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Abstract
At the onset of detachment, measurements show that radial turbulent particle transport

(
Γ̃r

)
increases by a factor of 2− 4 above the dissipative region in the near scrape-off layer (SOL) of
both single-null (SN) and snowflake (SF) divertors. This leads to a fourfold increase in the
density decay length, with broadened density profiles and flattened electron temperature (Te)
profiles along the divertor leg. These profiles are convected uniformly through the divertor by
parallel flows, with parallel heat transport shifting from conduction- to convection-dominated.
Within the dissipative divertor, the flattening and collapse of the plasma potential (Vp) profiles
weaken electric field gradients, reducing the E×B drifts. Turbulent spreading upstream of the
dissipative region thus emerges as the dominant mechanism for radial transport at the
detachment onset. Radial and poloidal drifts are shown to move respectively ∼10%–20% and
∼15%–30% of the target-normal particle and heat flux delivered to the outer strike point in
attached conditions, but their contribution drops to a few percent at the detachment onset.

Keywords: plasma turbulence, turbulent transport, divertor physics, divertor detachment,
E×B flows, parallel transport
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1. Introduction

Plasma exhaust handling remains a critical challenge for mag-
netically confined fusion devices, particularly next-generation
reactors such as ITER [1, 2] and DEMO [3]. Divertor
detachment [4, 5], a highly radiative state that cools the plasma
before it reaches the material surface, is essential for mitig-
ating plasma fluxes and protecting divertor components. In
ITER, heat fluxes to the first wall will be controlled by operat-
ing a single-null (SN) divertor in a partially detached regime
[6]. Unfortunately, experimental data on divertor physics, not-
ably transport and turbulence, remains sparse, especially in
detached regimes.

Simulations of detached divertors using SOLPS-[7] and
SOLPS-ITER-[8] indicate that reproducing experimental pro-
files requires a large increase in the particle and heat diffusion
coefficients in the divertor region, showing that radial trans-
port is both significantly enhanced and anomalous. Turbulence
driven by instabilities is a natural candidate for this enhanced
transport. While direct observations remain limited, evid-
ence has been reported in ASDEX Upgrade-[9] and DIII-D-
[10], with measurements of divertor-localized fluctuations in
Alcator C-Mod [11] and NSTX-U [12] providing direct sup-
port for increased divertor transport. Divertor-localized fila-
ments were also shown to play an important role in broadening
electron density profiles under attached conditions [13], but
become less prevalent and even absent at sufficiently high col-
lisionalities near detachment [14]. Turbulence driven instabil-
ities are expected to arise in regions characterized by steep
gradients, strong radiation fronts, and cold, dense plasma.
Potential mechanisms include the current-convective instabil-
ity, driven by temperature asymmetries between the inner
and outer divertors [15, 16], and ionization-recombination
instabilities [17]. However, these have not yet been thor-
oughly investigated and the available data is very limited,
with no direct experimental measurements proving that tur-
bulence drives the enhanced radial transport in the detached
divertor. Cross-field transport within the divertor volume must
therefore be incorporated heuristically in plasma models [18].
Existing numerical codes often rely on ad hoc adjustments to
transport parameters, particularly under detached conditions,
with cross-field diffusivities typically requiring orders of mag-
nitude increases to align with experimental data [8, 19].

Another key mechanism governing divertor plasma beha-
vior is the E×B drifts, which have been extensively investig-
ated through both numerical simulations [20–22] and exper-
imental studies [23–27]. To distinguish between mean drift
motion and fluctuation-driven transport, the time-averaged
E×B drift flows will be referred to as DC E×B (direct-
current) flows in this manuscript. These DC drifts have been
shown to drive convective flows through the divertor, mov-
ing about 50% of the particles and 30% of the heat between
the inner and outer divertor [24], and creating a large circu-
lation across the scrape-off layer (SOL) and X-point (XPT).
In attached divertors, the DC E×B drift contribution to ion
poloidal motion was shown to be comparable to, or even

greater than the parallel flow contribution [27, 28]. This
contribution, however, was observed to decrease in strongly
detached conditions [28]. Recently, DC E×B drifts have been
implicated in a bifurcated transition from attached to strongly
detached outer divertor conditions [29], hinting at the critical
effect they have on detachment dynamics. Experimental data
are however still lacking in detached divertors, making it chal-
lenging to fully quantify the DC E×B drifts impact.

Further optimization of heat exhaust strategies beyond
detachment is being sought to ensure long-term divertor per-
formance. The snowflake (SF) divertor has been proposed as
an alternative to conventional SN configurations, offering a
larger divertor volume, increased collisionality, and an exten-
ded connection length L∥ [30–32]. The SF can therefore influ-
ence the turbulence regimes, as changes in L∥ affect the nor-
malized collisionality Λ which appears in filamentary turbu-
lent transport models [33, 34]. Studies show that the SF diver-
tor is able to redistribute heat fluxes between its strike points,
enhance cross-field diffusivity in the intra-null region, and
broaden the heat flux widths compared to an equivalent SN
divertor [27, 35, 36]. Additionally, the SF configuration has
been associated with increased cross-field transport [37] and
enhanced turbulent transport [36, 38]. However, recent dir-
ect measurements of radial turbulent fluxes revealed a 50%
reduction in the radial turbulent particle flux in the SF divertor
region compared to the SN [39], suggesting a more complex
interplay between turbulence and magnetic geometry.

Given the importance of turbulence and DC E×B flows in
setting divertor conditions, this work aims to provide a direct
comparison of plasma fluctuation magnitudes and radial tur-
bulent transport in SN and SF divertors under both attached
and near-detached conditions. By leveraging fast reciprocat-
ing probe measurements, we assess the role of turbulence in
enhancing radial transport, compare turbulence-driven fluxes
to the DC E×B flows, and explore whether increased connec-
tion length in SF configurationsmodifies fluctuation character-
istics and transport. In addition, we present a dedicated ana-
lysis of parallel heat transport, including poloidal and radial
projections of the parallel heat flux, and quantify how the par-
allel channel contributes to overall heat redistribution relat-
ive to the cross-field channels. The results contribute to the
broader effort of understanding how advanced divertor designs
influence plasma exhaust dynamics.

2. Experimental setup

2.1. Plasma scenarios

Plasma discharges took place in the Tokamak á Configuration
Variable (TCV) [40] with a toroidal magnetic field of Bϕ =
−1.44 T in the forward direction (B×∇B pointed downward
towards the divertor). All discharges were performed with a
deuterium (D2) plasma in Ohmic, unseeded conditions, with
the plasma current Ip oriented in the forward direction (turn-
ing clockwise seen from the top). The vertical plasma posi-
tionwas systematically varied acrossmultiple discharges, with
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Figure 1. Schematic illustrating the vertically fixed probe plunge
path (black line) during SN discharges (left) and SF discharges
(right) at different plasma vertical positions indicated by the
different separatrices colors.

care taken to keep the plasma volume constant. This allowed
a fast reciprocating probe to sample different divertor regions,
covering various vertical separations between the probe and
the XPT. Figure 1 illustrates various SN and SF plasma dis-
charges at different vertical heights with the fast probe shown
as the fixed vertical black line. Tominimize variations in diver-
tor geometry and connection length L∥, the inner and outer
strike points were placed on vertical or near-vertical surfaces
wherever possible.

This study examines four divertor configurations: (1) a low-
density SN, (2) a low-density low-field side SF-minus, (3)
a high-density SN, and (4) a high-density low-field side SF-
minus. The low-field side SF-minus denomination means that
the secondary XPT is located in the common region on the
low-field side (as opposed to the high-field side or the private
region). In the remainder of this article, the SF will specifically
refer to the low-field side SF-minus. The separation between
the primary and secondary separatrices of the SF, measured at
the midplane (dRx2), was 6± 2mm for most of the discharges.
One of the high-density SF discharges had a larger dRx2 ≈
10± 2mm, but this had no noticeable effect on the measured
radial profiles at the probe position ∼ 9cm below the primary
XPT. The low-density scenarios were conducted with Ip =
−240± 10kA and Ip =−255± 5kA, while the high-density
scenarios were performed with Ip =−255± 5kA.

The shots are divided into five groups: two for the low-
density SN (having two slightly different plasma currents and
line average densities and with the corresponding discharges
taken in two separate campaigns, one in the summer of 2020
and the other in November–December 2022), and one for each
of the low density SF, high density SN and high density SF.
The TCV discharges used in this study are listed in table 1.

All attached low-density SN and SF discharges had an
ohmic input power of Pohm = 0.25MWwhile the high-density

SN and SF discharges had Pohm = 0.35MW. The electron
density ne to Greenwald density limit ng ratio for the attached
discharges was ne/ng ≈ 0.25− 0.3 while the high-density SN
and SF discharges reached ne/ng ≈ 0.65. The main plasma
parameters are summarized in table 2, with ΛXPT the normal-
ized collisionality computed using LXPT∥ , the connection length
to the outer target in the vicinity of the XPT, and plasma con-
ditions measured at the probe position in the divertor. ΛXPT is
obtained by:

ΛXPT =
νeiLXPT∥

Ωeρs

≈ 9.647× 10−19
ne
[
m−3

]
LXPT∥ [m]

(Te [eV])
2 , (1)

where νei is the electron–ion collision frequency, Ωe is the
electron gyrofrequency and ρs is the ion gyroradius. While
this normalized collisionality can be used in the study of
turbulent regimes [34], it is shown here for comparison
purposes between SN and SF configurations and attached
and detachment onset divertors. ΛXPT increases substan-
tially from attached to onset of detachment scenarios, and
is about 2.5 times higher in the SF configurations than
in the SN.

2.2. Diagnostic setup

The primary diagnostic tool used is the fast reciprocating
probe [41], deployed at a lower horizontal port at Z=−46cm.
Designed for turbulence studies, the probe features ten elec-
trodes (see legend of figure 2) that allow measuring of a wide
range of plasma parameters, with measurement bandwidths up
to 10MHz for ion saturation current (ISAT) and floating poten-
tial (Vf) fluctuations. The electron temperature (Te) was meas-
ured using two of the probe tips as a swept double probe,
applying a ±300V triangular wave at 1 kHz. The electron
density ne and its fluctuations (ñe) were inferred from the ion
saturation current using the ISAT electrode biased at−400V. In
doing so, the 1ms time-resolved Te is used. Therefore, temper-
ature fluctuations above 1kHz, which effect is typically under
20% [42], are neglected. During a given discharge, the probe
performs at most two plunges, one per divertor configuration
(SN and SF). The probe translation speed is approximately
1mmms−1, and a full in–out stroke lasts ∼200ms. Since the
probe typically starts outside the plasma, the effective expos-
ure time is shorter. Each probe trace shown in this study (for a
given discharge and plasma scenario) corresponds to a single
reciprocating-probe stroke, with only the inward leg used in
the analysis.

The fluctuating electric field ẼZ is estimated using the Vf

electrodes, located above and below the ISAT electrode. For
most flux surfaces, EZ ≈ Eθ, with θ denoting the poloidal
coordinate. This allows for determining the radial turbulent
particle flux Γ̃r from Ẽθ, the density fluctuation ñe and the ñe −
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Table 1. TCV plasma discharges used in this study.

Attached Detachment onset

SN & SF SN SN SF
(Ip =−240kA) (Ip =−255kA) (Ip =−255 kA) (Ip =−255kA)

Discharges shot numbers 66 841 77 117 77 116 77 163
66 844 77 118 77 121 77 167
67 312 77 119 77 124 77 170

77 123 77 163 77 172
77 168
77 172

Table 2. Plasma parameters of the different divertor configurations.

Divertor Number
Pohm [MW] Ip [kA] Bϕ [T] Line average ne

[
m−3] ne/ng ΛXPTgeometry of discharges

Attached SN 3 0.25 −240 −1.44 ≈3.6× 1019 ≈0.3 0.06− 0.2
SN 4 0.25 −255 −1.44 ≈3.1× 1019 ≈0.25 0.04− 0.2
SF 3 0.25 −240 −1.44 ≈3.6× 1019 ≈0.3 0.15− 0.55

Detachment onset SN 6 0.35 −255 −1.44 ≈8.4× 1019 ≈0.65 0.4− 8
SF 4 0.35 −255 −1.44 ≈8.4× 1019 ≈0.65 2− 20

Figure 2. Schematic of the fast reciprocating probe head.

Ẽθ coherence γñeẼθ
and cross-phase angle δ from [43, 44]:

Γ̃r
[
m−2 s−1

]
=

⟨ñeẼθ⟩
Bϕ

=
⟨ñ2e⟩1/2⟨Ẽ2

θ⟩1/2

Bϕ
γñeẼθ

cosδ. (2)

The angled brackets in equation (2) denote ensemble aver-
aging, and ⟨ñ2e⟩1/2 and ⟨Ẽ2

θ⟩1/2 are the absolute root mean
square (RMS) levels of ñe and Ẽθ, written in the remainder
of this work as ñRMS

e and ẼRMS
θ . An ensemble averaging of

2ms was used to calculate the RMS values with enough
statistics. Given the probe translation speed, this time win-
dow results in a spatial resolution in absolute R-coordinate
at the probe of ≈2mm in the far SOL at the start of
the plunge and ≈3.5mm near the separatrix where the
probe slows down as it approaches its deepest position.
The radial turbulent convective heat flux is then obtained

from Γ̃r as:

Q̃conv
r

[
Wm−2

]
=

5
2
TeΓ̃r. (3)

The radial and poloidal particle fluxes driven by DC E×B
forces are respectively obtained as:

ΓE×B
r

[
m−2 s−1

]
= ne

EθBϕ
B2

(4)

and

ΓE×Bθ

[
m−2 s−1

]
=−ne

ErBϕ
B2

, (5)

where B is the total magnetic field strength. The DC E×B
radial and poloidal heat fluxes, QE×B

r and QE×B
θ , are obtained

as:

QE×B
r,θ

[
Wm−2

]
= 5TeΓ

E×B
r,θ , (6)

where the electron and ion temperatures are assumed identical
(Te = Ti).

The plasma potential Vp, whose gradient determines Eθ and
Er, is calculated from Vf and Te as:

Vp = Vf + 3Te. (7)

Two of the probe electrodes are used in a Mach tip
configuration (see figure 2) and the parallel Mach num-
ber M∥ is obtained using well established interpretation by
theory [45, 46]. From M∥, the parallel plasma fluid velocity
v∥ is obtained as:

v∥ =M∥ × cs, (8)

4
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Figure 3. Profiles of LXPT∥ (top row), Lprobe∥ (middle row) and Lprobe∥ /LXPT∥ (bottom row) for the different plunges across the divertor in all
studied configurations. The colorbar indicates the average vertical position of the probe with respect to the XPT, progressing from deep blue
for plunges far away from the XPT to yellow for plunges close to the XPT. The vertical black line and shaded gray region indicate the
separatrix location and its uncertainty from magnetic reconstruction. The colored vertical dashed lines indicate the location of the secondary
separatrix of the SF discharges.

where cs is the ion sound speed. The parallel heat flux q∥ to
the divertor target can then be obtained as [47]:

q∥
[
Wm−2

]
=−κT

5
2
e
∂Te
∂s

+ nev∥

[
5
2
(Te +Ti)+

1
2
miv

2
∥ + I0

]
,

(9)

where κ is the parallel electron thermal conductivity mi is the
ion mass, I0 is the atomic ionization and molecular potential,
and ∂/∂s is the gradient along the field line s.

3. Normalization to LXPT
∥

The distance to the floor varies from shot to shot as the plasma
is vertically displaced to scan the divertor region. This dis-
placement alters the connection length from the XPT to the
target, LXPT∥ , even for otherwise identical shots. While the con-

nection length at the XPT is strictly speaking infinite, LXPT∥ is
taken from the point of lowest magnetic field strength near the
XPT, along traced field lines. Any offset of this reference loca-
tion from the nominal XPT is limited by the 5mm× 6mm grid
resolution of the LIUQE equilibrium [48] and is negligible
compared to the parallel connection lengths considered here.
The position of TCV plasmas can also oscillate during a shot,
causing the XPT to shift by several millimeters as the probe

plunges. Therefore, rather than using the vertical distance
between the probe and the XPT, we use the ratio Lprobe∥ /LXPT∥
as a more robust and meaningful basis for cross-shot compar-
isons. There, Lprobe∥ is the connection length from the probe

tip, and both Lprobe∥ and LXPT∥ are obtained with respect to the
outer target. The normalization effectively removes shot-to-
shot variations in absolute geometry and provides a dimen-
sionless metric of the relative position of the probe along
the magnetic field line, with respect to the XPT. Connection
lengths are calculated every 1ms, with Lprobe∥ evaluated at the
probe tip as it traverses the plasma, and the corresponding val-
ues of LXPT∥ are taken from the same field lines intersecting the
probe trajectories.

Figure 3 shows the ratio Lprobe∥ /LXPT∥ against the normalized
poloidal flux coordinate ψn. For reference, the corresponding
distance from the separatrix projected at the outer midplane,
r− rsep, is also shown. The color bar in figure 3 indicates the
average vertical position of the probe relative to the XPT, with
colors ranging from deep blue at the farthest positions to yel-
low at the closest. The vertical black line denotes the sep-
aratrix position, and the shaded region around it indicates the
uncertainty frommagnetic reconstruction. The secondary sep-
aratrix of the SF discharges are indicated with vertical dashed
lines having the same color of the corresponding probe plunge.
While LXPT∥ and Lprobe∥ do not always follow a monotonic trend

with vertical plasma shifts, the ratio Lprobe∥ /LXPT∥ does. Higher
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Figure 4. Mean radial profiles of ISAT (second row), ne (third row), Te (fourth row), Vf (fifth row) and Vp (sixth row) for all probe plunges.
The Lprobe∥ /LXPT∥ ratio is shown in the first row. The colorbar progresses from deep blue for plunges far away from the XPT to yellow for
plunges close to the XPT. The errorbars represent one standard deviation. The vertical black line and shaded gray region indicate the
separatrix location and its uncertainty from magnetic reconstruction. The colored vertical dashed lines (shown in the first row only) indicate
the location of the secondary separatrix of the SF discharges.

values correspond to plunges nearer to the XPT, while lower
values are observed deeper in the divertor. For the SF shots,
plunges near the XPT exhibit a distinct drop in this ratio at the
secondary separatrix of the SF configuration, followed by an
increase approaching the separatrix.

4. Mean profiles

The mean divertor profiles across SN and SF configurations
show increasing electron density toward the divertor floor and
flattening electron temperature as the plasma transitions from

attached to near-detached conditions. SF discharges show
higher ne and ISAT than SN under comparable conditions,
with similar or slightly lower Te. The density decay length λn
increases near the XPT at the detachment onset in both SN and
SF divertors. Profiles of Vf display well-shaped minima near
the separatrix in attached cases, which progressively flatten at
the detachment onset and closer to the floor. Despite variation
in Vf and Te, the resulting plasma potential Vp remains approx-
imately constant across the divertor. The sheath current imbal-
ance factor ∆, which quantifies deviations from ambipolar
current closure at the sheath, is found to be large and increase
near the separatrix at the detachment onset.

6
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Figure 4 presents radial profiles of ISAT, ne, Te, Vf, and Vp

together with the ratio Lprobe∥ /LXPT∥ . Despite the increase in ne
towards the floor at the detachment onset, the ISAT amplitude
varies little between the low ne/ng and ne/ng ≈ 0.65 scen-
arios, indicating that full detachment is not attained. Following
the criteria outlined in [4, 18], the definition adopted in this
work describes the detachment onset as a divertor with low
Te (< 10 eV) and increased ne towards the divertor floor com-
pared to attached conditions, accompanied by a flattening of
the ISAT profiles, though with no reduction in amplitude. At
the detachment onset, all probe plunges show a significant Te
reduction extending up to the XPT. The decrease is less pro-
nounced near the XPT but remains about 50% lower than in
attached conditions. We define the dissipative region as the
divertor volume below the XPT, where Te drops to around
5eV.

Across all regimes, SF divertors exhibit higher ISAT and ne
at the separatrix compared to SN divertors, while Te remains
similar between configurations. In attached conditions, ISAT
in SF divertors exceeds that in SN divertors by 30%–50%,
depending on plasma current. At the onset of detachment, ISAT
increases by 15%–20% in both configurations relative to their
respective attached states. The separatrix ne roughly triples
as detachment is approached, maintaining a higher value in
the SF divertors. In contrast, Te drops significantly across all
configurations at the onset of detachment, from about 40eV
to 15− 20eV in the plunges closest to the XPT and further
to 5− 10eV in the rest of the divertor volume. Because of
the noticeable difference in ISAT and ne between the two SN
attached scenarios, and since their discharges were recorded
in separate experimental campaigns under distinct operational
conditions, these cases are treated separately throughout this
work.

In the attached scenarios, a distinct peak in the ISAT and ne
profiles is observed at the separatrix in the plunges closest to
the XPT, especially visible in the SF configuration. This fea-
ture may arise from physical phenomena intrinsic to the XPT,
or it may indicate that the probe is entering the core plasma
just above the XPT. The grid resolution used in the LIUQE
magnetic reconstruction for TCV is of 5mm× 6mm. Owing
to the use of simplified basis functions, the absence of internal
measurements and magnetic measurement uncertainties, the
precise location of the XPT may not be known to millimeter
accuracy, introducing the possibility that the probe crosses into
the core in this region. Nonetheless, core physics are unlikely
to explain this rise in ne and ISAT. The observed behavior is
indeed consistent with previous measurements at the DIII-D
XPT [25, 26], where the observed electron pressure peak was
attributed to strong ionization rates producing cold ions, a low
ion pressure Pi, and an elevated electron pressure Pe to main-
tain total pressure balance. A detailed investigation of these
profile peaks near the XPT is beyond the scope of this work
and is deferred to future studies.

The ISAT and ne profiles are seen to peak at the separat-
rix and decay towards the far SOL with a sharp drop in the
private-flux region (PFR). The ne profiles feature the formation
of a shoulder region, especially apparent in the SN scenarios at

Figure 5. Density (first row) and temperature (second row) decay
lengths in the near SOL (left column) and far SOL (right column)
for the different divertor configurations plotted against the average
vertical position relative to the XPT. Blue and red markers represent
SN and SF divertors respectively; empty and filled markers
represent attached and near-detached condition respectively.

the detachment onset. Figure 5 plots the decay lengths λn and
λT versus the average vertical distance from the XPT. Decay
lengths values are capped at 10 cm with larger values indicat-
ing flat profiles. A double exponential was used to fit the ne
profiles in the near and far SOL whereas only a single expo-
nential was needed for the Te profiles. In the near SOL, λn is
comparable for both SN and SF configurations under attached
conditions at ≈1 cm. In the far SOL λn increases by a factor
of 2− 3. At the onset of detachment, a local rise to λn ≈ 4 cm
(SN) and ≈5.5 cm (SF) is produced in the plunge nearest the
XPT in the near SOL. This rise does not propagate to plunges
further away from the XPT in the divertor, but results in a flat
ne profiles in the far SOL of the SN configuration (λn ⩾ 10 cm
in figure 5). This behavior will be shown later on to be due to
turbulent spreading above the dissipative region. The temper-
ature scale length is found to be comparable or slightly larger
in the SF than in the SN configurations under attached condi-
tions, and effectively becomes infinite at the detachment onset
for all plunges except those closest to the XPT.

Potential profiles and sheath current imbalance

A collapse of the Vp profiles can be seen across the studied
configurations, especially in the onset of detachment scenarios
and in the attached SF where they also flatten. This behavior
results from the combined evolution of the floating potential
Vf and the electron temperature Te. As Vf is directly measured
from the probe, it provides the most reliable indication of how
local current balance evolves in the divertor, and hence of the
mechanisms shaping Vp.

7
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In the attached scenarios, Vf decreases near the separatrix,
forming negative wells that deepen for plunges closer to the
XPT. This behavior, previously reported in [49], is attributed
to the interaction between turbulence-driven polarization cur-
rents and poloidally asymmetric diamagnetic currents [50].
The imbalance between these currents, which push charged
particles radially outward, creates the observed Vf structure.
A negative Vf indicates that excess electrons are evacuated
through the sheath together with a radially outward ion cur-
rent, while a positive Vf occurs when ions are lost through the
sheath with a radially outward electron current. When the par-
allel ion and electron currents are balanced, Vf goes to zero.

At the detachment onset, the negativeVf wells become shal-
lower and flatten completely in the deepest plunges near the
divertor floor, indicating that the parallel currents approach
balance. As a result, the need for radial current closure van-
ishes, and the associated radial electric fields are no longer
sustained. The observed flattening of Vf, combined with the
reduced Te, suggests that the usual approximation Vp ≈ 3Te
becomes increasingly valid as Vf tends to zero near detach-
ment, whereas in attached divertors, accounting for Vf and
plasma currents is essential to accurately determine Vp.

In contrast to Vf, Te increases toward the separatrix in
attached cases, partially compensating the Vf variation and
producing a relatively poloidally uniform Vp across the diver-
tor. At the detachment onset, in both SN and SF configura-
tions, a similar compensation between Vf and Te occurs near
the XPT, while both quantities flatten toward the floor. The
resulting collapse of Vp leaves minimal vertical variation and
no significant potential drop within experimental uncertainty.

The sheath current imbalance, defined as ∆=
exp(−Vf/Te)− 1 [50], is computed from the measured Vf

and Te. ∆ is a dimensionless measure of the local sheath
current imbalance: ∆> 0 corresponds to a local excess of
electron current relative to the sheath ion current, while∆< 0
indicates a relative ion current excess. In attached SN and SF
divertors, ∆ ranges between 1 and 5 in the near SOL, peak-
ing near the separatrix with higher values for plunges closer
to the XPT. At the detachment onset, ∆ reaches up to 10 at
the separatrix for all plunges. These large ∆ values denote
strong deviations from ambipolarity and enhanced perpen-
dicular current contributions. As detachment progresses, the
poloidal dependence of ∆ largely disappears and all plunges
show a similar separatrix peak. The non-ambipolar current
demand thus becomes localized to the separatrix and shared
along connected field lines, producing a flux-surface offset
in Vp rather than a large poloidal gradient. This explains the
coexistence of high ∆ values with flattened Vp profiles in the
SOL.

The diamagnetic and polarization components of∆ follow
the model of Loizu et al [50]:

∆= 2πq

[
1

kθρs

2
5

(
ρs
Lp

)2

− 2
δP
P

(
ρs
Lp

)]
, (10)

where the first term represents the polarization current con-
tribution and the second the diamagnetic contribution, with

q the safety factor, kθ the poloidal wavenumber, ρs the ion
sound gyroradius, Lp the pressure gradient scale length, and
δP/P the normalized pressure modulation along the field line.
The inferred kθρs values are 10−3–10−2 in attached conditions
and decrease to ∼10−3 near detachment, implying that large-
scale, fluid-like structures persist even as the Vf and Vp profiles
flatten.

5. Turbulence measurements

5.1. Fluctuation magnitudes

The absolute RMS levels of ĨSAT, Ẽθ and Ṽf (respectively the
ISAT, Eθ, and Vf fluctuations), denoted ĨRMS

SAT , Ẽ
RMS
θ , and ṼRMS

f ,
are shown in figure 6 for both SN and SF divertors. Fluctuation
amplitudes generally increase with distance from the divertor
floor, exhibiting a maximum in the region sampled closest to
the XPT across all divertor configurations, and falling off in
the PFR. This trend is particularly evident in the attached scen-
arios, whereas the RMS levels flatten and collapse at the onset
of detachment.

In both SN and SF divertors, ĨRMS
SAT is relatively flat closer

to the divertor floor and increases as it approaches the XPT,
especially near the separatrix. Near-detached plasmas exhibit
slightly higher ĨRMS

SAT levels compared to attached conditions.
No clear difference is observed between SN and SF con-
figurations despite difference in geometry and higher ΛXPT

in the SF divertors. For the Ẽθ and Ṽf fluctuations, their
RMS profiles vary clearly with vertical position in attached
divertors but collapse across plunges at the detachment onset
with overall lower magnitudes. Only plunges nearest the XPT
retain elevated RMS values, with maxima located near the
separatrix.

A sharp drop in the RMS profiles is observed across the
separatrix into the PFR in attached discharges, particularly
near the XPT. In near-detached conditions with ne/ng ≈ 0.65,
the steep gradient persists only in plunges closest to the XPT,
while the profile flattens in all others, indicating smoother
radial variation. Although the RMS amplitudes of Ẽθ and Ṽf

decrease at the detachment onset, the flatter profiles are con-
sistent with faster radial propagation of turbulent structures.
As demonstrated theoretically [33, 34], higher ΛXPT increases
blob velocities and turbulence spreading. The observed broad-
ening of the RMS profiles supports enhanced turbulent trans-
port at higher ΛXPT without requiring increased fluctuation
amplitude.

5.2. Turbulent fluxes

As the broadening of particle and heat flux profiles is a key
objective of detachment, it is essential to examine the role
of turbulent fluxes as potential contributors. The flattening of
fluctuation levels already hints at larger radial turbulent trans-
port at the detachment onset. The turbulent particle flux Γ̃r is
seen to increase near the XPT and upstream of the dissipative
region in both near-detached SN and SF configurations, while
remaining largely unchanged elsewhere in the divertor. The
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Figure 6. Radial profiles of the RMS levels of ĨSAT (second row), Ẽθ (third row) and Ṽf (fourth row). The colorbar progresses from deep
blue for plunges far away from the XPT to yellow for plunges close to the XPT. The errorbars represent one standard deviation. The vertical
black line and shaded gray region indicate the separatrix location and its uncertainty from magnetic reconstruction. The colored vertical
dashed lines (shown in the first row only) indicate the location of the secondary separatrix of the SF discharges.

flattening of density profiles near the XPT can be attributed to
this Γ̃r enhancement. Turbulent heat fluxes Q̃conv

r are found to
be higher in SF than in SN divertors in attached conditions and
to decrease and flatten near detachment in both configurations,
especially closer to the divertor floor.

Figure 7 presents the profiles of the correlation coefficient
γñeẼZ cosδ and the turbulent radial particle and convective heat

fluxes, Γ̃r and Q̃conv
r , for the studied SN and SF divertors. In

attached plasmas, the correlation coefficient increases towards
the divertor floor, while it decreases at the detachment onset.
This reversed trend offsets the increase in ĨSAT, yielding sim-
ilar Γ̃r away from the XPT in both attached and near-detached
conditions.

Despite the higher ΛXPT in SF divertors, no increase in
Γ̃r is seen compared to the equivalent SN divertors. In the
attached SN divertor, Γ̃r remains around 1× 1021 m−2s−1, or
slightly lower, away from the XPT. This is comparable to Γ̃r

in the attached SF configuration. Near the XPT, Γ̃r increases
to 1− 2× 1021 m−2s−1 in both geometries. At the detach-
ment onset, values within the dissipative region remain com-
parable to those in the attached cases, while closer to and
above the XPT, Γ̃r increases by a factor of 2− 4, reaching
∼4× 1021 m−2s−1.

The onset of detachment is therefore accompanied by an
enhancement of turbulent radial transport upstream of the dis-
sipative region, with no significant change observed in the
near-detached divertor volume. This rise in Γ̃r near and above
the XPT aligns with the strong increase in λn observed in
the same region. These two effects combined indicate that
particles enter the divertor leg having been already radially
spread out upstream. This can explain the observed flatten-
ing of density profiles without invoking additional transport
mechanisms.

The turbulent convective heat flux Q̃conv
r is higher in

the attached SF (∼5 kWm−2) than in the attached SN
(∼3 kWm−2) away from the XPT, with the same trend con-
tinuing in near-detached cases. This difference is most visible
in plunges∼5 cm below the XPT, while it vanishes in plunges
closer to the floor where Q̃conv

r drops and profiles flatten. At
the detachment onset, both SN and SF divertors show reduced
and flattened Q̃conv

r profiles closer to the floor, consistent with
the flattened Te profiles and weak changes in Γ̃r. In contrast to
the turbulent particle fluxes, Q̃conv

r in the vicinity of the XPT
remains similar between attached and near-detached condi-
tions in both geometries, peaking around 10 kWm−2 near the
separatrix.

9
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Figure 7. Radial profiles of γñeẼZ cosδ (second row), Γ̃r (third row) and Q̃conv
r (fourth row). The colorbar progresses from deep blue for

plunges far away from the XPT to yellow for plunges close to the XPT. The errorbars represent one standard deviation. The vertical black
line and shaded gray region indicate the separatrix location and its uncertainty from magnetic reconstruction. The colored vertical dashed
lines (shown in the first row only) indicate the location of the secondary separatrix of the SF discharges.

6. DC E×B flows in the divertor volume

6.1. Radial DC E×B flows

The radial DC E×B flows inferred from vertical gradients of
the plasma potential Vp are only identified in one operational
regime, the attached SN, where ΓE×B

r becomes comparable in
magnitude to turbulent levels. In the attached SF and at the
onset of detachment, the vertical invariance of Vp effectively
reduces Eθ and the DC radial drifts within experimental errors.

The Eθ profiles, reconstructed radial DC particle fluxes
ΓE×Br and associated heat fluxes QE×B

r are shown in figure 8.
As seen in figure 4, in nearly all configurations, the Vp profiles
are collapsed together, resulting in negligible electric fields Eθ
and minimal radial DC transport. A well defined Eθ profile
only appears in the attached SN configurations, with a plat-
eau just outside the separatrix at 0.5 kVm−1 and resulting in
ΓE×B
r ∼−2× 1021 m−2s−1 in the near-SOL, on par with tur-

bulent Γ̃r levels. The negative sign indicates the direction of
ΓE×Br from the SOL towards the PFR. The corresponding heat
flux QE×B

r reaches approximately −50 kWm−2. Both ΓE×B
r

and QE×B
r magnitudes drop sharply across the separatrix into

the PFR. In this configuration still, while the particle flux is
comparable to Γ̃r, the DC heat flux substantially exceeds Q̃conv

r
by a factor of 5− 20.

In the attached SF configuration, the large spread observed
in the Vp profiles is attributed to the limited number of
available plunges and to the strong magnetic flux expansion
between the two nearby null points, which stretches spatial
gradients and amplifies shot-to-shot variability. Nonetheless,
the radial E×B fluxes display consistently positive values,
suggesting that the radial drifts are pushing particles away
from the separatrix in this configuration.

At the onset of detachment, the collapse and flattening of
the Vp profiles strongly reduce Eθ and the associated radial
DC E×B drifts. While the data exhibit significant scatter, par-
ticularly in the SF configuration, the radial DC E×B fluxes
consistently show positive ΓE×B

r values, indicating that radial
drifts are pushing particles and heat away from the separat-
rix. Because of the large scatter in the data, additional meas-
urements would be required to further quantify this behavior.
Importantly, no enhanced radial E×B transport is observed at
the onset of detachment.

These results demonstrate that radial DC E×B transport
is only significant in a narrow regime of attached SN plasmas
with vertically varying Vp structures and gradients. As detach-
ment sets in, the suppression of Vp gradients in the studied
plasma discharges weakens this transport channel, leaving tur-
bulent spreading above the dissipative region as the dominant
and only observed enhanced mechanism for radial transport.
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Figure 8. Radial profiles of Eθ (second row), ΓE×B
r (third row) and QE×B

r (fourth row). The blue curve is a smooth fit through the
interpolated data (red circles). The error bars are obtained from error propagation. The vertical black line and shaded gray region indicate
the separatrix location and its uncertainty from magnetic reconstruction. The colored vertical dashed lines (shown in the first row only)
indicate the location of the secondary separatrix of the SF discharges.

6.2. Poloidal DC E×B flows

The poloidal DC E×B transport is seen to dominate both
particle and heat fluxes in the private flux region (PFR) across
all attached SN and SF divertor configurations. In these cases,
well-shaped profiles of the radial electric field Er generate
strong poloidal E×B flows at the separatrix inside the PFR
that decay rapidly in the SOL. The SN configuration consist-
ently exhibits stronger shear and larger Er wells than the SF,
but comparable ΓE×B

θ and QE×B
θ magnitudes. At the onset of

detachment, this structure is disrupted: the Er well disappears
and is replaced by a small positive hump in the PFR, while Er

gets suppressed in the SOL. As a result, poloidalE×B particle
and heat fluxes reverse direction in the PFR and are suppressed
in the SOL.

Figure 9 shows the Er profiles alongside the poloidal DC
E×B particle and heat fluxes. In attached SN divertors, Er

exhibits a deep well in the PFR just inside the separatrix,
reaching minima between −2.8 kVm−1 and −4.4 kVm−1,
while in the attached SF this well is shallower, reach-
ing only −1.2 kVm−1. At the onset of detachment, the Er

well disappears and a small positive hump emerges in the
PFR, while Er flattens in the SOL for both SN and SF

cases, consistent with the suppression of Vp gradients near
detachment.

The ΓE×B
θ and QE×B

θ profiles follow the structure of Er.
In attached SN configurations, ΓE×B

θ exhibits a negative well
inside the PFR with increasing depth toward the divertor floor
around −2× 1022 m−2s−1, and QE×B

θ reaches a minima at
∼− 280 kWm−2. Both quantities are roughly a factor of two
smaller in the attached SF, though the probe plunges do not
go as close to the divertor floor as in the attached SN. The
attached SN features a small positive ΓE×B

θ peak around 5×
1021 m−2s−1 and QE×B

θ peak between 35 and 100 kWm−2 in
the SOL, features which are absent from the attached SFwhere
the SOL profiles are flatter. As detachment develops, the ΓE×B

θ

and QE×B
θ profiles reverse sign in the PFR, consistent with the

appearance of the positive Er hump, and are suppressed in the
SOL, where the flattened potential profile eliminates the DC
E×B drive.

Overall, DC poloidal E×B transport provides an import-
ant cross-field channel in the PFR during attached operation.
At the detachment onset, with the collapse of Er and Vp gradi-
ents, there is a transition to a regime where drift-driven trans-
port weakens and inter-leg coupling is confined to the residual
positive Er feature inside the PFR and near the separatrix.
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Figure 9. Radial profiles of Er (second row), ΓE×B
θ (third row) and QE×B

θ (fourth row). The colorbar progresses from deep blue for plunges
far away from the XPT to yellow for plunges close to the XPT. The error bars represent one standard deviation of Er and the uncertainty
from error propagation in ΓE×B

θ and QE×B
θ . The vertical black line and shaded gray region indicate the separatrix location and its uncertainty

from magnetic reconstruction. The colored vertical dashed lines (shown in the first row only) indicate the location of the secondary
separatrix of the SF discharges.

7. Parallel transport

With the suppression of temperature gradients near detach-
ment, convection is found to become the dominant mechanism
for parallel heat transport. This is reflected in the broadening
of the parallel velocity profiles at the detachment onset, indic-
ating that the SOL divertor plasma begins to move as a bulk
throughout the divertor.

The parallel heat flux q∥ to the divertor target is
given in equation (9). Its first term represents the con-
ductive component of q∥, qcond∥ =−κT5/2e ∂Te/∂s, while
the second term represents the convective component,

qconv∥ = nev∥
[
5
2 (Te +Ti)+ 1

2miv2∥ + I0
]
.

Past studies have shown that conduction typically domin-
ates q∥ under attached conditions while convection takes over
as the primary carrier of energy as the parallel temperature
gradient weakens near detachment [51–53]. The behavior of
the v∥ andM∥ profiles shown in figure 10 support an increased
convection role at the detachment onset. In the attached SN
divertor, v∥ rises near the separatrix from about 10 km s−1

near the XPT to 35 km s−1 closer to the divertor floor, a trend

followed by M∥ (going from 0.2 near the XPT to 0.5 closer
to the floor) and consistent with sheath theory [54]. At the
detachment onset, the v∥ profiles broaden substantially com-
pared to the attached case and collapse together, in agreement
with previous measurements of divertor plasma flows in DIII-
D [55]. This is indicative that, at the detachment onset, convec-
tion drives the divertor SOL plasma to move more uniformly
as a bulk. Despite v∥ reaching only 20 km s−1 at the detach-
ment onset at the separatrix, the higher M∥ of 0.65 compared
to the attached scenarios indicates that the SOL plasma moves
at a larger fraction of the local sound speed, consistent with
enhanced convective transport.

In the attached SF divertor, the profiles are broader than in
the equivalent SN case, with lower v∥ near the separatrix but
higher values in the far SOL within the dissipative region. The
plunge nearest the XPT shows a trend similar to that of the SN.
The plunge below the XPT features significantly higher v∥ in
the far SOL, followed by a clear drop at the SF secondary sep-
aratrix before gradually rising toward the PFR. At the detach-
ment onset, the SF profiles evolve in a manner similar to those
in the SN divertor, but with little change in magnitude and
without the distinct drop in v∥. The broader profiles observed
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Figure 10. Radial profiles of Ma∥ (second row) and v∥ (third row). The colorbar progresses from deep blue for plunges far away from the
XPT to yellow for plunges close to the XPT. The errorbars represent one standard deviation. The vertical black line and shaded gray region
indicate the separatrix location and its uncertainty from magnetic reconstruction. The colored vertical dashed lines (shown in the first row
only) indicate the location of the secondary separatrix of the SF discharges.

in the attached SF divertor may be related to the stronger flux
expansion of the SF geometry, which could reduce parallel
pressure gradients and spread the upstream pressure over a lar-
ger flux volume, leading to weaker flow acceleration and less
peaked profiles near the separatrix.

The broadening of v∥ at the onset of detachment com-
plement the findings of this work: enhanced turbulent trans-
port broadens the profiles upstream of the dissipative region,
particles enter the divertor already radially dispersed, and con-
vection then carries these broadened profiles through the diver-
tor, causing the SOL plasma tomovemore uniformly as a bulk.

The parallel heat flux is next evaluated to quantify the rel-
ative roles of conduction and convection in carrying energy
along the field lines. To estimate the conductive compon-
ent qcond∥ , a constant parallel heat conductivity coefficient of
κ= 2000 is used for the electrons while the ion channel is neg-
lected since its corresponding coefficient, κ= 60, is more than
an order of magnitude smaller and contributes negligibly to the
total conductive flux [56]. The temperature gradient is com-
puted directly from the measured Te profiles along the field
line. The convective component qconv∥ is obtained using the
measured ne and v∥ profiles, and the previously stated assump-
tion of Te = Ti.

Figure 11 shows the total (orange-red), conductive (blue),
and convective (green) parallel heat fluxes for each diver-
tor scenario. The solid lines represent the averaged pro-
files obtained from all probe plunges, while the shaded
regions indicate the spread among different plunge data. Under
attached conditions, the conductive term dominates the total

parallel heat flux in the SOL, contributing between 74% and
93% of the total q∥. In contrast, at the detachment onset, the
conductive channel weakens as temperature gradients flatten,
and the convective contribution exceeds 80% of the total q∥.
The reduction of qcond∥ between the primary and secondary sep-
aratrixes of the SF at the detachment onset is greater than in
the SN, illustrating the SF ability to further dissipate energy.
These results confirm the transition inferred from the velocity
measurements: in attached plasmas, the steep parallel temper-
ature gradient sustains strong conductive transport, while in
near-detached plasmas, the parallel motion of the bulk plasma
becomes the principal carrier of energy toward the divertor
target.

The transition from conduction- to convection-dominated
transport as detachment develops is also seen in the poloidal
projection of the parallel heat flux, qθ∥ = q∥ ×Bθ/B. In the

attached scenarios, qθ∥ peaks in the near SOL between 400

and 600 kWm−2 in the SN, and around 400 kWm−2 in the
SF, dominated by the electron conduction channel. In attached
conditions, the poloidal E×B heat flux have been shown to
reach up to ∼− 280 kWm−2 in the SN and around half this
value in the SF. While remaining smaller than the parallel
conductive heat flux, QE×B

θ represents a non-negligible frac-
tion locally and highlights the role of cross-field convection
in redistributing heat within the divertor leg. At the onset of
detachment, the poloidal projection becomes convection dom-
inated and nearly uniform, giving approximately 40 kWm−2

across the entire SOL and extending into the PFR in the SN,
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Figure 11. Total (orange-red), convective (green) and conductive
(blue) heat fluxes carried by parallel transport in the divertor. Solid
lines represent the mean fluxes, and the shaded regions indicate the
spread arising from the different plunges. The fraction of convective
(fconv) and conductive (fcond) contributions in the SOL are indicated
for each divertor scenario.

and between 30 and 40 kWm−2 in the SF. The poloidal com-
ponent of the parallel heat flux therefore dominates the total
heat transport in the near SOL of the attached divertors while
its contribution reduces at the onset of detachment.

8. Relative transport channel contributions to
strike-point delivery

To quantify the relative strength of the studied transport chan-
nels in the outer divertor leg, we use the probe plunge closest
to the divertor floor as a near-target reference plane in each
plasma scenario. This choice ismotivated by two observations:
(i) the measured saturation current density profile JSAT(ψn) at
the probe is consistent with the floor-probes JSAT within uncer-
tainty, and (ii) ISAT(ψn) (and therefore JSAT(ψn)) changes
weakly as the probe approaches the divertor floor as seen
in figure 4. Together, these indicate that the parallel particle
throughput in the strike-point-connected SOL band is approx-
imately conserved between the near-floor probe plane and the
target. The near-floor probe measurements therefore provide
a practical reference for strike-point delivery. In contrast, the
electron temperature is lower at the floor in attached condi-
tions, while remaining comparable at the detachment onset.
The target-normal particle and heat reference fluxes, respect-
ively Γ⊥,target and q⊥,target, are obtained from the floor-probe
measurements using the local grazing angle α at the target
surface.

To reduce sensitivity to the separatrix position and to focus
on the strike-point-connected bundle, we use a near-separatrix
interval ψn ∈ [ψ1,ψ2], with ψ1 = 1.000 and ψ2 = 1.008, cov-
ering the uncertainty in the separatrix location in the SOL. We
then define representative band-averaged flux densities as:

〈
XΓ, q

〉
ψ1:ψ2

≡ 1
ψ2 −ψ1

ˆ ψ2

ψ1

X(ψn) dψn, (11)

where X is the particle (XΓ) or heat (Xq) flux being considered.
We then quantify each channel relative to the delivered refer-
ence flux densities using band-averaged ratios; for particles:

P(Γ) [%] = 100

∣∣∣〈XΓ
〉
ψ1:ψ2

∣∣∣
⟨Γ⊥,target⟩ψ1:ψ2

, (12)

and analogously for heat:

P(q) [%] = 100

∣∣∣⟨Xq⟩ψ1:ψ2

∣∣∣
⟨q⊥,target⟩ψ1:ψ2

. (13)

Equations (12) and (13) provide ameasure of the local strength
of each transport channel relative to the delivered fluxes to the
outer strike point.

A practical distinction is required between the radial E×B
and turbulent radial channels in the present near-target delivery
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Table 3. Channel contributions to the normal particle flux target delivery.

Attached Detachment onset

SN SN SF SN SF
(Ip =−240kA) (Ip =−255kA) (Ip =−240kA) (Ip =−255kA) (Ip =−255kA)

⟨Γ⊥,target⟩
(
×1022m−2 s−1) 2.28 1.97 2.56 3.85 3.17

P Γ̃r (%) 1.1 1.3 2.8 0.8 1

PΓE×B
r (%) 9.5 11.1 0.75 0.61 4.4

PΓE×B
θ (%) 26.2 29.5 13.75 2.26 3.97

Table 4. Channel contributions to the normal heat flux target delivery.

Attached Detachment onset

SN SN SF SN SF
Term (Ip =−240kA) (Ip =−255kA) (Ip =−240kA) (Ip =−255kA) (Ip =−255kA)

⟨q⊥,target⟩
(
MWm−2) 0.38 0.44 0.29 0.17 0.14

P Q̃conv
r (%) 0.35 0.35 1.2 0.27 0.16

PQE×B
r (%) 16.79 14.45 2.13 0.78 4.26

PQE×B
θ (%) 27.75 33.34 17.71 2.66 3.06

framework. The radial E×B flux is inferred from an inter-
plunge electric-field estimate as in section 6.1. It therefore rep-
resents a divertor-leg-averaged radial drift rather than a local
quantity at the lowest plunge. Using this leg-averaged ΓE×B

r
and QE×B

r is nonetheless appropriate because it captures the
typical cross-field exchange experienced by the strike-point-
connected bundle along the outer leg, and is taken between the
lowest two probe plunges when the data permits. By contrast,
the turbulent radial flux is strongly localized near the XPT.
The near-XPT plunge primarily diagnoses upstream turbulent
spreading that broadens profiles before parallel transport car-
ries them toward the target. This is distinct physics from the
near-target redistribution considered here. Consequently, we
use the turbulent flux measured at the lowest plunge and do
not interpret the large upstream Γ̃r observed near the XPT as a
direct contributor to target delivery. This separation explains
the small values of P Γ̃r and P Q̃conv

r obtained, which indicate
that near the target the turbulent radial channel is weak com-
pared to the delivered parallel throughput, consistent with the
profiles of Γ̃r away from the XPT shown in figure 7.

The ratios from equations (12) and (13) are reported in
tables 3 and 4 respectively. In all cases, parallel transport
remains the dominant pathway for particle and power delivery
to the outer strike point. In attached conditions, the poloidal
E×B particle flux is a significant contributor to target deliv-
ery, reaching PΓE×B

θ ∼ 30% in the SN and ∼14% in the SF.
The radial E×B particle flux contribution is smaller, around
10% in the SN and much lower, around 1%, in the SF. The tur-
bulent radial particle transport remains comparatively weak,
with P Γ̃r ∼ 1%–3%.

For heat, the DC E×B contributions are substantial in
attached conditions, with QE×B

θ reaching PQE×B
θ ≃ 28%–33%

in the SN and ∼18% in the SF, and QE×B
r reaching PQE×B

r ≃
15%–17% in the SN but only 2% in the SF. The limited number

of probe plunges in the attached SF could influence the low
radial DC E×B ratio obtained. The turbulent convective heat
flux contribution remains negligible across all attached and
onset of detachment scenarios. At the detachment onset, the
drift-driven particle redistribution terms decrease markedly,
with both PΓE×B

θ and PΓE×B
r under 5%, and seemingly higher

in the SF. The DC E×B heat fractions likewise drop to a few
percent, highlighting the increasingly dominant role parallel
transport has in delivering both particles and power to the outer
strike point near detachment.

9. Conclusions

The RMS levels of plasma fluctuations remain comparable
between SN and SF divertors in both attached and near-
detached conditions, increasing with distance from the floor.
The broadening of the RMS levels at the onset of detachment
in both SN and SF divertors hints at faster radial transport of
turbulent structures.

An increase in radial turbulent transport by a factor of
2− 4 is detected near the XPT and upstream of the dissipat-
ive region at the detachment onset in both SN and SF diver-
tors. This increase is similar across configurations, reaching
Γ̃r ≈ 4× 1021 m−2s−1, and does not extend into the dissipat-
ive divertor, where Γ̃r remains comparable to attached con-
ditions at ∼1× 1021 m−2s−1. This enhancement is the only
transport mechanism identified in this study that is consistent
with the expected increase in radial transport during detach-
ment. In combination with the increased λn in both SN and SF
near-detached divertors in the vicinity of the XPT, these res-
ults suggest that particles enter the divertor region already radi-
ally spread by turbulent transport above the dissipative region.
Convection then transport the plasma through the divertor
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uniformly across the SOL, as seen from the broadening of the
M∥ and v∥ profiles.

The transition toward convective parallel flows is accom-
panied by a corresponding shift in the heat transport balance,
with the convective contribution exceeding 80% of the total
parallel heat flux at the detachment onset, while the conductive
channel dominates under attached conditions. This shift under-
scores the central role of convective processes in carrying both
particles and energy through the divertor when approaching
detachment.

Normalizing the measured cross-field transport channels in
the outer divertor leg to the target-normal fluxes showed that
drift-driven convection is a significant transport channel in the
target-proximate region under attached conditions, weaken-
ing at the detachment onset. In the attached divertors, the pol-
oidal E×B particle flux reaches ∼14%–30% of Γ⊥,target and
the radial E×B particle flux reaches ∼1%–11%, while tur-
bulent radial particle transport remains weak (∼1%–3%). For
heat, QE×B

θ and QE×B
r reach respectively ∼30% and ∼15% of

q⊥,target, whereas the turbulent convective heat flux remains
negligible. At the detachment onset, these drift-driven con-
tributions drop markedly for both particles and heat to only
a few percent of the target delivery, indicating a transition
toward increasingly parallel-dominated delivery to the outer
strike point in the target-proximate region.

Finally, the evolution of theVf andVp profiles from attached
to near-detached conditions highlights the role of plasma cur-
rents in setting the electric field structure. In the studied scen-
arios, rearrangement of the plasma currents at the detachment
onset effectively reduced the DC drifts in the SOL and altered
the Eθ structure in the PFR. These findings stress the import-
ance of accounting for plasma currents when analyzing drift
dynamics in divertor plasmas.
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