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Abstract
To mitigate the issue of plasma exhaust in reactor scale tight aspect ratio tokamaks such as
Spherical Tokamak for Energy Production (STEP), a double-null (DN) configuration is thought
to be advantageous over a single-null (SN) configuration. However, practical control of the
plasma vertical stability will likely lead to an oscillation around the symmetry point, which may
lead to transient loading of the divertors. In this work we investigated the impact of
disconnection of the two separatrices δRsep on the power-sharing between the divertors in
disconnected-double-null configurations for the initial iteration of STEP design using the
SOLPS-ITER code without drifts. The power fraction to the primary divertor increased with
δRsep, reaching ∼95% at the highest δRsep which is representative of SN. The total power
fraction to the inner divertors (upper + lower), however, did not show an increase with δRsep for
δRsep/λq ⩽ 2, where λq is the parallel heat flux decay length, and even at the highest δRsep it
showed only ∼30% increase from connected-double-null (CDN), unlike the experimental
results for current conventional aspect ratio machines. We found two underlying mechanisms
that could explain this result—the total flux compression from the outer midplane to the primary
inner divertor target and the parallel current in the primary SOL (between the two separatrices).
This work implies that the benefit of DN over SN in power load onto the inner divertor in STEP
may be less than found experimentally in conventional tokamaks due to its tight aspect ratio.
Further investigations through experiments, especially on STs and simulations with additional
physics such as drifts, are the subject of a future investigation.

∗

Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1741-4326/23/076032+16$33.00 Printed in the UK 1 © 2023 The Author(s). Published on behalf of IAEA by IOP Publishing Ltd



Nucl. Fusion 63 (2023) 076032 R.T. Osawa et al

Keywords: STEP, SOLPS-ITER, disconnected-double-null configuration, power-sharing

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasma exhaust is a key challenge for the Spherical Tokamak
for Energy Production (STEP) programme [1]. As STEP aims
at producing net energy from a prototype fusion energy plant,
the power crossing the separatrix in STEP can be much larger
than that handled in existing experimental devices. In a single-
null (SN) configuration, combined with the low aspect ratio of
a spherical tokamak (ST) (R/a∼ 1.6), the situation is difficult
for the inner divertor target due to the small radius of the strike
point and limited space for power mitigation.

To avoid this, we have been assessing a double-null (DN)
configuration as a promising solution for STEP, as themajority
of the power can flow into the outer targets which can be loc-
ated at large major radius. This benefit of DN can be especially
beneficial for STs where the situation for the inner divertor tar-
gets is difficult as described above. However, practical control
of the plasma vertical stability will likely lead to an oscillation
around the perfect symmetry point, where both X-points exist
on the last closed flux surface. This leads to a disconnected
double-null (DDN) configuration that has a gap between the
two separatrices.

This gap, usually quantified by the distance between the
two separatrices at the outer-midplane (OMP) δRsep, could be
a critical matter for the primary inner target in DDN. In a con-
nected double-null configuration (CDN), power from theOMP
flows towards the two outer divertors. In DDN, on the other
hand, the inner and outer targets are now linked by magnetic
field lines, i.e. the power from the OMP can partly flow to the
primary inner divertor. Furthermore, if δRsep reaches values
similar to the radial exponential decay length of the SOL at
the midplane, it would lead to near SN loads onto the primary
inner divertor target. The increase of the inflow power can be
critical for the inner target in a ST due to the small radius of
the strike point and limited space.

To assess the impact of disconnection, several experimental
studies and a few numerical/theoretical studies have been car-
ried out so far. As a numerical study, the B2.5 code [2] was
used in DDN geometries of the Tokamak de Varennes, which
showed pronounced up-down asymmetry on the outer tar-
gets even with a relatively small level of disconnection [3].
As for the experimental studies, the power asymmetry was
assessed on MAST in L-mode discharges [4], and also in
H-mode discharges [5, 6]. In CDN (δRsep ∼ 0), the power
fraction to the inner was ∼5% in the L-mode and during
edge-localised modes (ELMs) in H-mode. During the inter-
ELM periods at low ELM frequency in H-mode, the fraction
became roughly the ratio of separatrix surface area (∼20%).
In L-mode, dependence of in-out power-sharing on δRsep was
observed and the ratio was different between lower and upper

SN discharges [4]—the fraction to the inner was ∼20% for
the lower SN, whilst∼10% for the upper SN, which implied a
contribution of∇B drift which directed downwards for ions in
this case. Another important fact here is that the fraction to the
inner∼20% is lower than that reported in similar experiments
on conventional aspect ratio tokamaks such as DIII-D [7, 8]
(H-mode) and Alcator C-Mod (L-mode) [9] where ∼30% of
the power flows to the inner divertors in SN discharges. The
influence of the confinement regime was also reported on
Alcator C-Mod [9]: As it changed from SN to CDN, the frac-
tion to the inner changed ∼30%–∼5% in L-mode, whilst it
changed ∼40%–∼20% in H-mode.

In addition, to assess the dependence of the power-sharing
on δRsep in a more quantitative way, semi-analytic formula-
tions to describe the dependence of the power-sharing were
introduced in [9]—we call this set of formulations ‘Brunner’s
model’ hereafter in this paper. In addition, they suggested a
scaling function of parameters in the model for other machines
which has dependence on parallel heat flux decay length
λq and poloidal magnetic field Bp. Using that scaling, the
Brunner’s model was applied to STEP that has similar λq and
larger Bp compared to Alcator C-Mod. This work suggested
that null balance to better than 1 mm is required for STEP.

The ultimate goal is to clarify the benefits of DN in terms
of plasma exhaust compared to SN and understand the under-
lying mechanisms that dictate the power balance in DDN.
Towards this goal, the research presented here includes our
analysis of the impact of δRsep (⩾0) on the power-sharing in
STEP.

This paper is organised as follows. Section 2 introduces the
SOLPS-ITER (the ITER-hosted version of the scrape-off layer
plasma simulator SOLPS) simulation setup for a δRsep scan
we performed in this study. Then in section 3, a description
of a part of Brunner’s model is given, which is used in this
study to better understand the numerical results of the up-down
power-sharing. The simulation results are given in section 4,
for the up-down power-sharing (section 4.1) and for the in-
out power-sharing (section 4.2). As for the up-down sharing,
the power fraction to the primary divertor (upper divertor in
the investigated cases) increased with δRsep, reaching ∼95%
at the highest δRsep which is representative of SN. As for the
in-out power-sharing, however, the total power fraction to the
inner divertors (upper+ lower), did not show an increase with
δRsep for δRsep/λq ⩽ 2, where λq is the parallel heat flux decay
length at the outer mid-plane, and even at the highest δRsep

it showed only ∼30% increase from CDN, unlike the exper-
imental results for current machines. To further analyse the
in-out power-sharing, section 4.2 is divided into three sub-
sections, section 4.2.1 for the radial heat transport through
the primary separatrix, section 4.2.2 for the power loss in the
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main SOL, and section 4.2.3 for the parallel heat transport
in the primary SOL. Two important effects that reduced the
power fraction to the inner divertor in the primary SOL are fur-
ther discussed separately—the total flux expansion/compres-
sion (section 4.2.3.1) and the parallel current (section 4.2.3.2).
Further discussions for the parallel current and the balloon-
ing effect are given in section 5 and conclusions are given in
section 6.

2. SOLPS-ITER setup

SOLPS-ITER [10–12] is an integrated code, incorporating the
multi-species fluid code B2.5 and the kinetic Monte-Carlo
neutral code EIRENE. We utilised this code to model the ini-
tial design of STEP with upper-primary DDN configurations.
The equilibrium of this design has the following parameters: R
(major radius)= 2.55 m, r (minor radius)= 1.55 m, A (aspect
ratio, R/a) = 1.64, Ip (toroidal plasma current) = 16.5 MA,
B0 (Toroidal field)= 1.79 T, and κ (elongation)= 2.89. Since
drifts are not switched on, the analysis is identical when using
the upper or lower divertor as the primary divertor. The dis-
tance between the two separatrices, δRsep, was scanned step-
wise from 0 mm to 4 mm, with the parallel heat flux decay
length λq ∼ 2 mm across the scan.

The numerical grid for the δRsep = 2 mm case is shown in
figure 1. For around 1.0GW fusion power with Q = fusion
power/auxiliary power ≈10% and 70% core radiation, one
can figure out the power crossing the separatrix is ∼100 MW.
The energy flux at the core boundary was therefore set as
Pin = 100 MW, divided equally between ions and electrons.
By dividing the fusion power (1.0GW) by the energy released
per reaction (2.8× 1012 J= 17.6MeV), we obtain an expected
helium production rate α= 3.5× 1020 s−1. Given this num-
ber, the ion particle flux through the core boundary Γin was
set Γin = 3.5× 1022 s−1, based on the simulations on ITER
which set this flux consistent with core fuelling and fusion
power production [13]. The radial particle transport coeffi-
cient D⊥ and the radial heat transport coefficient for the ions
and the electrons χ⊥ were set to be D⊥ = 0.3 m2 s−1 and
χ⊥ = 1.0 m2 s−1, respectively. The flux limiters were activ-
ated for the electron parallel heat flux (0.3) and for the parallel
ion viscous limiter (0.5).

The wall geometry and all puff/pump locations were set
to be up-down symmetric (figure 1). Thus, the inputs to the
CDN case (δRsep = 0 mm) were perfectly up-down sym-
metric including the equilibrium. Puffing slots of deuterium
molecules (D2) were placed in the top/bottom Private Flux
region (PFR) near the X-points. To get the target loads down
to manageable level, argon (Ar) gas was seeded from the PFR-
side corner of the outer targets, as shown in figure 1. In B2.5,
all the charge states of argon were individually solved as well
as the deuterium ion. The pumping ducts were set in the outer
legs (two ducts in total) and the pumping speed was set as
131 m3 s−1 for each duct, independently of pumped species.
The tungsten wall temperature of the duct and the pumping

Figure 1. The grid, puffing/seeding and pumping locations in
SOLPS-ITER for δRsep = 2 mm cases.

tube was set to 306.85 ◦C (0.04 998 eV), while it was set to
857.85 ◦C (0.09 749 eV) for the rest of the wall, expecting it
to run warm. The sputtering of the wall was not modelled in
the simulations.

All drift terms were deactivated in this study. Some studies
on assessing effects due to the drifts are ongoing, which are
briefly summarised in section 5.3 and will be reported else-
where in the future. While the drifts were deactivated, the cur-
rents (parallel currents and a small anomalous radial current)
were activated in the plasma solver.

3. Brunner’s model

Brunner’smodel [9] was formulated to estimate power-sharing
between the four divertors in DDN (figure 2(a)). It consists
of two parts, (1) in-out sharing and (2) up-down sharing. For
the power-sharing we consider the power flowing into each
divertor, rather than that reaching each divertor target after dis-
sipation. Thus we define the power flowing into each divertor
entrance (the surfaces A,B,C, and D in figure 2(a)) as Puide,
Puode, Plide, and Plode, for the upper-inner, upper-outer, lower-
inner, and the lower-outer divertor entrances, respectively. The
power coming through the separatrix Psep is split between the
four divertors and the side walls. Assuming that the fraction to

3
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Figure 2. (a) Schematic view of Brunner’s model—a model for power-sharing between four divertors in DDN. (b) Assumed profile of the
parallel heat flux along the outer midplane in the model.

the side walls is negligibly small and there is no radiation in
the SOL in the steady state we have:

Psep ∼ Pdive,tot = Plide +Puide +Puode +Plode. (1)

In-out sharing is defined with fi, the power fraction going to
the inner divertors, as

fi =
(Plide +Puide)

Pdive,tot
. (2)

The in-out sharing is followed by up-down sharing separately
for the outer and inner divertors. For the outer divertors, it is
defined by gou, the power fraction going to the upper-outer
divertor (UOD), such that

gou =
Puode

(Puode +Plode)
. (3)

A theoretical expression for gou can be obtained by the
assumptions that (1) the parallel heat flux density decays expo-
nentially with a characteristic length λo at the outer midplane
and (2) the power crossing the secondary separatrix is equally
divided amongst the upper and the lower divertors. From the
first assumption, we can describe the power going to the UOD
(from the OMP) as

Puode =

ˆ ∞

0
q||(r)dr. (4)

From the second assumption, the power going to the lower-
outer divertor is equal to that going to the upper-outer via the
secondary SOL, thus

Plode =

ˆ ∞

δRsep

q||(r)dr. (5)

This gives us the theoretical expression of gou,

gou =

´∞

0 q∥(r)dr
´∞

0 q∥(r)dr+
´∞

δRsep
q∥(r)dr

=
exp(δRsep/λo)

1+ exp(δRsep/λo)
.

(6)

As for the inboard side, one may think that the same model for
the outboard side cannot be applied, because a large part of
the power to the inner divertors could originate as power from
the LFS in addition to the radial power from the HFS. Despite
this, equation (6) was found reasonable also to describe the up-
down power-sharing of the inner divertors in the experimental
results of [9], as long as a different decay length parameter, λi

instead of λo, is taken into account. The power fraction to the
upper-inner divertor (UID) giu then is described as

giu =
exp(δRsep/λi)

1+ exp(δRsep/λi)
=

exp(δRsep,inn/λi,inn)

1+ exp(δRsep,inn/λi,inn)
. (7)

Here we introduced δRsep,inn, the distance between the two
separatrices at the inner midplane (IMP), and λi,inn, the cor-
responding parameter for the inboard up-down power-sharing.
They can be described as

δRsep,inn = αpolδRsep, λi,inn = αpolλi, (8)

where αpol is a poloidal flux expansion from the OMP to the
IMP.

To summarise, the power going to each divertor is given by
the model to be:

• Lower-inner: fi(1− giu)
• Upper-inner: figiu
• Upper-outer: (1− fi)gou
• Lower-outer: (1− fi)(1− gou)

4
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Table 1. Correspondence between Brunner’s model and
SOLPS-ITER.

Description in the model SOLPS-ITER

gou
exp(δRsep/λo)

1+exp(δRsep/λo)
Puode

(Puode+Plode)

giu
exp(δRsep/λi)

1+exp(δRsep/λi)
=

exp(δRsep,inn/λi,inn)
1+exp(δRsep,inn/λi,inn)

Puide
(Puide+Plide)

In this study, we use the second part of Brunner’s model,
the model for the up-down power-sharing with gou and giu.
The correspondence between the model definitions and the
SOLPS-ITER quantities is shown in table 1.

4. SOLPS-ITER modelling results

The cases performed in this study are detailed in table 2. In
the steady state, the target electron temperature at the strike
point ranges from 1 eV to 2 eV for the inner divertors, from
0.5 to∼20 eV for the outer divertors, which supports that most
of the cases are not far from the operational regime. However,
the peak temperature at the primary inner target remained high
(∼30 eV) in the far SOL in all the cases, because of the fea-
ture of vertical targets. The inputs were up-down symmetric,
except for the equilibria for the DDN cases (δRsep > 0 mm).

Figures 3(a) and (b) show the SOLPS-ITER predictions
of power-sharing between the four divertors as a function of
δRsep. To support the color map shown in figure 3(a), the
ratio to each divertor is shown in figure 3(b). The features
of the power-sharing were consistent across the cases, thus
the result of Case No. 3 is shown here as a representative in
both figures.

To better understand these figures, we will first focus on
up-down power-sharing, investigating how well the SOLPS-
ITER results follow Brunner’s model. Brunner’s model has a
single unknown parameter for the up-down sharing for each
side, λo for the outboard and λi (λi,inn) for the inboard side,
as shown in equations (6) and (7). We quantify the agree-
ment with Brunner’s model by fitting the parameters λo and
λi,inn to the simulation data of up-down sharing, and compar-
ing those fitted values to the actual parallel heat flux decay
lengths in the simulation, λq,out for the outboard and λq,inn for
the inboard.

Secondly we study in-out power-sharing. An interesting
finding in figure 3(a) is that the total power fraction to the inner
divertors, fi in equation (2) shown by the boundary between the
green and the blue colors, does not increase for δRsep ⩽ 4 mm,
corresponding to δRsep/λq,out ⩽ 2, though the power ratio to
the UID slightly increases as shown in figure 3(b), which
is unlike the experimental results [4, 9]. To understand the
physical mechanisms producing this behaviour, two different
sources/sinks that are not in the model have been examined:
the radial heat flux through the primary separatrix (section 4.2)
and the parallel energy transport in the primary SOL which
links inboard and outboard sides (section 4.2.3). Only the
results of 0⩽ δRsep/λq,out ⩽ 2 (0⩽ δRsep ⩽ 4 mm) will be
assessed in detail for the in-out sharing.

One may think that the use of the constant radial trans-
port coefficients could be a major cause of the discrepancies
between the simulation results and the experimental results.
The impact of the ballooning effect, i.e. the use of spatially-
varying transport coefficients with a function of the magnetic
field∝ 1/Bk, will be discussed in section 5.2. In addition, brief
summaries of recent works looking at effects due to drifts will
be given in section 5.3.

4.1. UP-DOWN sharing

Power-sharing between the upper and lower divertor was
investigated separately for the outboard and the inboard side.
The total energy flux at each divertor entrance, which was
used for calculating the power-sharing, is well-represented by
the summation of the total conduction Qcond, total convection
Qconv, and the energy flux carried by the electron thermal cur-
rent Qthermj, such that

Qtot = Qcond +Qconv +Qthermj, (9)

where

Qcond = Qconde +Qcondi =−A∥

(

κ∥eb
2
x
∂Te

hx∂x
+κ∥ib

2
x
∂Ti

hx∂x

)

,

(10)

Qconv = Qconve +Qconvi

= A∥bx

(

5
2
nTe(V∥ − j∥/en)+Σa

5
2
naTiVa∥

)

, (11)

Qthermj =−A∥bx
(

0.71j∥Te/e
)

. (12)

Here A∥ is the parallel area, κ∥e and κ∥i are the parallel con-
ductivity for the electron and D ion respectively, bx = Bx/B
with Bx the poloidal magnetic field, x is the poloidal coordin-
ate, hx is the metric coefficient for the poloidal coordinate, and
Te,Ti,n,V∥,na,Va∥,j∥, and e are the electron and ion temperat-
ure, electron density, D+ parallel flow velocity, density for ion
species a, parallel velocity for ion species a, the parallel cur-
rent, and the unit of charge, respectively.

Figure 4(a) shows the power fraction to the upper diver-
tor for the outboard side, gou. The dependence of gou on δRsep

follows the model for the choice of λo in the model within
the range 2 mm⩽ λo ⩽ 4 mm. As for the inboard side in
figure 4(b), the power fraction to the upper divertor giu is plot-
ted as a function of the distance of the two separatrices on the
inboard side, δRsep,inn. The simulation results are well-fitted by
using λi,inn ∼ 10 mm.

Now we want to know if those parameters λo and λi,inn are
similar to the parallel heat flux decay lengths in the simula-
tion. The parallel heat flux decay lengths λq,out and λq,inn were
calculated in the following steps for the outboard side and the
inboard side, respectively : (i) obtain the total energy flux at the
primary divertor entrance, (ii) divide the total energy flux by
the parallel area at the midplane, (iii) map the total energy flux
density to the midplane. As shown in figure 5, the parallel heat
flux decay length on the outboard side appears to be a relatively

5
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Table 2. Investigated cases in SOLPS-ITER. The four different colors will be used in some figures hereafter such as figure 4 to distinguish
the cases (Case No. 1–4).

Case No.
D2 puff

(×1023 s−1)
Ar puff

(×1021 s−1)

δRsep (mm)

0 1 2 3 4 7 12

1 2.0 6 — ✓ ✓ ✓ ✓ — —
2 2.0 8 — ✓ ✓ ✓ ✓ ✓ ✓

3 3.0 8 ✓ ✓ ✓ ✓ ✓ ✓ ✓

4 3.0 10 ✓ ✓ ✓ ✓ ✓ — —

Figure 3. SOLPS-ITER predictions of power-sharing between the four divertors Pdive/Pdive,tot as a function of δRsep for Case No. 3 in
table 2, shown by (a) area map and by (b) individual plots of the ratio.

Figure 4. Power fraction to the upper divertor for (a) the outboard side, gou and (b) the inboard side, giu. Markers are SOLPS-ITER
simulation results whose colors correspond to those in table 2.

good estimation (λq,out ≈ λo) while that on the inboard side
shows a significant mismatch between them (λq,inn ≪ λi).

The observed relationships, λq,out ≈ λo and λq,inn ≪ λi, can
be understood from the total energy flux profiles at the diver-
tor entrances. Figure 6 shows the total energy flux density at
each divertor entrance for the case No. 4 with δRsep = 2 mm.

The parallel area at each midplane was chosen to divide the
heat flux at the divertor entrances Qdive on each side. Positive
values of the fluxes are in the direction shown by the arrows in
figure 6(c).

As shown in figure 6(a), the total energy flux density at the
UOD entrance is well-reproduced by the exponential function

6
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Figure 5. Relationships between the actual parallel heat flux decay
lengths λq,out/inn calculated from the total energy flux density
profiles in SOLPS-ITER and the fitted parallel heat flux decay
lengths λo/i obtained by fitting the up-down power-sharing to
Brunner’s model, equations (6) and (7). The dashed line shows
λq,out = λo (or λq,inn = λi), which indicates the up-down sharing can
be estimated from the parallel heat flux decay length or vice versa.

and that at the lower-outer divertor entrance is almost on top
of it. This picture matches with the assumption of Brunner’s
model about the energy fluxes towards the upper and the lower
divertors, thus we have obtained λq,out ≈ λo for the outboard
side.

This picture does not hold on the inboard side though, as
shown in figure 6(b). Unlike figure 6(a), the energy flux dens-
ities at the upper- and the lower-inner divertor entrances do not
share a similar profile in the secondary SOL.

There are two reasons for the mismatch between the total
energy flux density profiles at A and C in figure 6(c) in the
secondary SOL. One is the contribution of the convective part
of the energy flux. In the inner secondary SOL, there is a con-
vective energy flow upwards, which forms the bump of the
total energy flux density at the UID entrance in the secondary
SOL and reduces the total energy flux at the lower-inner diver-
tor entrance. The other reason is the additional power source
from the outboard side through the primary SOL, crossing the
surface ‘e’ in figure 6(c). Looking at the values at the primary
separatrix, the value at the UID entrance (∼1100 MWm−2) is
much higher than that at ‘e’ (∼200 MW m−2). This indicates
that the energy flux at the UID entrance in the primary SOL is
dominantly due to the power through the inboard side of the
primary separatrix. On the other hand, the energy flux dens-
ity at the lower-inner divertor entrance in the secondary SOL
appears to gain by the power source from the outboard side
through the primary SOL, as shown by the dashed black arrow
in figure 6(c). For the above two reasons, we have obtained
λq,inn ≪ λi—the fraction to the upper divertor is much smal-
ler (i.e. λi is much larger) than that expected from Brunner’s
model using the parallel heat flux decay length at the UID
entrance λq,inn. It should be noted that the negative value of
the energy flux density at ‘e’ is due to the convective flow,
which will be addressed in section 4.2.3.2.

4.2. IN-OUT power-sharing

As already shown in figure 3(a), the power fraction to the
inner divertors did not increase with δRsep in the SOLPS res-
ult, whereas it showed a clear increase with increasing δRsep

in the experiments [4, 9].
Why would the power fraction to the inboard side, ‘fi’,

change with δRsep? The change must be explained by (1) the
ratio of radial heat transport through the primary separatrix
between the HFS and the LFS and/or by (2) a difference in the
main SOL losses with δRsep and/or by (3) the in-out power-
sharing in the primary SOL (between the two separatrices).
Each of those points is discussed in this section.

4.2.1. Radial heat flux through the primary separatrix. To
understand whether any mechanism dominates, we first assess
(1) the ratio of radial energy transport through the primary
separatrix between HFS and LFS. Figure 7 shows the ratio
Psep,HFS/Psep obtained in the simulations for 0⩽ δRsep ⩽

4 mm. It is clearly seen that the ratio is lower in the DDN cases
(0 mm< δRsep) compared to the CDN cases (δRsep = 0 mm).

To understand why it is lower in DDN than in CDN, we first
decompose the radial transport into conduction and convec-
tion, plotting them along the primary separatrix in the clock-
wise direction from the bottom, as shown by the coordinate
spol,sep in figure 8(a). Figure 8(b) shows the profiles of the
radial heat flux density q⊥ for δRsep = 0mmand δRsep = 1mm
of Case No. 4, as representatives of CDN and DDN, respect-
ively. A pronounced difference of the total heat flux density
between CDN and DDN is seen in the bottom half of the HFS
0 m⩽ spol,sep ⩽ 5 m, the region circled by the dashed lines and
named ‘X’ in figure 8(a). By decomposing it into conduction
(solid lines) and convection (dotted lines), we find that the dif-
ference is dominantly due the conduction, which leads us to
focus on the radial conductive heat flux density.

The radial conductive transport is dominated by the anom-
alous transport. Since we set poloidally constant anomal-
ous radial heat conduction coefficients, χ⊥ = χe⊥ = χi⊥, the
radial conductive heat flux density q⊥,cond is given by

q⊥,cond =−nχ⊥
d(Te + Ti)

dy
=−nχ⊥

dT
dy

, (13)

where n is the plasma density, Te and Ti are the electron and
ion temperature respectively, and y is the radial coordinate.
Figures 8(c) and (d) respectively show the decomposed parts
of q⊥,cond, the temperature gradient dT/dy and the plasma
density n. In the region X, 0 m⩽ spol,sep ⩽ 5 m, both of them
are larger in CDN than in DDN, contributing to the larger
q⊥,cond in the region.

Let us consider the parallel energy flux along the first flux
tube surrounding the primary separatrix and resulting temper-
ature profile. There is a fundamental difference between CDN
andDDN in terms of the stagnation point of the parallel energy
flux which we call ‘upstream’ here. In CDN, the ‘upstream’ of
the energy flux in the region X is around the inner midplane
given the up-down symmetry. In DDN, on the other hand,
as shown by the dashed arrow in figure 8(a), the ‘upstream’
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Figure 6. Total energy flux density at the OMP, obtained by dividing the total energy flux at each divertor entrance with the parallel area at
each midplane: (a) the outer divertor entrances and (b) the inner divertor entrances. Results shown are for the case No. 4 with δRsep = 2 mm.

Figure 7. Ratio of the total energy through the primary separatrix on
HFS, Psep,HFS/Psep.

of the energy flux flowing in the region X q∥DDN is located
around the OMP on the LFS as in SN, as the most of the
power from the separatrix comes out at OMP. This difference
leads us to expect |q∥DDN|> |q∥CDN| as the radial power on the
LFS is larger than that on the HFS. In addition, due to the dif-
ferent location of the ‘upstream’, the connection length from
the upstream to the corresponding target between DDN and
CDN differ. It is approximately a factor five larger in DDN
in this case. Given the two-point model, T7/2

u ∝ L∥q∥, those
two differences make the upstream temperature in CDN lower
than that in DDN. Assuming that (1) the temperature in the
region X is similar to the temperature at the OMP in DDN and

(2) the temperature along the last closed flux surface (LCFS)
is identical between CDN and DDN, this difference in the
upstream temperature makes the radial temperature gradient
in the region X higher in CDN compared to DDN. In addi-
tion, in the region X of CDN, there is a clear temperature drop
towards the bottom X point, which is likely to be caused by an
extra radial power loss to the PFR region in the flux tube below
the X-point. This makes the significant difference in dT/dy
between CDN and DDN in the region X. It appears that the
density profiles have peaks near the X-points in figure 8(d) in
order to reduce the pressure gradient generated by the temper-
ature drops.

Through these ways, the in-out power-sharing between
CDN and DDN can vary because of the radial transport
through the primary SOL. In the investigated cases in this
paper, the power fraction to the inboard side fi was reduced
from CDN to DDN mainly because of the reduced radial tem-
perature gradient on the bottom half region of the HFS.

4.2.2. Power loss in the main SOL. In this section we con-
sider (2) a difference in the main SOL losses with δRsep, by
confirming the energy balance in the region from the primary
separatrix to the 4 divertor entrances. We consider two power
loss mechanisms in the region, the volumetric radiation power
loss Prad and the power flowing through the plasma to the side
wall (leaving the plasma grid) Psdw. As shown in figure 9, the
power balance in the region is satisfied with less than 10%
contribution of Prad and almost no contribution of Psdw.

Given that neither (1) the radial heat transport nor (2) the
main SOL losses explains the behaviour of fi in the DDN cases,
we look into the parallel heat transport in the primary SOL in
the next section.

4.2.3. The role of parallel heat flux through the primary SOL.
To discuss in-out power-sharing in the primary SOL, we
define the power crossing the upper divertor entrances through
the primary SOL as Ppri,i and Ppri,o for the inner and outer,

8
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Figure 8. Profiles related to the radial heat flux densities for Case No. 4 along the primary separatrix. The red lines (δRsep = 0 mm)
represent the CDN cases while the blue lines (δRsep = 1 mm) represent the DDN cases. (a) The coordinate spol,sep along the primary SOL,
(b) the radial heat flux densities: total (thick solid), conduction (solid), convection (dashed), (c) the radial temperature gradient
(T= Te + Ti), (d) the plasma density.

Figure 9. Power coming into the SOL region (= Power crossing the
primary separatrix Psep) v.s. power getting out from the SOL region
Pout. Markers show Pout accounting progressively for 3
contributions: the power crossing through the divertor entrances
Pdive,tot, the power following to the side walls Psdw, and the
volumetric power loss by radiation Prad. The colors are for δRsep;
black: 0 mm, blue: 1 mm, orange: 2 mm, yellow: 3 mm, purple:
4 mm.

respectively, and the in-out power ratio as Ki,pri ≡ Ppri,i/Ppri,o

(see figure 10(a)). Figure 10(b) shows a summary of this
section—the in-out power ratio Ki,pri obtained by SOLPS
(colored markers) appears to be lowered by two effects, (1)

the total flux compression from the OMP to the UID and (2)
the parallel current inducing anti-clockwise heat transport in
the primary SOL. Those two effects are discussed in detail in
the following subsections.

4.2.3.1. The effect of total flux expansion/compression. In
this section we assess the effect of total flux expansion/
compression of |B| along a flux tube on Ki,pri. As shown in
figure 10(a), we assume all of the power through the primary
separatrix comes out at the OMP and it is separated into
q||OMPo

, the parallel energy flux density flowing to the outer
divertor, and q||OMPi

, that to the inner divertor, on each flux
tube. If there is no volumetric power gain/loss and no radial
transport in the flux tube, the ratio of the power through the
primary inner divertor entrance to that through the primary
outer divertor entrance, defined as ki,pri, should be equal to
q||OMPi

/q||OMPo
, such that

ki,pri =
q∥OMPi

q∥OMPo

. (14)

The difference between the newly-defined lower-case ki,pri and
the upper-case Ki,pri is that the former is the ratio for a single
flux tube in the primary SOL, while the latter is for the integ-
rated value of all the flux tubes in the primary SOL, as will
be precisely described in equation (18). With the additional
assumptions that (1) conduction dominates the parallel heat
transport, (2) target temperatures are low enough to satisfy
T7/2
t ≪ T7/2

u , and (3) the strength of the total magnetic field
|B|= B is constant along the flux tube, Pitcher & Stangeby’s
model [14] would lead us to expect

q∥OMPi

q∥OMPo

∼
Lo

Li
≡ k1, (15)

where Lo and Li are the parallel distances from the OMP to the
outer and inner divertor targets, respectively (see figure 10(a)).
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Figure 10. (a) Schematic view of the primary SOL and definition of the in-out power-sharing in the primary SOL. (b) In-out power-sharing
in the primary SOL in SOLPS-ITER simulations (colors as in table 2). The estimations obtained by equation (18) for k given by one of
equations (15)–(17); dashed: k= k1 (equation (15)) i.e. estimation by the connection length ratio, dotted: k= k2 (equation (17))
i.e. estimation accounting for B-variation with liner approximation, solid: k= k3 (equation (16)) i.e. estimation accounting for B-variation
with full integration.

The third assumption above, however, is not well satisfied in
STs. Accounting for the B-variation, i.e. flux expansion/com-
pression, changes the ratio as [15]

q∥OMPi

q∥OMPo

∼

´ uod
OMP

B
BOMP

ds
´ OMP
uid

B
BOMP

ds
≡ k3. (16)

By assuming (1) |B| is inversely proportional to the radial
coordinate R and (2) R is linear with the parallel distance, the
ratio can be described with the toroidal flux expansion/com-
pression, fRo ≡ BOMP/Bot ∼ Rot/ROMP and fRi ≡ Rit/ROMP,
where ROMP, Rot, and Rit are respectively the radii at the outer
midplane, the upper-outer target, and the upper-inner target of
the flux tube, such that

q∥OMPi

q∥OMPo

∼
Lo

Li

fRi − 1

ln
(

fRi

)

ln
(

fRo

)

fRo − 1
≡ k2. (17)

Since this power ratio (equations (15)–(17)) varies between
the individual SOL flux tubes in the primary SOL, a way to
average them is required to evaluate the net Ki,pri. For this,
we weight our estimate for the integrated Ki,pri,est towards
those flux tubes which carry more power. We assume the
power to be divided at the OMP has an exponential-decay
form Pexp(−rsep/λq), where rsep is the radial distance from
the primary separatrix. Using this assumption, the averaged
estimation with equation (15) (for example) is

Ki,pri,est ≡

´ δRsep

0 Pexp(−rsep/λq) k
1+kdrsep

´ δRsep

0 Pexp(−rsep/λq) 1
1+kdrsep

, k= k1,k2,k3.

(18)

In figure 10(b), the lines are the averaged estimations from
equation (18) with f given by one of equations (15)–(17). The
estimation by the connection length ratio, Lo/Li, is ∼0.43,
whereas that with |B|-variation is 0.25∼0.28, which means the
power fraction to the inner divertor was reduced by the flux
expansion/compression. This is a benefit for STs that tend to
have strong total flux compression B/BOMP > 1 on the HFS.
The approximate form of the magnetic field strength with the
factor gfR (equation (17)) gives us a similar value to the full
estimation with the original formula (equation (16)), with a
relative error <10%.

4.2.3.2. Contribution of the parallel current. As shown in
figure 10(b), simulations performed without the parallel cur-
rent showed an increase of the in-out power ratio in the
primary SOL,Ki,pri, which implies the parallel current reduced
Ki,pri in the originally investigated cases (colored markers in
figure 10(b)). Contribution of the parallel current to the total
heat flux has been shown both in an experimental study [16]
and in a simulation study [17]. To understand the mechan-
ism of the parallel current in this study, we first decompose
the total heat flux into the total conduction Qcond, the total
convection Qconv, and the energy flux carried by the elec-
tron thermal current Qthermj, following equation (9). Figure 11
shows the decomposed parallel heat flux crossing the upper
divertor entrances through the primary SOL. As figure 11(a)
shows, the total heat flux crossing the inner divertor entrance
through the primary SOL is reduced by the convective heat
flux that flows in the opposite direction. This convective heat
flux increases the total heat flux at the outer divertor entrance
(figure 11(b)), though it is a much smaller fraction of the total
heat flux compared to that at the inner divertor entrance.
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Figure 11. Decomposition of the total heat flux at the divertor entrances of the primary SOL. Positive values: the direction is towards the
respective target.

To understand why the convective flux is flowing in the
direction that reduces the power to the inner divertor—from
the HFS to the LFS—we decomposed the total convective
flux into that of electrons and that of ions as introduced in
equation (11).

The terms of equation (11) at the UID entrance and at
the secondary X-point are shown in figure 12 as a function
of δRsep. At both locations, the strongest contribution to the
convective flow is from the parallel current j∥ which flows
from LFS to HFS. The strong contribution at the location
‘e’ (marked in figure 10(a)) directly tells us that the paral-
lel current in the primary SOL surely reduced Ki,pri in the
investigated cases. It should be noted that the electron thermal
current Qthermj in equation (12) has the same contribution as
the current-induced convective term in equation (11), but the
effect is a factor∼3.5 smaller due to the prefactor 0.71 instead
of the one for the convective term 5/2.

Figure 13(a) shows the parallel current density in the
primary SOL at the surface ‘e’ for all the cases. We can con-
firm that the parallel current flows from the LFS to the HFS in
all the cases. There is no clear dependence on δRsep.

In order to understand the physical mechanism of these cur-
rents, we integrate Ohm’s law for the parallel current density
j∥ [A m−2] along a flux tube from the UOD target to the UID
target (UOD), which gives us

j∥ =
σ̄||J

L||
, J≡

[

−(φuid −φuod)+ 0.71(Te,uid − Te,uod)

+

ˆ uid

uod

1
n
dpe
ds

ds

]

, (19)

where σ̄|| [Ω−1m−1] is the parallel electron conductivity,
L∥ [m] is the connection length from the UOD to the UID,
φ [eV] is the potential, Te [eV] is the electron temperature,
n is the plasma density, pe [eVm−3] is the electron static

pressure, and s is the parallel coordinate along the flux tube. J
determines the direction of the current—a positive value of J
(equally, j∥) means that the current flows from the LFS to the
HFS. In J, the first term represents the thermal current flow-
ing from a hot target to a cold target. The second term is the
thermal force on the ions, which pushes ions in the direction of
positive electron temperature gradient. The third term repres-
ents the pressure gradient force pushing electrons faster than
the ions, which produces the net current in the opposite direc-
tion of the electron flow.

Figure 13(b) shows the individual terms of J in
equation (19) for Case No. 1 as a function of δRsep. For sim-
plicity, only those along the 3rd flux tube outward from the
primary separatrix in the numerical grid are shown as repres-
entative. It is clearly seen that the 3rd term of J, the term with
the electron static pressure gradient, is dominant over the other
terms. This suggests that the electron pressure gradient and
the plasma density play the key roles on the parallel current
along the flux tube.

Figure 14 shows the profiles of the plasma density ne and
the electron static pressure pe along the 3rd flux tube from the
UID to the UOD. If both profiles were symmetric between
the two targets, the term

´ uid
uod

1
n
dpe
ds ds would be zero. In other

words the positive value of the term is induced by the asym-
metry of those profiles. Since we integrate from the UOD to
the UOD, the pressure drop towards the UOD makes the term
larger with positive values of dpe

ds , while that towards the UOD
makes it smaller. The density profile adds a weight to the pres-
sure gradient at each location. In this case, the lower density
near the UOD weights more the positive values of dpe

ds there,
while the higher density near the UID weights less the neg-
ative values of dpe

ds on the other side. This is how the term
´ uid
uod

1
n
dpe
ds ds has got a positive value. In addition to the asym-

metry between the two divertor regions, a clear increase of the
electron static pressure from the IMP to the upper-inner diver-
tor entrance (UIDE) in figure 14 contributed to the relatively
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Figure 12. Decomposition of the parallel convective heat flux in the primary SOL (a) at the upper-inner divertor entrance and (b) at the
surface at the secondary X-point, ‘e’ (as shown in figure 10(a)).

Figure 13. (a) Parallel current density at the surface ‘e’ (shown in figure 10(a)) in the primary SOL. (b) Individual terms of J in
equation (19) for the 3rd flux tube in the primary SOL for Case No. 1.

large value of the term
´ uid
uod

1
n
dpe
ds ds because the weight from the

plasma density is high (i.e. the density is low) in the region. In
section 5 it will be discussed how the pressure gradient became
positive from the IMP to the UIDE.

As already shown in figure 10(b), the effect of the parallel
current has been confirmed by two simulations with the paral-
lel current artificially zeroed out. As shown by the black points,
in the absence of the parallel current, we obtained ∼110%
increase of the in-out power ratio Ppri,i/Ppri,o in the primary
SOL, which results in∼40% increase of the power fraction to
the inner divertors (not shown in this paper).

However, one important question is how universal this con-
tribution of the parallel current would be in the future opera-
tional scenarios. Assuming that there should be some pressure

gradient near the both targets in the operational scenarios, a
key to obtain this parallel current from the UOD to the UID is
a high density near the UID. This is likely to be the case for a
case with high-recycling primary inner divertor, but not for a
fully-detached case. It is implied also fromfigure 13(a) that the
parallel current in the primary SOL is smaller inmore detached
cases—in figure 13(a) the cyan markers are the most detached
cases whereas the red markers are the least detached cases
as shown in table 2. From those results, the parallel current
may not be expected in fully-detached scenarios or in attached
(i.e. low-recycling) scenarios, but it might appear in a high-
recycling regime for the primary inner divertor, leading it to a
deeper detachment by transporting convective heat flux from
the inner divertor to the outer divertor.
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Figure 14. Spatial profiles of the plasma density ne and the electron
static pressure pe along the 3rd flux tube in the primary SOL from
the upper inner divertor (UID) to the upper outer divertor (UOD).

5. Discussion

5.1. The electron static pressure along a flux tube in the
primary SOL on the HFS

Why is the electron pressure gradient positive from the inner
midplane (IMP) and the UIDE as shown in figure 14? This
appears to be a result of the net parallel momentum gain in the
flux tube due to the radial transport of the parallel momentum,
which is caused by the flow reversal in the primary SOL.
The blue solid line in figure 15(a) shows the total pressure
(dynamic pressure of ions + viscosity + ion/electron static
pressure) profile along the 3rd flux tube in the primary SOL
from as defined as the coordinate s in figure 15(b). The total
pressure increases from the IMP to s∼ 45 m, which appears
to be gained by the parallel momentum source due to the net
radial flux of convection and viscosity Sm∥RT, shown by the
blue dashed line. The net radialmomentumflux depends on the
radial gradient of the parallel velocity, thus the second radial
derivative of the parallel velocity, plotted with the orange line,
shows a good correlation with Sm∥RT. The interpretation of this
momentum source is given in figure 15(b). In the investigated
cases, due to the strong recycling source at the upper inner
divertor, the plasma flow is reversed in the primary SOL in
the region from the UID to the IMP. With V∥ < 0, a positive
value of d2V∥/(dr2) at the 3rd flux tube means that the negat-
ive momentum source from the 2nd flux tube is smaller than
the negative momentum loss to the 4th flux tube, under the
assumption that the radial transport is constant and pointing
outwards. As shown in figure 15(b), this brings a net radial loss
of negative parallel momentum, i.e. a gain of positive parallel
momentum. Although it is not necessarily the electron static
pressure that is gained by the momentum source, this mech-
anism in the flow reversal condition appears to be a possible
explanation for the positive electron pressure gradient towards
the upper inner divertor and resulting parallel current flowing
from the LFS to the HFS in the primary SOL.

5.2. Effect of the ballooning effect on the power-sharing

In this study, we chose spatially constant coefficients for the
radial transports as mentioned in section 2. In reality, however,
the coefficients are likely smaller on theHFS given that there is
much less turbulent activity seen on the HFS than on the LFS,
as reported in [18]. The fact that we obtained higher fraction to
the inner divertors compared to the experimental results espe-
cially at CDN could be due to this choice of constant radial
transport coefficients.

To investigate how the power-sharing can be affected by
spatially-varying radial transport coefficients, we activated the
ballooning effect in the SOLPS-ITER code, i.e. used all the
radial coefficients (D⊥ andχ⊥ for the ions and electrons) vary-
ing inversely to the kth power of the magnetic field∝ 1/Bk, on
Case No. 2 in table 2. Figures 16(a) and (b) show the pro-
files of the radial heat transport coefficient χ⊥ for the ori-
ginal case and the new case with k = 1 along the IMP and
the OMP, respectively, and (c) shows the power fraction to
the inner divertors fi of those cases. The activation of the bal-
looning effect reduced fi around 40% compared to the original
cases. This brought fi down to ∼10% for the δRsep = 1 mm
case, which is more consistent with the experimental res-
ults compared to the original result without the ballooning
effect [6, 9].

As for the up-down sharing, the same ballooning effect
decreased the power fraction to the primary divertor up to
∼5% on the outboard side (i.e. increased λo), whilst increas-
ing it up to ∼5% on the inboard side (i.e. decreased λi,inn),
as shown in figure 17. These tendencies are consistent with
the fact that the heat decay length with the ballooning effect
is expected to be larger than the original case on the HFS due
to the larger radial heat transport coefficient and vise versa on
the LFS.

To summarise, the ballooning effect has an impact both
on the in-out and the up-down power-sharing, and the val-
ues obtained by the simulations got closer to those on the
experiments by applying it with the factor k= 1. Therefore
the activation of the ballooning effect in SOLPS-ITER sim-
ulations is recommended for further comparison of the power-
sharing with experimental results, but further work is required
to specify a proper factor.

5.3. Effect of drifts on the power-sharing

Effects due to the drifts have been recently assessed by
SOLPS-ITER simulations on (1) MAST and on (2) STEP.

On the (1) MAST simulations, δRsep was scanned from
∼−2λq to∼+2λq, whereλq here is the parallel heat flux decay
length, and the scan was performed with and without drifts.
While the drifts did not noticeably affect the up-down shar-
ing, they affected the in-out power-sharing in a way that ExB
drift in the PFR appears to dominate over the ExB drift in the
SOL. Further analysis including comparison to experiments
is ongoing and will be presented elsewhere. To extend these
results to STEP, it should be noted that MAST has a factor
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Figure 15. (a) Spatial profiles of the total pressure (dynamic pressure of ions + viscosity + ion/electron static pressure), the parallel
momentum source due to the net radial flux of convection and viscosity Sm∥RT, and the second derivative of the parallel velocity d2V∥/dr

2

along the third flux tube in the primary SOL from the UIDE to the IMP. (b) Schematic view of the relationship between the momentum
source Sm∥RT and d2V∥/dr

2.

Figure 16. The profiles of the radial heat transport coefficient χ for the original case without the ballooning effect (k= 0) and the new case
with the ballooning effect (k= 1) at (a) the IMP and (b) the OMP. (c) the power fraction to the inner divertors fi of Case No. 2 for DDN in
table 2 with/without the ballooning effect activated.

Figure 17. Power fraction to the upper divertor for (a) the outboard side, gou and (b) the inboard side, giu. Circles: original (k= 0),
crossings: ballooning (k= 1).
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7–8 weaker magnetic field and about a factor 10 lower density
compared to STEP.

The (2) STEP simulations were performed on the same
CDN configuration as this paper, but in pure D with a sim-
plified representation of impurity radiation. In terms of the
up-down power-sharing, there is a noticeable increase of the
power fraction to the upper divertor on the HFS by the activa-
tion of the drifts, which is in line with the expectations based
on MAST results [4, 6], while the effect appears to be slight
on the LFS. These observations and the physical phenomena
behind themwill be presented elsewhere, while further simula-
tions with evolvingAr both on CDN andDDNwill be assessed
in the future.

6. Conclusion

The impact of disconnection of the two separatrices on the
power-sharing between the four divertors in a disconnected-
double-null configuration was investigated on the initial iter-
ation of the STEP design. Overall, SOLPS-ITER simulation
results (without drifts) showed less significant impact on the
power fraction to the inner divertors as a function of δRsep/λq
compared to the experimental results for current machines. At
the highest δRsep the total power fraction to the inner diver-
tors was∼20%, which is similar to the experimental result for
MAST [4] and is lower than those on conventional tokamaks.
This indicates the benefit of a DN configuration may be less on
STEP than what we expected from the previous experiments
on conventional tokamaks, in terms of the power loading onto
inner divertor targets.

To understand the overall power-sharing, the up-down shar-
ing and in-out sharing were separately investigated. Findings
from the up-down sharing are:

• up-down sharing (outer): The dependence of the sharing on
disconnection of the two separatrices is well described by
Brunner’s model. This is because the profiles of the parallel
heat flux density at the divertor entrances agree well with
what Brunner’s model expects. Thus the parallel heat flux
decay length obtained in the SOLPS-ITER agrees well with
the fitted parallel heat flux decay length from the up-down
power-sharing model, which indicates that the actual par-
allel heat flux decay length on the outboard side is a good
indicator of the up-down power-sharing, or vice versa.

• up-down sharing (inner): The dependence of the sharing
on disconnection of the two separatrices is well described
by Brunner’s model, as long as we choose a proper fitting
parameter. The fitting parameter is not simply related to
the parallel heat flux decay length in the simulation, unlike
the outboard side, as the profiles of the parallel heat flux
density at the upper- and lower divertor entrances do not
match each other in the secondary SOL. This is because of
the combined effects—the power radially crossing the HFS
primary separatrix and the power coming from the LFS by
the parallel transport in the primary SOL. For this reason we
obtained much smaller actual parallel heat flux decay length

in the simulation than the fitted parallel heat flux decay
length from the up-down power-sharing model. Further
study is required to understand the relationship between
them.

• Ballooning effect: The ballooning effect with the factor
k= 1 (χ ∝ 1/Bk) decreased the power fraction to the
primary divertor (i.e. increased λo) up to ∼5% on the out-
board side, whilst increasing it (i.e. decreased λi,inn) up to
∼5% on the inboard side.

The in-out power-sharing was discussed separately by (1) the
ratio of radial heat transport through the primary separatrix
between the HFS and the LFS, (2) power loss in the main SOL,
and (3) the in-out power-sharing in the primary SOL (between
the two separatrices)

• in-out sharing (1) the radial flux through the primary sep-
aratrix: The power fraction to the inboard side was ∼12%
in DDN and ∼16% in CDN. This difference is due to the
reduced amount of the conductive (anomalous) part of the
radial heat flux along the primary separatrix in the bottom
half region on the HFS in DDN, which was mainly due
to the smaller radial temperature gradient in that region in
DDN compared to CDN. This was caused by two features of
the temperature profiles in the first flux tube outward from
the primary separatrix on the HFS bottom half region: (1)
higher temperature in DDN than in CDN due to the contri-
bution from the parallel heat flux from the LFS and (2) tem-
perature drop from the IMP to the bottom X-point. Since
it is a fundamental difference between CDN and DDN, we
presume this difference of the in-out power ratio would
appear in future simulations when the same profiles of the
radial transport coefficients were set for CDN and DDN.
However it is remained an open question what would happen
in experiments.

• in-out sharing (2) The two power loss mechanism
considered—the radiation loss and the power through the
plasma to the side walls—had less than 10% contribution in
total to the entire power balance.

• in-out sharing (3) the parallel flux through the primary SOL:
Using Stangeby & Pitcher’s model, we have shown that the
flux expansion/compression from the OMP to each diver-
tor target in the STEP design would reduce the power frac-
tion to the inner divertor, which is an operationally useful
feature of STs. A further decrease of the power fraction to
the inner divertor was obtained by the convective heat flow
from the LFS to the HFS induced by the parallel current in
the primary SOL. The parallel current is caused by the pos-
itive pressure gradient towards the upper-inner target which
is occurring together with the plasma reversed flow in the
UID region.

Simulations without parallel current showed a good
agreement with Stangeby & Pitcher’s model with flux
expansion/compression effect. This convinced us that there
is the effect of flux expansion/compression on the in-out
power-sharing in the primary SOL as estimated by the
model, and additionally there is a reduction of the ratio to
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the inner by the parallel current. While the latter appears
to be case-dependent, we presume the former should be
universal for STs.

• Ballooning effect: The activation of the ballooning effect
reduced the power fraction to the inner divertors fi around
40% compared to the original cases. This brought fi down
to ∼10% for the CDN case, which is consistent with the
experimental results. This suggests the importance of the
ballooning effect for further comparativework on the power-
sharing between simulations and experiments. The factor
k= 1 (χ ∝ 1/Bk) appears to be a reasonable first choice, but
further work is required to specify a proper factor.

For better understanding of the power-sharing in DDN, com-
parative study between Brunner’s model, SOLPS-ITER sim-
ulation, and experiments is ongoing on MAST, including the
drift terms. Use of more advanced versions of SOLPS-ITER
code is also important on this subject. Further studies address-
ing the effects of the assumed radial transport coefficients and
drifts are ongoing on STEP.
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