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Introduction: An important constraint on future fusion reactor designs are heat exhaust
systems, therefore one the crucial components worth the consideration of alternative nonITER like options is the divertor. One such option is double null (DN) divertor configuration
which provides the prospect of improved heat flux management. A systems code models all
parts of a fusion power plant and provides consistent solutions allowing for explorations of a
large parameter space. The systems code PROCESS [1,2] finds a constrained optimal solution
for user specified constraints and figures of merit utilising simple 0D models. The purpose of
this study is to employ this systems studies approach to evaluate the interplay of physics and
engineering considerations on the suitability of DN configuration for a DEMO power plant.
Model: The magnetic balance is characterised by the flux surfaces of the upper and
lower X points and we define the distance between these two flux surfaces at the mid-plane as
δ𝑅𝑠𝑒𝑝 . We then define a connected DN configuration as when λ𝑞 , the power decay length in
the scrape off layer (SOL), satisfies |δ𝑅𝑠𝑒𝑝 | ≤ λ𝑞 in this scenario the poloidal flux line
configuration provides the greatest power load sharing. In a DEMO-like machine it is
predicted that λ𝑞 ~ 1mm [3] therefore, operation in the connected DN regime is challenging
due to the high degree of control of the plasma needed, due to both the diagnostic systems
required and the vertical stabilisation control systems. In addition, the geometry of tokamak
devices produces a larger power load onto outer targets, and it has been experimentally shown
that operation in DN increases the asymmetry between the inner and outer targets even further
[4,5,6]. A DN divertor also introduces new engineering challenges as the addition of a second
divertor reduces the area for breeding blankets and will introduce new remote handling
considerations possibly reducing availability [7].
The parallel heat flux with the SOL is given by 𝑞∥ = 𝑃𝑑𝑖𝑣 /2πR 0 λ𝑞 𝑓𝑥 where 𝑃𝑑𝑖𝑣 is the
power exhausted across the separatrix, 𝑅0 is the major radius, λ𝑞 is the power decay length
and the poloidal flux expansion 𝑓𝑥 given by 𝑓𝑥 ∼ 𝐵𝑝 /𝐵 with 𝐵 the magnetic field magnitude.
Within PROCESS the divertor protection is incorporated by considering a multi-machine
scaling relation for the power decay length [3] and taking the limit 𝐵𝑇 ≫ 𝐵𝑝 , this process
yields the scaling for the divertor protection 𝑃𝑠𝑒𝑝,𝑚𝑎𝑥 ∼ 𝑃𝑑𝑖𝑣 𝐵𝑇 /𝑞95 𝐴𝑅0 with 𝑞95 the safety
factor, 𝐴 the aspect ratio and where for DEMO the divertor protection constraint yields
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𝑃𝑠𝑒𝑝,𝑚𝑎𝑥 = 9.2 MWTm-1. To quantify the degree the upstream power flux is “shared" over the
SOL we define the fraction of the power load on the lower divertor targets 𝑓𝑑𝑖𝑣,𝐿 , therefore we
can express the power load to the lower and upper divertor as respectively 𝑃𝐿 = 𝑓𝑑𝑖𝑣,𝐿 𝑃𝑑𝑖𝑣 and
𝑃𝑈 = (1 − 𝑓𝑑𝑖𝑣,𝐿 )𝑃𝑑𝑖𝑣 . This allows for expressing the power imbalance between the divertor
regions as 𝑃𝑧 (𝑓𝑑𝑖𝑣,𝐿 ) = 2𝑓𝑑𝑖𝑣,𝐿 − 1. By considering 𝑓𝑑𝑖𝑣,𝐿 as an input variable in PROCESS
we can explore sensitivity of device designs around the connected DN scenario. Some
experiments in machines operating in a DN configuration have shown a decrease in the L-H
threshold. We utilise the same scaling as the single null case, as the database is currently not
sufficient to derive a DN specific model.
Variable Radial Build: We have performed PROCESS runs with the figure of merit
of minimisation of the machine major radius and with the constraint of a minimum net
electric power of 500MW and achieving a 2 hour burn time while scanning the upper lower
divertor balance 𝑃𝑧 . We use the 2018 EU-DEMO baseline for an initial input, allowing for Xe
impurities in the SOL as an iteration variable and including a fixed population of W and He
impurities. The results of key design parameters from the solution are shown in Fig. 1.

Figure 1. Plots of output variables from PROCESS evaluations while scanning magnetic balance Pz(fdiv,L).

In Fig. 1 we see that in perfectly connected DN we observe significant changes
relative to the SN case in crucial power plant design parameters. Fig 1.a shows a reduction in
the major radius of the device by ~0.5m due to the improved power load sharing which lowers
the constraints on the divertor protection. Another consequence can also be seen in Fig 1.b
and Fig 1.c where the fraction of Xenon impurities and the fraction of power radiated in the
plasma core decreases. In Fig 1.d we observe a significant increase in 𝑓𝐿𝐻 showing that a
connected DN device is advantageous for safe operation of the plasma in H-mode. We use the
SN L-H threshold scaling, but the large increases in Psep allows for a maximum of 𝑓𝐿𝐻 = 2.78
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in a balanced magnetic configuration. While these results show promising design
improvements, we also note that small changes in the DN configurations magnetic balance
can change the optimum solution. Simple estimates would give, for an imbalance parameter
𝑃𝑧 = 0.2, for example δ𝑅𝑠𝑒𝑝 = 0.4λ𝑞 . For a DEMO like machine with λ𝑞 ∼ 1mm we see that
vertical stabilization of a DN magnetic configuration is a challenging task, and there have
been recent studies to evaluate the concerns for active and passive stabilisation. [8]
Divertor Target Power Loads: To gain more insight into the power load on the
divertor regions we have also studied a simple model describing the power load on each
divertor target. We consider both the upper and lower power ratio 𝑓𝑑𝑖𝑣,𝐿 and the inner and
outer divertor asymmetry 𝑓𝑖𝑜 , with values taken for 𝑓𝑖𝑜 from the EDA H-mode scaling from
D. Brunner, et al [6]. These values for 𝑓𝑖𝑜 come from studies on Alcator C-Mod and while
several engineering and physics parameters differ from that of the current DEMO baseline
(e.g. upper open divertor, λ𝑞 and B-field) they provide an estimation to guide future studies.
To calculate the power onto each target we also introduce a radiation fraction within the SOL
using 𝑃𝑡𝑎𝑟 = 𝑃𝑑𝑖𝑣 (1 − 𝑓𝑟𝑎𝑑,𝑆𝑂𝐿 ) where we use 𝑓𝑟𝑎𝑑,𝑆𝑂𝐿 as an input parameter describing all
losses due to impurity and hydrogenic radiation, charge exchange and electron impact
ionisation in the SOL.

Figure 2. The power balance on the divertor targets, using frad,SOL = 0.85. Panel a) shows fraction of the energy
flux 𝑓𝑡𝑎𝑟 to each divertor region a function of the magnetic balance, whereas panel b) shows the magnitude of the
power load Ptar onto each target. Here the subscripts L and U refer to the lower and upper divertor, while I and O
corresponds the inner and outer targets.

In Fig 2.a we observe the larger asymmetries in power fraction 𝑓𝑡𝑎𝑟 to the outer targets
in connected DN due to 𝑓𝑖𝑜 . The consequences of the higher inner/outer ratio are seen in Fig
2.b where inner targets are under a reduced load of 𝑃𝑡𝑎𝑟 = 3.6 MW. It is suggested that a
reduced load on the inner target may allow for its incorporation into the blanket segments [7].
Fixed Radial Build: We have also performed PROCESS runs in which the net
electrical power 𝑃𝑒𝑙 is maximised. In these optimisations we have fixed the major radius 𝑅0 at
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9.072m as in the 2017 baseline and have required a minimum 2 hour burn time. Fig 3.
presents the results of these scans where we have scanned both the peak toroidal field on
inboard coil 𝐵𝑇,𝑚𝑎𝑥 without the ripple and upper/lower power imbalance 𝑃𝑧 .

Figure 3. Plot of net electrical power P el as a function of lower/upper power imbalance and the mean peak
toroidal magnetic field at the TF coil.

We find that the connected DN increases the power output by ~ 50MW as compared
to the SN configuration. Fig 3. also shows that at 𝑃𝑧 (𝑓𝑑𝑖𝑣,𝐿 ) > 0.6 for increasing 𝐵𝑇,𝑚𝑎𝑥 there
is a decrease in the maximum 𝑃𝑒𝑙 , this non-monotonic behaviour arises due the divertor
protection as the large toroidal fields reduce the flux expansion of the flux tubes entering the
divertor region and the divertor protection constraint lowers the maximum allowed power
over the separatrix. A clear advantage of a connected DN configuration is that this does not
occur and so produces much larger improvements relative to SN in 𝑃𝑒𝑙 of around 300MW in
the highest 𝐵𝑇 regime.
Conclusions: We have explored the DEMO power plant design space with a DN
divertor configuration and find improvements in both divertor protection and net generated
electrical power, but with additional constraints on plasma control. It would be of interest to
test these model present with more complex models of SOL and divertor physics, which could
allow for more detailed investigation of inner/outer target power ratio, additionally more
study is needed on consequences for other aspects like L-H threshold and remote handing.
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