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Abstract
Introduction of cross-field drifts in SOLPS-ITER simulations of connected double-null plasmas
in STEP with the ion ∇B×B drift towards the upper divertors was found to enhance the
detachment of the inner divertors with decreased target densities and ion and heat fluxes, while
simultaneously complicating the access to detachment in the outer lower divertor by increasing
the target temperature and heat loads to levels above the engineering limits. The∇B×B drift
was observed to significantly affect the radial heat transport between the core and the scrape-off
layer (SOL), altering the poloidal temperature and pressure profiles and, consequently, the
poloidal conductive and convective heat transport in the SOL. As a result, up-down asymmetries
of 52:48 and 58:42 biased towards the outer lower and upper inner divertors, respectively, were
observed to arise in the unmitigated power entering the divertor regions, breaking the up-down
symmetry seen in simulations without the drift terms and contradicting with earlier
experimental observations on the low-field side. Moreover, the upstream electron density was
found to decrease noticeably in the core and separatrix regions following the activation of the
drifts due to an increased share of the neutrals arriving from D2 injections near the upper and
lower X-points ionizing already in the private flux regions.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Spherical Tokamak for Energy Production (STEP) [1, 2] is a
prototype fusion power plant planned to be built in the UK
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by the 2040 s, aiming at production of net energy. In prepara-
tion for the significantly higher powers of power plant opera-
tion with respect to the present-day fusion experiments—with
approximately 150MW expected to cross the separatrix from
the core plasma to the scrape-off layer (SOL) — the design of
the divertor structure and operation scenarios is an area of spe-
cific focus to protect the integrity of the divertor targets under
potentially destructive heat loads. In the current plan, adop-
tion of double-null configuration and Ar impurity seeding are
seen as the primary ways for provision of favorable divertor
conditions.
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The design of the divertor operations in STEP has been
guided by predictive modeling with the SOLPS-ITER code
package [3, 4], consisting of the fluid code B2.5 for solv-
ing the plasma conditions coupled with the Monte Carlo code
EIRENE for simulating neutral particles. While providing
guidelines for various aspects of the divertor design [5, 6], the
earlier modeling work has so far omitted the contribution of
cross-field drifts due to the additional numerical challenges
they impose on the simulations, leaving thus certain transport-
related physical phenomena unaddressed. Specifically, drifts
have previously been associated with experimental observa-
tions of up-down asymmetric distribution of power between
the divertors in connected double-null configurations of DIII-
D [7], MAST [8–11] and Alcator C-Mod [12], which—
due to the foreseen easier maintenance access to the upper
divertors—is an area of special interest also for the STEP
design. This contribution builds on the previously gathered
knowledge of divertor modeling for STEP, adding indications
of the effects of the cross-field drifts through their activation
in the SOLPS-ITER simulations with focus on the changes
observed in the heat transport into the divertor regions and the
distribution of power in the plasma.

2. Simulation setup

Cross-field drifts were activated in a connected double-null
configuration, illustrated in figure 1, with the magnetic field
aligned to steer the ion ∇B×B drift towards the upper diver-
tors. The rectangular B2.5 simulation grid comprised of 148
× 34 poloidal and radial cells, respectively, providing spatial
resolutions of 70–80 cm and 0.2–1.0mm in the respective dir-
ections near the separatrix at the midplanes and 10–13 cm and
1–3mm correspondingly near the strike points. The triangu-
lar EIRENE grid intersected with the B2.5 grid and filled the
space between its SOL and private flux region (PFR) bound-
aries and the wall surfaces with typical cell dimensions of
∼5 cm.

In the simulations, the plasma was fuelled with two D2

injections of 5.0 × 1022 s−1 near both X-points with an addi-
tional D+ ion flow of 3.2 × 1022 s−1 entering the simula-
tion volume across the core boundary, mimicking the expected
radial transport of ions from the core plasma. The latter was
defined as a feedback boundary condition, setting the total ion
flow across the core boundary with close to neoclassical pol-
oidal variation in the flux density, which has previously been
found to be compatible with running simulations with the drift
terms active. Pumping of particles was implemented as spe-
cific surfaces in the outer divertors, as shown in figure 1, with
the D2 reflection coefficient set to 92%. An input power of
150MW was imposed across the core boundary with equal
division between the power carried by electrons and ions.

A simplistic radial transport scheme with anomalous radial
diffusion coefficient ofD⊥ = 0.15m2s−1 and electron and ion
heat conduction coefficients of χ⊥,e = χ⊥,i = 0.5m2s−1 was
applied spatially homogeneously without variation across the
minor radius or ballooning dependence on the major radius.
These coefficients had previously been selected to yield a heat

Figure 1. Plasma geometry in the SOLPS-ITER simulations,
comprising of the B2.5 (cyan) and EIRENE (yellow) grids with the
separatrix marked in blue. Note that the part of the EIRENE grid
overlapping with the B2.5 grid is not plotted for clarity. The colored
arrows illustrate the positions of the D2 injections (magenta), as
well as the input power (red) and the D+ flux (green) across the core
boundary. The pumping surfaces are marked with orange.

flux fall-off length of λq ≈ 2.0mm, which, however, was not
considered as a fixed constraint in this work. It is acknow-
ledged that spatially constant radial transport parameters—
omitting, e.g., the typically applied decrease in D⊥ around
the separatrix—are rarely suited for interpreting experimental
plasmas, but with no reference provided by experimental data
yet available for STEP, such approach was found sufficient
for the initial drift studies reported in this work. Expanding
the investigations with varied and more sophisticated radial
transport assumptions is planned for future work. Flux limiters
were active on poloidal heat transport associated with elec-
trons, ions and viscosity with coefficients of 0.3, 1.0 and 0.5,
respectively.

To simplify the process of the initial activation of the drift
terms in high-power STEP plasmas, the Ar impurities were not
tracked, but the simulations were runwith pure D plasmaswith
the neutral particles treated kinetically by EIRENE. To mimic
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the radiative losses resulting from theAr seeding, an additional
electron energy loss term fArn2eLAr (Te) was included in the
SOL and divertor regions, assuming a fixed Ar fraction of fAr
= 0.5%. An ADAS [13] collisional-radiative model was used
to calculate the radiative loss function, LAr, using ADAS 89
data and a non-coronal parameter of neτ = 0.5× 1020 m−3ms
(see figure 3 of [14]). This alleviated the numerical challenges
involved in activating the drifts and enabled indicative pre-
dictions of their effects, while the process of switching the
drift terms on in simulations with fully tracked Ar impurit-
ies is ongoing. With the imposed fixed Ar fraction, both inner
divertor targets were initially detached with target temper-
atures below 1.0 eV, while the outer divertors were in high-
recycling conditions at Te ⩽ 7.0 eV. In addition to the simpli-
fied treatment of the Ar seeding, the speedup scheme presented
in [15], involving increased anomalous electric conductivity,
was applied to improve the numerical stability of the runs and
to allow maintaining the time step of the simulations at a reas-
onable level of τ = 1.0 × 10−7 s while the drift contributions
were gradually ramped up.

Apart from the drift terms, the input parameters were
kept the same between the simulations. While the additional
drift-driven radial transport can be expected to yield devi-
ations, e.g., already in the upstream density and temperat-
ure profiles—which in interpretative modeling with experi-
mental reference data or predictive modeling with pre-defined
constraints for, e.g., λq would typically be compensated by
adjusting the anomalous transport coefficients and bound-
ary conditions—the approach of fixed input parameters was
chosen to limit the observed effects to those originating from
the drifts alone. This allowsmore conclusive assessment of the
robustness of the assumptions behind the drift-free predictions
in different parts of the plasma against the addition of the drift
terms in the simulations.

3. Effect of drifts on SOL density and temperature

3.1. Midplane region

Before the activation of the drift terms, the applied fuelling
rate, input power, boundary conditions and radial transport
coefficients resulted in separatrix electron density and temper-
ature of ne,sep,omp = 2.8 × 1019 m−3 and Te,sep,omp = 280 eV,
respectively, at the outer midplane as shown in figures 2(a)
and (b) With the drifts switched on—and allowing ne to evolve
freely at the core boundary with only the ion flow across the
boundary fixed—the upstream ne was observed to decrease by
10%–25% in the core, separatrix and near SOL regions with a
corresponding increase of 15%–25% in Te in the same regions.
Figures 2(c) and (d) show the decrease of ne and increase of
Te to occur monotonically throughout the gradual activation
of the drift terms.

Despite the decreased density near the separatrix, the addi-
tional drift-driven transport results in the net radial transport
source of ions from the separatrix region into the SOL remain-
ing approximately the same within 5%. The significance of the
drift terms in the main chamber SOL decreases rapidly with
the distance from the separatrix due to the Ti proportionality

of the ∇B×B drift velocity and the magnetic field configur-
ation making the far-SOL flux surfaces increasingly vertical
near the X-points, further reducing the radial contribution of
the ∇B×B drift in the regions where its impact on the near
SOL is the strongest. Consequently, apart from the proximity
of the separatrix, the upstream SOL conditions primarily devi-
ate by less than 5% between the simulations with and without
the drifts.

The observed decrease of the core density suggests
decreased efficiency of fuelling of the core plasma with the
D2 injections due to the drifts, which is supported by up to
40% decrease in the ionization source in the core with the
drifts on. The effect is attributed to the PFRs becoming more
opaque to the injected neutrals with the ionization in the PFRs
increasing by approximately 20% after the activation of the
drifts. This implies that the fuelling scheme to achieve given
upstream conditions in STEP may deviate notably from pre-
dictions provided by simulations without the drift contribu-
tions with, e.g., increased pellet fuelling of the core plasma
required to compensate for the decreased penetration of the
divertor D2 injections.

With the drifts active, the total particle content in the core
plasma was 15% lower than initially without drits, the differ-
ence corresponding to approximately 9% of the total particle
content in the entire simulation domain in the drift-free sim-
ulations. This is almost directly reflected on the 8% decrease
observed in the total particle content in the simulation domain
observed following the activation of the drifts, suggesting that
the net effect of the particles omitted from the core is mostly
balanced by pumping, such that the divertor, PFR and SOL
regions primarily experience re-distribution of the particles
between the regions due to the drifts rather than additional not-
able changes in their combined particle content.

3.2. Divertor volumes

Re-distribution of particles due to the drifts is reflected on
the densities averaged over the SOL and PFR volumes of the
four divertor regions in figure 3, calculated by dividing the
total numbers of particles in each divertor region with the
volumes of the respective regions. Without drifts, the simula-
tions show higher densities in the inner than the outer divertors
with approximately a 64:36 distribution, whereas the respect-
ive upper and lower divertor densities are in balance. With the
activation of drifts, the volume-averaged density is observed
to increase in the inner upper and outer lower divertor regions
and decrease in the inner lower and outer upper divertors. This
narrows the in-out density asymmetry in the lower divertor
to 58:42 and widens it to 71:29 in the upper divertor, giving
thus also rise to up-down asymmetries between the volume-
averaged divertor densities.

The evolution of the volume-averaged divertor densities is
in agreement with the schematic expectation of the drift dir-
ections in the divertor regions. The increasing or decreasing
behavior of the density is observed to follow the direction of
the radial Eθ ×B drift from the inner lower to the outer lower
divertor and the outer upper to the inner upper divertor, while
the trend is amplified or attenuated by the poloidal Er ×B and
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Figure 2. Radial profiles of the electron density (a) and temperature (b) at the outer midplane before (red) and after (blue) the activation of
the drifts. The evolution of the separatrix electron density (c) and temperature (d) at the outer (OMP, blue) and inner (IMP, red) midplanes
during the activation process of the drift terms.

Figure 3. Volume-averaged electron densities in the different divertor regions before (red) and after (blue) the activation of the drift terms.
The colored arrows represent the expected drift-driven ion transport between the divertor regions.

the vertical ∇B×B drifts. Consequently, the relative changes
in the volume-averaged densities are more significant on the
high-field side (HFS), where both Eθ ×B and ∇B×B drifts
are feeding the upper divertor and draining the lower divertor,
than on the low-field side (LFS), where the Er ×B and∇B×B
drifts act against the driving Eθ ×B drift, decreasing the net
effect. The dominant role of the Eθ ×B drift in enhancing the
divertor asymmetries is in agreement with previous analysis
performed for, e.g., JET [16] and ASDEX Upgrade [17].

4. Effect of drifts on power flow symmetry at
divertor entrances

4.1. Power asymmetries at divertor entrances

Precursors for the heat loads endured by the divertor targets
are set by the unmitigated power flow into each divertor region
prior to the volumetric losses occurring in the divertor plasma.
As in the case of the volume-averaged densities, the powers
entering the inner and outer divertors at the levels of the upper
and lower X-points were equal between the respective upper

and lower divertors in the simulations without drifts, as shown
in figure 4, with the outer divertors receiving approximately
83% of the total power entering all four divertor volumes.
With the drift terms activated, the powers entering the inner
lower and the outer lower divertors are observed to decrease
by 28% and increase by 8%, respectively, whereas the powers
entering the upper divertors remain approximately unchanged
within 1%–2% on both inner and outer side. Consequently,
the in-out asymmetry in the power entering the lower divertor
widens to 88:12, and up-down asymmetries arise on both sides
with the upper inner and the outer lower divertors receiving
more power according to 58:42 and 52:48 ratios, respectively.
In absolute terms, the total power entering the four divertor
volumes remained approximately the samewith its share of the
input power increasing only marginally from 93% to 94% fol-
lowing the activation of the drift terms. The small change can
be attributed to the differences in the volumetric losses in the
main chamber SOL due to the previously discussed changes
in the upstream conditions.

Together with the density asymmetries discussed in
section 3.2, the observations generally align with the key role
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Figure 4. Unmitigated total powers entering the outer (a) and inner (b) divertor regions in the SOL at the level of the X-points before and
after the activation of the drift terms, divided to the components attributed to electron (red) and ion (blue) heat conduction, convection via
electron (magenta) and ion (cyan) transport and power carried by electrons (dark red) and ion (dark blue) due to the parallel current.
Breakdown of the convective power flows to the outer (c), (e) and inner (d), (f ) divertor regions carried by electrons (c), (d) and ions (e), (f )
due to the parallel plasma flow (blue), diffusive particle transport (cyan) and the Er ×B (green) and ∇B×B (red) drifts. The positive
direction corresponds to power flow into the divertor volume, and the light green dashed lines indicate net power flows as sums of the
distinguished components in each case. Note the varying y ranges in the different subplots.

that the drifts have widely been documented to have in predict-
ing and interpreting experimentally observed appearance and
enhancement of in-out and up-down asymmetries in a range
of devices [16–21]. However, earlier experimental observa-
tions from DIII-D [7], MAST [8–11] and Alcator C-Mod [12]
indicate expectations of the primary divertor—i.e., the lower
divertor in the aforementioned studies and the upper divertor
with the magnetic configuration of STEP—receiving approx-
imately 60% of the power in the SOL in connected double-null
configurations. While the simulations agree with this hypo-
thesis for the inner divertors, on the outer side the bias of the
up-down asymmetry towards the lower divertor is in contra-
diction with it.

It is noted that the aforementioned experimental analyses
focused on plasmas with attached divertor conditions, as well
as discuss the power reaching the divertor targets rather than
the unmitigated power entering the divertor regions and con-
sider the total up–down balance by summing the inner and
outer divertors together. With similar approach, the simula-
tions in this work with the drift terms active yield 51:49 and
61:39 up–down asymmetries, predicting more power reaching
the lower divertor entrances and the target plates, respectively,
with perfect 50:50 balance also at the target plates without

drifts. Modeling work for assessing the power division in the
event of re-attachment in STEP is ongoing, and the outcome
of the simulations will be addressed elsewhere.

4.1.1. Outer lower divertor. As observed at all divertor
entrances in figures 4(a) and (b), the power entering the outer
lower divertor is dominated by the conductive components,
particularly in the simulations without drifts in which the con-
vective power flow accounts for only approximately 5% of the
entrance power. The activation of drifts is observed to lead
to an increase in the convective power flow carried by both
ions and electrons, as well as appearance of a notable contribu-
tion of power carried by electrons associated with the parallel
current, primarily driven by poloidal pressure and temperat-
ure gradients in the SOL plasma and accounting for approx-
imately 16% of the power carried by electrons into the lower
outer divertor. These components are sufficient to surpass the
slight decrease in the power flow due to electron heat conduct-
ance and yield the previously discussed increase in the power
entering the lower outer divertor.

Closer inspection of the convective power flow compon-
ents for electrons and ions in figures 4(c) and (e) indicates their
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increase to be primarily driven by an increase in the component
associated with the parallel plasma flow. For ions, this increase
is sufficiently strong to overcome the opposing effect of the
∇B×B drift. It is noteworthy that while the expected direc-
tion of the poloidal Er ×B drift is away from the outer lower
divertor, the total power carried by it is actually entering the
divertor volume. This is due to the radial electric field, which
is generally directed outwards in the SOL, changing its dir-
ection to inwards slightly outside the separatrix, consequently
reversing the direction of the Er ×B drift in a narrow region
in the proximity of the separatrix. Due to it being the hottest
part of the SOL, this partial change of direction is sufficient to
make the net power carried by the Er ×B drift enter the outer
lower divertor rather than exit it.

4.1.2. Outer upper divertor. A small decrease in the power
entering the outer upper divertor via electron heat conduc-
tion with the drifts active is compensated by a correspond-
ing increase in the power conducted by ions, leaving the
total power flow into the outer upper divertor approximately
unchanged, as observed in figure 4(a). With the drifts on, the
parallel plasma flow is directed towards the lower divertor
already at the upper X-point, reversing the corresponding
convective power flow components for electrons and ions
in figures 4(c) and (e), respectively. However, the resulting
change in the former is insignificant in comparison to the con-
ductive heat transport, whereas the latter is balanced by the
Er ×B and ∇B×B drift contributions for zero net effect.

4.1.3. Inner lower divertor. The decrease in the power enter-
ing the inner lower divertor in figure 4(b) with the drifts active
can be seen to result primarily from a decrease in the con-
ductive components of both ion and electron heat transport
with lesser effects from decreased convective power flow car-
ried by ions and the parallel current driving power of elec-
trons away from the divertor. Figures 4(d) and (f ) show almost
no change in the parallel flow into the inner lower divertor,
while the contribution of the Er ×B and ∇B×B drifts in the
convective heat transport is largely compensated by decrease
of power flow associated with diffusive particle transport for
both electrons and ions. Consequently, the drifts do not have a
noticeable net effect on the convective heat transport into the
inner lower divertor, but the observed changes are driven by
conduction.

4.1.4. Inner upper divertor. At the inner upper divertor
entrance, figure 4(b) indicates increase in conductive heat
transport into the divertor volume, especially in the case of
ions. The increase is, however, balanced by convective heat
transport, as the Er ×B drift reverts the direction of the con-
vective power flow carried by the electrons and suppresses the
convective transport carried by the ions in figures 4(d) and (f ),
respectively. In total, the power entering the inner upper diver-
tor remains thus approximately unchanged after the activation
of the drifts in figure 4(b).

4.2. Poloidal heat transport from main chamber to divertors

When the heat fluxes towards the divertors are inspected pol-
oidally across the main chamber SOL, significantly stronger
drift-related effects are observed around the midplane regions
in figures 5(a) and (b) than at the divertor entrances discussed
above. Here, the heat fluxes are calculated over the entire radial
width of the SOL. Most notably, the stagnation points of the
heat fluxes are found to move from the midplanes towards the
upper divertors on both LFS and HFS, when the drifts are
activated. This is predominantly attributed to the significant
changes observed in the heat transport by ions, whereas the
heat flux carried by the electrons shows relatively smaller dif-
ferences between the simulations with the drifts off and on.

The most notable change in the heat flux carried by ions
can be seen in the components associated with the parallel
plasma flow in figures 5(c) and (d). Both on the LFS and
HFS the parallel flow becomes significantly stronger with
the drifts active and, instead of changing its direction at the
midplane, is consistently directed towards the lower divertor
across the main chamber SOL. On the LFS in figure 5(c),
also the component due to ion heat conduction is found to
deviate noticeably between the simulations with and without
drifts and have its stagnation point move towards the upper
divertor. On the HFS in figure 5(d), the conductive com-
ponent shows a higher heat flux near the inner upper diver-
tor entrance with the drifts active and a decrease near the
inner lower divertor entrance, as observed also in the power
entering the divertor regions in figure 4(b). The Er ×B drift
plays a smaller role in the heat flux between the X-points,
while components associated with the ∇B×B drift and dif-
fusive ion transport are insignificant with respect to the other
components.

4.3. Radial heat and particle transport between core and
SOL

The observed changes in the poloidal heat transport can largely
be explained by changes in the radial heat and particle trans-
port between the core and the SOL, primarily due to the
∇B×B drift. Without the contribution of drifts, figures 6(a)
and (b) show the heat flux between the core and the SOL
to be directed consistently radially outwards between the X-
points. As further seen in figures 6(c)–(f ), the drift-free radial
heat transport is predominantly conductive, with the convect-
ive component due to particle diffusion accounting for a not-
able contribution only for the ions at the LFS, and peaks at the
midplanes with symmetrical decays towards the X-points.

With the drifts active, the ∇B×B drift introduces a strong
convective heat flux contribution which breaks the poloidal
symmetry of the heat flux crossing the separatrix. Figures 6(c)
and (d) show the ion∇B×B drift feeding power into the SOL
near the upper X-point and draining it from the SOL near the
lower X-point, being sufficiently dominant—particularly on
the LFS—to re-shape the poloidal profile of the radial ion heat
flux across the separatrix. For electrons, the direction of the
∇B×B-driven heat flux in figures 6(e) and (f ) is opposite to
and its magnitude lower than for the ions due to the ∇B×B
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Figure 5. Poloidal heat fluxes across the LFS (a), (c), (e) and HFS (b), (d), (f ) main chamber SOL before (dashed) and after (solid) the
activation of the drift terms: total fluxes (black) divided to components carried by ions (blue) and electrons (red) (a), (b) and breakdowns of
the ion (c), (d) and electron (e), (f ) heat fluxes to components associated with conduction (orange), parallel plasma flow (blue),∇B×B
drift (red), Er ×B (green), particle diffusion (cyan) and parallel current (dark red). The coordinate Sθ measures the poloidal distance along
the separatrix clockwise from the inner lower strike point, and the dashed grey lines mark the poloidal locations of the lower and upper
X-points (L/UX-p) and the outer and inner midplanes (O/IMP). The positive direction of the heat flux is defined clockwise on the poloidal
plane, i.e. towards the inner upper and outer lower divertors. Note the varying y ranges in the different subplots.

drift velocity being dependent on the charge and the temper-
ature of the drifting species with Ti,sep exceeding Te,sep by a
factor of 2–3 in the main chamber. The strong effect on the
ion heat flux is thus dominating the re-shaping of the total
heat fluxes in figures 6(a) and (b), shifting the maximum of
the radial heat transport from core to SOL from the midplanes
towards the upper divertor and correspondingly decreasing—
and at the LFS even reversing—it near the lower divertor.

The net effect of feeding and draining particles and heat
near the upper and lower X-points, respectively, re-shapes
the poloidal pressure profile in the SOL, shifting its maxima
from the midplanes to the proximity of the upper X-point on
both LFS and HFS. As a result, the arising pressure gradient
drives an accelerated parallel plasma flow from the upper to
the lower divertor on both sides, accounting for the observa-
tions of the corresponding heat flux components in figures 4
and 5.Moreover, the strong poloidal asymmetry in the ion heat
flux between the core and the SOL in figures 6(c) and (d) is
sufficient to shift the poloidal maxima of the ion temperat-
ure in the SOL from the midplane towards the upper X-point,
explaining the corresponding shift of the stagnation points of

the conductive poloidal ion heat fluxes in figures 5(c) and (d).
The resulting changes in the poloidal profiles of Te and Ti are
also reflected on the conductive power flow components into
the divertor regions in figures 4(a) and (b).

It is emphasized that the observations made above and the
discussion on their impact on the poloidal heat transport are
largely based on the transport of themain ions alone in absence
of independently tracked impurities and are thus predicting an
indicative basis on which the effect of the impurities remains
yet to be added. Removing the assumption of the spatially
homogeneous fixed fraction in the SOL and divertor plasma
and thus de-coupling the Ar density and transport from the
main ions can lead to significant changes in the distribution of
impurities and the volumetric power losses they induce, con-
sequently potentially affecting the poloidal temperature and
pressure distributions and the heat fluxes driven by their gradi-
ents in the SOL. Moreover, the fixed-fraction model excludes
the core region and limits the core radiation to bremsstrahlung
only, omitting radiation by high ionization states of Ar poten-
tially accumulating in the core plasma, which may further
affect the total power crossing the separatrix into the SOL.
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Figure 6. Radial heat fluxes across the separatrix into the LFS (a), (c), (e) and HFS (b), (d), (f ) SOL before (dashed) and after (solid) the
activation of the drift terms: total fluxes (black) divided to components carried by ions (blue) and electrons (red) (a), (b) and breakdowns of
the ion (c), (d) and electron (e), (f ) heat fluxes to components associated with conduction (orange),∇B×B drift (red), Eθ ×B (green),
particle diffusion (cyan) and radial current (dark red). The coordinate Sθ measures the poloidal distance along the separatrix clockwise from
the inner lower strike point, and the dashed grey lines mark the poloidal locations of the lower and upper X-points (L/UX-p) and the outer
and inner midplanes (O/IMP). The positive direction of the heat flux is defined radially outwards from the core to the SOL. Note the varying
y ranges in the different subplots.

5. Effect of drifts on divertor target conditions

At the outer lower divertor target, the radial profile of the elec-
tron density in figure 7(a) is found to be shifted towards the
far SOL following the activation of the drift terms in agree-
ment with the direction of the Eθ ×B drift similarly as pre-
viously observed, e.g., in experimental comparisons between
forward and reversed field directions in DIII-D [22]. The shift-
ing of the steep profile results in a strong decrease in the local
ne close to the outer lower strike point and in the PFR, lead-
ing to a notable increase in the peak target Te approximately
from 7 eV to 12 eV in figure 7(b). Consequently, while only
a slight outwards shift is observed in the target ion flux in
figure 7(c) similarly as for the target ne, the maximum tar-
get heat flux at the outer lower strike point shows an increase
by a factor of 2.0–2.5 in figure 7(d). The resulting peak heat
load of qsurf,osp = 11.5MWm−2 exceeds the safety limit of
10MWm−2 set for the heat fluxes at the divertor surfaces,
indicating potential need for protective measures—e.g., by
increased Ar seeding—to preserve the integrity of the outer
lower divertor components.

At the upper outer target, the radial profiles of ne and ΓD+

in figures 7(e) and (g) are shifted towards the PFR due to
the Eθ ×B drift with a slight decrease of their peak value
observed. Since the shift of the ne profile does not result in
similar decrease of density in the region of the Te peak in
figure 7(f ) as at the outer lower target, similar strong increases
of the maximum Te and qsurf are not observed at the outer
upper target in figures 7(f ) and (h), but instead both are slightly
decreased with the drifts activated.

Both lower and upper inner divertors were detached with
Te < 1.0 eV prior to the activation of the drifts, as shown
in figures 7(j) and (n), and no changes in the peak temperat-
ures are seen following the activation of the drifts. However,
strong decreases in the peak ne, ΓD+ and qsurf by factors of 2–3
are observed at both inner targets in figures 7(i) and (k)–(p),
indicating an advanced state of detachment, where the region
of the highest divertor density has shifted from the vicinity
of the target upstream towards the X-point, decreasing ne and
ΓD+ at the target. In the upper inner divertor, where the shift
coincided with the strong overall increase in ne in the diver-
tor volume observed in figure 3, this resulted in increased
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Figure 7. Radial profiles of the electron density (a), (e), (i), (m), electron temperature (b), (f ), (j), (n) and poloidal ion (c), (g), (k), (o) and
surface heat (d), (h), (l), (p) fluxes at the outer lower (a)–(d), outer upper (e)–(h), inner lower (i)–(l) and inner upper (m)–(p) divertor targets
before (red) and after (blue) the activation of the drift terms. The dashed grey line marks the position of the strike point, and the R−Ro/isp
coordinate measures the distance from the outer/inner strike point (O/ISP) along the target plate with positive values in the SOL and
negative in the PFR.

volumetric power losses close to the X-point, resulting in a
decrease in the power reaching the target, despite figure 4(b)
showing practically no change in the power entering the diver-
tor following the activation of the drift terms. In the lower
inner divertor, similar increase in the volumetric losses is not
observed, but the decrease in the target power flux reflects the
decrease in the power entering the divertor volume observed
in figure 4(b).

6. Conclusions

Activation of the cross-field drifts in predictive SOLPS-ITER
simulations in connected double-null configuration of STEP
was found to enhance the detachment of the inner divertors,
while having an opposite effect at the outer lower divertor
due to an increase in temperature and heat flux following an
Eθ ×B-induced radial shift of the divertor density. A signi-
ficant effect of the ∇B×B drift on the radial heat transport
between the core and the SOL was found to contribute in
the poloidal heat transport from the main chamber SOL into
the divertor regions, giving rise to an up-down power asym-
metry with more power entering the lower divertor on the LFS
against the expectations set by earlier experimental observa-
tions in double-null operations, highlighting the importance
of the indirect effects of the drifts via the re-shaping of the

poloidal pressure and temperature distributions in the SOL. In
addition, the activation of the drifts was observed to decrease
the efficiency of the divertor D2 injections for fuelling the core,
leading to a decrease of the upstream density and a corres-
ponding increase in the upstream temperature in the core and
separatrix regions.

Currently still in lack of experimental data to validate
against andmodeling with drifts activated across a wider range
of the simulation parameter space for STEP, the results presen-
ted in this work should be considered as first indications of
the potential effects of the cross-field drifts to be considered
in simulation work aiming at predicting divertor and SOL
conditions in STEP. For instance, the observed strong initial
role of radial particle and heat transport in the power flow
to the divertors sets demand for further scan of the anomal-
ous radial transport coefficients—including adoption of more
experimentally relevant spatially varying transport assump-
tions and the ballooning model—as well as well-defined con-
straints for the upstream conditions during the activation of the
drifts to enable more definite assessment of the drift effects
on the divertor conditions without the observed strong impact
on upstream ne and Te. Moreover, the simulations discussed
in this work do not yet address the second-order effects due
to the re-distribution of the Ar impurities and their radiation
independently of the main D plasma. Awider range of divertor
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conditions needs also to be investigated for improved assess-
ment of the discrepancies in the up-down power asymmetries
to the earlier experimental observations made in attached con-
ditions. Work to adopt the drifts in SOLPS-ITER simulations
with the impurity species fully tracked, as well as with attached
divertor conditions, is ongoing.
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