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The plasma energy and particle flows in double-null configurations during MAST L-mode
discharges are investigated using the 3D plasma turbulence code STORM. The modelling
reproduces key phenomena, such as in-out and up-down heat load asymmetries. Turbulent
energy transport, driven by ballooning-like instabilities, dominates the radial energy flux
across the last closed flux surface, with over 90% entering the scrape-off layer on the low-
field side (LFS). In disconnected geometry (the separation between the two X-points in
double-null configurations 07y, 7 0), part of that LFS radial flux is transported to the high
field side targets via the secondary X-points, causing the in-out power asymmetry to peak
in connected geometries (0ry, = 0). Differences between lower double null (LDN) and
upper double-null (UDN) configurations arise due to the downward VB drift and clock-
wise poloidal E x B drift, leading to higher collisionality and stronger turbulence near the
separatrix in LDN but a shorter heat flux decay length. Poloidal energy fluxes to differ-
ent divertors exhibit in-out asymmetries, with more energy flowing to the primary outer
divertor in LDN and UDN. Additionally, the clockwise E x B drift in the primary private
flux regions (PFRs) redistributes energy between primary inner-outer divertors, reducing
the heat load on LDN’s primary outer target while increasing it in UDN. Thus, for the
same |Oryep|, the total heat loads on primary outer targets in LDN and UDN become com-
parable. These findings provide insights into plasma and energy transport in double-null

configurations, with implications for optimizing divertor performance in fusion reactors.
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I. INTRODUCTION

In fusion devices, the scrape-off layer (SOL) serves as a crucial interface that redistributes
the particles and power escaping the high-power confined core plasma. In most future reactor
relevant scenarios, it is intended that the majority of alpha heating power will be radiated by
seeded impurities before reaching the solid walls. Even so, if not handled properly, the remaining

power could still be sufficient to damage divertor target plates and erode the main chamber walls.

In a connected double null (CDN) configuration, the plasma is magnetically diverted at both
the top and bottom of the machine, separating the inner and outer SOLs. This is particularly
advantageous in a spherical tokamak (ST), where the inner targets, being at a lower major radius,
have relatively small wetted areas compared to the outer targets. Since the majority of energy
crosses the outer separatrix (Smick et al., 2013), the CDN protects the inner targets by diverting
most of the power to the outer targets. The situation can be improved further by the use of a

Super-X divertor at the outer target.

However, an ideal CDN configuration requires that the upper and lower X-points lie on the
same flux surface (the last closed flux surface, LCFS), to an order of accuracy of the parallel heat
flux width (A,). Achieving this precision in a reactor is challenging due to the high poloidal field
currents and small A, involved. Thus, it is crucial to understand and quantitatively predict the
plasma response to variations in &7, the radial separation between the two flux surfaces contain-
ing each of the X-points at the outer midplane (OMP). To parametrize the connection between the
LCFS and the upper/lower targets, 87, is benchmarked against the key characteristic scales in
the system: such as the e-folding length of the ion saturation current (4;), and the heat flux decay
length (4,), mapped to the OMP. By convention, &7, < 0 represents a lower connected double-
null (LDN) configuration, while 07, > 0 corresponds to an upper connected double-null (UDN)
configuration. When |8r,,| > A,, the power across the second separatrix becomes negligible,

reducing the magnetic geometry to a single-null case.

Power balance studies in connected and disconnected magnetic configurations have been car-
ried out on multiple devices in various confinement regimes, including JET (Chankin et al., 1994),
DIII-D (Lasnier et al., 1998; Petrie et al., 2001), ASDEX-Upgrade (Fuchs et al., 2001), MAST
(Kirk et al., 2003, 2004), EAST (Liu et al., 2012), Alcator C-Mod (Brunner et al., 2018), and
TCV (Maurizio et al., 2017). Several analytical models have been developed. In a single null

magnetic geometry, for example, the power-sharing between the inner (P;) and outer (Pp) targets
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has been derived based on the two-point model, which considers the conductive energy transport
along different connection lengths from the same upstream position to the two targets (Pitcher and
Stangeby, 1997; Petrie et al., 2013). This model predicts Po/P; = L; /Lo, where L; and L are the
upstream connection lengths to the inner and outer targets, respectively. Additionally, drift effects
on poloidal asymmetries have been discussed previously in Chankin (1997) and references therein.
Such models do not fully capture the complexities of SOL transport. For example, it remains chal-
lenging to self-consistently predict the upstream source profiles and characteristic transport scale

in the radial direction.

In this work, we use the fluid turbulence simulation code STORM to study plasma SOL trans-
port in MAST L-mode discharges. The magnetic equilibria are directly taken from EFIT recon-
structions of five different shots in a 87y, scan identified in De Temmerman et al. (2010). We
focus on L-mode discharges because fluid codes are better suited for simulating medium-to-high
collisionality plasmas. While future reactors will primarily operate in H-mode, where pedestal
turbulence is suppressed, transient events, startup, and ramp-down phases may still involve L-
mode-like conditions with enhanced turbulence. Thus this study represents an important step

towards developing a predictive capability for the in-out power sharing as a function of 67).

To build the connection between our numerical approach and the experiments, we first explain
the methodology in Sec. II. Then Sec. III presents the simulation results, comparing power-sharing
ratios from simulations with experimental data. Additionally, we examine plasma distributions and
energy flux profiles across the full poloidal plane. We further discuss the global power balance
and the poloidal energy flux contributions in different &ry, cases in Sec. IV. Conclusions are
summarized in Sec. V. Further details on decay length fitting and fidelity checks are provided in

the appendices.

II. SIMULATION SETUP

A. Equations and boundary conditions

This study employs the STORM code, a 3D plasma turbulence code based on the BOUT++
framework, which solves the cold-ion, drift-reduced Braginskii equations in field-aligned coor-

dinates (see Easy et al., 2014; Riva et al., 2019; Omotani et al., 2026). The ion and electron
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velocities perpendicular to the magnetic field lines contain:

Vi | = VExB+ Vpols (D

Ve, | = VExB+ Ve, (2
where ve.p =b x V¢ /B is the E x B velocity, v, = Z%b X % is the ion polarization velocity,
and vz, = Vp x b/enB is the electron diamagnetic velocity. Thus in our simulations the current
in the perpendicular direction, J |, is provided by the ion polarization drift and the electron dia-
magnetic drift. We ran STORM in electrostatic mode (the electromagnetic module is currently
only available in slab geometry, Hoare et al. (2019)), which is a reasonable approximation for the
low-B (B ~ p/B* < 1, or magnetically dominated) scrape-off layer (SOL) plasma in the selected
experimental environments. The governing equations are the electron continuity equation, vortic-
ity equation, ion and electron parallel momentum equations, and electron energy equation. These
equations are normalized as follows: the density n and electron temperature 7 are normalized
to the background reference values, ny and T, . Time is normalized to the ion gyrofrequency,
Q; o = eBo/m;, where B is the magnetic field strength at the magnetic axis. The lengths are nor-
malized to the hybrid gyroradius ps = ¢,0/Q; 0, wWhere ¢, = \/W The ion (U) and electron
(V) parallel velocities are expressed in units of the reference sound speed, cso. The electrostatic
potential ¢ is normalized to 7,o/e. In summary, the normalized fluid equations governing the

evolution of the density, parallel momentum (ion and electron), and pressure are:

14
dilog(n) = —[¢,log(n)] —VVlog(n) —BV| (E)
+ 0y TltaVan) S 3)
n n n
AU = —[¢,U]—UV||U—V|¢—£(U—V)
+O.71V|T—U%, (4)
oV = —[Q),V]—VVHV—,LLTVHlOg(n)-‘r,UV”(])
+v(U—V)—1.71uVT—V%, )
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dilog(p) = —[¢,log<p>]—VVHog(P)—%BVl (%)

v

n

—%BV (%’) _ gc(q)) n % [C(T) +

2 2 )
—0.71§(U - V)VH log(T) + WV()I’I(U - V)

2V v+ 25— ) ©)
3p 1 V1 3pE 3‘up pP),

where subscripts || and L refer to directions parallel and perpendicular to the equilibrium magnetic
field. The pressure p = nT, and the parallel heat flux g = —k| oT>/?V T —0.71aT (U — V). The
notation [¢, f] represents the E x B advection of a quantity f, defined as vg.p- Vf. The curvature
operator is defined as C(f) =V x (b/B) - Vf, where b is the magnetic field unit vector. The
parallel gradient of a scalar is given by V| f =b-Vf. The mass ratio is denoted as u = m; /M.

The normalised parallel heat conductivity (k| o) and parallel resistivity (V) are defined as:

K||,O = 3.16“9,‘70/\/&'70, (7)
Vei 0 n(X,yaZ) n(x,y,z)

v = |0.51= =V)y—. 8

{ Qe,O} T(x,y,2)5 ~ T15(x,y,2)" ®

where p; 0, pPe0. and pso denote the ion, electron, and ion-sound gyro-radii, respectively; and
Q.o = eBy/m, is the electron gyrofrequency.

STORM was implemented using a cold ion model to simplify the treatment of the polarisation
current by neglecting ion diamagnetic effects. While initial prototyping of a hot ion model have
been carried out (Ahmed et al., 2025), it is not available in general tokamak geometry, so this
study uses the standard cold ion version. Perpendicular dissipation is included solely for numer-
ical stability in turbulent simulations, with the perpendicular viscosity uq is evaluated using the
background parameters and with an ion temperature 7; o = 30eV, despite the rest of the model

assuming cold ions, as the viscosity would vanish if evaluated with 7; o = 0,

2

3p;oVii0
2

4pS7OQI.,0

n
T1/282

Ho = ; )

where v;; o = ne*InA/[3(2m;)'/?€2 (2xT;)3/?]. The particle diffusivity u, and perpendicular ther-
mal conductivity k| are both set to a constant value 0.001, approximately three times the classical
values based on the background plasma parameters. This value is chosen to be the same as in

Riva et al. (2019), where it was verified that the simulation results are insensitive when varying the
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perpendicular dissipation parameters by a factor of four, indicating an appropriate level of numer-
ical dissipation. The transport due to perpendicular diffusion is negligible and is therefore omitted
from the flux contributions listed in Sec. IV.

The vorticity equation is:
aQ = —[9,9]-U9dQ+C(p)+ V- (1aV.Q)

n {BV” (%) (U -V)V)log(n) |, (10)

where Q = V2¢. The Boussinesq approximation has been applied to simplify this ion polarisation
current term in the current continuity equation (Yu et al., 2006; Bodi et al., 2011; Russell et al.,
2012), leading to V - (nv,0;) ~ —0:Q — [¢, Q] — UJ| Q. Since parallel variations are much smaller
than perpendicular ones in strongly magnetised plasma at low-f, we assume ki <k, to simplify
the E x B advection term and the Vi operator. However, fluctuations in the parallel direction
(k) small but nonzero) still contribute to the curvature operator C(f). The implications of this
numerical approach will be discussed further in Sec. IV B. The volumetric particle and energy
sources, S, and Sg, are fixed in both space and time. In the core, they are concentrated near
the LCFS to generate turbulence via interchange and drift-wave instabilities, as widely studied
in the literature (e.g., Hasegawa and Mima, 1977; Hasegawa and Wakatani, 1983; Scott, 1992;
Wakatani et al., 1992). While these sources do not fully capture the complexity of edge-region
instabilities in real devices, they effectively drive plasma and heat transport across the separatrix
(Garcia, 2009; Rasmussen et al., 2015; Halpern et al., 2016; Militello et al., 2016; Dudson and
Leddy, 2017; Stegmeir et al., 2018; Wiesenberger et al., 2019; Riva et al., 2020).

In the edge, only a particle source, S, 4y, is introduced near the divertor targets, with no associ-
ated energy sink due to ionisation cost. This approach improves the numerical stability of the code
near the sheath boundary, where an upwind scheme is used. In addition, it serves to mimic the
ionised neutrals near the targets. The profile of S, 4;, is constant radially and drops exponentially
in the parallel direction towards the divertor entrance (the fall-off length < 3 grid cell lengths in
the parallel direction, which is shorter than the neutral-neutral mean free path at 3.5 eV). The
total S, 4;,, in the divertor is set to be five times that in the core, based on previous SOLPS-ITER
simulations (Fil et al., 2020). Our previous study (Xia et al., 2024) demonstrated that this S, 4,
setup does not significantly impact the radial energy flux profile at the target, provided that the
plasma density is not too high, e.g., in the conduction-limited or even close to the high-recycling

regime. Under these conditions, the evaluated decay length at the sheath is primarily determined
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by the upstream energy flux rather than by momentum and energy losses near the target.
The Bohm sheath boundary conditions are applied at all four targets to model plasma behaviour

at the entrance of the magnetic pre-sheath:

U| > VT, (11)

] = VT exp(—Vy —¢/T) if ¢ >0, 12
VT exp(—Vy;) otherwise ,

Q) = Vv, (13)

where the floating potential Vs = 0.51n [ZM—”(I +1/ /.L)], and y =2 — Vy; (Walkden et al., 2016).
Q| =2.5pV + 0.5nV3/u + g 1s the parallel electron energy density flux. The toroidal (z) direc-
tion is periodic, enabling the use of fast Fourier transforms (FFT). In the radial (x) direction, to
improve numerical stability, we have overwritten the standard free boundary condition in STORM
with toroidally-averaged Neumann-like conditions, which enforce zero radial derivatives of the
averaged fields. Additionally, a flux-surface averaged boundary condition is applied to n and T
at the inner (core) boundary. For ¢, boundary conditions are handled during the Poisson solve,
while Neumann conditions are applied to the staggered potential ¢y4g, Which is used to evaluate

advective terms (the bracket operators) (Easy et al., 2014; Rivaet al., 2019; Omotani et al., 2026).

B. Numerical Setup

We selected five different L-mode discharges from De Temmerman et al. (2010), covering lower
disconnected double-null (LDN), connected double-null (CDN), and upper disconnected double-
null (UDN) configurations, as summarised in Table II B. All cases have a toroidal magnetic field
of approximately By ~ 0.41T at the magnetic axis, and a plasma current [}, 4,, ~ 600 kA (directed
anticlockwise when viewed from above the machine, resulting in a downward VB drift). During
the flat-top phase, the core electron temperature is approximately 650 eV, while the line-averaged
density 77 ~ (7-8) x 10" m~3.

All discharges were heated exclusively by ohmic heating (heating power P, ~ 600 kW), with
no additional heating. Assuming that at least half of the power is transferred to the ions, we set
the total energy source in the core, £Sg, to 250 kW under the cold-ion assumption. This choice
resulted in an electron temperature of approximately ~ 30 eV at the separatrix, consistent with the

L-mode experimental measurements. The total particle source, ¥S,,, was adjusted to reproduce the
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separatrix density observed in the CDN case and then kept constant across all other cases, resulting

in similar electron densities (around 9.5 x 108 ,73) at the first separatrix on the OMP in all cases.

LDN CDN UDN

shot ID (#) 21848 | 21847 | 21846 | 21850 | 21851

Time (s) 0.31 0.28 0.265 0.29 0.30
O7sep (cm) -3.0 -1.5 0 1.5 3
Elongation x 1.6 1.7 1.8 1.7 1.6

Triangularity 6|0.24/0.42{0.30/0.42|0.42/0.42|0.42/0.32|0.42/0.26

TABLE I. Selected MAST L-mode discharges. All shots had similar line averaged density, on axis toroidal
field, plasma current, and heating power. The bottom row includes both upper/lower plasma triangularity

given by EFIT.

The magnetic equilibria for the specified dry, values were obtained using the EFIT equilib-
rium reconstruction code (Lao et al., 1985; Berkery et al., 2021) during the flat-top phase, from
which five distinct numerical grids were generated with the HYPNOTOAD code (Dudson et al.,
2016). An example simulation domain for a LDN configuration is shown in Fig. (1). In the radial
direction, the grid covers ¥ = 0.90 to 1.18, where ¥ = (¥ — ¥y)/(¥a — ¥y) is the normalised
poloidal flux coordinate, with ¥, and W denoting the poloidal flux at the magnetic axis and the
LCFS, respectively. This ensures that the inner boundary is on closed field lines. The numeri-
cal grids contain between N, = 228 and N, = 260 cells in the radial direction for different cases,
depending on the required perpendicular resolution, with k; ps0 ~ 1.

As illustrated in Fig. (1), the main SOL lies between the two green lines on the HFS and LFS,
which mark poloidally constant toroidal planes at the divertor entrances. To be consistent with
previous MAST turbulence study (Riva et al., 2019), we use 24 and 32 grid points in the poloidal
direction for the HFS and LFS of the main chamber, respectively. Moving towards the divertor
legs, the grid consists of 8 and 12 poloidal points for the inner and outer divertors, respectively,
resulting in a total of Ng = 96 points in the poloidal direction. The poloidal coordinate 0 is an
angle-like coordinate, defined so that the simulation grid is uniformly spaced in 6. Its range is
extended to cover both lower and upper divertor legs without using repeated or negative values, so
that @ = 0 at the inner-lower divertor target increasing to @ = 27 at the outer-lower divertor target.

For reference on several figures that use 0 as the x-axis, we note in addition that the inner-lower
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divertor entrance is at 8 = (.56, the IMP is 6 = 1.2, the inner-upper divertor entrance is 6 = 1.9,
the outer-upper divertor entrance is 6 = 3.5, the OMP is 6 = 4.5, and the outer-lower divertor
entrance is 0 = 5.4, as labelled in Fig. (1). It should be noted that the targets (purple lines in
Fig. 1) in the simulations are not positioned at experimentally realistic locations. Due to current
numerical constraints, they are oriented perpendicular to the local poloidal flux surfaces.

Given the complexity of 3D plasma turbulence simulations, the toroidal domain was limited
to 1/8 of the full torus (/4 in toroidal extent) and resolved with N, = 64 grid points to reduce
computational cost. A higher-resolution test of the dryp = 0 case with increased resolution and
toroidal domain (Appendix C) confirmed that the main conclusions are unaffected, with only minor
quantitative differences, consistent with Riva et al. (2019). All results presented in this paper are

taken from the saturated turbulent state, as discussed in Appendix A.

III. RESULTS
A. Power Sharing Between Targets

Following De Temmerman et al. (2010), we analyse the heat loads on the four targets and
evaluate the power-sharing ratios for in-out and up-down asymmetries as functions of 6r,.,. The

asymmetries are quantified by the factors:

Pou +Por — Py — P,
Rop = (Pou +Por— P — Pir) (14)
(Pou + PoL+ Piv+ Pir)

and

_ (PoL+PiL—Pou — Piy)
Ry = (15)
(Pou +PoL+ P +PrL)

where P;;, Py, Poy and Ppy are the time- and toroidally-averaged total energy fluxes to the inner-
lower, inner-upper, outer-upper, and outer-lower targets, respectively, during the quasi-steady tur-
bulence state (see Appendix A). In the absence of significant energy sinks in the main SOLs (as
was the case in these simulations), the denominators in Eq. (14) and (15) are essentially the power
crossing the primary separatrix. The energy flux to the walls, P, is negligible and thus omitted.
In summary, the evaluated heat loads on targets are listed in Table. II.

When we benchmark our results against the experiments (as will be shown in Fig. 2), we nor-

malise Oy, using the saturation current decay length, A;(e< ny/T,), measured at the OMP. This
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6rsep = = 1.5 cm

2.0
1.51
1.0 1
0.5
—_ — LCFS
£ 0.04 1.2 — Div Ent 4.5
N —— Targets
_0.5'
_1.0_ 9=056
_1.5'
6oL =21
_2'0- T T T T T OL T
0.00 0.25 050 0.75 100 125 1.50
R (m)
FIG. 1. Poloidal cross-section of the 3D simulation domain for the 5rsep = —1.5 cm case (lower primary

null). Key features are highlighted with coloured solid lines: the blue line marks the LCFS connecting to
the primary lower X-point; green lines denote toroidal planes at the divertor entrances, and purple lines
represent the targets (characteristic poloidal angles 6 are labelled, along with those for the IMP and OMP).
For reference, black solid lines stand for the radial boundaries of the simulation domain, and black dashed

lines indicate the second separatrix connecting to the secondary upper X-point.

choice is preferred over the commonly used A, from the Eich function fitting because of miss-
ing experimental data on the targets. Instead, A; in the original paper was directly measured at the
OMP. Additionally, target surfaces in the simulations differ from the experimental divertor geome-
try, so we could not directly compare A, 4 obtained from double-exponential function fitting in the
simulations with the experimental data (still, comparisons of different A, from double-exponential
fitting and Eich function fitting are provided for the simulations in Appendix B). Turbulence levels
also tend to be smaller in simulations compared to experiments (Galassi et al., 2022), leading to

shorter decay lengths for a given &7yc).
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Orsep || P | Pw | Pou | Por

+3 cm ||3.4e€2|5.0e4|1.9¢5|2.6€3
+1.5cm|[1.2€2|4.2e4|1.9¢5|1.3¢4

Ocm |[|3.7€3]5.9¢3|1.2e5|1.1e5
—1.5 cm||4.8e4|1.7€2(6.0e3|2.2e5

—3cm ||4.6e4|5.9¢2|4.7¢3|1.9¢5

TABLE II. Heat loads on targets

The heat loads (in units of W) on 4 targets in all double-null simulations. The underlines indicate the heat

loads on the two primary targets, which are connected by the first separatrix.

Fig. (2) presents the asymmetry ratios from the simulations alongside experimental data from
De Temmerman et al. (2010). The in-out asymmetry ratio Rp; (defined in Eq. 14) exhibits a
maximum of 0.9 (meaning 95% of B, is deposited on the outer targets) at 675, = 0 in both
experiment and our simulation. As |0ry| increases, Ro; could decrease to 0.6 (or around 80% of
P, reaches outer targets). LDN and UDN configurations share a similar in-out asymmetry in the
simulations (Fig. 2a). This trend aligns with previous experimental observations (Brunner et al.,
2018; Petrie et al., 2013). The CDN yields the largest Rp; because most power enters the SOL
from the LFS. Later we will show that increasing |6 rsep| reduces Ry primarily due to enhanced
poloidal energy transport from the LFS to HFS in the primary SOL, rather than a difference in

radial transport across the primary separatrix.

For the in-out asymmetry, we also plotted estimations based on an extension of the Brunner
model (Brunner et al., 2018) for cases where 6r,., 7 0. The original model assumes that the
poloidal energy flux in the primary SOL (the region between the LCFS and the second separatrix)
is deposited on the corresponding primary target, which is applied separately to the HFS and LFS.
The primary power fraction is given by, Ppyiy o foér’e” Jexp(—r/Ay)drdz, where A, denotes the
e-folding lengths of the energy flux density profile, evaluated separately for the inboard (i) side and
outboard (o) side. However, as discussed later in Sec. IV B 3, we found that the dominant contri-
bution to the poloidal energy flux in the primary SOL comes from cross-field energy transport on
the outboard side. Thus we only use the A, evaluated on the outboard side and assume the energy
flow in the primary SOL is shared between the primary inner and outer targets. Additionally, a

simple model for power sharing along a single flux tube was introduced by Pitcher and Stangeby
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(1997), where the ratio of power to the outer and inner targets is:

_ Qouzer N ﬁ (16)
Qinner Lo 7

with L; and L, representing the connection lengths to the inner and outer targets, starting from the

ki

OMP. Additionally, incorporating the effect of flux expansion changes the power-sharing ratio to

be:

o Qouler -~ ngPB(S)dS

ko = : ;
Qinner féMPB(S)dS

(17)

because the parallel energy flux density Q)(s) o< 1/A(s) o< B(s) (Petrie et al., 2013), where A (s)
is the cross-sectional area perpendicular to the local magnetic field B. In the simulated double-null
geometries, we additionally consider the radial energy flux escaping beyond the second separatrix,
given by Py o< |. gjw Jexp(—r/Ay)drdz. For simplicity, we assume this energy is equally shared
between the outer upper and outer lower targets. Following the notation of Osawa et al. (2023),
the Ry is expressed as
Po—h
Po+ Py

(25 Pprim + Psec) — 157 Pprim
” Porim + Prec

I Jexp(—r/Ag)itdrdz+ [3, [ exp(—r/Ag)drdz

- i exp (—r/Ag)drd: ke @

where A, is the e-folding length obtained from the Eich function fit to the primary outer target

Rori =

heat flux profile (see Appendix B), in alignment with previous studies. The estimations from
Eq. (18), presented in Fig. (2a), highlight the important role of flux expansion in determining
the in-out power asymmetry. In particular, flux expansion increases the in-out power ratio from
Ror,1 =~ 0.3 (blue dashed line) to Rps> ~ 0.6 (magenta dashed line), bringing the results much
closer to experimental observations. However, Ry > still underestimates the power reaching the
outer targets, likely due to the model’s exclusion of the sheath boundary effects near the targets
and its assumption of purely conductive heat transport.

Additionally, the calculated Rp; (both dashed lines in Fig. 2) is slightly larger for 6r = Ay
(UDN) than for 6r = —A; (LDN), because A, in the 6r = +1.5 cm case is larger than the one

in the 8r = —1.5 cm case (see Appendix B). This suggests that stronger cross-field transport
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in the far SOL for UDN leads to greater energy flux across the second separatrix (see Fig. 5 in
the next section). In contrast, the directly evaluated Rp; from simulations shows little difference
between LDN and UDN. This discrepancy arises because the estimation model does not include
the energy redistribution between different targets via poloidal flows in the PFRs, which will be
further explored in Sec. III B.

For the up-down asymmetry Ry, we can apply the same model to estimate the up-down asym-
metry ratio (taking the LDN case as an example):
bty
P+ Py

k; 1
(Pprim + kiﬁPsec) - mPsec

Pprlm + PS@C
(Pprim -+ O.SPsec) —0.5P;¢
Pprim + Psec

B foérsepfexp(—r/lq)drdz -
= o (—rjAgydrdz T (19)

where k; is redefined to describe power sharing between the two outer targets, and A, again refers

Ry =

Q

to the decay length obtained from the Eich function fitting. Since k; ~ 1 outside of the primary
separatrix when LDN and UDN have the same |07y, |, the dependence of Ry on k; is weak. Thus
we present only the k; estimations for clarity in Fig. (2b).

The comparison results indicate that LDN and UDN yield similar Ry for the same |874cp|/ Ay
in both simulations and experiments. Moreover, the agreement on R;;; between simulations and
the theoretical expectations is better than that for Rp;. We attribute this to the fact that the energy
flux redistribution in the PFR is between the primary targets (either both lower or both upper), and
therefore it does not alter the Ry ¢y ratio. In our single CDN simulation, we find Ry = —0.06+0.02
(the high resolution case in Appendix C yields a very similar Ry = —0.065 4+-0.01), suggesting
that heat flux share is quit up-down symmetric in the selected 67y, ~ 0 case. However, the
individual contributions to the poloidal energy flux (e.g., conductive heat flux) toward the upper

and lower divertors are very different. A more detailed discussion is provided in Sec. IV B 3.

B. Plasma Distributions on the Poloidal Plane

Fig. (3) presents the electron pressure distributions, averaged over the toroidal direction and

a time interval during the quasi-steady turbulence phase (Appendix A), for all cases. Although
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FIG. 2. Power sharing between the targets (defined in Eq. 14 and 15) against 87y, during MAST L-mode
discharges: (a) the asymmetry in power deposition between the outer and inner targets, normalised by the
total power, (b) the corresponding asymmetry between the lower and upper targets. Experimental data from
De Temmerman et al. (2010) are shown as blue and red dots, while simulation results are represented by
yellow diamonds. For comparison, in panel (a), the estimations from Eq. (18) are shown using different k;:
green cross-dashed lines for k; (from Eq. 16) and purple cross-dashed lines for k» (from Eq. 17). In panel

(b), predictions from Eq. (19) with k; are marked with purple crosses.

identifying the direction of causality in a highly non-linear turbulent system is challenging, we
observe that when the VB drift is directed downward and the poloidal £ x B drift in the LFS SOL
follows the same direction, the pressure near the primary X-point is higher in LDN than in UDN
(see also Fig. 4a). This difference in pressure is primarily due to density variations rather than
temperature. The higher density near the primary X-point in LDN leads to a larger temperature
drop towards the primary targets in LDN (Fig. 4b), resulting in increased collisionality in the
primary divertor (Fig. 4c). This, in turn, means that the UDN and LDN simulations are not simply

up-down mirror images of each other, which will be further examined in the following sections.

Fig. (4b) also demonstrates that the LDN exhibits a higher upstream electron temperature com-
pared to the UDN. A comparison of additional plasma properties at the midplanes is shown in
Fig. (5). On the inboard side (Fig. 5a), the electron pressure in the CDN drops most rapidly in
the radial direction from the LCFS, followed by LDN. On the outboard side (Fig. 5b), the pres-
sure profiles in all 5 cases are relatively insensitive to changes of Ory,, though the profiles in
LDN drop marginally faster. A similar trend has been observed in experiments on Alcator C-Mod

(LaBombard et al., 2005; Smick et al., 2013).
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FIG. 3. The simulated electron pressure (p) distributions on the poloidal plane for five different 7, cases.

The closed-field-line part of the grid inside the separatrix is omitted for clarity.

Turbulent fluctuations are evaluated at the midplanes using the normalized amplitudes of
0y,,/ < Jsat >, as shown in Fig. (5c-d). Here Jy,; = nv/T represents the ion saturation current,
< Jsar > 1s the time- and toroidally-averaged mean value and oy, is its standard deviation, both
calculated during the quasi-steady turbulence phase. Fig. (5c) shows that the HFS is a relatively
quiescent region with weak turbulence, whereas the LFS (Fig. 5d) exhibits significantly stronger
fluctuations near the LCFS (~ 1-2 cm), particularly in LDN compared to UDN cases. This dif-
ference on the LFS is due to the higher collisionality in the primary outer divertor leg of LDN
compared to UDN (Fig. 5b, v* o< n/T?). According to the two-region model (Xu et al., 2003;
Russell et al., 2004; Myra et al., 2006; Garcia et al., 2007; Krasheninnikov et al., 2008), higher
collisionality can decouple blob structures from target sheaths, leading to stronger turbulence up-
stream. The increase of collisionality in the radial direction together with the higher collisionality
in LDN may therefore explain the larger turbulent fluctuation amplitudes observed in the far SOL
in LDN cases. Additionally, Fig. (4b) shows that d|T is steeper in LDN than in UDN in the

near SOL, allowing the filaments in LDN to lose energy faster in the parallel direction due to the
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FIG. 4. (a) p(6) and (b) T(6) profiles along the primary separatrix between the primary inner and outer
targets in disconnected double-null configurations (DDNs). The vertical black dotted lines indicate the lo-
cations of the OMP and the toroidal planes above the primary divertor entrances. To benefit the comparison,
we flip the 8-coordinate in UDN. (c) The collisionality parameter v* = L; /A7, along the first separatrix

in the primary outer divertors, where L is the connection length from the midplane to the target and Az,

is the mean free path.

conductive heat flux near the separatrix. This aligns with the evaluations of the poloidal energy
fluxes towards primary outer targets, which will be discussed later in Fig. (12). Consequently,

07,/ < Jsar > drops more rapidly in the radial direction in LDN, resulting in a smaller A, for

LDN compared to UDN, as detailed in Appendix B.
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FIG. 5. The upper row shows the electron pressure profiles in the radial direction at the (a) inboard and (b)
outboard midplanes. The lower row compares the relative fluctuations in the ion saturation current (Js,,) at

the (c) inner and (d) outer midplanes, represented by the standard deviation ¢y, normalised to the average

<J>.

IV. DISCUSSION
A. Energy Transport in the Radial Direction

The power asymmetry ratio Rp; in Fig. (2a) suggests that cross-field transport is more pro-

nounced on the LFS rather than on the HFS. To further investigate this, the radial component of a

general flux vector A in this paper is defined as:

- Vy
A=A ——, (20)
IVl

where y is the poloidal flux in the orthogonal toroidal coordinates (see Sec. IVB 1 for further

details on the coordinate system). For the radial energy flux density, we consider the following
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components (see Sec. IV B 3 for more details of the energy flux density definitions):

Qx = Qx,E><B + Qx,diff + Qx,VB + Qconda

~ 1nU2+inV2+§nT (v ExB+ Vidi )
2 2,u ) x,E % xdif f

1 3
+ (ﬂmﬂ + EnT) veve — KLV T, (1)

where v, vp is the radial component of vyz = —T'V x (b/B) (Rozhansky et al., 2009). It includes
contributions from the £ x B drift, the perpendicular diffusion, the VB drift, and perpendicular

conduction. The calculated Q, results in the outboard SOL are presented in Fig. (6a-e).

In all simulated magnetic geometries, Q. exhibits two distinct peaks near the primary and
secondary X-points. This large radial direction transport near the top and the bottom of the con-
fined plasma has been previously reported in other turbulence simulations for conventional devices
(Rognlien et al., 2004; Zhang et al., 2019; Zholobenko et al., 2023), which were often attributed
to flux expansion and magnetic shear near X-points (Xu et al., 2000; Fedorczak et al., 2012; Manz
et al., 2018). To illustrate the influence of magnetic geometry, we divided Q, by the total flux ex-
pansion factor (f,y,) in Fig. (6f-j). The results show that Q./ f,, is more uniformly distributed in
the poloidal direction between the two X-points, which is due to the deformation of filaments in
real space to keep them following along the same flux tube (Galassi et al., 2017). These results
align with previous numerical studies, suggesting that fe,, could serve as an additional factor to the
uniform diffusion coefficients adopted by mean-field transport codes. Also, Fig. (6) indicates that
the region of strong radial transport extends across ~ 90° around the OMP, which is significantly

broader than the one (~ 30°) reported in Tore Supra (Gunn et al., 2007).

The analysis of the energy flux contributions in Q. (not shown here) suggests that the E X
B drift accounts for > 90% of the total Q, on the LFS, with the perpendicular diffusion term
contributing ~ 5%. On the HFS, the total radial energy flux is much smaller than on the LFS,
and the contributions from the drift and the diffusion are comparable in magnitude. In Sec. IT A,
we mentioned that the numerical collisionality factors used in the simulations exceed the classical
values based on the background plasma parameters. Consequently, the actual power across the
LCFS on the HFS could be even lower, suggesting that the ratio Rp; could be larger than the

values obtained from the simulations (e.g., Fig. 2a).
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FIG. 6. Radial energy flux densities, Qy, in the outboard side SOL. The second row presents Q. divided by
the total flux expansion factor f,,,. The x-axis represents the poloidal direction from the upper X-point (left-
hand side) to the lower X-point (right-hand side), while the y-axis (radial direction) spans from the primary
separatrix to the outer boundary of the simulation domain. Horizontal white dashed lines indicate the
positions of secondary separatrices (when |87y,,| > 0). The normalised poloidal magnetic flux coordinate

(W) is used as the radial direction coordinate.

B. Poloidal Transport

1. The Role of Parallel Gradients Along B

In the earlier Sec. II A, we noted that the E x B advection (bracket) operator used in BOUT++
neglects the field-aligned gradient due to the assumption k| <k, . This approximation is employed
for numerical benefits, such as enabling the use of the Arakawa bracket and efficient Laplace
inversion (Vi) in the solvers, which are also commonly adopted by other codes (Arakawa, 1966;
Dudson et al., 2009; Stegmeir et al., 2018). However, we found that it could not be entirely
disregarded, such that we still kept the k| component in the curvature operator. To illustrate the

impact of this approximation, here we examine the particle flux as an example. The divergence of
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the particle flux due to the E x B advection is given by:

V. (nvgxp) = VeExp:-Vn+nV-vpyp,
= [¢p,n]+nV- (%XV(P)
= [9n]+nC(9) 22)

In BOUT++, these terms are computed within the field-aligned coordinate (x,y,z) system, where
x is a flux coordinate in the radial direction. The y coordinate follows the magnetic field line
and increases in the same direction as the poloidal angle. The z coordinate is an angular variable
increasing in the toroidal direction. In terms of the orthogonal toroidal coordinates (v, 0, ), we

have the relationship (D’haeseleer, 1991; Dudson et al., 2009):

X =y, (23)

y = (24)
_ 0B. VC 6

z=C(- / B VQ — o vdo, (25)

where v is the poloidal flux used as the new radial coordinate, 0 is the poloidal angle, { is the
toroidal angle, and v denotes the local field line pitch. The value of 6y is set on each constant-
0 plane to ensure the radial basis vector e is orthogonal to e, and e, resulting in the covariant
metric tensor g;; at each grid point (see Appendix D), and we remember the metric components
are axisymmetric. With this setup, and after some algebraic manipulation, the term involving the

poloidal E x B drift can be written as:

on on
Vng% = VExB" VG%

on
= VExB" V)’ae

_ 8 99 (dn_ on
~ JB,/gyy Ox <8y vaz ’ (26)

where gy,, gy, are the covariant metric coefficients, J is the Jacobian, and B denotes the magnetic

field magnitude. Meanwhile, the curvature operator in the second term of Eq. (22) is:

] ] 1
C(¢) =V x (b/B)-V¢ = jal,,(Jv}g’XB) + 5% I8 5) + 79 (V5 p). 27)

The poloidal part can be written as:

1 ) J gz 99 8yz 2*¢
Cpol(9) = 706 (JvEp) = 79y (B\/g_yy " VJB\/g_yy ER (28)
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Therefore the total poloidal part of the divergence, V - (nvg«p), obtained by combining Eq. (26)
and Eq. (28), becomes,

d gy; 00 gy O o
V. —Valm® )= -2 2 99 _ 2 9 ([ 99
[ (nVEXB)]pol =Vo(nvp.p) = Jdy (”B % ax) VJB % 02 (n ox (29)

If we neglect all y—derivatives in both Eq. (26) and (28) for consistency, then after performing the

toroidal average, Eq. (29) becomes

= 0 (2 ()

1 (2% 9
= 55 [ gpt-Hg =0, (30)

which implies that the effective poloidal particle flux due to E x B advection in Eq. (29) is zero
in an axisymmetric system. In other words, the poloidal E x B advection would be divergence-
free if parallel gradients were entirely neglected. Such a poloidal flow can induce plasma rotation
(clockwise or counterclockwise depending on the toroidal magnetic field direction) in the poloidal
plane, without contributing to net particle transport.

Therefore, although we could not include all y—derivatives in simulations due to current nu-
merical constraints, they were still retained in the curvature operator C(f). We acknowledge that
this numerical approach is not fully self-consistent, as the contributions of y—derivatives are not
explicitly accounted for in the poloidal flux, (nvg«p) o, but only appear in the divergence term,
Eq. (29). Thus we evaluated the amplitudes of the y—derivative terms in Eq. (26) and Eq. (28) in
Appendix E, and confirmed that the neglected term in Eq. (26) is relatively small. The agreement
between STORM simulations and experimental results in CDN (Fig. 2) suggests that STORM
accurately captures the radial direction transport across the LCFS. Regarding the transport in the
poloidal direction, the following sections will demonstrate that the poloidal E x B advection is es-
sential for the up-down density imbalance and plays a crucial role in energy transport, particularly

in specific regions such as the PFRs and near X-points.

2. The Asymmetry in Particle Fluxes

Fig. (3) and (4a) demonstrates that the plasma pressure/density is higher in the lower part of
the device in all simulations. This asymmetry is partly due to the VB drift, which drives plasma
downward across the LCFS. This drift flow is balanced by the Pfirsch—Schliiter return flow (an-

ticlockwise) and the parallel flow into the lower divertor. The latter increases the density and
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pressure at the bottom, as noted in previous studies (e.g., Stangeby, 2000; Goldston, 2011). In
addition, our simulations indicate that the poloidal E x B drift further contributes to this imbalance.
For instance, Fig. (7a) shows the contributions of the radial particle flux density (I'y) moving

out of the LFS separatrix in the CDN case (averaged over time and the toroidal direction) :

Uy =Tyexp+ U ve+Txairss (31

which include the E x B drift, the VB drift, and perpendicular diffusion. The evaluations show that
I’y v has an amplitude comparable to I'y gxp, and exhibits up-down asymmetry (Chankin et al.,
2007). In contrast, I'y g« p is always positive (pushing particles out of the core) and remains quite
symmetric in its poloidal distribution. Notably, the substantial radial E x B transport arises from
turbulent transport, which is often modeled by using spatially uniform diffusion coefficients in
mean-field transport codes (Chankin, 1997; Moulton et al., 2024).

Similarly, we can define the poloidal contributions of a flux vector I as:

> e Vx

Fpol:f"épol:r"(le_z‘xw% (32)

s and

l_‘pol = l_‘pol7E xB T 1_‘pol,VB + 1_‘pol.,Ua (33)

which includes the E x B drift, the VB drift, and ion parallel flow (the diffusion term is negligible
in this case). The comparison of these contributions are presented in Fig. (7b). It shows that the
dominant contributor to the poloidal flux is the parallel velocity term, I, 7. In contrast, ',y vp
exhibits some up-down asymmetry but remains smaller in amplitude than the other contributions.
Instead, I',,; £xp plays a significant role in the up-down asymmetry of the poloidal particle flux.
Although we noted earlier that the assumption k| <k, in the E x B advection term may not
provide a fully self-consistent picture, this result is consistent with previous studies (Chankin
et al., 2007). Finally, it is important to note that the data in Fig. (7) were obtained from a steady
state turbulence phase. The relative contributions of these contributions may change during the
transition phase, which was simulated but falls outside the scope of this study. As a result, we do

not discuss the initial development of the asymmetry in this paper.

3. The Asymmetry in Energy Fluxes

To compare energy fluxes towards different divertors, we analyze the contributions of the

poloidal energy flux density Q,,/(x) at various poloidal locations, averaged over both time and
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FIG. 7. (a) The contributions of I, (black solid line) on the LFS separatrix in CDN, including the VB
drift (red dotted line), the E x B drift (blue dashed line), and the diffusion (yellow dot-dashed line). The
x—axis represents the poloidal direction, extending from the upper X-point (left side) to the lower X-point
(right side). (b) The main contributions of the poloidal particle flux density (I",,;) on two different toroidal
planes, located above the outer-upper and outer-lower divertor entrances (the green lines on the LFS in
Fig. 1): the solid lines show L',y y, the dotted lines show T, vp, and the dashed lines indicate I'py £xp
(For simplicity, subscripts , and ,,; have been omitted in the legend). In the code, positive poloidal flow
velocities are defined in the clockwise direction. Here we flipped the signs of fluxes above the outer-upper

divertor so that positive values always indicate plasma moving towards each divertor.

toroidal direction:

Opor = (Quk+ Qun+ Qs+ 37 +0vs) . (34)

ol

From Eq. (3) to Eq. (10) in STORM, the change of the total energy of the system can be expressed

as:

3 1 1
oE = Eatp—l— Eat(an/[,L +nU?) + Eat(WL‘PF/BZ) + Sk,

Q

5 I, 1,3 5
—V-(gb+ZpVb+onviU”+ ﬁnVeV )= 5V (pVexs) = C(p9) +5C(pT)

1 1
—V-(¢Jb)+V-(KLVLT)—EUZV-JpoleSE—EUzSn, (35)

where the perpendicular parts of v; and v, are respectively defined in Eqgs. (1) and (2). Ignoring
source terms, we can reorganize the leading-order terms in Q,,; into a form similar to that used

in SOLPS (Rozhansky et al., 2009; Wiesen et al., 2015; Moulton et al., 2024), as described in
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Appendix F:
1
convective kinetic energy flux : Q. ~ EnU 2 (U~ VExB) pol» (36)
. 5 3 ¢
convective heat flux : Q,, = | =pU+ =pVexp— =pVvp ; (37)
2 2 T pol
5
current contribution : QJ” =(¢— ET — O.71T)JH “€pol, (38)
conductive heat flux : 9,1 = _KILOTZ'SVHT “€pols 39)
. 5
VB drift : QVB = EPVVB,pob (40)

where J| = n(U —V), and all the terms are projected onto the poloidal direction as shown in
Eq. (32). Here ¢J) term in Q J; accounts for contributions from the potential gradient in the parallel
direction (V) in the momentum equations, as well as from the perpendicular vg.p drift (the
vorticity equation), which is absent in mean-field transport codes (Moulton et al., 2024).

To illustrate these energy flux contributions in the SOL, we select the CDN case as an example,
as shown in Fig. (8): The dominant contribution to Q,,; comes from the conductive heat flux 99,7
followed by Q,; and then Q Jj- Because the energy flux density in the PFRs of the divertors is
much smaller compared to other regions, we present the contributions of Q,,, in PFRs separately
in Fig. (9): Different from the common flux region (Fig. 8), the amplitudes of Q,; and Q Ji in the
PFRs become comparable to that of qg,r near the separatrices and X-points.

The relative importance of these contributions remains consistent across simulations with dif-
ferent 675cp. In most of the SOL, U is much smaller than the local sound speed (\/m). Thus
Ok < O, as expected. The contribution from VB drift (Qyp) is relatively minor, which plays a
similar role as that observed in Fig. (7b). For the dominant convective fluxes, both O, and Q Ji
contain terms proportional to the pressure (n7'):

5 3 ¢ 5
O+ QJH = (EpUpol + EPVEXB,pol - ?pVVB,pol> +...— ET‘]H

5 3 0
= EPV‘I’ EPVEXB,pol_TpVVB,pol + ..

= Qpe,V+Qpe,EXB+-~- (41)

To explore this further, we compare these pressure related terms at two different poloidal locations
in CDN, as shown in Fig. (10), of which one represents the PFRs and the other shows the SOL.:
In the PFRs, we find that Q. pxp is larger than Qv (Fig. 10a), which explains the clockwise

convective energy fluxes in Fig. (9). These fluxes follow the same direction as the poloidal E x B
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FIG. 8. The poloidal energy flux density contributions in the 07y, = 0 case: (a) convective kinetic energy
flux Q, (b) convective heat flux Q,., (c) the contribution from current Q g (d) conductive heat flux qa,7>

and (e) Qyp comes from the VB drift. The closed-field-line region is omitted for visual clarity.

drift. In the SOL (Fig. 10b), the E x B drift contributes much less to the poloidal convective energy
flux compared to V. This is different from the poloidal particle flux as shown earlier in Fig. (7b).

Because for the drifts, vg«p for example,

Qexp < <nTvgpxp >
= <T><nmgxp>+< fﬁ/ExBT >,

= < T >Tgup+ <nvpxpl >, (42)

where T, etc. represents the fluctuating part and < ... > denoting the time and toroidal average.
Thus the energy flux is not simply the product of the particle flux and the mean temperature
profile. Additionally, we should reiterate that the k| <k assumption might not hold throughout
the whole simulation domain. Nevertheless, Fig. (10) can serve the purpose of highlighting the
need for further investigations into the poloidal E x B drift in the regions below X-points.

In addition, Fig. (10b) reveals that the convective energy fluxes towards upper and lower diver-

tors are asymmetric in the CDN case. To investigate this further, we compared all Q,,; contribu-
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