ED (*) and SXD (♢) configurations around the operating 
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point can be expressed as a frequency response function (FRF) by 
analysing the input–output ratio in frequency domain (Fig. 4). We use 
the local-polynomial method49 (LPM) to correct for transient effects 
and estimate 2σ error bars47 (Methods). Across all measurements, 
we observe a 40° to 70° phase delay in the considered 7.7–38.5-Hz 
frequency range, notably less then the reported 70° to 140° in core 
density response46. This suggests that the response can be modelled as 
a fractional differential equation, as observed for conventional diver-
tors in the Tokamak à configuration variable (TCV)19,25. The SXD and 
ED divertor configurations show a similar phase response, however, 
the SXD magnitude response is smaller compared to the ED (Fig. 3 
and 4), suggesting a potential additional reduction in front sensitivity 
for the SXD.

We also consider the response of the main chamber Dalpha fil-
terscope (Extended Data Figs. 4 and 5), capturing neutral hydrogen 
Balmer-alpha emissions as a key measure of plasma-neutral interac-
tion. It is the most direct measurement available for when the injected 
gas reaches the plasma as it directly views the gas inlet. As a 30° to 90° 
phase delay is observed, the gas system itself might be a dominant 
source of the observed dynamics, underling the importance of gas 
system dynamics for exhaust control. A complete understanding of the 
observed divertor dynamics is still lacking, requiring further investiga-
tion across multiple devices.

This marks experimental confirmation of the benefits of ADCs in 
passively handling dynamic transients, extending previous results for 
steady-state conditions23,38,39. In addition to demonstrating the benefits 
of ADCs for solving the exhaust challenge in fusion power reactors, our 
results also enable feedback exhaust control in MAST-U through the 
systematic design of an exhaust controller.

Feedback control
We will now demonstrate that ADCs are compatible with exhaust con-
trol, a requirement for their application in fusion power reactors4,19,23,24.

By matching a dynamic model to the measurements (Fig. 4), 
detachment control is enabled without explicitly modelling the intrica-
cies of the underlying physical processes. We opt for a simple fractional 
order transfer function G(jω), with gain K = 10−22 (-), time constant 
τ = 0.3715 (s), time delay τd = 10−3 (s) and frequency ω (rad s−1),

G( jω) = K
(τjω)0.7 + 1

e−τdjω. (1)

Using G(jω), we design a basic Proportional-Integral (PI) controller 
C(jω) through the loopshaping method50 as

C( jω) = Kp +
Ki
jω , (2)

with proportional and integral gains as Kp = 5 × 1022 and Ki = 3 × 1024, 
respectively. The controller is targeted towards robustness for this 
proof of concept demonstration, evidenced by the low closed-loop 
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bandwidth of 9.5 Hz and high 70° phase margin50, indicating that future 
performance improvements are probably possible.

Feedback detachment control requires real-time inference of 
the ionization front position. An inversion-less tracking algorithm51, 
directly operating on raw camera images, is adopted for this real-time 
implementation. Although yielding comparable results to the inverted 
technique, its coordinate transformation51,52 introduces additional 
noise and limitiations (Extended Data Fig. 7, Methods).

Detachment control is successfully achieved using the same con-
troller for both ED and SXD (Fig. 5): in both scenarios, the controller 
adeptly follows the reference trajectory. This illustrates the robustness 
of our detachment control implementation; the same approach is suc-
cessful for two distinct divertor configurations. In contrast, achieving 
detachment control in CD configuration, for this specific scenario and 
fuelling location, would be virtually impossible as the front quickly 
moves from near the strikepoint to outside the divertor chamber and 
remains there. This happens within the 2.5-ms acquisition time of the 
MWI (Extended Data Fig. 3), too fast for the gas system to act upon.

When the controller aims to move the front towards the target, 
the gas flow is reduced, however the ionization front moves slower 
than requested (Fig. 5f–j). This is probably due to the high divertor 
neutral pressure given the present lack of cryopumping40 in MAST-U, 
illustrating the importance of adequate pumping for exhaust control, 
consistent with the impurity retention issues noted in TCV25.

We have demonstrated exhaust control in ADCs. Crucially, this 
now proves their compatibility with exhaust control as required for 
(compact) fusion power reactors. A key requirement for double-null 
power reactor designs is independent exhaust control of the lower/
upper divertors to combat the expected asymmetric transients from 
divertor power-sharing imbalances8,10. Therefore, we investigate the 
coupling between the upper and lower divertors in the next section.

Upper–lower divertor coupling
Thus far, open divertor geometries have exhibited a clear coupling 
between upper and lower divertors53. Here we systematically investigate 

this coupling for the strongly baffled divertor chambers in MAST-U, 
demonstrating the key benefits of ADCs for enabling independent 
control of the divertor regions.

As opposed to perturbing core fuelling, individual system identi-
fication perturbations using upper and lower divertor gas valves are 
performed. When perturbing only the lower divertor D2 gas valve, a 
clear response is observed in both the lower divertor ionization front 
position Ltar and lower divertor Dalpha filterscope (Fig. 6). Conversely, 
the upper Dalpha filterscope indicates no response to this perturbation 
(Extended Data Fig. 6).

Subsequently, only the upper divertor valve is perturbed (Fig. 7). 
Whereas we observe a clear response in the upper Dalpha filterscope 
intensity, no response in the lower divertor ionization front position 
nor Dalpha intensity is observed. Additionally, the lower divertor is sub-
stantially less deeply detached than during the lower divertor pertur-
bation (Fig. 6). This disparity suggests a limited influence of the upper 
divertor perturbation on the lower divertor state, demonstrating a 
clear decoupling between the two divertors. This is a major result, 
confirming preliminary, static observations14.

Preliminary He seeding experiments have indicated that He 
injected in the lower divertor does spread rapidly to the core and upper 
divertor, potentially limiting the observed decoupling to neutral pres-
sure only, prompting further study. We attribute the observed decou-
pling for D2 to the strong neutral baffling of the divertor chamber as 
such decoupling is absent in open divertor geometries53.

Our findings prove that instabilities driven by interaction between 
the upper and lower divertor controllers are highly unlikely using D2 
actuation. The required independent control of both divertor regions 
can therefore likely be achieved, crucial for ADC deployment in fusion 
power reactors.

Discussion
In this work, we have demonstrated key benefits of ADCs for exhaust con-
trol: (1) a highly reduced sensitivity to perturbations that enables active 
exhaust control in otherwise unfeasible situations and facilitates (2) a 

Ltar

f g

MAST-U # 48001 t = 0.53363 s

i

h

0

2

4

0.35

0.40

0.45

0.50 Data
Ref

Data
Ref

7

8

9

10

11

12

j

Ltar

a b

MAST-U # 47998 t = 0.59328 s

d

c

L t
ar

 (m
)

L t
ar

 (m
)

Fl
ow

ra
te

 (s
–1

)
Fl

ow
ra

te
 (s

–1
)

n e
 (m

–2
)

n e
 (m

–2
)

Time (s) Time (s)
0.4 0.40.5 0.6 0.60.7 0.8 0.8

0

2

4

6

8
0.1

0.2

0.3

0.4

×1021

×1021

×1019

×1020

0.8

1.0

1.2

1.4

1.6

e

Time (s) Time (s)
0.4 0.40.5 0.6 0.60.7 0.8 0.8

Fig. 5 | Feedback exhaust control in Elongated and Super-X divertor 
configuration in MAST-U. a–j, The Elongated divertor in experiment number 
47998 (a–e) and the Super-X divertor in experiment number 48001 (f–j). 
a,f, Fulcher-band-filtered MWI44 image with 3D model wireframe overlay (white 
lines). The green box indicates the region where the emissions front-tracking 
algorithm51 is active; the divertor leg pixels (orange dots) are detected through 
a 50% threshold on the maximum intensity (black circle) with the front position 

(red cross) taken as the divertor pixel nearest to the target. b,g, Front-tracking 
result transformed to the poloidal cross-section with the Equilibrium Fitting 
(EFIT++) magnetic equilibrium reconstruction (black) overlay, including flux 
contour lines (dashed). c,h, Time evolution of the poloidal distance-to-target Ltar 
and its applied reference. d,i, Time evolution of the D2 gas flow rate request by the 
controller. e,j, Time evolution of core line-integrated electron density.

http://www.nature.com/natureenergy


Nature Energy | Volume 10 | September 2025 | 1116–1131 1121

Article https://doi.org/10.1038/s41560-025-01824-7

major increase in the ability to passively absorb fast transients, which 
would otherwise damage the divertor; furthermore, (3) a strong isolation 
of each divertor from other reactor regions enables near-independent 
control of the divertors and core plasma. These benefits illustrate how 
ADCs are extremely beneficial for exhaust control, forming a viable 
risk-mitigation strategy for power exhaust handling in fusion reactors.

A practical application of ADCs is STEP, targeting completion in 
the 2040s and ultimately aiming to deliver power to the UK grid7–10. The 
compact reactor features tightly baffled long-legged divertors, with 
an increased strikepoint radius in a double-null configuration (Fig. 8a 
and Extended Data Fig. 8), strongly resembling the MAST-U set-up.

Beyond illustrating the capabilities of ADCs to mitigate key risks 
in reactors, our research also has practical implications for reactor 
detachment control. Monitoring the detached regime is generally 
complex, requiring detailed analysis techniques that are challenging 
to be applied in real time14,15,54. This work enables real-time detachment 
diagnosis, using D2 Fulcher band emissions as a direct indicator for the 
detachment front location.

We demonstrate the scientific feasibility of this sensor technique 
by post-processing39 STEP SOLPS-ITER simulations10 to generate D2 
Fulcher emissions profiles and subsequently produce synthetic 
brightness signals (Fig. 8d). As opposed to using imaging systems, 

a b Front position response

Highly detached

Clear response Excited
DFT

0 0.5 1.0 1.5 0.5

–2.0

–1.8

–1.6

–1.4
×1018

1.0 1.52.0

–2.0

–1.5

–0.5

0.5

1.0

1.5

2.0

0.56
0.40 0.45 0.50 0.55 0.60 0.65 0.70

0 10 20 30 40 50 60
10–4

10–3

10–2

10

8

6

4

2

0

ε (ph (m
3 sr s) −1)

0.58

0.60

0.62

0

–1.0

Time (s)

Frequency (Hz)

R (m)R (m)

Z 
(m

)

Z 
(m

)

L t
ar

 (m
)

|δ
L t

ar
(f)

| (
m

)

Ltar
Ltar

Lower valve

Lower Dalpha

c

Excited
DFT

0 10 20 30 40 50 60

10–1

10–2

10–3

Perturbation successful

Frequency (Hz)

|δ
Lo

w
er

 D
al

ph
a (

f)|
 (V

)

f1 = 23.1

f1 = 23.1

Time (s)

d Lower divertor valve perturbation

–22.4

2.6

2.8

3.0

3.2

0

2

×1021

0.40 0.45 0.50 0.55 0.60 0.65 0.70

Lo
w

er
 D

al
ph

a (
V) Flow

rate (s
–1)Output: Dalpha filterscope

Input: gas valve flowrate

Fig. 6 | Lower divertor gas valve system identification in Super-X divertor 
configuration. a, Poloidal cross-section showing the EFIT++ magnetic 
equilibrium reconstruction (t = 0.55 s) with a conceptual illustration of the lower 
divertor Dalpha filterscope sightline, lower divertor valve location and lower 
divertor Fulcher band front position Ltar. b, Time domain (top) and frequency 
domain (bottom) response of the detrended lower divertor Fulcher band 

front position Ltar around the operating point. c, MWI Fulcher band inversion 
(t = 0.55 s), indicating highly detached conditions. d, Time domain (top) and 
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our sensor technique can even work with this synthetic spectroscopy 
set-up with a limited, fictitious, viewing geometry (Fig. 8b). Such an 
implementation can be shielded from the harsh reactor environment55 
and is thus more reactor relevant. The simulation shows a highly 
detached lower divertor as a result of a power-sharing imbalance, 
originating from an upward shift in the plasma equilibrium towards 
an upper single null10. With most power flowing to the upper divertor, 
the lower divertor ionization front moves upstream (Fig. 8c). Such 
power-sharing imbalances are a key challenge in STEP8,10, our results 
show how this can be diagnosed by tracking the D2 Fulcher emissions 

profile in the lower divertor, demonstrating the scientific feasibility 
of the highlighted sensor technique in reactors. Consequently, it is 
well suited to play a central role in the diagnostic set, which includes 
measurements targeting the attached regime, to fully diagnose the 
divertor for exhaust control.

The ultimate goal of an exhaust control system is to maintain 
acceptable exhaust conditions in the presence of disturbances, requir-
ing: (1) divertor diagnosis, (2) passive transient absorption and (3) inde-
pendent control of both divertors. Our pioneering MAST-U results show 
great promise in these aspects. Independent, simultaneous control of 
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the lower/upper divertors is a major milestone planned to be demon-
strated in the 2024–2025 MAST-U physics campaign. Higher external 
heating levels (>10 MW) are planned from 2026, enabling experimental 
validation at more reactor-relevant powers and studies employing a 
blend of hydrogenic and impurity gasses as required for power exhaust 
control in reactors8,24.

To conclude, we have demonstrated that alternative divertors are 
compatible with exhaust control, as required for fusion power reactors. 
We highlighted major benefits for exhaust control, confirming alterna-
tive divertors as a viable risk-mitigation strategy towards manageable 
heat loads in (compact) fusion reactors.

Methods
MAST-U fusion experiment
The Mega Ampere Spherical Tokamak-Upgrade (MAST-U) is a tokamak 
fusion research experiment operated by the United Kingdom Atomic 
Energy Authority at Culham Campus40,41 (Extended Data Fig. 1). It is a 
compact, spherical11 device with a major radius of 0.85 m and minor 
radius of 0.65 m, featuring a double-null design, that is, it has both 
upper and lower divertors. MAST-U is especially constructed to explore 
various alternative divertor configurations through its extreme diver-
tor shaping capabilities in the large divertor chamber. This notably 
includes the Super-X alternative divertor configuration38,39,56. Both 
divertor chambers are closed off from the main chamber (that is, 
strongly baffled42) to increase neutral compression, further improv-
ing exhaust performance41.

Experimental scenario
The experiments in this work were executed in the second and third 
MAST-U operating campaigns. We employ a plasma current of 750 kA 
and we use 1.5-MW South-West Neutral Beam Injection to increase 
core temperature, leading to increased power flowing into the diver-
tor region. Low-confinement (L-mode) operation was selected over 
High-confinement (H-mode), as the available H-mode scenario is often 
more deeply detached compared to L-mode. This causes the ionization 
front to be out of view of the MWI diagnostic. A build-up of divertor 
chamber neutral pressure was generally observed in these experi-
ments. The commissioning of the MAST-U cryopumps in the upcoming 
campaign will probably aid in avoiding this.

A D2 main chamber gas valve located on the low-field side is used for 
plasma fuelling perturbations, in addition, perturbations were applied 
with upper and lower divertor valves for some experiments. Density 
control46 is employed to achieve line-averaged densities of 2–3 × 1019 (m−3) 
before it is disabled during the perturbation or feedback-control phase of 
the experiments. In addition to the Conventional divertor, we employ the 
Elongated and Super-X alternative divertor configurations in this study.

Alternative divertor configurations
Alternative divertor configurations (ADCs) are considered as an exhaust 
solution for future devices through their superior performance with 
respect to conventional divertors, with several different designs cur-
rently under investigation16,37,57. These designs leverage variations in 
magnetic topology to enhance particle, power and momentum losses 
in the divertor region and spread the power over a larger area. This leads 
to a lower plasma temperature, heat flux and, in some cases, increased 
access to the detached plasma regime14–16. Drawbacks of alternative 
designs however are engineering complexity (especially in magnetic coil 
design) and a spatially larger divertor within the vacuum vessel34,37. This 
leads to increased costs for ADCs in comparison to conventional diver-
tors. Hence, any reactor featuring ADCs has to strike the balance between 
these drawbacks and the improved performance ADCs offer. ADCs can 
therefore serve as a risk-mitigation strategy for when conventional diver-
tors cannot withstand the power exhaust in a reactor implementation.

One of the most prominent ADCs, and the focus of this work, is 
the Super-X divertor38,39,56 (Fig. 1). In this configuration, the total flux 
expansion (FR) is maximized, that is, maximizing the cross-section 
area of a flux tube17. For the conventional divertor considered in this 
paper FR ≈ 1.2, whereas FR ≈ 2.3 for the Super-X configuration16. To 
achieve this, the strikepoint is placed at large major radius17 as FR ∝ 1 / B. 
This also leads to an increased surface area on which the power is 
deposited and promotes interaction with neutral particles through an 
increased particle path of travel (connection length) from X point to 
target. The Super-X design has demonstrated to substantially improve 
the target conditions, facilitate an increased access to the detached 
plasma regime14–16 and, in this paper, substantial benefits in handling  
fast transients.

We also consider the Elongated divertor configuration in this 
work (Fig. 1). This design only employs moderate total flux expansion 
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(FR ≈ 1.7) compared to the Super-X but has been demonstrated to 
already achieve substantial performance gains14–16.

MAST-U gas system
The MAST-U gas system consists of a collection of piezo-electric gas 
valves, which connect to the vacuum vessel through pipes, with various 
injection points in both main chamber and divertor58. Calibrations are 
used to convert a requested gas flow rate to a voltage, which is subse-
quently applied to the piezo element. These calibrations are static and 
hence do not take any gas valve or gas flow dynamics into account. In 
addition, they assume a linear voltage-to-flow rate relation, which is 
not accurate near the closing voltage59 and does not take hysteresis of 
the piezo element into account. The injected gas flow rate, therefore, 
carries considerable uncertainty46 and is occasionally reported as 
negative, despite the observation of actual gas flow.

The main chamber valve used in these experiments (Fig. 1) is posi-
tioned close to a Dalpha filterscope. The Dalpha intensity measured by this 
diagnostic represents plasma-neutral interaction and can therefore 
serve as an indication of the gas system response (Extended Data Figs. 4 
and 5). During the experiments presented in this paper, the utilized 
flow rate was quite low, operating near the gas valve closing voltage, to 
prevent an extremely detached divertor state where the D2 Fulcher band 
is out of view of the MWI diagnostic (Fig. 1). Therefore, we can observe 
some distortion at low voltages, evident as nonlinear components in 
the frequency domain49. The high signal-to-noise ratio of this Dalpha 
filterscope measurement allows for a low average noise level, hence, 
these nonlinear components can be observed.

Dalpha filterscopes positioned in the upper (Fig. 7) and lower (Fig. 6) 
divertors are employed to also check the functioning of the respective 
divertor valves. These signals carry more noise compared to the main 
chamber signals because the divertor filterscopes are toroidally posi-
tioned further away from their valves, nevertheless, they clearly show 
the divertor valve perturbations (Figs. 6 and 7).

D2 Fulcher band emissions
Throughout this work, we use D2 Fulcher band emissions to diagnose the 
divertor conditions. D2 Fulcher band emissions originate from electroni-
cally excited molecules after electron-impact collisions. Strong Fulcher 
band emissions occurs at 4–5 eV, similar to atomic ionization. Therefore, 
Fulcher band emissions have been presented as a quantitative method to 
infer the hydrogen ionization front position14,60. The steep temperature 
dependence of D2 electronic excitation creates a clearly defined front 
position, that is, the position of the downstream end of the ionization 
bulk. This front position can be tracked relatively easily using filtered 
imaging or spectroscopy. The position of this ionization region is a 
fundamental indicator of the divertor detachment state14,15,54. Contrary 
to impurity emissions fronts, which are routinely used to diagnose 
detachment19,25,53, Fulcher band emissions are unaffected by impurity 
transport. This results in a more reliable, machine-independent and 
direct indication of the divertor detachment state.

Inversion-based front tracking
Tracking of the Fulcher band emissions front is achieved using spec-
trally filtered images from the Multi-Wavelength-Imaging camera 
system44,61, positioned in the lower divertor of MAST-U (Figs. 1a and 
5a,f). The raw camera images from the Fulcher band-filtered channel 
(Fig. 5a,f) are inverted to obtain a poloidal emissivity profile (Figs. 6c 
and 7c). The front position is then taken as the position with 50% extinc-
tion from the maximum intensity45. The front tracking algorithm out-
puts Ltar and LX, the distance from the emissions front to the divertor 
target and X point, measured along the divertor leg in the poloidal 
plane (Fig. 3d).

The Conventional divertor leg is largely out of view of the MWI 
diagnostic. Therefore, we employ the newly available X-point Imaging 
System (XPI) to achieve front tracking for the Conventional divertor in a 

similar manner. This system was not yet available in the earlier Super-X 
and Elongated divertor midplane fuelled system identification and 
feedback-control experiments. Combined XPI and MWI inversions are 
performed for the tracking of the divertor fuelled system identification 
experiments (Figs. 6 and 7c).

The MWI, XPI or combined inversions required for this 
front-tracking method are computationally expensive, hence, front 
tracking using inverted images is currently only available offline, that 
is, after the experiment has completed45. Machine-learning-based 
acceleration techniques have shown promising results62 and might 
allow for a future extension to real-time operation. In this paper, we 
employ inversion-based front tracking only for offline analysis of sys-
tem identification experiments, and we rely on a different routine for 
real-time front tracking.

Real-time front tracking
Real-time emissions front tracking is achieved using raw, un-inverted 
camera images directly through a dedicated algorithm first employed 
in the TCV tokamak51. A dedicated fast coordinate transformation52 is 
used to achieve the transform from raw camera images to the poloidal 
plane without requiring camera inversion. Although real-time capable, 
the coordinate transformation introduces additional noise. We take 
the front as the 50% extinction from the maximum intensity along the 
leg, identical to the inversion-based front tracking routine (Fig. 5a,f). 
In absence of a real-time magnetic equilibrium reconstruction, we 
prescribe the divertor leg position a priori such that the distance to 
target along the divertor leg Ltar can be calculated (Fig. 5b,g). The full 
front tracking algorithm is executed within the 2.5-ms acquisition and 
processing window of the MWI diagnostic, allowing for 400-Hz opera-
tion. The computed front position is fed through an optical-analogue 
connection into the plasma control system58 where the exhaust con-
troller is located.

The divertor baffle obscures the upper part of the leg (Fig. 2). As 
the front is defined as an intensity threshold relative to the maximum 
intensity, tracking is only reliable while the maximum intensity point 
is in view. The divertor is consistently deeply detached in our experi-
ments and hence, the front is located close to the divertor entrance, 
but still mostly remains in view (Fig. 5a,f). Tests with a fixed emission 
threshold (requiring careful tuning) have not shown a notable differ-
ence compared to the standard algorithm using a variable threshold. 
Hence, the obstruction by the divertor baffle has not substantially 
impacted these experiments.

The use of the fast coordinate transformation52 introduces a 
requirement for tangential sightlines. A camera system records a 
two-dimensional projection of a three-dimensional feature, imply-
ing that each individual pixel in the camera image records the 
line-integrated emissions along its sightline. Pixels corresponding to 
a sightline that is tangent to the light-emitting divertor leg will show 
a peak in intensity compared to neighbouring sightlines that either 
intersect or miss the leg52. Therefore, only the sightlines that are tan-
gential to the divertor emissions result in a recognizable divertor leg 
on the raw camera image, potentially restricting the observable range 
to only part of the divertor leg.

We analyse the observable region for real-time front tracking 
through a dedicated geometric analysis and synthetic camera images; 
Extended Data Fig. 7. We consider both the Elongated (Extended Data 
Fig. 7a–e) and Super-X (Extended Data Fig. 7f–j) divertor geometries 
used in the experiments presented in this work and a purely synthetic 
Super-X divertor variant (Extended Data Fig. 7k–o) for illustrative 
purposes only. The camera positions, viewing geometry and synthetic 
camera images are inferred from spatial calibrations obtained through 
the CALCAM63 software package. The core assumption of this analysis 
is that the divertor emission is located on the magnetic divertor leg. 
The sightlines, which are blocked by the divertor tiles, are shown in red 
whereas the observable sightlines are shown in green (Extended Data 
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Fig. 7a,b,f,g,k,l). In the poloidal plane, a negative dR / dZ is required for 
a tangential point to exist, otherwise, a sightline will intersect with the 
plasma by definition. We designate the point where dR / dZ changes 
sign as the inflection point. Note that although a tangential point might 
exist, it can still be outside the camera view or be obstructed by the 
divertor tiles. Such cases have been treated as if no sightline exists. 
In Elongated geometry, the full leg can be observed from divertor 
baffle to target. However, for the Super-X divertor geometries, no 
tangential sightline exists near the target. The location of the inflec-
tion point greatly influences the observable region near the target, 
evident by comparing the two Super-X geometry variants (Extended 
Data Fig. 7). This is supported by synthetic camera images (Extended 
Data Fig. 7e,j,o), generated using poloidal emissions profiles with con-
stant emissions intensity along the entire divertor leg (Extended Data 
Fig. 7e,j,o). The synthetic camera images illustrate how the divertor 
leg is not observable after the inflection point as determined by the 
geometric analysis. We therefore conclude that the observable region 
for emissions front tracking in MAST-U using raw camera images from 
the MWI diagnostic is bound by the baffle at the divertor entrance and 
the inflection point near the divertor target.

In the experiments presented in this work, the Super-X divertor 
is always in a detached state, that is, the Fulcher band emission is far 
removed from the target. Furthermore, the Super-X geometry features 
an inflection point location close to the target (Extended Data Fig. 7h). 
We therefore conclude that the lower limit for real-time front tracking 
has not influenced these experiments. Nevertheless, the real-time 
front tracking range can be severely limited for other Super-X divertor 
geometries (for example, Extended Data Fig. 7m), especially in more 
attached conditions. The inflection point location should therefore be 
taken into account when selecting a divertor geometry for feedback 
exhaust control experiments. Note that these restrictions only apply to 
the real-time front tracking required for feedback control; the offline 
inversion-based front tracking method is unaffected.

System identification
We experimentally identify the exhaust dynamics in MAST-U through sys-
tem identification. This method relies on observing the system response 
to applied perturbations and has been employed successfully to identify 
the exhaust dynamics on several devices19,25,64. In addition to allowing for 
the design of a feedback controller, the experimental identification of 
exhaust dynamics supports the development of physics-based dynamic 
models to inform control system design for future devices.

The considered dynamic system (Fig. 1b) includes the gas system, 
plasma response and MWI sensor dynamics. Note that the dynamics 
of the piezo-electric gas valve and its associated piping is included 
in the system (MAST-U gas system section). The system input is the 
requested flow rate u, the output is the Fulcher band poloidal emission 
front position Ltar.

We perturb the system input with especially designed signals, 
consisting of a single sine or a sum of sinusoidal signals. This allows the 
signal power to be focussed on specific frequencies of interest. We use 
only a few frequencies per experiment, driven by the low signal-to-noise 
ratios generally observed in detachment measurements19. The avail-
able time for perturbation is only 300–400 ms due to the relatively 
short <1 s total experiment duration in MAST-U. We require at least 
three periods per frequency to generate error bars on the data, the 
lowest frequency within the measurement window is therefore around 
8–10 Hz. The upper limit is set by the gas system; above this limit, the 
gas system will no longer follow the prescribed perturbation signal, 
taken as roughly 50 Hz (ref. 64).

The perturbation signals consist of integer multiples, or harmon-
ics (f3, f5, f…), of the ground frequency (f1). The ground frequency is 
determined as the lowest frequency which completes thee periods 
within the measurement window and matches the sampling rates of all 
considered diagnostics and actuators to prevent aliasing. Generally, 

only odd frequency components are excited to observe possible quad-
ratic nonlinear effects47,49. However, this quickly drives us towards 
frequencies above the stipulated 50-Hz gas system limit. Therefore, 
we occasionally opt to use f1 and f2 or perturb only a single frequency 
per experiment.

The input and output signals are transformed from the time 
domain to the frequency domain using the discrete Fourier trans-
form; Extended Data Fig. 2. We estimate an average noise level by 
taking the average response on the non-exited frequencies, exclud-
ing frequencies lower then f1 to remove transient effects49,65. The 
discrete-Fourier-transform response contains predominantly only 
excited frequencies well above the average noise level for the con-
sidered frequency range, indicating dominantly linear dynamics49. 
Occasionally, some harmonics do exceed the average noise level (most 
apparent in Extended Data Fig. 2a). As these nonlinear components 
are already apparent in the Dalpha filterscope measurement (Extended 
Data Fig. 4), they originate from the gas system and not the plasma 
dynamics themselves.

We identify the Frequency Response Function (FRF) of the system 
by dividing the observed output over input in frequency domain. The 
Local Polynomial Method is used47,49 to correct for transient effects. 
The FRF is a local linearization of the input–output dynamics; nonlin-
ear effects will not be captured by the FRF. This is standard practice in 
control theory and applicable for this predominantly linear system.

STEP fusion power reactor
The Spherical Tokamak For Energy Production (STEP) is a tokamak cur-
rently in the concept design phase (Extended Data Fig. 8). It is a highly 
ambitious programme, targeting completion in the 2040s with the 
ultimate aim of demonstrating the delivery of fusion power to the UK 
grid7–10. The initial design considered in this paper has a major radius 
of 3.6 m and should deliver 120 MW electrical power. STEP is a spheri-
cal tokamak, equipped with two tightly baffled42 divertor chambers 
which facilitate long-legged divertor configurations, akin to MAST-U 
(Extended Data Fig. 1). Although it shares a similar design philosophy to 
MAST-U, its design is fundamentally differently in coping with the neu-
tral irradiation, power cycle, tritium fuel cycle and other requirements 
placed on a fusion power reactor. Unlike the large divertor volume in 
MAST-U for facilitating the SXD, the STEP design is less extreme, in some 
ways resembling the MAST-U ED configuration. The requirement of an 
exhaust control system for STEP to ensure manageable heat loads is a 
core driver for the work presented in this paper.

The STEP SOLPS-ITER simulations considered in this work have 
been published previously as part of a power-sharing study featuring 
an early design iteration10. The specific simulation considered features 
a highly detached lower divertor (Fig. 8) through an upward shift in 
the plasma equilibrium towards an upper single null. This causes the 
bulk of the power to flow to the upper divertors, leading to a highly 
detached lower divertor state.

Data availability
The data that support these studies are available at https://doi.org/ 
10.14468/7fjj-p470. Source data are provided with this paper.

Code availability
The code used to generate the figures and analyse the data was devel-
oped by the authors and is available via Zenodo at https://doi.org/ 
10.5281/zenodo.13830756 (ref. 66).
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Extended Data Fig. 1 | The MAST-U tokamak. a Cross section of a CAD render of MAST-U. b Picture of the interior of MAST-U. Credit: a,b, United Kingdom Atomic 
Energy Authority.
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Extended Data Fig. 2 | Detachment front response in MAST-U. Observed time 
and frequency domain D2 Fulcher band front position Ltar (-) response to main 
chamber D2 gas valve flow request perturbations (–). a-c, Elongated divertor 
geometry (#47080, #47083, #47086). d-f, Super-X divertor geometry. The exited 
frequencies and their harmonics are indicated through colour coding.  

The output response at the excited frequencies is well above the average noise 
level of the non-exited frequencies (–). Some response can occasionally be 
observed at the harmonic frequencies which indicates non-linear components 
are present 49, nevertheless, the response is dominantly linear.
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Extended Data Fig. 3 | Conventional divertor front movement experiment 
#49303. a Progression of total radiation location as measured by the infrared 
video bolometer (IRVB67) indicating a transition from mainly attached radiation 
near the strikepoint to volumetric radiation above the X-point at the high-field-
side. The time basis was adapted to match the other instruments; the bright 
feature on the central column at z ≈ -0.3 is an artefact of the inversion and not 
yet a MARFE68. b Molecular D2 Fulcher band emission inversions from the MWI44 
and X-point imaging systems, showing how the front position transitions from 

attached to above the X-point at the high-field side. c Line-averaged electron 
density and requested main chamber gas flow rate with the timestamps of 
the radiation and emission plots indicated as well as the approximate time of 
transition from attached D2 Fulcher band emission to above the X-point. d Two 
consecutive Fulcher band emission inversions around the transition point, 
indicating how the transition from attached emission to above the X-point occurs 
within one acquisition window (2.5 ms).

http://www.nature.com/natureenergy


Nature Energy

Article https://doi.org/10.1038/s41560-025-01824-7

Extended Data Fig. 4 | Main chamber gas valve response in MAST-U. Observed 
time and frequency domain response of the HM10ET midplane Dalpha filterscope 
(-) to main chamber D2 gas valve flow request perturbations (–). a-c, Elongated 
divertor geometry (#47080, #47083, #47086). d-f, Super-X divertor geometry. 

The exited frequencies and their harmonics are indicated through colour coding. 
The high signal-to-noise ratio leads to a low average noise level of the non-exited 
frequencies (–), allowing the response at the harmonic frequencies which 
originates from non-linear components to be clearly identified49.
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Extended Data Fig. 5 | Midplane Dalpha frequency response. Requested main chamber gas valve flow rate change to HM10ET midplane Dalpha filterscope response in 
Elongated (*) and Super-X (♢) configuration expressed as gain and phase ratio over frequency. Mean response value and 2σ error bars obtained using the LPM47,49 across 
4 (#47080, #47086), 5 (#47116, #47118), 6 (#47083), and 15 periods (# 47119).
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Extended Data Fig. 6 | Upper divertor Dalpha response to lower divertor valve perturbation in experiment #49297. Time domain and frequency domain response of 
the detrended upper divertor Dalpha filterscope (-) around the operating point to a perturbation of the requested lower D2 divertor gas valve flow rate (–).
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Extended Data Fig. 7 | Geometric analysis and synthetic MWI camera images 
to quantify the observable region for front tracking. Shown are the Elongated 
(a-e) and Super-X (f-j) divertor geometries employed in the experiments shown 
in this paper as well as a purely synthetic Super-X divertor variant (k-o) for 
illustrative purposes. a, f, k Separatrix surface, MAST-U divertor CAD model, and 
the observable (green) and blocked (red) MWI camera sightlines. b, g, l Removed 
CAD model for increased visibility. c, h, m Poloidal view of the observable (green) 
and blocked (red) parts of the divertor leg, the regions where no tangential 
sightline exists are indicated in blue. d, i, n The synthetic poloidal emission 

profiles assumed for generating synthetic images, emissivity is assumed along 
the entire divertor leg. e, j, o Synthetic divertor images generated using the 
assumed poloidal divertor emission, employing the CALCAM63 software package, 
with divertor CAD model overlay. The geometric analysis results (c,h,m) are 
overlayed approximately on the synthetic images (e,j,o) to highlight their 
interconnection: a tangential sightline is required to observe the divertor leg on 
the images. The location of the inflection point therefore greatly influences the 
observable region, as is evident from comparing both Super-X divertor variants.
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Extended Data Fig. 8 | The STEP tokamak. Artistic impression of the Spherical Tokamak for Energy Production (STEP) concept design. Credit: UK Industrial Fusion 
Solutions.
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