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Abstract
Enhanced perpendicular heat and momentum transport induces parallel pressure loss leading to
divertor detachment, which can be produced by the increase of density in 2D tokamaks.
However, in the 3D configurations such as tokamaks with 3D fields and stellarators, the fraction
of perpendicular transport can be higher even in a lower density regime, which could lead to the
early transition to detachment without passing through the high-recycling regime. 3D fields
applied to the limiter tokamak plasmas produce edge stochastic layers close to the last closed flux
surface (LCFS), which can allow for enhanced perpendicular transport and indeed the absence of
high recycling regime and early detachment have been observed in TEXTOR and Tore Supra.
However, in the X-point divertor tokamaks with the applied 3D fields, the parallel transport is
still dominant and the detachment facilitation has not been observed yet. Rather, 3D fields
affected detachment adversely under certain conditions, either by preventing detachment onset as
seen in DIII-D or by re-attaching the existing detached plasma as shown in NSTX. The possible
way for strong 3D effects to induce access to the early detachment in divertor tokamaks appears
to be via significant perpendicular loss of parallel momentum by frictional force for the counter-
streaming flows between neighboring flow channels in the divertor. In principle, the adjacent
lobes in the 3D divertor tokamak may generate the counter-streaming flow channels. However,
an EMC3-EIRENE simulation for ITER H-mode plasmas demonstrated that screened RMP leads
to significantly reduced counter-flows near the divertor target, therefore the momentum loss
effect leading to detachment facilitation is expected to be small. This is consistent with the
observation in LHD, which showed screening (amplification) of RMP fields in the attachment
(stable detachment) case. Work for optimal parameter window for best divertor operation
scenario is needed particularly for the 3D divertor tokamak configuration.

Keywords: detachment, 3D fields, RMP, plasma response, diverter plasma regime, 3D effects on
divertor
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1. Introduction

Externally applied non-axisymmetric, i.e. 3D, magnetic per-
turbations have been widely used for various physics pur-
poses in tokamaks such as edge localized mode (ELM)
suppression /mitigation [1-7], neoclassical toroidal viscosity
control [8, 9], and the generation of non-resonant magnetic
field assisted QH-mode plasmas [10, 11], etc. While the
control of transient heat flux from ELMs are critical for the
success of ITER and beyond, steady state heat flux control is
also an important requirement for the operation of long-pulse,
high performance H-mode plasmas, in order to keep the peak
heat flux (gpeax) under ~10 MW m 2. Mitigation of steady
state heat flux via divertor detachment is a leading candidate
to achieve this goal. Divertor detachment is a physical process
of increased radiation power along with rapid cooling of
divertor plasma that leads to pressure drop along the flux tube,
caused by increased density of main ions or impurity seeding.
The interaction of applied 3D fields with divertor plasma and
detachment has been intensively investigated in recent years
in tokamak [12-24] and stellarator [25-30]. The ultimate goal
is the simultaneous achievement of divertor detachment and
ELM suppression but this has not been accomplished in any
machine yet.

The applied 3D fields interact with the plasma to be
shielded or amplified by plasma response, with the response
behavior affected by several parameters such as toroidal mode
number (n) of the 3D fields, gos, and the normalized beta
(Bn), etc. The plasma response to the 3D fields determines
how the applied 3D fields penetrate through the plasma sur-
face and generate magnetic islands or a layer of stochastic
magnetic fields. The magnetic separatrix is also perturbed by
3D fields and is split into multiple invariant manifolds to form
a 3D lobe structure for open field lines [31, 32]. Stochastic
field lines from the plasma boundary tangle into the lobes and
carry hot and dense plasma particles from inside the separa-
trix, which induces non-axisymmetric heat and particle flux,
represented as a striated deposition pattern, at the divertor
surface. These lobes can shrink or be amplified by plasma
response and the observed striation pattern can be very dif-
ferent from the vacuum approximation result. The role of
plasma response inside the separatrix, calculated with the
ideal response model such as IPEC [33] or resistive response
model such as M3D-C1 [34], was demonstrated in the field
line tracing by comparing different toroidal mode numbers
and coil configurations, which significantly altered the foot-
print pattern. For example, in NSTX, plasma response shiel-
ded n = 3 perturbations but the envelope of striations was
largely unchanged compared to the vacuum modeling
[12—14, 35]. However, n = 1 response dramatically amplified
3D footprints [35]. In DIII-D, the even parity configuration
for n = 3 primarily shielded applied 3D fields but the odd
parity amplified them, relative to the results from vacuum
modeling, leading to shrinking and amplification of experi-
mentally observed lobes compared to vacuum 3D footprints
respectively [15, 17, 36]. The measured plasma response in
large helical device (LHD) shows that applied resonant

magnetic fields (RMPs) are shielded in the attached divertor
phase and amplified in the detached phase [25, 37, 38].

Since the tokamak plasma is no longer axisymmetric
with the applied 3D fields, common elements with stellerator
physics have been also explored recently. Note that the 3D
structure of boundary plasma for the limiter tokamak (i.e.
LCES is defined by the contact of plasma with material sur-
face when there is no 3D perturbation) is very different from
that of the divertor tokamak (LCFS is defined by the magnetic
separatrix formed by X-point). For the limiter geometry, the
applied 3D fields produce stochastic and laminar regions near
the LCFS and the primary channel of transport to the wall is
the radial component of perpendicular and parallel transport
with respect to stochastic field lines. For the divertor geo-
metry, however, 3D fields induce island overlap that gen-
erates a stochastic layer and the magnetic separatrix is split
into several ‘lobes’, each of which intersects with the divertor
surface. Unlike the limiter geometry, this magnetic config-
uration produces a situation that parallel flux and the poloidal
component of perpendicular flux are the primary channel for
the transport between LCFS and the divertor plates. These
differences lead to different behavior of boundary plasma in
response to 3D fields, therefore the effect on detachment is
also differentiated. In this review, we define 3D effects on the
boundary plasma to emerge when the perpendicular transport
(for heat, particle, and momentum) becomes comparable to
the parallel transport.

Given the importance of controlling both the transient
and steady state divertor heat and particle flux in ITER in the
presence of 3D fields, it is crucial to understand the status and
to identify outstanding issues on the effect of 3D fields on the
divertor conditions and detachment. In particular, how the 3D
fields affect physical processes leading to the change in
divertor conditions and detachment, what are the key para-
meters for the effects, and then how to control and optimize
divertor heat flux behavior by 3D fields, are the three
important issues that should be addressed. Consistent expla-
nation for these questions is necessary for tokamak machines
first, and similarities and differences between the 3D tokamak
and stellarator should be studied to identify the underlying
physics issues.

Various aspects of 3D effects on the divertor plasma in
tokamaks and stellarators, with focus on heat flux footprints
and detachment, will be reviewed and discussed in this paper.
Conventional detachment induced by gas puff will be only
considered here and those from magnetic configuration
change, such as snowflake divertor [39, 40], are out of scope
of this review. Data from two tokamak machines (NSTX and
DIII-D) and one stellarator (LHD) will be primarily shown
and discussed. Section 2 will describe experimental obser-
vation of 3D effects on divertor footprint behavior, along with
related core plasma parameters, as a function of density up to
the detachment onset and beyond. All data are from H-mode
plasmas in the X-point divertor configuration in NSTX and
DIII-D. These results are also compared to 3D transport
simulations to deduce physical interpretations. Results from
LHD helical divertors for both experiment and modeling,
including the role of plasma response, are presented in
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perturbation, with IR camera, 3D field coils, and divertor gas puff location overlaid. Time trace of several operational parameters taken
during a divertor detachment and 3D field application experiment in NSTX (in the same series of discharges shown in figures 2—4); (b)
plasma current, (c) line average density, (d) NBI power, (e) 3D field coil current, and (f) D,, signal at lower divertor. The n = 3 perturbation
fields are superimposed onto the n = 3 error correction fields for the 2nd half (r = 0.4-0.45 s) of the detachment period (# = 0.35-0.45 s,
orange shadow). Figure 1(a) is based on the figure 3(a) in [22]. Plots (b)—(f) were reproduced with permission from [14]. © IOP Publishing

Ltd. All rights reserved.

section 3. Section 4 is dedicated to more general aspect of 3D
effects on divertor transport and detachment, where a brief
description of the prospect for ITER is also presented. Finally,
summary and discussion is given in section 5.

2. Effect of 3D fields on detachment for X-point
divertor tokamak

2.1. Effect of applied 3D fields on divertor and pedestal
plasmas in NSTX

2.1.1. Setup and diagnostics. NSTX has a total of six ex-
vessel 3D field coils at the mid-plane, see figure 1(a), which
enables the application of n = 1, 2, 3 magnetic perturbations.
For 3D detachment experiments, n = 3 configuration was
used and a poloidal cross section of Poincare plot using the
vacuum field line tracing for n = 3 case is overlaid in
figure 1(a), where the stochastic magnetic field layer in the
boundary region and unstable separatrix manifolds are visible.
Typical time traces of main plasma parameters during the
experiment are shown in figures 1(b)—(f). Deuterium gas is
injected through the gap in the lower divertor area for a period
of 100 ms to induce detachment. n = 3 fields are applied for
the 2nd half of the divertor gas puff period, on top of ~0.2 kA
of n =3 error field correction fields, figure 1(e). In RMP

experiments in other tokamaks, a decrease of line average
electron density by applied 3D fields (the ‘density pump-out’)
is often observed, which is attributed to the decrease of
pedestal density [41, 42] by 3D fields, but this is generally not
observed in NSTX as seen in figure 1(c).

The divertor plasma is monitored by several diagnostics
for detachment and 3D effects, including a 2D dual band
infrared (IR) camera [43, 44] for heat flux footprints, two
wide-angle visible cameras [45] for D, and Li-I intensity as a
proxy to particle flux footprints, a 1D ultraviolet-visible-near
infrared divertor imaging spectrometer [46] for high-n Balmer
line emission (indicative of divertor volume recombination,
typical for radiative/detached divertor condition).

2.1.2. Effect on divertor and pedestal plasma. The amount of
deuterium gas for divertor injection was varied, from
2000 Torr of gas pressure (~7 x 10! Dsec™' of particle
flow rate) to 4000 Torr (~16 X 10> Dsec™! of flow rate) to
create different level of divertor detachment. After the gas
puff begins at # = 350 ms (see the time traces in figure 1), the
transition from the attached to the detached divertor plasma
occurs at t = 370-380 ms for all gas level cases. Both the
electron temperature (7.) and density (n.), and the ion
temperature (7;) in the pedestal region decrease as the
detachment progresses, and the reduction becomes larger with
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Figure 2. Profile of electron temperature (a), density (b), and ion
temperature (c) for no gas puff (red), 2000 Torr of divertor gas puff
(blue), and 4000 Torr of gas puff (green). It is seen that all pedestal
profiles decrease progressively with the increase of gas puff.

higher gas puff (see figure 2). This is also reflected in the
evolution of the total stored energy (W), i.e. the W, drop is
larger for the higher gas puff cases (see figure 4(d)). Figure 3
shows 2D heat flux profiles mapped to the (r, ¢) coordinate
before gas puffing (plots in 1st column, attached condition),
after gas puffing (2nd column, detached), and after 3D field
application during gas puffing (3rd). All heat flux profiles
before gas puff (figures 3(a), (d) and (g)) show a peak near the
strike point (r ~ 0.4 m), which is typical for attached
divertor. After puffing gas into divertor, heat flux near the
strike point is reduced by ~80% (<1 MW m™?) while heat
flux farther from the strike point (» 2 0.45 m) still remains at
~2MW m 2. This is the partial detachment where plasma
near the strike point detaches first before it fully detaches over
the whole divertor area. However, for the highest gas pressure
of 4000 Torr, it is seen that heat flux in the far scrape-off layer
(SOL) region is also reduced significantly (see figure 3(h)),
indicating that the divertor plasma is fully detached.

Figures 3(c), (f) and (i) are after n = 3 fields were
applied during detachment. The striking observation for low
gas pressure (2000 Torr) is that heat flux striations burn

through detachment and re-attach the divertor plasma, see
figure 3(c). This leads the heat flux profile to peak again near
the strike point with local peaks and valleys in the SOL
region, although the heat flux value at the strike point, i.e.
Gpeaks 18 lower than that before the gas puffing, ie. ~3.5
versus ~5 MW m 2 When the gas pressure was raised to
3000 Torr, partial detachment is still maintained even after the
3D field application (figure 3(f)), i.e. heat flux near the strike
point is kept reduced (<1 MW m ?). However, 3D fields
cause heat flux striations in the far SOL region (indicated by
the yellow circle), noticeably higher than the level without 3D
fields seen in 2(e). This shows that magnetic lobes still
impose substantial non-axisymmetric heat flux, some of
which goes to the outer region of divertor surface even during
the near SOL detachment. These striations are eventually
eliminated when the highest pressure of gas injection
(4000 Torr) was used; figure 3(i) illustrates that 3D fields
now have no impact on divertor detachment. Note that high-n
Balmer line emission intensity also shows [14] the same
behavior demonstrated in figure 3. Data in figure 3 show that
the applied 3D fields become less effective with the increase
of gas puff.

Moving to the pedestal plasma, various plasma para-
meters have been investigated and a previous study shows
that [14] the pedestal T (¢ peq) is the most relevant parameter
affecting the behavior of 3D footprints for the cases shown in
figure 3. Figure 4 shows the change of T ,.q across the gas
puff and 3D field application period for three different gas
levels. As the detachment of divertor plasma is established by
gas puff, T, ,.q drops progressively with the gas puff. In the
case of re-attachment by 3D fields for the 2000 Torr gas puff
as shown in figure 3(c), T.peq rises back up after the
application of 3D fields (see figure 4(a)), while n, peq remains
unaffected [14]. The restoration of T, ,cq is consistent with the
drop of pedestal electron heat diffusivity (Xc pea) sShown by a
TRANSP calculation [14]. For higher gas puff cases where no
re-attachment was observed, T¢ peq remained reduced before
and after turning on the 3D field, so the applied 3D field had
no effect on T ,eq, see figures 4(b) and 3(c). Figure 4(d) is the
temporal evolution of total stored energy (W) for the cases
discussed above. It is seen that divertor gas puff reduces W,
with the onset of detachment and higher gas puff induces
larger decrease of W, However, W, was restored from
t ~ 425 ms (red trace in figure 4(d)) after applying 3D fields
for the 2000 Torr case (note that the reduction of W, for
t ~ 437-447 ms appears to have been caused by a large ELM
that occurred at ¢ ~ 436 ms). This is consistent with the T peq
restoration and divertor re-attachment by 3D fields, shown in
figures 4(a) and 3(c) respectively. Given that n. or T;
restoration was not observed even in the 2000 Torr case [14],
the increase of W, by 3D fields is attributed to the increase of
T¢ pea- For higher gas puff cases (i.e., 3000 and 4000 Torr),
the Wy, restoration by 3D fields was not observed; see blue
and green trace in figure 4(d). It is thought that the apparent
beginning of W, increase at t ~ 400 ms for the 4000 Torr
case (green trace) is not due to the 3D fields but is just a
consequence of natural plasma evolution, as a similar W
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Plots in the left column represent the attached divertor condition before gas puff, while those in the middle column show a partially detached
condition, i.e. detached particularly near the strike point (r ~ 0.4 m). Plots in the right column show the effect of applied 3D fields on the

detachment.

increase begins at t ~ 390 ms (before the 3D fields) for the
3000 Torr case (blue trace).

2.1.8. EMC3-EIRENE simulation. The EMC3-EIRENE code
[47, 48] is a coupled 3D Monte Carlo plasma fluid transport
(EMC3) and kinetic neutral recycling and transport (EIRENE)
package. The code includes transport of particles, electron
and ion energy, and parallel momentum in stochastic fields
with 3D plasma-facing component geometries. It was first
applied to stellarators [47, 48] and later extended to poloidally
diverted tokamaks including NSTX [22-24] and DII-D
[49-51]. An n = 3 configuration was used for the simulation
of NSTX with the use of the B-field in the vacuum
approximation, where the perturbed field consists of a wide
region of destroyed flux surfaces and helical lobes as seen in
figure 1(a). The intersection of the lobes with the divertor
results in a striated flux footprint pattern on the target plates.
Profiles of divertor heat and particle fluxes were compared
with experimental data, with reasonable reproduction of the
trend found in the measurement [22].

A series of EMC3-EIRENE simulations with density
scan in NSTX was made to validate against experimental
trend described in section 2.1.2, again using vacuum
approximation [23, 24]. Figure 5 shows the results using
the equilibrium file for the 2000 Torr case in figures 3 and 4,
and compares ion particle flux (I') onto the divertor target,

total power to the target (Pug), and average T, at the target
between with and without 3D fields (n = 3). Above
ne=5x10""m™, target particle flux rapidly drops, a
typical signature of divertor detachment, without 3D fields.
However, this particle flux roll-over is not observed in the
presence of n = 3 fields and it continues to increase with
density over the range tested, which indicates that the divertor
plasma remains in the high-recycling regime (figure 5(a)).
This demonstrates an increase in the density required to
achieve detachment, consistent with the experimental divertor
re-attachment by 3D fields for low gas puff case, as shown in
figures 3(c) and 4(a). Also, divertor power and target 7. do
not continue to decrease past n, = (4-5) X 10" m— when
n = 3 fields are applied, see figures 5(b) and (c). Figure 6
shows comparison of divertor heat flux profile for three
density levels with and without 3D fields (n = 3). As the
density is increased, the axisymmetric case shows decrease of
peak heat flux and eventually transitioning to detachment at
highest density. However, in case of 3D fields, local peaks in
heat flux profile at larger major radius remain even as the
primary peak is reduced with the increase of density, same as
the experimental trend shown in figures 3(d)—(f).

This trend seen both in the experiment and simulation
raises a concern about the level of steady state heat flux in the
presence of 3D fields if extrapolated to ITER. The striations
on the outer side of the divertor surface, while the near SOL
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Figure 4. Change in electron temperature (7,) profile and total stored energy (W) over the time window of divertor gas puff and 3D field
application for the NSTX discharges in figure 3. Plots (a)—(c) are for different amount of divertor gas puff, 2000 through 4000 Torr of gas
pressure, respectively, and the green profile in plot (a) represents the re-attachment case induced by 3D fields. Plot (d) shows the temporal
evolution of W, with gas puff and 3D field application during the discharges indicated in (a)—(c).

remains detached, would increase the far SOL heat flux level
by at least 20%-30% compared to the axisymmetric
detachment case. This can reduce the margin for the
maximum surface temperature allowed for the safe machine
operation. More gas puff to eliminate the far SOL striations
would cause more confinement degradation, as seen in
figure 4(d), and increase the possibility of the MARFE
development and a subsequent radiative collapse of the
plasma.

2.2. Effect of 3D fields on detachment in DIII-D

2.2.1. Setup and diagnostics. DIII-D has a total of 12 in-
vessel 3D field coils, the ‘I-coils’, with half of them in the
upper row and the other half in the lower row (see figure 7).
Contrary to the single row, mid-plane coils in NSTX, the two
rows of I-coil allows for tuning the alignment of the pitch of
the magnetic perturbation with that of equilibrium fields.
These coils can create magnetic perturbations withn = 1,2, 3
toroidal mode number, but all RMP experiments for the
investigation of the impact on divertor and detachment were
done with n = 3. When the coils are configured such that
the top and bottom pairs of coils produce fields that point in
the same radial direction, they are termed to be in an ‘even
parity’ configuration. When they produce fields in the
opposite direction, it is called the ‘odd parity’ configuration.

The IR camera view, gas puff location, divertor Thomson
scattering (DTS) chords, and target Langmuir probe (LP)
arrays are also overlaid in the poloidal plasma cross section in
figure 7. A set of bolometer arrays enables to obtain the
poloidal distribution of the radiated power (P.q) in the
divertor area. Since the DTS chords are 1D, strike point
sweeping is needed to obtain 2D divertor 7, and n. data.
Radial spacing of target LPs is 1.5-2.8 cm, so strike point
sweeping is also necessary to obtain high-resolution profile of
ion particle flux.

2.2.2. Experimental observation of the effect of 3D fields.

Density pump-out typically occurs when the RMP is applied
to low collisionality plasmas in DIII-D, while it is typically
not observed for high collisionality plasmas [1, 2]. It is almost
always accompanied by the increase (by a factor up to 2-3) of
steady state, i.e. inter-ELM, peak heat flux, but this increase is
largely removed when line average density is raised to the
level before the RMP application. For the 3D detachment
experiment, a series of density scan discharges were produced
by puffing deuterium with both even and odd parity n = 3
RMPs applied [15-19]. Gas puffing was initiated a few
100 ms after turning on the RMP and was increased until the
core density met and then exceeded the pre-RMP level. The
plasma shape in figure 7 is the typical low triangularity shape
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Figure 5. Comparison of ion particle flux (a), power to the divertor
target (b), and the average electron temperature at the target (c) with
(black dashed line) and without (red solid line) n = 3 fields, as a
function of core electron density, from an EMC3-Eirene simulation
for the same discharge as in figures 3(a)—(c) and 4(a) in NSTX. It is
seen in plot (a) that an abrupt decrease of ion particle flux occurs at
ne =5 % 10" (m ™) in case of no 3D fields, which is a typical
indication of divertor detachment. This is compared to the
continuous increase of particle flux when 3D fields were applied, i.e.
the divertor plasma remained attached.

to allow better diagnostic measurements of the outer strike
point (OSP).

Shown in figure 8 are the outer heat flux profiles
measured during a series of density scan discharges for three
cases; no RMP, n = 3 odd, and n = 3 even parities, where
the densities in all three cases were matched [17]. These
measurements were made by taking the average of multiple
heat flux profiles during the inter-ELM period. Only a narrow
toroidal section of lower divertor plates are covered at
the ~60° toroidal position. The heat flux profiles show the
typical exponential decay pattern in the near SOL (i.e. for
R — Ry, ~ 0.02-0.1 m) with high g, at lower core density
(ne/ngw = 0.5-0.6), as shown in figure 8(a), when no RMP
is applied. The gpea continues to decrease as the density is
raised from n./ngw = 0.5 to n./ngw = 0.8. The radiated
power is seen to move from the OSP toward the X-point at
around n./ngw = 0.7, an indication of detachment onset of
the OSP; see figures 8(d) and (e). The gpeax is strongly
reduced as the density is increased past the detachment onset
into the higher density level. Application of RMP induces
local peaks and valleys in the heat flux profile while the OSP
is attached (i.e. for n./ngw lower than ~0.7 for the discharges
in figure 8), representing the lobe structures formed from the
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Figure 6. Heat flux profile simulated by EMC3-EIRENE for a
density scan (77, = 2—6 x 10' m—3) without (a) and with (b) n = 3
perturbation fields applied, for the same discharge as in figures 3(a)—
(c) and 4(a) in NSTX.

separatrix splitting. It is seen that the even parity RMP
produces more pronounced lobe structures than the odd parity
and accordingly the reduction of the gpeax is generally
stronger for the same core density level, see figures 8(b) and
(c) compared to 8(a). These asymmetries in heat flux begin to
weaken as the plasma approaches detachment onset and
finally disappear after the transition to detachment. Then the
profiles become almost identical for the no RMP case and
either the even or odd parity case [17]; see the profile for
ne/ngw ~ 0.8 in each case in figure 8. The transition
threshold, n./ngw ~ 0.7, is very similar for all three cases,
ie. the RMP did not alter the onset threshold for these
discharges. It is also found that the electron temperature and
density profiles across the whole plasma cross section,
measured by Thomson scattering, have not been changed
by the RMP [17].

The behavior of divertor target heat flux profiles as a
function of the core density (n./ngw) is also demonstrated in

figure 9, where the total integral power (ng = f 27rq (r)dr),

peak heat flux (gpea), and the wetted area (Aye; = Prarg / Gpeak)
are plotted as a function of the Greenwald fraction for the three
cases; no RMP (black), the n =3 odd parity (red), and the
n = 3 even parity (green). It is seen that the total integral power
is largely unchanged for all three cases in the range of n./ngw
investigated, see figure 9(a). However, the inferred A
increases noticeably in the attached condition (n./ngw < 0.7)
when the RMPs are applied, which leads to the reduction of the
Gpeax compared to the no RMP case, see figures 9(b) and (c).
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Figure 7. Poloidal cross section of a DIII-D plasma with upper and lower I-coils, IR camera view, gas puff location, divertor Thomson
scattering (DTS) chords, and the target Langmuir probe arrays overlaid. The right plot shows the bird’s eye view of I-coils (six coils for each

of upper and lower row).

Note that although the A,,; was deduced from the P, and the
Gpeax from the above relation, it reflects how P, is spatially
dispersed to the divertor target and determines the gpe. It is
noted that the heat flux spreading effect in the clear attachment
case (for n./ngw < 0.6) is stronger, i.e. higher Ay, and lower
Gpeaks for the even parity configuration than the odd, which
appears correlated with the more pronounced lobe heat flux for
the even parity (figure 8(c)) than the odd (figure 8(b)). The Ay
and gpeq discrepancy for the three cases is large for the low
ne/nGw, then becomes smaller for higher n./ngw, until all three
Ayer and gpeq values become nearly identical in the detached
case. Along with the unchanged detachment onset condition
(ne/ngw ~0.7) compared to the no RMP case, this indicates that
the RMP effect on the divertor heat flux characteristics
diminishes as approaching the detached condition for this series
of discharges. Earlier work [15, 16] also showed similar results
and this is in contrast to the NSTX data that shows strong effect
of 3D fields on detachment under certain conditions, such as the
re-attachment of divertor plasma and the generation of clear heat
flux striations as seen in figures 3(c) and (f).

Contrary to the cases shown in figures 8 and 9, the two
high-density cases (with and without RMP) in figure 10 from
a different series of discharges show evidence that the RMP
prevented detachment onset in cases where no RMP led to
detachment for the OSP [18, 19]. Figures 10(a) and (b) show
the radiated power near the X-point, measured by the imaging
bolometer, is significantly lower in the case of RMP
application (n = 3 even) compared to the no RMP case,
even though the Greenwald fraction is slightly higher
(ne/ngw = 0.75 versus 0.7). Accordingly, the heat flux
profile for the RMP case is peaked near the OSP with the
Gpeak More than a factor 2 higher than that for the no RMP
case, see figure 10(c). This indicates that the OSP is still
attached in the presence of RMP even with the higher
Greenwald fraction. Recent work [18, 19] also showed that
the ion saturation current density (Jg,) profile, measured by
target LPs, near the OSP is strongly reduced (a characteristic
of detachment) only in the no RMP case, while the Jg,, profile
with the RMP reveals a peak near the OSP (a characteristic of

the high recycling regime), for the same discharges shown in
figure 10. Evidence that detachment does not onset at this
density also originates from the DTS T, data [18, 19], where
the T, at the divertor surface for the no RMP case is well
below 5 eV for the whole divertor area from the OSP but for
the RMP case it still is ~10eV near the separatrix. Although
the secondary T, lobe move away from the target, the lobe
structure still remains even with the higher Greenwald
fraction compared to the no RMP case. The observation that
the plasma did not enter detachment with the RMP even at a
higher density than in the no RMP case is similar to the re-
attachment by the applied 3D fields seen in NSTX as
described in section 2.1.2 (figure 3(c)).

Understanding of the cause that makes the difference in
the effect of RMP on detachment between the cases shown in
figures 8, 9 and figure 10 is still in progress, but it is found
that [18, 19] the core T, is higher with the RMP, while n, is
similar, for the case of no detachment transition (figure 10).
The higher core T, is correlated with the suppression of a
rotating MHD mode (n = 2), detected by magnetics, by the
RMP. It is seen in figure 10(d) that this mode only appears
after the RMP is turned off for the RMP discharge (red trace),
and was sustained for the whole period of detachment for the
no RMP case (black trace). In contrast, for the case of the
same onset threshold (figures 8 and 9), the T, profile remained
unchanged with the RMP and no suppression of MHD mode
by the RMP was observed. However, it is not clear yet how
the RMP eliminated the MHD mode and this needs further
investigation.

2.2.3. EMC3-EIRENE simulation result. A series of EMC3-
EIRENE simulations for an upstream density scan was
performed and the result was compared to measurements
[18, 19]. In the lower density calculations, the lobes in the
electron temperature in the divertor extend to the target plate.
This structure is qualitatively similar to the experimental lobe
structure seen in the DTS data described in section 2.2.2. As
the upstream density in the simulation is increased the lobes
in the electron temperature are cooled near the target plate.
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Figure 8. Measured divertor heat flux profiles with the increase of core density in DIII-D, as a function of the radial distance relative to the
location of outer strike point (R — Rp). (a) is without the RMP, (b) is with the n = 3 odd RMP applied, and (c) is with the n = 3 even RMP.
The Greenwald fraction (fgw = ne/ngw) is used as a metric for the core density level for each case. The profile in sky blue (fgw ~ 0.8) for
all three plots shows the case for divertor detachment. Plots (d) and (e) show the poloidal distribution of radiated power density (Pp.q)
measured by a bolometer array for fgw = 0.66 (attached condition) and 0.74 (detached), respectively, for the no-RMP case. Note that the
behavior of P4 as a function of fgw is very similar for all three cases.

This structure change is also qualitatively similar to that seen
in the DTS measurement. In these simulations the magnetic
field structure and perpendicular transport coefficients were
held constant and only the density at the upstream boundary
was varied. Here, the vacuum model for the 3D magnetic field
structure was used, which does not include plasma response
fields to the RMP. By holding the magnetic field structure
constant these calculations demonstrate that changes in
magnetic field structure are not needed to explain the
changes in the electron temperature within the divertor.
From the simulated divertor 7, and n. data at the divertor
surface, the 2D target heat flux profile is calculated and
compared to the experiment.

Figure 11 illustrates a comparison of simulated heat flux
profiles for the low and high density cases to the measured
profiles, both with the n = 3 even parity RMP. The 1D profile
from the EMC3-EIRENE simulation is the radial cut at the
toroidal location of the IR camera from the 2D target heat
flux data in the (7, ¢) plane. It is seen that the peak heat flux
decreases and the lobe structure in the simulated heat flux
profile becomes much less pronounced with the increase of
density; figure 11(a). Experimental profiles show similar
trend, figure 11(b), although the lobes are less distinct
compared to the simulated profile for the low density case.

This difference indicates that the x, / X| ratio used in the
simulation may have been lower than in the experiment.
Overall, the agreement is quite good in terms of the location
of the lobes and the trend of heat flux behavior with the
density increase.

Recent calculations with various plasma response models
used for B-field structure, e.g. ideal (IPEC) and resistive
(M3D-C1) model, showed that no B-field model tested can
explain pedestal and divertor data simultaneously when tested
on multiple perturbation coil configurations [24]. For
example, vacuum fields show too much stochasticity inside
the separatrix, while ideal MHD solution reproduces the
experimentally observed pedestal gradient in the steep region
but it becomes too flat near the separatrix. On the other hand,
strong screening from M3D-C1 removes downstream lobes
and the result is sensitive to the edge rotation.

3. Effect of 3D fields on detachment in
stellarator (LHD)

Magnetic configuration in stellarator is inherently non-axi-
symmetric and its magnetic field geometry is thought to play
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Figure 9. Behavior of outer divertor heat flux profiles as a function of
Greenwald fraction in DIII-D with no RMP (black), the n = 3 odd
RMP (red), and the n = 3 even RMP (green) applied. Plot (a) is the
total integral power (Pge) calculated from the heat flux profile,
(b) is the peak heat flux (gpear), and (c) is the wetted area

(Awet = Prarger/dpear) Of the profile. Divertor detachment onset was
at the Greenwald fraction of ~0.7, regardless of whether the RMPs
were applied or not for this series of discharges; see figures 8(d)
and (e).

an important role for stability of radiative/detached plasma
because of the strong anisotropy of energy transport with
respect to magnetic field vectors. Contrary to the results in
tokamaks that show an increase of detachment onset threshold
in the presence of 3D fields [13, 14, 17, 18, 23, 24], there are
reports that detached operations become more stable in stel-
larator under certain conditions, when the existing 3D edge
magnetic field structure is further modified by additional
external coils to produce pitch resonant fields leading to the
formation of tearing islands on rational surfaces [25-30]. The
additional 3D fields in stellarator change the rotational
transform (. = 1/g) profile therefore the internal pitch of
local fields. This directly changes the perpendicular to parallel
transport ratio and affects the divertor density regime. So the
RMP provides more flexibility for the control and optim-
ization of the divertor operation even in the 3D helical
devices. Extensive work for the stabilization effect on
detached operation was conducted in LHD in recent years
[25-28, 37, 38] and the main findings in both experiment and
simulation will be reviewed in this section.

10

3.1. Magnetic field structure with RMP

A bird’s eye view of LHD’s superconducting helical coils and
RMP coils, along with plasma shape is provided in
figure 12(a). The magnetic field is produced by super-
conducting coils with a poloidal winding number of / = 2 and
toroidal field periods of n = 10. Due to the mode spectrum of
magnetic field produced by the helical coils, magnetic islands
of different mode numbers are created, and they overlap each
other. This creates an intrinsically stochastic field line struc-
ture in the edge region. The RMP coils installed at the top and
bottom of the machine produce n/m = 1/1 RMP fields,
which have a resonance layer (¢ = n/m = 1) in the stochastic
region and create remnant islands. The radial profile of the
rotational transform is plotted in figure 12(b) with and without
RMP fields. Figure 12(c) shows connection length (L.) dis-
tribution at the edge of LHD plasma. The stochastic field lines
are characterized by long connection length (>100 m), while
remnant islands also exist due to incomplete island over-
lapping. The region consisting of long L. field lines with
remnant islands is called the stochastic region, while the
outermost region consisting of a mixture of long and short L.
field lines is called laminar region or edge surface layers [52].
The lower half of figure 12(c) shows L. distribution with the
RMP fields.

3.2. Stabilization effect of RMP on detached operation

Figure 13 shows the time trace of plasma parameters obtained
in a sustained detachment discharge with n/m = 1/1 RMP
fields (red), in comparison with no RMP case (blue). The
RMP was applied before the discharge initiation and was kept
on throughout the discharge. In both cases, density was
ramped up by gradual gas puff. The radiated power and
divertor heat flux, figures 13(b) and (c), was estimated
respectively from photodiode array and target LP data.
Without RMP, the radiated power first increases gradually
with increasing density but the rapid increase from 7 ~ 3.8 s
indicates onset of a thermal instability. The instability grows
so fast that it leads to discharge termination. With the RMP,
however, the transition to an enhanced radiation state occurs
at t~3s, and it leads to divertor heat flux reduction by a
factor of 3—10. The detached operation is successfully sus-
tained by gas puff feedback control up to the end of the
neutral beam injection. During the detached phase, the
divertor T, decreases to ~5 eV and the divertor particle flux
profile at the inboard side becomes flat with a significant
reduction in peak values [25]. These results show stabilization
effect of the RMP on the radiating edge plasma. Investigation
of toroidal profiles of divertor particle flux using the probe
arrays in 10 toroidal sections shows that there is n = 1 mode
structure. It is also found that particle flux in most of the
sections decreased at the detachment transition, although flux
for one section even increased. The total flux averaged over
all sections was reduced after the detachment onset. Radial
profiles of T, n., and carbon radiation intensity are also
shown in figure 13. The radiated power of carbon was esti-

mated by assuming ncypon = 0.01n, and n.t = 107 m3s.
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Figure 10. Plots (a) and (b) are poloidal images of measured radiated power in two high density (fgw > 0.7) discharges in DIII-D. Plot (a) is
the case without RMP and (b) is with the n = 3 even RMP applied. Plot (c) shows a comparison of measured divertor heat flux profiles
respective to the case (a) and (b). Plot (d) is a trace of n = 2 MHD mode amplitude measured by magnetics without and with RMP.
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Plot (a) is from an EMC3-EIRENE simulation and (b) is the
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Flattening of T, in the resonance layer is clearly seen in
figure 13(f) while n, profile remains largely unchanged. Due
to the temperature dependence of radiative loss function of
carbon, the drop in T, enhances the calculated carbon radia-
tion power in the resonance layer (figure 13(h)), which is
consistent with the rise of measured radiation power after
the transition to detached divertor, as shown in 12(b). The
RMP-assisted detached operation was also combined with
neon impurity seeding successfully in LHD, which further
enhanced radiation power and reduced divertor particle
flux [53].

Another notable feature of the RMP-assisted detached
divertor is the recovery of plasma stored energy, see
figure 13(e). This is attributed to the pressure peaking in the
core region after the transition to detached divertor [25, 27].
This is in sharp contrast to the behavior of conventional
radiative /detached divertor in tokamaks with an X-point,
where significant confinement degradation is almost always
observed due to the penetration of a radiation front into the
core region.

3.3. Modification of 3D radiation distribution by RMP

An EMC3-Eirene simulation revealed the spatial structure of
radiation distribution with and without RMP; carbon radiation
distributions in the poloidal cross section at a specific toroidal
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Figure 12. (a) A bird’s eye view of helical coils, magnetic perturbation coils, and the plasma shape in LHD. (b) Rotational transform

(v = 1/q) profile with (blue) and without (red) the RMP. (c) Poloidal cross section of connection length (L.) distribution for a horizontally
elongated section with (lower half) and without (upper half) the RMP. The applied RMP creates remnant islands in the stochastic region with
O-point located at the outboard side in this cross section. The divertor legs are stretched from the in- and outboard sides towards the divertor
plates. Reproduced courtesy of IAEA. Figure from [25]. Copyright (2013) IAEA.

angle ¢ = 93°, are shown in figures 14(a) and (c). The
simulation also shows that the fraction of carbon radiation in
Psor. is 40% without RMP and 60% with RMP. Here, Pgqy is
defined as the total power leaving the main plasma across the
LCFS, some of which is radiated and the rest arrives at the
surface of plasma facing components.

Figure 14(a) shows that radiation is peaked on the inboard
side and is maintained in the edge region when there is no RMP.
However, the radiation front penetrates into the core plasma
when the density is raised, which ultimately collapses the
plasma. This simulation result is experimentally supported by
the infrared video bolometer measurements in the radiation
collapse phase and showed qualitatively similar poloidal dis-
tribution [25]. On the other hand, figure 14(c) illustrates that the
RMP moved the peaking of radiation to the bottom of the
plasma. This is where the X-point of n/m = 1/1 island is
located and thus the interpretation is that the RMP induces
cooling only around the island X-point. It is thought that the
isolation of flux tubes around the X-point causes the localized
cooling due to the singularity in the field line geometry.
Perpendicular transport, much smaller than the parallel transport,
must be consequently responsible for most heat flowing to the
X-point. This is why the decrease of temperature is larger for the
X-point than other poloidal locations. The drop of temperature
increases carbon radiation as the density is raised. This explains
the move of radiation belt by RMP shown in figure 14(c).

Figures 14(b) and (d) show the radiation distribution in the
toroidal and poloidal plane for the v=n/m =1 resonant

12

surface, without and with RMP, respectively. Note that 0° in the
poloidal direction is for the outboard side and 180° is for the
inboard side. For no RMP case, figure 14(b), the radiation is
strongly peaked at the inboard-side with 10 toroidal periods,
which reflects the 10 periods of magnetic fields from the LHD
coil configuration. The mode structure of remnant islands in the
stochastic layers modifies flux tubes poloidally, thus the fine
structure of radiation pattern is extended also in the poloidal
direction. For the RMP case, figure 14(d), the trajectory of
n/m = 1/1 island X-point created by RMP modulates the pat-
tern of radiation peaking. The radiation peaking on the inboard
side near the X-point of n/m=1/1 island is still observed for
= 130°-230°, but the toroidally uniform characteristic for the
radiation pattern seen in figure 14(b) no longer exists. This is
due to the breaking of toroidal symmetry by RMP fields.

The simulated radiation distribution with and without
RMP fields was compared to the measured radiation profile
with reasonable agreement in the global distribution pattern. It
is thought that the modified field structure created by the
RMP holds the radiation belt near the X-point of 1/1 island
preventing it from penetrating inward.

3.4. Role of plasma response in RMP-assisted detached
operation

Magnetic fields generated inside the plasma in response to the
applied RMP fields have been estimated by magnetic diag-
nostics during the RMP-assisted detached operation experiments
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Figure 13. Time trace of (a) line average density, (b) radiation power, (c) divertor heat flux, (d) plasma minor radius containing 99% of total
energy, and (e) total stored energy, with (red) and without (blue) RMP in LHD. Right plots show radial profiles of (f) electron temperature,
(g) electron density, and (h) the carbon radiation intensity, with (red circles) and without (blue triangles) RMP. Plots (f)—(h) were reproduced

courtesy of IAEA. Figure from [25]. Copyright (2013) IAEA.

[25, 37, 38]. Figure 15 shows the result of an RMP ramp-up
experiment with density maintained almost constant. It is found
that the poloidal phase of plasma response fields with respect to
that of RMP fields, 051“5““‘, is closely related to the stable
transition to detached regime. During the ramp-up of RMP coil
current, a transition to detached regime occurs when the radial
component of RMP fields (bf"“) exceeds 0.07%—-0.08% of
B-field at the magnetic axis (By); see figure 15. A rapid change
in 9?1“5“‘*‘, from 17 toward O radian, is observed at the time of
transition to detachment. Note that #P'®™ — 7 means that the
response fields are out of phase relative to the RMP fields,
leading to cancellation of RMP fields, therefore healing of
m/n = 1/1 island is expected. OP'*™ = ( indicates that plasma
response is in-phase with RMP and thus it enhances RMP fields,
which leads to the growth of island. This interpretation is sup-
ported by the flat 7, profile in the resonance layer in case of
RMP, shown in figure 13(f), indicating the existence of island.
More detailed investigation of plasma response in LHD [37, 38]
show that AP1#™ should be lower than a critical value (~0.327)
in order for the RMP to induce transition to stable detachment.
This critical value is not affected by either collisionality or
plasma [ [37]. It is interesting that the clear role of plasma
response in the magnetic island growth in LHD, which appears
to stop the radiation belt from penetrating into the core plasma
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and lead to the stabilization of detachment, is not observed in
tokamaks. The high edge rotation speed in the tokamak H-mode
plasmas that could screen the RMP fields might be the reason
why the island growth does not occur, therefore no detachment
stabilization, in tokamaks.

4. Comparison of 2D and 3D detachment

4.1. Stellarator and limiter tokamaks

Divertor detachment is achieved via pressure loss along the
flux tube, but the underlying processes are different between
2D and 3D configurations. In the 2D axisymmetric geometry,
the increase of upstream density such that the mean free path
for collisions becomes smaller than the connection length (L.)
leads conduction to play an important role. This is the ‘high
recycling regime’, where the 7, and n. gradient is developed
along the flux tube but pressure is conserved along B-field and
there’s no momentum loss. A further increase of density
spreads power over a larger area via increased radiation near
the X-point and then the divertor plasma finally reaches the
‘detached regime’ when charge exchange (CX) dominates
over ionization. In this situation, hot neutrals remove
momentum and energy from the plasma leading to pressure
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fields during an RMP coil current ramp-up experiment in LHD. The
transition to detachment occurred at t = 6.5 s.

loss. The plasma at the target becomes so cold that the
ionization region (~5eV) ‘detaches’ from the divertor plate
moving some distance upstream. Therefore, both the heat
and particle flux to the target is dramatically reduced. The
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pressure conservation along the flux tube in high recycling
regime gives rise to strong dependence of target density and
temperature on the upstream density that has been confirmed
experimentally [54, 55]; narger ¢ nu3p and Tiyrger X Ny
However, the absence of a high recycling regime prior to
detachment has been observed in 3D configurations including
stellarators and limiter tokamaks with RMP, e.g. W7-AS
[56, 57], LHD [58], and TEXTOR [59]. There are two con-
tributing factors to this phenomenon. The first one is the
enhanced momentum loss caused by counter-streaming flows
in the 3D configuration. Figure 16 shows that neighboring
channels of opposite flows in the island divertor in stellarators
can approach to each other or even partially overlap, which
leads to perpendicular loss of parallel momentum. The
resulting friction force (via perpendicular viscosity) has to be
balanced by the pressure gradient force that increases
up/down pressure ratio consequently, i.e. detachment. Note
that the pressure loss here is not due to the CX process as in
the 2D detachment but is purely caused by 3D geometric
effect. Therefore detachment onset occurs before the divertor
plasma enters high recycling regime with Tiyree; 2 10 V. The
experimentally revealed dependence of 7yreer and Tigreer ON
nyp is indeed much weaker than in the 2D detachment case
[57-591; narger X n;pl and Tigrger X nl;p’l. The second factor is
the ratio of perpendicular to parallel heat transport (¢, ./ qje)
in the SOL and divertor. Reduction of parallel electron heat
conduction (g.) due to the increase of perpendicular heat
transport (g, .) or parallel heat convection (g cony) 1DCrEases
this ratio, which consequently reduces the parallel temper-
ature gradient and thus leads to the absence of high recycling
regime and the early transition to detachment. It is shown
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terms of perpendicular transport in the 2D tokamak case. In the 3D
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each other and can enhance loss of parallel momentum via
perpendicular viscosity. Reproduced courtesy of IAEA. Figure from
[28]. Copyright (2015) IAEA.

numerically in TEXTOR [51] that this effect can be large to
induce detachment without entering high recycling regime
even with no significant momentum loss from the friction
between counter-flows.

Under certain conditions, the recovery of high recycling
regime in 3D configuration was found in several machines such
as TEXTOR [60], Tore Supra [61], and W7-X (numerical
simulation) [57]. For example, the momentum loss effect can be
small if the geometric separation of counter flow is large enough.
Also, high upstream T (e.g. in high input power) in the SOL can
greatly increase parallel heat conduction (g x T3 2y, leading
to small ¢, ./ 4je and the restoration of high recycling regime.
Figure 17 shows two examples from TEXTOR Dynamic
Ergodic Divertor (DED) experiments. Figure 17(a) illustrates the
absence of high recycling regime in the m/n = 6/2 configura-
tion [59], i.e. electron density (temperature) at the divertor
target increases (decreases) linearly with the upstream density
(e target X 1 'up and T, jareer X neju_pl) for the whole range of
density ramp (n¢yp = 1.2-3.2 x 10" m=3). It is seen that
T¢ targer is >20€V when the ion particle flux begins to roll over
(typical sign of detachment onset) at ne,, = 2.8 x 10" m=.
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On the other hand, figure 17(b) demonstrates characteristics of
clear high recycling regime for ne,, = 1.8-2.8 x 10" m=3,
i.e. target electron density (temperature) increases (decreases)
with the upstream density much faster than linearly
(Pe, target X né'ﬁp and T; jarger O nefjl‘)g) in the m/n =3/1 con-
figuration [60]. Note that 7 ;¢ at the detachment onset at
Neyp ~ 2.8 x 101 m~3 is still too high (>10eV) for volume
recombination to be the main process for detachment, indicating
that the underlying physical mechanisms are not the same as in
the conventional detachment.

4.2. X-point poloidal divertor tokamaks

H-mode plasmas in the divertor configuration have high tor-
oidal rotation speed (V;) in the edge region compared to
L-mode. It is thought that high V; can screen applied RMP
more effectively to prevent stochastic layer and magnetic
islands from forming inside the separatrix. One can expect
that the 3D effect on the divertor density regime and
detachment described in section 4.1 is likely to be less pro-
nounced in this situation. For example, T, flattening, an
indicative of island formation, by the RMP in H-mode,
diverted plasmas has not been observed in DIII-D, while clear
island flattening in T, at m = 2, 3, 4 was observed for n = 1
application in inner wall limited L-mode plasmas [62, 63].
Also, the X-point divertor configuration enhances parallel
transport in the SOL compared to the limiter configuration,
thus the effect of increased perpendicular transport by RMP
becomes weaker. In fact, the momentum loss effect from the
counter-streaming flow has not been observed experimentally
in H-mode plasmas in any divertor tokamak thus far.

Numerical simulations using EMC3-EIRENE for H-mode
plasmas in divertor tokamaks have been recently performed
including DIII-D [64] and ITER [65, 66], where it is revealed
that application of RMPs to axisymmetric X-point poloidal
divertor configuration can generate counter-streaming parallel
flow in the X-point region and at the divertor surface. Figure 18
is an example for ITER and a poloidal reversal of parallel flow
direction, i.e. change of sign of Mach number, is seen in both
vacuum and screened RMP case. In the region inside the
orginal separatrix near the X-point, flow channels with
poloidally and radially alternating flow direction are found to
be generated by RMP with a checkerboard like pattern,
figures 18(b) and (c). These counter flows are seen also for the
inner and outer divertor lobes for the vacuum RMP case, but in
the screened RMP case they are modified to strong and weak
flow in the same direction closer to the divertor surface. This
demonstrates that the plasma response can play an important
role in setting parallel flow pattern. Even though screening
effect is weak so strong counter flow is possible as shown in
figure 18(b), it is not clear if the momentum loss effect would
be large enough to facilitate detachment because the parallel
transport is still dominant in tokamaks with the RMP, i.e.
q../ qj. < 1. However, this at least leads to effective particle
outflow from the pedestal region, which is consistent with the
density pump-out observed in today’s RMP experiments in
tokamaks.
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5. Summary and discussion

Experimental and theoretical modeling results for the effect of
3D fields on divertor detachment in tokamak and stellarator
have been reviewed in this paper. Experimental data for
X-point divertor plasmas in NSTX (n = 3 mid-plane coils)
and DII-D (n =3 even and odd parities) show that
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detachment onset or sustainment can be interrupted by the
applied 3D fields under certain conditions. 3D fields induced
heat flux to burn through and re-attach a partially detached,
i.e. only near the strike point, plasma in NSTX. An increase
of T¢ peq is observed along with the re-attachment. More gas
puff to move the plasma into the deeper detachment allowed it
to remain detached but pronounced heat flux through the
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lobes in the far SOL was not suppressed. Even stronger gas
puff finally removed the heat flux for the outer lobes, but
resulted in significant stored energy drop (~25%). Although
the plasma re-attachment is not yet reproduced in the simu-
lation, an EMC3-EIRENE 3D edge transport modeling
showed that far SOL plasma remained attached with pro-
nounced lobe heat flux when the density was raised. The
EMC3-EIRENE simulation also showed that there was no
roll-over of the ion particle flux with the density increase in
the range simulated in the case of n = 3 application.

One series of DIII-D data shows a similar trend as in
NSTX; the even parity n = 3 fields raise the core 7, com-
pared to the no RMP case, while the n, is unchanged. The T,
increase is correlated with the suppression of an n = 2 MHD
mode by the RMP and the detachment does not onset even at
the density higher than the value that led to detachment in the
no RMP case. This was demonstrated by the measured heat
flux profiles as well as the radiated power (P,,q) near the
X-point measured by the imaging bolometer; lower P4 and
higher gpe.x in the presence of 3D fields compared to the no
3D field case. The ion saturation current profile from the
target LPs and the 2D DTS data also confirmed that the OSP
is attached in the 3D field case while it remained detached in
the no 3D field case. However, another series of DIII-D dis-
charges demonstrates that the detachment onset at the same
Greenwald fraction (~0.7) whether the RMP was applied or
not. Contrary to the case showing no detachment onset
(increased core T.) with the 3D fields, there is no change in
the T, profile by either the even or odd parity RMP. For these
discharges, the detachment onset threshold remains unchan-
ged and the heat flux profile is very similar after the detach-
ment between the no-RMP and the RMP cases.

The density dependence of the heat flux profile behavior
in DIII-D is consistent with the EMC3-EIRENE simulation
result; the gpeax decreases and the lobe heat flux becomes less
prominent as the density increases. Unlike the NSTX simu-
lation result, the whole heat flux profile is reduced as the
density is raised without pronounced heat flux in the outer
lobes. The Ay, increases by up to ~30% by the applied 3D
fields in the lower density range (0.4 < n./ngw < 0.6), but
this difference becomes smaller as the density increases and
then finally disappears when the plasma is detached in the
highest density (n./ngw > 0.7).

LHD demonstrated that applied RMP can stabilize
detached operation, without which thermal instability leads to
radiative collapse of plasma. In the presence of RMP, there is
a clear T, flattening corresponding to n/m = 1/1 island
where the calculated radiated power increases noticeably
compared to no RMP case. An EMC3-EIRENE simulation
shows that RMP modifies spatial distribution of radiation belt
(originally concentrated on the inboard side) and retains it
around the X-point of n/m = 1/1 island to keep it from
penetrating into the core region. The plasma response is found
to play a crucial role in the transition to stable detached
operation. When the phase of response fields approaches that
of RMP fields so the screening currents decrease, the growth
of island takes place and this enables detachment transition.

17

The effect of 3D magnetic geometry on divertor transport
and operation can become prominent in two circumstances
although they can overlap in certain conditions. The first
situation is when perpendicular transport contributes sub-
stantially to the overall transport processes, such as in the
stochastic layer in stellarators or in the island divertor con-
figuration. The second is when neighboring channels of
opposite flows are physically close enough to each other to
lead to momentum loss via friction force. Both cases can
facilitate detachment with the absence of high recycling
regime before the detachment onset. However, recovery of
high recycling regime by changing the ratio of perpendicular
to parallel transport was observed experimentally in limiter
tokamaks with 3D fields (TEXTOR and Tore Supra). This can
be true even in the stellarator configuration. For example, a
numerical simulation in W7-X [57] showed that the divertor
plasma behavior becomes closer to that of the 2D tokamak
high recycling regime, with the increase of control coil cur-
rent (Icc) that can be used to fine tune the internal pitch of
field lines and therefore to control the perpendicular to par-
allel transport ratio in the islands. On the other hand, LHD
needed RMP fields in addition to its intrinsic 3D configura-
tion for a sufficient growth of island, without which stable
detachment transition was more difficult. These results imply
that either the increased momentum loss by the counter-flow
or the enhanced perpendicular transport could assist divertor
plasma to enter detachment more easily for both tokamak and
stellarator.

For the X-point divertor tokamaks with 3D fields, parallel
transport is still dominant in usual operating conditions and
this could be the reason why 3D fields have no effect on the
facilitation of detachment as seen in NSTX and DIII-D, unless
there is sufficient counter-flow momentum loss between
adjacent lobes. Rather, hot and dense plasma particles flowing
directly from the pedestal region appear to increase gjj SO to
raise detachment threshold density or even to re-attach
detached plasma. However, the plasma response might be
able to provide a way to enhance 3D effects. Both NSTX and
DIII-D had limited means to control plasma response for the
discharges included in this review. NSTX is unable to
actively change pitch alignment because there is only one row
of coils at the mid-plane. DIII-D n = 3 fields can only have
two phases (even and odd) and 3D detachment experiments
were primarily done in the even parity configuration. In the
end, the plasma response screened the applied 3D fields in
both NSTX and DIII-D. The screened RMP case is expected
to have weaker 3D effects as shown in the EMC3-EIRENE
simulation for ITER. Therefore, in a configuration where
pitch alignment can be actively varied, for example n = 2 in
DIII-D, optimal plasma response window for best 3D effects
might be able to be identified.

The two key physical processes to achieve the change in
the divertor regime leading to the early detachment onset,
high perpendicular to parallel transport ratio (g, ./ g)) and the
strong counter-flow momentum loss (f,, = 7| /Tm1), Where
Tm| and 7y, is parallel and perpendicular momentum trans-
port time, have not yet been investigated in detail particularly
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for the X-point divertor tokamaks. Tuning the ¢, . /g ratio is
easier in 3D limiter tokamaks and stellarators by adjusting the
RMP coil current, which provides more flexibility for
the divertor control and optimization. However, because the
parallel transport is still the dominant transport process (more
true as the input power increases) in the 3D divertor tokamak
configuration, i.e. qR/q”e < 1, the focus is how to achieve
high f; in the SOL of 3D tokamaks. Since the flow pattern is
strongly affected by the screening or amplification of the
applied 3D fields, a wide scan of parameters closely related to
the plasma response, such as toroidal mode number, gos,
plasma triangularity (6), normalized beta (y), and the relative
phase difference between different row of 3D coils (A¢pyr),
should be explored in order to find optimal window of
parameters. Further, this window should be compatible with
the window for the ELM control to be able to address both the
transient and steady state heat flux issues.

The divertor conditions and footprint profiles in the desired
parameter windows should be also compared to the 3D edge
transport simulation results. Presently the EMC3-EIRENE code
is not capable of dealing with the high radiation regime, but
work is in progress to get stable solutions with the volume
recombination process included [65, 66]. Both ideal and resistive
plasma response models should be tested for the magnetic field
model needed for the EMC3-EIRENE simulation. Modeling for
various 3D configurations will enable to identify common and
different physics elements toward better understanding of 3D
effects on divertor conditions and detachment.
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