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Abstract
In tokamaks, radial transport is ballooning, meaning it is enhanced at the low-field
side (LFS). This work investigates the effect of the magnetic configuration on the high-field side
(HFS) scrape-off layer. Our experiments involved L-mode and H-mode discharges at ASDEX
Upgrade, in which we scanned the magnetic configuration from a lower to an upper single-null
shape, thus varying the location of the secondary separatrix. We show that the secondary
separatrix determines the width of the HFS scrape-off layer, meaning that the density is much
lower in the region that is magnetically disconnected from the LFS scrape-off layer, outside
the secondary separatrix. Furthermore, we observe that the large density often seen in the HFS
divertor drastically decreases as the separation between the primary and secondary separatrices
falls below a particular value. This value is different for L-mode and H-mode plasmas and
closely matches the power decay length measured at the LFS midplane. We also show how the
HFS scrape-off layer density is smaller in an upper single-null than in a lower single-null, when
the ionic grad-B drift points down. This difference is likely caused by reversing the E×B drifts
in the active divertor when switching the active X-point from the bottom to the top. We further
observe that the neutral density in the lower divertor also correlates with the plasma shape and the
high-density region in the HFS scrape-off layer. During the shape scans analyzed here, the HFS
divertor remained partially detached throughout, with transitory reattachment modulated by ELM
activity in H-mode. This work provides novel experimental data that can be leveraged to further
the modeling capabilities and understanding of scrape-off layer physics in highly shaped plasmas.

4 See author list of H. Zohm et al 2024 Nucl. Fusion https://doi.org/10.1088/1741-4326/ad249d.
5 See Labit et al 2019 (https://doi.org/10.1088/1741-4326/ab2211) for the EUROfusion MST1 Team.
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1. Introduction

Optimizing plasma confinement and overall performance in
tokamaks requires a good understanding of radial transport
and scrape-off layer (SOL) dynamics. Radial transport in toka-
maks is ballooning, meaning that it is more prominent on the
low-field side (LFS) where the magnetic curvature is unfa-
vorable [1–3]. Consequently, most charged particles cross the
plasma boundary and enter the SOL on the LFS. The dominant
parallel transport in the SOL directs particles along the field
lines to the high-field side (HFS) and LFS divertor targets in
single-null configurations [4]. In contrast, the double-null con-
figuration magnetically isolates the HFS SOL from the LFS
SOL, leading to significant asymmetries between the two [1].

Despite diagnostic limitations at the HFS, observations in
different devices have confirmed that the turbulence drive is
ballooning-like either through direct measurement at the LFS
and HFS [5] or by performing discharges limited at different
poloidal locations [6, 7]. Experiments on the Alcator C-Mod
tokamak have demonstrated that the fluctuation-induced cross-
field transport in the HFS SOL is low compared to the LFS
SOL, leading to steep density and temperature profiles at the
HFS SOL midplane [5].

Radial transport, however, is not the only difference
between the HFS and the LFS. ASDEX Upgrade usually
exhibits a region of high density and low temperature at the
HFS divertor, located in the volume between the X-point and
the HFS divertor target. The HFS SOL density near the X-
point is typically one order of magnitude larger than the LFS
midplane separatrix density [8]. This is the so-called high-
density front, or high-density region of the HFS.

The high-density region in the HFS divertor is sustained
by the parallel heat conducted from the LFS midplane and
by the drift-driven cross-field particle fluxes from the LFS
divertor resulting from E×B drifts [9–11]. The high-density
region depends on the available heat flux reaching the region of
strong ionization at the HFS divertor and forms with sufficient
heating power [8, 12]. Both the parallel heat and the cross-
field transport lead to increased ionization sources in the HFS
divertor volume and augment the HFS neutral fluxes above the
X-point, as reproduced by SOLPS modeling [10]. These mod-
eling efforts have confirmed the crucial role of drifts in rep-
licating the high-density region, as they contribute to particle
fluxes towards the HFS divertor, thereby increasing ioniza-
tion sources in the HFS far-SOL [10]. Current models suc-
cessfully reproduce both the magnitude and extension of the
high-density region, from the HFS target to the HFSmidplane,
aligning with experimental observations [13].

It has been shown, both experimentally and in simulation,
that the magnitude of the HFS high-density region decreases

with nitrogen seeding [10, 12]. The increased radiation in the
HFS SOL leads to a reduced power in the region of strong
ionization, reducing the ionization source in the HFS SOL.
The ionization in the HFS divertor is limited by the avail-
able energy for ionization and impurity radiation, resulting
in the power starvation of the recycling process as discussed
in [10, 14, 15]. Both experimental and simulation data suggest
that the high-density region in the HFS divertor is a source
of neutrals that sustain the high neutral pressures in the HFS
divertor [10, 12].

Experiments at ASDEX Upgrade have additionally dis-
covered that, although first observed in the HFS divertor, the
high-density front also extends upwards to the HFS SOL mid-
plane where it leads to abnormally high densities [13, 16]. The
high-density front is responsible for HFS/LFS asymmetries
in the midplane SOL density and may cause inverted density
gradients just outside the separatrix at the HFS midplane, as
observed in modeling [10] and experiment [17].

This study investigates the evolution of divertor detachment
and the high-density front in highly shaped plasmas close to
the double-null configuration, which is typical to many reactor
concepts [18–20]. We performed L- and H-mode experiments
where we gradually scanned the magnetic configuration from
a lower single-null to an upper single-null shape, passing
through a double-null, while monitoring the detachment state
and the magnitude and location of the high-density front. The
results presented in this paper show that the HFS SOL density
profile experiences significant changes during the shape scan.
The profile narrows, and the density decreases as the plasma
approaches a double-null shape.

2. Methods

In the following section, we describe the diagnostic methodo-
logy and the experiments performed at ASDEX Upgrade.

2.1. Diagnostics

We used an O-mode microwave reflectometry system to meas-
ure the density profile at the HFS and LFS, covering a dens-
ity range of 0.3− 3.0× 1019 m−3 with a temporal resolution
of 35 µs [21]. As the reflectometer cannot measure densities
below 0.3× 1019 m−3, it requires an estimate for the unmeas-
ured part of the density profile [22]. This estimate can come
from other edge diagnostics such as the edge Thomson scat-
tering system [23].

In addition to the reflectometer, we used the following dia-
gnostics: (i) Langmuir probes measuring the spatially resolved
electron temperature and density along the divertor target with

2



Plasma Phys. Control. Fusion 66 (2024) 055016 D Hachmeister et al

Figure 1. Cross-section of the ASDEX Upgrade tokamak showing
the location and lines of sight of the diagnostics used in this work
overlaid with the separatrix of a typical lower single-null plasma
configuration.

a temporal resolution of 45 µs and a spatial resolution in the
order of a couple of centimeters [24]; (ii) Stark broadening
spectroscopy measuring the electron density in the divertor
volume, determined by the spectroscopic measurement of the
Stark broadened Dδ line, providing approximately the max-
imum electron density along each line of sight (LoS) with
a temporal resolution that depends on the chosen integration
time [8]—for our L-mode shots the resolutionwas 50mswhile
for the H-mode shots it was 3 ms; (iii) Divertor Thomson scat-
tering measuring the spatially resolved electron temperature
and density along a fixed LoS crossing the divertor region with
a laser repetition period of 50 ms and a spatial resolution of
roughly one centimeter [25]; (iv) ionization gauges (manomet-
ers) to measure the neutral pressure in several vessel locations
with a temporal resolution of 1.5 ms [26]. Figure 1 illustrates
the location and LoS of the various diagnostics employed in
this study.

2.2. Experiments

We performed experiments in both L- and H-mode at dif-
ferent deuterium fueling and nitrogen seeding levels to vary

Figure 2. Magnetic equilibrium snapshots during a shape scan in
H-mode (#41030). Primary separatrix (blue solid) and secondary
separatrix (orange dashed). Lower single-null (a), double-null (b),
and upper single-null (c).

the detachment state and overall plasma density. In all
experiments we had the B×∇B direction point downwards.
Regimes with high density or high input power are not
explored in this study due to diagnostic limitations. These
regimes would have a too large density in the HFS SOL,
unmeasurable with the current reflectometry system, which
is the only diagnostic available at the HFS midplane. For
the same reason, the experiments were seeded with nitrogen
since this reduces the density front magnitude, keeping the
density within measuring range [12]. Having said this, all
the experiments reported here have a high-density front or
region.

Figure 2 shows three snapshots of a shape scan correspond-
ing to the lower single-null, double-null, and upper single-null
configurations. The figure also shows the two flux surfaces that
pass through each X-point, i.e. the primary separatrix (blue)
and the secondary separatrix (orange). The secondary separat-
rix, which is the last flux surface connecting the HFS and LFS
SOL, strongly influences the HFS SOL density profile, as will
be discussed later. The schematic illustration in figure 3 shows
the various SOL and divertor regions and the terminology used
in this article. Of particular importance is the region indic-
ated as number 2, which is the SOL region where the HFS
is ‘connected’ to the LFS. It will be shown in this article that
region 2 on the HFS is where the high-density front exists.
The high-density front is most intense at the height of the X-
point, as schematically illustrated, expanding along the con-
nected region (region 2) at least up to the HFSmidplane where
it is measured by profile reflectometry. Owing to the plasma
shape’s importance for this study, we relied on the so-called
IDE equilibrium which uses a thermal and fast ion pressure
constraint and a current diffusion equation [27].

Figures 4 and 5 show the time traces of two representative
experiments, one in L-mode and one in H-mode. Both shots
had a magnetic field of 2.5 T and a plasma current of 0.8 MA.
The L-mode shot had 0.3 MWof ECRH and a q95 of 5.2− 5.5.
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Figure 3. Schematic illustration of the different SOL and divertor
regions: Confined region (blue); ‘Connected’ region of the SOL
(orange); ‘Disconnected’ region of the HFS SOL (green). The
‘connected’ region lies between the primary and secondary
separatrices (black solid lines). The high-density region (black
dashed ellipses) at ASDEX Upgrade is measured at the HFS
divertor using divertor diagnostics and at the midplane using profile
reflectometry. The high-density front is most intense near the
X-point and expands along the ‘connected’ region of the HFS SOL
region at least up to the midplane where is has a lower intensity.

The H-mode shot had 1.8 MW of ECRH and 2.5 MW of NBI
heating and a q95 of 5.2− 6.0.

In figures 4 and 5, the parameter dRXP shown in panel
(a) quantifies the plasma shape. The dRXP parameter is
defined as the difference between the radial positions (dR)
of the flux surfaces containing the lower and upper X-
points (XP), respectively, measured at the LFS midplane. The
dRXP parameter measures, therefore, the radial separation
between the primary and secondary separatrix at the LFS
midplane. As dRXP increases from negative to positive val-
ues, the plasma shape transitions from lower to upper single-
null, with a double-null shape corresponding to a dRXP of
zero.

Figure 4. Main plasma parameters for the L-mode configuration
scan #40085 with a magnetic field of −2.5 T, a plasma current of
0.8 MA, an ECRH heating power of 0.3 MW, and a q95 between 5.2
and 5.5. (a) separation between the first and second separatrix at the
LFS midplane dRXP; (b) deuterium and nitrogen fueling rate; (c)
core and edge line-averaged density; (d) stored energy; (e) total
input and radiated power. The black vertical dashed line indicates
the double-null phase.

During each experiment, we reduced the fueling rate shown
in panel (b), which is necessary because vacuum pumps are
only available in the lower divertor, resulting in poor pumping
efficiency during the upper single-null phase. Particle recyc-
ling is higher in the upper divertor, and a smaller gas fuel-
ing rate is typically enough to maintain the core line-averaged
density in upper single-null. Nevertheless, despite our efforts
to maintain a constant line-averaged density, we often exper-
ienced an increase when approaching double-null, see panel
(c). We used nitrogen seeding—see panel (b) - to mitigate
the high-density region which was nevertheless present in our
shots.

The stored energy, shown in panel (d), decreases in upper
single-null, both in L- and H-mode, due to a reduction in con-
finement for this configuration. The total input power and total
radiated power are shown in panel (e). The radiated power
remained roughly constant during the lower single-null phase,
decreasing slightly in upper single-null for both the L and H-
mode shots.

In H-mode, the edge-localized modes (ELMs) evolve dur-
ing the shape scan, as indicated in figure 5(f) by the divertor
shunt currents measured at the HFS and LFS targets. The ELM
amplitude decreases during the discharge with small and fre-
quent ELMs near the double-null phase, with a frequency of
about 250 Hz.
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Figure 5. Main plasma parameters for the H-mode configuration
scan #41030 with a magnetic field of −2.5 T, a plasma current of
0.8 MA, an ECRH heating power of 1.8 MW, an NBI heating power
of 2.5 MW, and a q95 between 5.2 and 6.0. (a) separation between
the main and secondary separatrix at the LFS midplane dRXP; (b)
core and edge line-averaged density; (c) deuterium and nitrogen
fueling rate; (d) stored energy; (e) total input and radiated power; (f)
HFS and LFS divertor shunt currents. The black vertical dashed line
indicates the double-null phase.

3. Results

During a shape scan, as the plasma gradually moves from a
lower single-null to a double-null shape, the secondary sep-
aratrix approaches the primary separatrix and the connected
SOL becomes narrower, see figure 3. The effect of this gradual
magnetic disconnection between the HFS and LFS SOL is
especially noticeable on theHFS SOL, where cross-field trans-
port is expected to be comparatively small. We will show that,
during a shape scan, the HFS SOL profile gradually narrows
as we approach the double-null shape.

3.1. A secondary plasma boundary for the HFS SOL

Figure 6 shows the electron density as a function of time and
radial position. In panels (a) and (b), the electron density is
measured at the HFS midplane along the reflectometry LoS
shown in figure 1. In panels (c) and (d), the electron density is
measured in the divertor region along the divertor Thomson
scattering LoS, also shown in figure 1. The data shown in
figure 6 are from shots #40085 and #40260, an L-mode and an

H-mode shape scan, respectively. The electron density, rep-
resented in a color scale, is overlaid with time traces identify-
ing the position of the primary and the secondary separatrices
as obtained from the plasma equilibrium reconstruction. Note
that, as reflectometry is limited to ne < 3× 1019m−3, density
measurements are often restricted to a narrow region of the
SOL. We indicate the region not accessible to reflectometry
with a gray shade.

Figure 6 illustrates a behavior typically observed in these
shape scans. In the four panels shown, the secondary separat-
rix roughly divides the SOL into two regions, a high-density
region inside, and a low-density region outside, with a steep
gradient between them. The high-density region inside the sec-
ondary separatrix has a much larger density than the LFS SOL,
as will be shown later. In figure 6, the region between the
primary and secondary separatrices is the connected HFS SOL
(illustrated in figure 3) as it is magnetically connected to the
LFS SOL. The region outside the secondary separatrix is the
disconnected HFS SOL.

The strong correlation between the secondary separatrix
and the HFS SOL density profile suggests that the parallel
transport of heat from the LFS SOL is critical to establishing
the high-density region in both the HFSmidplane and divertor.
In other words, the high-density front only exists on the HFS
SOL along flux surfaces connected to the LFS SOL.

Note that when the plasma shape gets close to a double-null,
the line-averaged density increases (see figures 4(c) and 5(c)).
This increase makes it challenging to analyze the SOL profile
evolution close to double-null, as both the plasma shape and
its line-averaged density change simultaneously.

Note also the effect of the ELMs, which modulate the HFS
SOL density in figure 6 panel (b). This modulation is a known
effect typically observed in H-mode, where the high-density
front reappears after each ELM crash [16, 28]. The effect of
the ELMs is not visible in the Thomson scattering signal due
to the lower temporal resolution compared to reflectometry.

In this paper, we primarily examine L-mode shot #40085
and H-mode shot #41030, representing our most successful
and typical shots. However, figure 6 features H-mode shot
#40260, unique for the having both reflectometry and divertor
Thomson scattering data, though it did not cross the double-
null phase due to a disruption.

3.2. The density gradient of the HFS and LFS SOL

To better analyze the steep density gradient at the second-
ary separatrix location, we now look at figure 7, which shows
five snapshots of the midplane density profile as a function
of the normalized poloidal flux coordinate ρ-poloidal for both
the HFS in panel (a) and the LFS in panel (b). The profiles
shown correspond to chronologically ordered dRXP values of
−20mm, −10 mm, −5 mm, 0 mm, and +5 mm. The density
profile was smoothed radially to aid the visualization and the
resulting radial resolution is ≈ 0.002 in ρ-poloidal units.

Figure 7 shows that the HFS and LFS midplane density
profiles are different, i.e. there is poloidal asymmetry, with a
higher density at the HFS. While the LFS SOL experiences
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Figure 6. HFS SOL density contour as a function of time and major radius at the HFS midplane using O-mode reflectometry (panels (a)
and (b)) and at the divertor using Thomson scattering (panels (c) and (d)) from an L-mode shape scan #40085 (panels (a) and (c)), and an
H-mode shape scan #40260 (panels (b) and (d)). The black solid line gives the radial location of the primary separatrix and the black dashed
line that of the secondary separatrix. The two lines divide the space into three regions, as illustrated in figure 3: the ‘Disconnected’ region
below the secondary separatrix, the ‘Connected’ region between the secondary and the primary separatrix, and either the confined region (a)
and (b) or the private flux region (c) and (d) above the primary separatrix. When the density near the secondary separatrix reaches
3× 1019 m−3, the reflectometer cannot probe beyond it and the unprobed region is indicated in a gray shade.

Figure 7. Midplane SOL density profile at the HFS (a) and LFS (b)
for different dRXP values. Data from the L-mode shape scan
#40085 measured using O-mode reflectometry. The vertical dashed
lines indicate the position of the secondary separatrix for each
different dRXP value. The HFS density profiles (panel a) for dRXP
values−5, 0, and 5 may be overestimated in the confined region and
are indicated with a dash-dot line style. The actual density profile
for these three cases may be non-monotonic with a local maximum
near the separatrix [17].

little change during the shape scan, the HFS SOL strongly
depends on the plasma shape and the magnetic connection to
the LFS SOL.

For dRXP values of −20 and −10 mm, the HFS midplane
SOL density shoots up to values above 3× 1019 m−3 com-
bined with a steep gradient at the secondary separatrix loca-
tion. In contrast, closer to the double-null shape, when dRXP
is±5 and 0, the peak density falls below 2× 1019 m−3, with a
shallower density gradient, indicating a reduction of the dens-
ity front magnitude.

There are also slight differences among the dRXP values of
−5, 0, and+5 mm. The profiles in the upper single-null phase
with a dRXP of 5 mm are broader than in the lower single-null
phase with a dRXP of −5 mm. In the double-null phase, with
a dRXP of zero, the density profile is affected by the increase
in line-averaged density, making the comparison with other
phases difficult.

Note that the high-density front on the HFS SOL might
lead to a local density maximum meaning that the density will
decrease radially as we move from the HFS SOL to the con-
fined region. Under such circumstances, microwaves launched
from the HFS are unable to accurately probe the region behind
the high-density front. The end result is an overestimation of
the density in the confined region [17]. For this reason, dens-
ity profiles in the HFS confined region are represented with
dashed lines in figure 7(a), as the real density might be signi-
ficantly lower.

The LFS SOL density profiles shown in figure 7(b) were
compared to other available diagnostics, showing a good
agreement with all of them. Figure 7(b) shows that the LFS
SOL profile does not change significantly, despite the chan-
ging magnetic configuration, except at dRXP=−20 mm,
where the SOL density is slightly lower. Furthermore, the LFS
SOL profile possesses no distinctive feature at the secondary
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Figure 8. Average measurements of the HFS divertor Stark
broadening spectroscopy system for the L-mode shape scan #40085
(a) and the H-mode shape scan #41030 (b). Average taken across all
six lines of sight shown in figure 1. Data for the L-mode shot were
only available until dRXP≈−1 mm. After that point, the
spectrometer signal-to-noise ratio becomes too small. The same
happens for the H-mode shot at a dRXP≈ 2 mm.

separatrix location, indicating that it does not depend on the
magnetic connection to the HFS SOL.

3.3. The HFS divertor density near double-null

In addition to the divertor Thomson scattering system,
ASDEX Upgrade possesses another diagnostic to measure the
density in the divertor region.

Figure 8 shows density measurements from the Stark
broadening divertor spectroscopy system as a function of
dRXP for an L-mode and an H-mode shape scan. The data
shown are a combination of the various LoS of the spec-
troscopy system shown in figure 1. The spectroscopy sys-
tem roughly measures the maximum density along each LoS.
Figure 8 shows the average across all LoS which serves here
as an estimate for the high-density front magnitude in the HFS
divertor.

As illustrated in figure 8(a), during the L-mode shape
scan, when dRXP reaches −5 mm, the HFS divertor dens-
ity experiences a steep decrease dropping from 6 to 2×
1019m−3. During theH-mode shape scan, figure 8(b), the dens-
ity decrease is slower, starting at a dRXP of −4 mm, and
going from 30 to 7× 1019m−3. These measurements indicate
that the density front is reduced, albeit not completely, when
approaching double-null.

3.4. Neutral density changes during the shape scan

We now focus on the neutral density measured by the mano-
meters shown in figure 1. Figure 9 shows the neutral dens-
ity at the lower and upper divertor and the HFS heatshield
(just above the divertor) during an L-mode and an H-mode
shape scans. As dRXP approaches zero, disconnecting the
HFS and LFS SOL, the neutral density in the HFS divertor
and heatshield decreases gradually. The decrease in neutral

Figure 9. Neutral density measurements for the L-mode shape scan
#40085 (a) and the H-mode shape scan #41030 (b). The neutral
density is measured at different poloidal locations by the
manometers shown in figure 1.

density is likely an indirect consequence of the reduced mag-
netic connection between the LFS SOL and HFS divertor. As
the magnetic connection decreases, so does the magnitude of
the high-density region, together with the associated ioniza-
tion and neutral sources that sustain the high neutral pressures
in the HFS divertor. When dRXP reaches −5 mm in L-mode,
the lower divertor neutral density decreases steeply, and the
upper divertor neutral density increases. The same happens
in H-mode but at a slightly higher dRXP of −2.5 mm. This
slight difference could be explained in terms of different power
decay lengths between L-mode and H-mode as will be dis-
cussed later.

Recall from figures 7 and 8 that dRXP values greater than
−5 mm lead to a substantial decrease in the high-density front.
The same is true for the neutral density in the HFS divertor and
heatshield shown in figure 9. There seems to be, therefore, a
good correlation between the high-density front and the neut-
ral density, which agrees with past modeling efforts [10].

3.5. The HFS divertor target

Having looked at the HFS midplane and divertor volume, we
now turn to the HFS divertor target where the Langmuir probes
indicated in figure 1 measure the electron temperature and
density.

Figure 10 shows the Langmuir probe measurements along
the lower HFS divertor target for the L-mode shape scan
#40085. Two lines in the figure indicate the location of the
primary and secondary strike points, where the primary and
secondary separatrices intersect the divertor target. Similar to
figure 6 where we showed the reflectometry and the Thomson
scattering measurements, here, the secondary strike point also
roughly divides the HFS target into two regions, one region
with higher density between the primary and secondary strike
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Figure 10. Langmuir probe measurements at the HFS target for the
L-mode shape scan #40085. Electron density (a) and electron
temperature (b). Data shown in a color scale as a function of time
and height along the HFS target. Arrows on the right-hand side of
each panel show the location of each Langmuir probe. The black
solid line is the primary strike point (1st SP) and the black dashed
line is the secondary strike point (2nd SP). The two lines divide the
space into three regions, the private flux region (PFR) below the 1st
SP, the ‘Connected’ region between the 1st SP and the 2nd SP, and
the ‘Disconnected’ region above the 2nd SP.

points, and another region with lower density above the sec-
ondary strike point. However, at the divertor target, the separa-
tion between the two regions is not as steep as at the midplane
or near the X-point, with one probe in particular registering an
elevated density and temperature just outside the secondary
strike-point location.

This observed behavior can potentially be attributed to the
effect of E×B drifts redistributing particle flows in the diver-
tor [10, 11], as this effect has been consistently observed across
all shots studied. However, it is important to note that other
mechanisms such as alternative neutral ionization pathways
could also contribute to the observed spreading, and a compre-
hensive evaluation of these mechanisms was not performed in
this study.

All experiments analyzed in this work, with the L-mode
discharge shown in figure 10 being one example, are charac-
terized by a partially or fully detached HFS divertor, identi-
fied as having an electron temperature below 5 eV [8]. Near
double-null, the electron temperature and density at the strike
point decrease, indicating a reduction of power conducted to
the HFS target. During the shape scan, up to double-null, the
region connected to the LFS always remains partially or fully
detached.

Note that the probe coverage of the HFS target is poor,
especially in the region where the secondary strike point sits.
Nevertheless, it is evident that all diagnostics thus far agree

that the secondary separatrix plays a critical role in establish-
ing the HFS SOL profile.

4. Discussion and Conclusions

All the data presented so far show that the HFS SOL dens-
ity profile strongly depends on the location of the secondary
separatrix and on the critical parameter dRXP, i.e. the dis-
tance between the primary and secondary separatrix at the LFS
midplane. This behavior differs from that of the LFS SOL,
with almost no changes during the shape scans. The influ-
ence of the secondary separatrix was consistently observed
in both L-mode and H-mode discharges. Experiments were
conducted with varying seeding levels, including no seeding.
These experiments yielded comparable outcomes concerning
the impact of the secondary separatrix, although the peak dens-
ity values in the HFS SOL varied.

We have observed steep density profiles coinciding with the
secondary separatrix location at the HFS SOL. This obser-
vation supports a ballooning-like transport mechanism that
favors losses at the LFS SOL. Without a magnetic connec-
tion between the HFS and LFS SOL, plasma losses at the LFS
do not reach the HFS. Consequently, the high-density front
only exists between the primary and secondary separatrices,
and the HFS SOL profile narrows as the plasma approaches
the double-null shape. Note that this is for a lower single-null
shape with the B×∇B direction pointing downwards.

Our findings at ASDEX Upgrade align with previous res-
ults from Alcator C-Mod where studies of SOL flows have
found that ‘plasma is preferentially lost near the equatorial
midplane on the LFS and transits at high velocity along mag-
netic field lines to fill in the SOL on the HFS—a region that
would otherwise be empty of plasma’ [4].

In this paper we show that magnetically isolating the HFS
SOL from the LFS SOL reduces the high-density region likely
by reducing the heat flux to the HFS SOL. Our experiments
show that progressively disconnecting the HFS SOL from the
LFS leads to reduced electron and neutral densities in the HFS
SOL and divertor. The density reduction is especially pro-
nounced around specific dRXP values.

The phenomena discussed in this paper can be understood
through the following explanation: The primary heat source in
the SOL of a tokamak, as observed in various studies, is pre-
dominantly located around the LFS midplane, owing to a loc-
ally enhanced radial transport associated with the unfavorable
curvature of the magnetic field [6, 29]. In the SOL, the heat
is conducted along the magnetic field lines, reaching both the
LFS divertor and the HFS SOL. On the HFS, radial transport
is considerably weaker and the heat reaching the HFS SOL
originates primarily from the LFS SOL through parallel heat
conduction and near-sonic flows, as noted in multiple toka-
maks [2, 30, 31].

Crucially, this parallel heat transport is restricted to field
lines that connect the HFS and LFS SOL. Therefore, the sec-
ondary separatrix acts as a boundary, beyond which parallel
transport is no longer a relevant heat source in the HFS SOL.
Moreover, the density decreases sharply outside the secondary
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separatrix. This corroborates the fact that the large density in
the HFS SOL is sustained by the parallel heat transport from
the LFS. It has been shown, both experimentally and in sim-
ulations, that the magnitude of the high-density region in the
HFS divertor increases with the power into the region of strong
ionization [10, 12]. The high-density region forms under con-
ditions of high gas fueling and heating power. Conversely,
impurity seeding reduces the density, as it diminishes the heat
flux to the HFS divertor. The lower heat flux fails to maintain
the high-density region due to insufficient ionization [10, 12].
The power that reaches the HFS divertor is essential to main-
tain the high-density region and this dependence has been well
established in literature [10, 12]. Consequently, it is expected
that without the heat flux from the LFS, the HFS SOL can-
not maintain a large density outside the secondary separatrix,
leading to a steep density gradient across the HFS SOL.

At some point during the transition from a lower single-
null shape to a double-null, a significant portion of the heat
flow is redirected toward the upper divertor, no longer reach-
ing the HFS SOL. We expect this to occur when the dRXP
value approaches the power decay length. To estimate the
power decay length λqe , we use the electron temperature decay
length λTe and the formula λqe = 2λTe/7, which assumes
a conduction-limited regime [32]. The electron temperature
decay length is obtained from the edge Thomson scattering
diagnostic, see figure 1.

For the L-mode plasmas studied here, we measured a λTe of
≈ 13 mm, yielding a power decay length λqe of ≈ 4 mm. The
power decay length in H-mode was naturally shorter than in L-
mode, with λTe ≈ 9 mm, giving us λqe ≈ 3 mm. The observa-
tions made here suggest that the HFS divertor electron density
decreases rapidly after a certain dRXP value. In L-mode, we
have observed a density decrease at a dRXP of approximately
−5 mmwhile in H-mode we have observed a density decrease
at a dRXP closer to zero (−5 to−2.5 mm). These observations
are broadly consistent with the estimated λqe , confirming that
the high-density front magnitude decreases when the width of
the magnetically connected region falls below λqe at the LFS
midplane.

Unlike the midplane HFS SOL, the midplane LFS SOL
experiences almost no changes going from a lower single-null
shape to a double-null. This is to be expected as the LFS radial
transport is mostly a consequence of the local enhanced losses
resulting from the bad curvature. Furthermore, our data show
that there seems to be a one-way causal link between the LFS
SOL and the HFS SOL where magnetically disconnecting the
two sides affects only the HFS. This indicates that the LFS
SOL profile is dictated by local transport phenomena while
the HFS SOL profile is dictated by parallel transport from the
LFS.

Closer to double-null, when the magnetic connection is
negligible, the density profile is less influenced by the exact
location of the secondary separatrix. In our experiments, we
observe a minimumHFS SOLwidth obtained near the double-
null phase, i.e. there seems to be a lower bound on the HFS
SOL width. However, this minimum width is difficult to inter-
pret due to excursions of the line-averaged density, and differ-
ences between the lower and upper divertor, particularly with

respect to pumping. For both L-mode and H-mode discharges
the minimumHFS SOLwidth was≈ 10 mm, or≈ 5 mmwhen
mapped to the LFS midplane. This width was obtained by
measuring the radial distance between the separatrix and a
density layer approximately in the region of steepest gradi-
ent in the HFS SOL. For the L-mode shot, the SOL width
was measured at 1× 1019m−3. For the H-mode shot, the SOL
width was measured at 3× 1019m−3. This ensured that the
selected density layer corresponded to a density smaller than
the high-density front. Although arbitrarily defined, this width
measurement gives a rough figure of merit for the behavior
of the HFS SOL near double-null. Note that the density e-
folding length, often used to characterize the SOL width, is
unsuitable to characterize the HFS SOL width due to the steep
density gradient often observed at the secondary separatrix
location.

Comparing the midplane density profiles at the LFS and
HFS SOL, we observed evident asymmetries with a larger
density at the HFS SOL due to the existence of the high-
density front. The HFS/LFS asymmetry lessens near double-
null. The HFS density is nonetheless larger than the LFS even
in double null both in the midplane and divertor.

Compared to the lower, the upper single-null shape shows
a smaller HFS SOL density as can be observed in figure 7(a).
We speculate that this difference can be explained in terms of
the E×B drift reversal, as suggested by modeling [8, 10]. In a
lower single-null shape with a downwards B×∇B direction,
the E×B drift points from the LFS divertor to the HFS diver-
tor pushing particles to the HFS divertor and fueling the high-
density front. In an upper single-null shape with the same tor-
oidal magnetic field, the E×B drift points from the HFS diver-
tor to the LFS divertor therefore reducing the high-density
front in the HFS SOL. However, the lower and upper divertors
at ASDEX Upgrade are very different in terms of geometry
and pumping, hampering a fair comparison between lower and
upper single-null. To better observe the effect of the reversed
E×B drift, we would need to compare shots in lower-single
null but with different magnetic field directions. This is, how-
ever, outside the scope of this work which focuses primarily
on the changes in the HFS SOL going from a lower single-null
to double-null shape.

During the shape scans analyzed here, both in L-mode and
H-mode, the HFS divertor remained partially or fully detached
throughout, with low temperatures in L-mode (<5 eV) and
slightly higher temperatures in H-mode near the strike point
(5–10 eV). In H-mode, we observed reattachment of the HFS
divertor following each ELM crash. Close to double-null, the
reduction in heat flow from the LFS SOL to the HFS target led
to a reduction in temperature and density.

In conclusion, these experiments, conducted at ASDEX
Upgrade, demonstrate a strong correlation between the sec-
ondary separatrix location and the HFS SOL profile, highlight-
ing the importance of the magnetic connection between the
HFS and LFS SOL and the parallel heat conduction, as well
as the ballooning nature of radial transport. The data shown
here can be compared to computer simulations like the SOLPS
code and others to further refine modeling accuracy in highly
shaped plasmas.
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Modelingwill also allow amore quantitative physics under-
standing of these experimental results. Lastly, we observed
that the HFS divertor remained detached during the shape scan
with no significant increase in heat-flux to the target.
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