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Abstract

The present vision for a plasma—material interface in the tokamak is an axisymmetric poloidal
magnetic X-point divertor. Four tasks are accomplished by the standard poloidal X-point
divertor: plasma power exhaust; particle control (D/T and He pumping); reduction of impurity
production (source); and impurity screening by the divertor scrape-off layer. A low-temperature,
low heat flux divertor operating regime called radiative detachment is viewed as the main option
that addresses these tasks for present and future tokamaks. Advanced magnetic divertor
configuration has the capability to modify divertor parallel and cross-field transport, radiative

and dissipative losses, and detachment front stability. Advanced magnetic divertor
configurations are divided into four categories based on their salient qualitative features: (1)
multiple standard X-point divertors; (2) divertors with higher order nulls; (3) divertors with
multiple X-points; and (4) long poloidal leg divertors (and also with multiple X-points). This
paper reviews experiments and modeling in the area of radiative detachment in the advanced

magnetic divertor configurations.
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1. Introduction

Based on nearly five decades of magnetically confined nuclear
fusion plasma physics research, an axisymmetric poloidal
magnetic X-point divertor has become the present vision for a
tokamak plasma-material interface. The divertor concept is
credited in the literature [1, 2] to Spitzer who proposed it for a
stellarator [3]. The poloidal magnetic X-point divertor was later
adopted for the toroidally symmetric tokamak [4—6]. In the
tokamak, a magnetic X-point is created between two toroidal
currents—a plasma current and a special magnetic coil. A
formed magnetic separatrix divides the plasma into a closed
field line region (confined plasma) and an open field line
scrape-off layer (SOL) region. The SOL is directed (diverted)
into a special divertor chamber and terminated on a target plate.
The poloidal divertor enables energy and particles lost from the
confined core plasma due to radial transport and magneto-
hydrodynamic (MHD) instabilities (e.g., edge localized modes
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(ELMs)) to flow to the divertor chamber that acts as a separate
plasma—material interface. Four tasks are accomplished by the
standard poloidal X-point divertor (e.g., [2]): (1) plasma power
exhaust; (2) particle control (D/T and He pumping); (3)
impurity production (source) reduction; (4) impurity screening
by the divertor SOL.

The divertor SOL parallel heat transport is dominated by
electron conduction and convection and strongly depends on
plasma collisionality [2, 7, 8]. At higher plasma collisionality, a
low-temperature highly radiative divertor regime sets in: the
plasma flowing to divertor plates looses energy through radiation
and dissipative processes, and momentum through charge
exchange, inelastic collisions and recombination. This leads to
plasma neutralization and detachment from the target plate, and
as a result, significantly reduced heat load and material erosion.
The radiative regime is commonly called radiative plasma
detachment. It is characterized by a parallel SOL electron
(plasma) pressure drop, high neutral divertor pressure (density),
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Table 1. A comparison of power and divertor conditions in present
day tokamaks, ITER and DEMO devices [9-11].

Present day ITER DEMO
tokamaks

P heat / R

(MW m™h <27 <20 80-100

peak

(MW m™?) <5-15 <50 100-300
Unmitigated

q| )

MWm ) 100-2000 5000 30000
Unmitigated

low plasma electron temperature (7, < 1-2 eV), high electron
density at the plate, and high impurity radiation. It is viewed as
the main solution to tokamak power and particle exhaust within
operating limits of plasma-facing component cooling technology
and target materials. The proposed ITER divertor is based on
standard X-point divertor geometry designs tested in large tok-
amak experiments: vertical targets with partial radiative detach-
ment of the strike points are used. The term partial here refers to
the plasma detachment from the plate only in the radial region
adjacent to the separatrix, as the full detachment, while highly
desirable for impurity erosion reduction, is likely to lead to
confinement degradation via an X-point radiative instability.
However, in high-power tokamak devices beyond ITER such as
the proposed fusion nuclear science facilities or the DEMO
reactor, divertor radiation may be insufficient for mitigating
power loads. Compared in table 1 are three metrics, the Py /R,
the steady-state peak divertor heat flux gpea, and steady-state
upstream (before divertor entrance) parallel heat flux g in pre-
sent-day devices, ITER, and some DEMO concepts [9-11]. The
comparison demonstrates significant gaps between the present
state of physics and technology and DEMO-class device
requirements, which typically must rely on highly radiative
divertor solutions, with radiated power fractions up to 80%—-90%
of total input power.

Magnetic divertor configuration development aimed at
optimizing particle and power exhaust has been an active area of
fusion research since the 1970s. Many magnetic divertor con-
figuration concepts (arguably ‘advanced’ w.r.t. the standard
X-point divertor) may be able to modify parallel and perpend-
icular transport, dissipative loss channels, and increase plasma-
wetted area. Power and particle exhaust can also be improved
via optimization of the standard X-point divertor using ‘non-
magnetic’ means, i.e., divertor target geometry including diver-
tor closure [12-14], target plate electric biasing, liquid metal
targets, liquid metal curtains, moving divertor plates, or moving
pebbles (e.g., [15]). However, these concepts are outside of the
present review. In this paper, only ‘advanced’ magnetic divertor
configurations are reviewed with emphasis on their potential
improvement of the radiative (detached) power exhaust, since
the future reactor-class devices are likely to benefit from both
approaches.

The paper is organized as follows. In section 2 we dis-
cuss how the radiative detachment regime may be improved

via magnetic divertor parameters. Section 3 provides a brief
historical perspective on advanced magnetic divertor config-
uration development. Advanced magnetic divertor config-
urations are divided in four categories based on the following
salient qualitative features: (1) multiple standard X-point
divertors; (2) higher order null divertors; (3) divertors with
multiple X-points; (4) long-legged divertors (and also with
multiple X-points). Section 4 reports on the status of exper-
imental and modeling results obtained to date in some of
these configurations. A brief discussion in section 5 concludes
the review.

2. Advanced divertor configuration effects on
radiative detachment

Radiative divertor detachment is a complex multi-physics
phenomena. A number of reviews (e.g., [7, 8, 19, 20] and
those included in this journal issue) explain the physics and
phenomenology of divertor detachment in tokamaks, and in
the following, we refrain from repeating it. There are areas of
divertor detachment physics that are not yet fully understood
or included in the present physics models, such as, e.g.,
divertor turbulence and radial transport, transition to detach-
ment, detachment front stability, radiation distribution, kinetic
effects, and impact of cross-field drifts. However, the basic
physics processes appears to be understood well enough to
predict the shortcomings of the radiative divertor in the
standard X-point configuration at very high tokamak power,
thus providing motivation for advanced magnetic configura-
tion research.

For illustration, consider peak divertor heat flux gpcax at
the outer strike point of the lower single null X-point con-
figuration. It can be approximated as a ratio of the divertor
outer leg power Pg;, and the outer divertor plasma-wetted area
Ayer [21, 22]:

Piiv . Preat (1 - frad )f(;ut/totﬁiown/tot (l - fpfr)Sin «

qpeak Awet B Ndiv 27TRSPf )\qH '

exp

6]

where Py is the input heating power, fi.q, fiown /tot > Jout/tors
and f,; are fractions of power going to radiation, lower
divertor, outer divertor, and private flux regions, respectively;
« is the divertor plate poloidal tilt angle (a deviation from an
orthogonal plate); and Rsp is the strike point radius. The
poloidal magnetic flux expansion is

féxp: BEPRmp/(BII)npRSP)a (2)

where B, and R are the poloidal magnetic field and major radii
of the flux tube at the strike point (SP) and mid-plane (MP)
locations. This simplified formula shows how advanced
divertor configurations may help with divertor heat flux
mitigation: (1) increase plasma wetted area Ay, €.g., via
poloidal magnetic flux expansion and increased SOL power
width ), in the divertor (via increased divertor radial transport
and/or increased connection length). (2) Increase the number
of divertors (legs, strike points); (3) increase of radiated
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power and momentum losses via increased divertor volume
and connection length; (4) increase of divertor area at larger
Rsp. The connection length is a magnetic field line length
from the X-point (or from midplane) to the strike point taken
close to separatrix:

. xop) /BF + Blf dl
= f - 5 =
Sp B

P

3)

Furthermore, if one is interested in optimizing detachment,
zero-dimensional physics arguments based on a simplified
picture of conductive power flow balanced by volumetric
losses (e.g., [2, 23]), yield a simple detachment criterion:

14
?chzn,%lu > q,, 4)

where ¢z is impurity fraction, L, is plasma radiation effi-
ciency, n, is upstream density, and g, is the parallel upstream
heat flux. This zero-order criterion highlights experimental
routes to detachment in the standard divertor [2], and also
highlights the areas where advanced magnetic divertor con-
figurations can facilitate or enhance detachment. These are
essentially the areas that present research is attempting to
clarify in order to assess the potential of the advanced
magnetic configurations: increasing non-coronal radiation
efficiency Ly better entraining impurities enabling higher
divertor cz; reducing g, by sharing SOL power among several
divertors or strike points Psor, ~ ¢,; increasing connection
length [ by lowering B, elongating the divertor leg, that
would lead to lowering divertor 7T,; and increasing n,
(or Ndiy ™~ l/lu3)

In addition to the areas illustrated above, other directions
arise from either two-dimensional analyses, or from integrated
solution arguments (e.g., [24]). The density n,,, for example,
must be kept lower due to tokamak performance requirements
(i.e., current drive, NBI efficiency, density limit), hence the
‘detachment operating window’ is a critical parameter: one is
interested in having a detached divertor at a minimum pos-
sible upstream density. Another consideration is keeping the
‘detachment front” (which refers to the plasma recombination
region) or the radiation front (which refers to the impurity
radiation region) away from the main separatrix, to prevent
confinement degradation. One is also interested in the SOL
detachment over the entire extent of the SOL to reduce
material erosion. Finally, divertor physics is inherently two or
even three-dimensional, and must include complex details of
parallel and cross field transport and turbulence, neutral
density (pressure) distribution that are all critically important.
In this paper, we review how the radiative divertor concept
may be improved by advanced magnetic configurations over
the standard divertor configuration along the lines discussed
above.

3. Concepts overview via historical perspective

Novel magnetic divertor configuration development and
divertor optimization has always been an active area in fusion

plasma research. The concept development was driven by
many factors: priorities varied with physics understanding
and fusion program considerations over the years. In the early
days of tokamak research, e.g., before the 1980s, emphasis
was placed on impurity and recycling control, since the
magnetic divertor was viewed as a better configuration
(compare to the limiter) for impurity screening and reduction
[25, 26]. In many early concepts, the divertor was called a
burial chamber and the divertor target plates were referred to
as neutralizer plates, to emphasized the impurity control and
recycling aspects. However, in later years, tokamak reactor
designs became more conceptually mature: nuclear science
and technology driven considerations, such as, e.g., shielding
of components from intense neutron irradiation, cooling
technology including cooling agents, poloidal magnetic coil
design and placement, highlighted obvious shortcomings of
many early concepts [27].

First poloidal X-point divertors were implemented on the
JFT2/DIVA and T12 tokamaks in the 1970s [28-31]. From
the early 1980s, while divertor experiments still focused on
recycling and impurity control [32-37], both the power and
particle handling topics came into focus of conceptual
development (e.g., [38]. A cold gas target high-density
divertor concept (that later evolved into the radiatively
detached divertor) was known from the 1970s [39]. It was
first implemented and developed in the 1980s [40—46]. Sig-
nificant research progress was made in the 1990s: the radia-
tive detachment was studied in large tokamaks with high
input power, density control via cryopumping, and large
divertor radiated power fractions relevant to reactor-like
conditions [7, 8, 19, 23]. In parallel, attention turned to
advanced magnetic configurations and their potential for
attractive solutions based on combined magnetic and radiative
properties [47]. In the past decade and a half (2000-present
time), fusion research re-focused its efforts on the plasma—
material interface, and many old concepts were re-discovered.
We now briefly review advanced magnetic divertor config-
urations in order to provide background for discussion of
recent experimental and modeling research efforts.

Multiple standard divertors. Configurations with multi-
ple standard X-point divertors are advanced in a sense that the
SOL power Psq is shared among N divertors [2]. At reduced
power, each standard divertor may have a reduced detach-
ment threshold expressed in terms of n, and c. Additional
divertors may also be placed at a larger R, thereby affording a
larger Ay and a longer /. Present day tokamaks are built
with up-down symmetric sets of divertor coils that offer a
capability of two standard X-point divertors commonly
referred to as double null (DN) configurations. Such DN
configurations have been envisioned for many tokamak con-
cepts [48-51] and realized in a number of tokamaks (e.g.,
[16, 52, 53]) (see figure 1). The DN divertor provides heat
and particle sharing between divertors [54], a possibility of
separating power and particle control [55, 56], and unique
quiescent properties of the inner isolated SOL [57]. Triple and
quadrupole divertors has also been implemented and studied
(figure 1). Theoretical analysis of a triple X-point divertor
concept suggested that it may facilitate the D-shaped high-



Plasma Phys. Control. Fusion 59 (2017) 064005

V A Soukhanovskii

GETTER PANELS
Tl SUBLIMATORS

5
NEUTRALIZER af .
PLATES 3t

o -
1
[}

| DIVERTOR COILS
|_— SEPARATRIX

I S R W L
5 6 7 8 9 1011121314

D~ SHAPE

SQUARE

INVERSE-D

Figure 1. Standard divertor configurations with (a) two divertors (DN) implemented in ASDEX (Reprinted from [16] Copyright 1980, with
permission from Elsevier.), (b) three divertors (Reproduced courtesy of IAEA. Figure from [17]. Copyright 1990 IAEA.), and (c) two and
four divertors implemented in PDX (Reprinted from [18] Copyright 1980, with permission from Elsevier.).

triangularity plasmas with increased local magnetic shear
leading to enhanced kink stability and reduced drift-wave
turbulent transport [17]. The triple X-point divertor config-
uration has been produced in the TCV tokamak [58]. Con-
figurations with DN and four null (eight leg) divertors have
been implemented in the poloidal divertor experiment (PDX)
tokamak.

Second- and third-order null divertors. Recent analyses
of divertor magnetic field structure led to new high-order
poloidal field null configurations: the snowflake [59] and the
cloverleaf [60] divertors shown in figure 2. The higher order
nulls are obtained by superimposing standard (first-order)
poloidal field nulls (X-points). The snowflake configuration
has a second order null where the magnetic field scales as >
with the distance r from the null, whereas the cloverleaf’s
third order null region yields a B, ~ r3 scaling. The naming
convention is derived based on the separatrix appearances of a
snowflake and a clover leaf, respectively (figure 2): the
snowflake has four divertor separatrix branches (legs, strike
points) and the cloverleaf has six. In both configurations, a
larger area of a weak poloidal field is formed (compare to
standard divertor). The exact snowflake and cloverleaf con-
figurations are topologically unstable due to fluctuations of
divertor coil and plasma time-varying currents and magnetic
fluxes, so in practice there is always finite but small distance

(a)

-0.5

di2 .

Figure 2. (a) The snowflake divertor configuration (Reprinted from
[59], with permission of AIP Publishing.) and (b) the cloverleaf
divertor configuration (Reprinted from [60], with permission of AIP
Publishing.).

between the two or three nulls, respectively. A larger region
of low B, may significantly modify divertor heat and particle
transport and deposition. From the divertor geometry argu-
ments, the snowflake divertor has a potential to increase
divertor radiated power and ion momentum losses via longer
connection length and greater flux tube volume, and larger
divertor physical volume due to expanded flux tubes. Trans-
port and drift effects, e.g., increased radial transport and
modification in the parallel impurity transport, as well as
predicted enhanced ion losses [61], can play a role, especially
in view of sharing the power between additional divertor legs
[62]. Since snowflake divertor configurations have additional
strike points (divertor legs), one of the main questions is the
sharing of heat and particle fluxes between them due to
convective plasma mixing, as predicted by theory [63], and
detachment of individual legs. The snowflake divertor has
been implemented in several tokamaks: TCV, NSTX, DIII-D,
and EAST. The experimental results and the snowflake theory
and modeling developments have been reviewed recently
[62]. The cloverleaf configuration has been demonstrated in
the TCV tokamak [58]. Radiative snowflake divertor experi-
ments and modeling are reviewed section 4.

High-flux expansion divertors with multiple X-points. A
number of advanced divertor configurations feature a large
poloidal flux expansion f;, at the strike point. The flux tubes are
expanded by nearby additional poloidal field null(s)) created by
either axisymmetric (e.g., [52, 64-66]) or additional non-axi-
symmetric dipole divertor coils [67-71]. The configuration, in its
extreme, resembles the cusp magnetic field obtained with dipole
coils [72] as proposed in the cusp divertor configuration [69]
shown in figure 3(a). An identical configuration was later called
an X-divertor [70] (figure 3(b)). While the increased poloidal
magnetic flux expansion f., can significantly reduce peak
divertor heat flux via increased plasma wetted area, it cannot by
itself solve the integrated power and particle exhaust problem.
The flux expansion is limited by the angle between the total
magnetic field line and the divertor plate, since the angle
must conform to engineering requirements (typically o > 1°).
Additional advantages of these configurations for detachment
include the increased connection length and increased divertor
leg volume that can accommodate higher neutral and impurity
inventory, and lead to increased radiative losses, lowering
plasma 7, and reduced penetration of neutrals. A special feature
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Figure 3. High-flux expansion divertors with multiple X-points
obtained with dipole coils: (a) the cusp divertor (Reproduced with
permission of [69]) and (b) the X-divertor (Reprinted from [73], with
the permissions of AIP Publishing.)

of the cusp/X-divertor—a magnetic field line flaring (a con-
verging—diverging field line geometry) due to the second
X-point near the divertor plate—was analyzed with respect to
detachment front stabilization. References [73, 74] describe a
qualitative picture of how the magnetic flux tube flaring
throughout a high neutral density region could stabilize the
ionization-recombination front and prevent it from moving
upstream, thereby creating a possibility of a fully detached
divertor with a stabilized detachment front. Reference [73]
included a measure of local field line flaring called a divertor
index, and used it to argue that the physics of experimental
snowflake divertor configurations with closely positioned
divertor target plates could be attributed to X-divertor effects. In
[75], both of these conjectures have been argued to be erroneous
on the accounts of oversimplification of divertor physics and
focusing on certain magnetic features while ignoring others.
Details of this argument are outside of this review. The divertor
index is not used in the cusp/X divertor studies reviewed in
section 4. The high flux expansion divertor configurations have
been studied in several experiments as well as using two-
dimensional models and are also reviewed in section 4.
Long-legged divertors (also with additional X-points).
Long-legged divertors were considered in many early tokamak
reactor concepts (before 1980s) as they were viewed as offering
a plasma—material interface removed from the main plasmas, as
in, e.g., the Princeton reactor [77-79], the UWMAK series
devices [49, 80-84], and others [85], including radiative long-
legged divertors [47]). Here we generally refer to the poloidal
divertor leg length. A number of long-legged divertor concepts
also included multiple nulls due to many divertor coils that were
used to guide a long plasma channel (divertor leg) away from
the main plasma. The divertor targets were placed inside or
outside the toroidal field coil contour [85, 86], and even inner
long legs extending to a large major radius were proposed
[84, 85, 87]. The long-legged multiple null divertors were often
combined with cryo-panels for particle control, liquid metal
targets, and featured large magnetic flux expansions at the strike
points. Some examples of these configurations are shown in
figure 4. The main disadvantage of these concepts is increased
technical and plasma control complexities due to a large number
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Figure 4. Reactor concepts with long poloidal leg high-flux
expansion divertors: (a) experimental tokamak reactor (Reprinted
with permission [85] © 1975 IEEE.) and (b) UWMAK-II (Reprinted
from [49] Copyright 1976, with permission from Elsevier.).

of coils, and an excessive utilization of physical space inside the
toroidal field coil, potentially resulting in larger device size and
prohibitive costs. Despite the engineering complexities, new
long-legged multiple-null divertor concepts have been recently
proposed: (1) the Super-X divertor and (2) the X-point
target divertor. These configurations are shown in figure 5. The
Super-X concept combines a long poloidal leg with the divertor
target at the largest possible radius. It may also include a high
poloidal flux expansion at the target as in the cusp/X-divertor
[88, 89]. The X-point target divertor features a long poloidal
divertor leg with an additional null in the plasma at the target
plate [57]. Long-legged divertors (with and without additional
X-points) offer a number of potential benefits for detachment
physics. One advantage of the configurations with long poloidal
legs is the possibility of increased radial heat transport over
the increased connection length that may lead to a reduced
target temperature. A long poloidal leg may also offer increased
radiating volume and a possibility of tight baffling, all poten-
tially leading to reduced g and T, at the target, higher neutral
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Figure 5. (a) Super-X divertor configurations designed for a tokamak
compact fusion neutron source, and an initial design of MAST
Upgrade (Reprinted from [88], with permission of AIP Publishing.);
(b) X-point target configuration for advanced divertor and radio-
frequency tokamak experiment concept (Reproduced courtesy of
IAEA. Figure from [57]. Copyright 2015 IAEA.).

density, and the detachment radiation front stabilization away
from the main X-point. If the long poloidal leg divertor strike
point is moved to a larger major radius, this could lead to
increased target area (~R2) and reduced g due to toroidal flux
expansion (By /Bg). The introduction of additional X-points in
the target area may bring additional benefits for detachment. The
Super-X divertor with an additional X-point under the target
may stabilize detachment front far away from the main plasma
by strong flux tube flaring, and increase radiated power and
momentum loss via increased divertor leg volume. The X-point
target divertor may stabilize the detachment front by an addi-
tional X-point that acts as a virtual target in a remote divertor
chamber where most of radiation and momentum loss occur.
The Super-X divertor configuration has been created in the TCV
tokamak (albeit without additional poloidal flux expansion in the
divertor leg) [90], and is being implemented in a special divertor
geometry of MAST Upgrade tokamak [91, 92]. The X-point
target configuration has been implemented in the TCV
tokamak [90]. Long divertor leg effects have been studied in
several tokamak experiments and numerical models of various
degrees of complexity. These divertor concepts are reviewed in
section 4.

4. Studies of radiative plasma detachment in
advanced magnetic divertor configurations

The present status of experimental and modeling studies of
detachment in advanced magnetic configurations is reviewed
in this section. We start with results from first divertor
experiments conducted in the 1980s in the Axially Symmetric

(@ o

r Plates

~ANO

EXPANDED
BOUNDARY

SINGLE NULL
DIVERTOR

Figure 6. (a) ASDEX DN divertor configuration with expanded
(flaring) flux tubes (Reproduced courtesy of IAEA. Figure from [41].
Copyright 1983 TAEA.) and (b) single null high-flux expansion and
expanded boundary divertor configurations realized in Doublet III
(Reprinted from [93], with the permission of AIP Publishing.).

Divertor EXperiment (ASDEX), Doublet III, PDX and JT-60
tokamaks. Shown in figures 1 and 6 are representative
divertor configurations [38] from these experiments. As can
be seen, some of the early divertor configurations were pro-
totypical of the recently proposed advanced magnetic con-
figurations. The ASDEX and PDX implemented DN and
four-null divertor configurations; flux surfaces in the ASDEX
divertor flared toward divertor plates increasing poloidal
magnetic flux expansion, hence the resemblance to the cusp/
X-divertor. In Doublet III, single-null divertor configuration
had high flux expansion and long legs, whereas the expanded
boundary configuration in addition had a secondary poloidal
field null in the private flux region, hence its resemblance to
quasi-snowflake configurations. Later in this section, we
focus on several concepts that attracted much interest
recently: the DN configuration, the long legged divertor (the
long poloidal leg, the Super-X, the X-point target), divertors
with large flux expansion and/or flux tube flaring (the cusp/
X-divertor), and the snowflake divertor configurations.

First experiments conducted in magnetic divertor tokamaks
ASDEX, Doublet III, PDX and JT-60 focused on general
divertor studies [18, 94-97], including impurity screening
[36, 98—100], helium ash exhaust [101-103], power balance and
divertor heat deposition in ohmic and NBI-heated discharges
[46, 104], and access to improved confinement regimes (H-
mode) [105-107]. Low-recycling (sheath-limited), high-recy-
cling and remote radiative cooling divertor regimes were also
studied [108].

ASDEX operated in a DN configuration, each divertor
had three internal divertor coils, tight baffling and titanium
target plates [52, 109]. Gas puffing and variable divertor
throat closure were used, among other actuators, to manip-
ulate parallel temperature gradient and reach the low
T, ~ 7 eV, high n, divertor regime in H-mode plasmas with
Pnpr =~ 2.5 MW power. Divertor regimes (sheath-limited,
high-recycling) and their dependence on density (collision-
ality) were studied [41].

The PDX experiments were conducted in single, DN, and
four-null configurations. Each divertor was formed using
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dedicated 3-4 divertor coils inside a vacuum vessel. Tita-
nium-coated divertor plates were used. Low T, high n,
divertor regimes in NBI-heated discharges with up to 4.5 MW
and significant divertor radiation were studied [110]. In
this regime, heat flux profiles were found to broaden with
increasing density, accompanied by peak heat flux reduction.
It was suggested that plasma radiation and charge exchange
were responsible for the divertor power losses [111]. Double-
and four-null configurations were routinely produced, how-
ever, the most notable PDX contributions to edge fusion
physics, such as, e.g., the discoveries of the H-mode and the
ELMs, were obtained in the DN configuration [105].

The Doublet III tokamak used 24 poloidally distributed
magnetic shaping coils outside of the vacuum vessel (see
internal divertor coils in ASDEX, PDX and JT-60). D-shaped
elongated plasmas (x < 1.6) with I, = 1-2 MA were pro-
duced [112]. Inconel limiters mounted on inner and outer sides
of the elongated vacuum vessel were used as target plates in an
open geometry single null and expanded boundary divertor
(figure 6). The outer strike point could be placed either on
the inner side or on the outer side, resulting in a high-flux
expansion outer divertor leg at different R. The ‘remote
radiation cooling’ regime in the standard and the expanded
boundary configurations was quantitatively studied in ohmic
and NBI-heated (up to 2 MW) plasmas, where reduced heat
flux due to radiation with increasing density and main plasma
impurity reduction were found [42, 46, 113, 114]. Similar
findings came from the H-mode experiments with up to
7.5 MW NBI-heating and with argon injection [115]. Detailed
measurements of divertor parameters showed the parallel
electron pressure drop and divertor 7, < 10 eV [116, 117].

These divertor experiments were able to achieve highly
radiative conditions, however, generally did not reach very
low temperatures 7, < 1-2 eV that are presently understood
necessary for transition to plasma detachment. From the three
mentioned experiments, Double III expanded boundary were
probably the most relevant to the subject of detachment in
advanced magnetic configurations as it reached the lowest
electron temperatures, possibly due to its geometry and the
associated additional momentum and power losses. However,
neither of the experiments specifically focused on the
advanced magnetic configuration effects. In parallel, divertor
model development and one- and two-dimensional fluid
modeling of these experiments enabled understanding of the
divertor low-recycling, high-recycling and highly radiative
regimes, including numerical demonstration of properties like
parallel electron pressure drop, momentum loss, recycling and
radiative cooling [118-120].

Significant progress in detachment physics understanding
was achieved from the late 1980s to the 2000s in the standard
tokamak divertor configuration in Alcator C-Mod, ASDEX-
U, DII-D, JET, JT-60 and JT-60U and simultaneously in
theory and modeling [7, 8, 19]. The results led to a physics-
based design of the vertical-plate ITER divertor with a dome
[121-123]. A number of important physics processes were
clarified, e.g. the parallel 7, gradient, electron pressure loss,
radiation front formation and stability, multifaceted asym-
metric radiation instabilities, and electron—ion recombination.

In the course of these studies in the 1990s, some geometric
features associated with advanced magnetic geometries, had
come into focus: the poloidal magnetic flux expansion and
magnetic field line connection length, and their role in
detachment physics [12, 19, 124, 125].

Radiative DN divertors. Radiative divertor studies in the
DN configuration have been a focus of DIII-D experiments
using cryopumping for particle exhaust, induced SOL flow
for seeded impurity (argon) entrainment (‘puff-and-pump’
techniques), and neon seeding [54-56, 126]. These experi-
ments not only focused on divertor characteristics, but also
combined it with high core performance plasmas with high
By ~ 3 and high confinement factors Hog(y,2 ~ 1.35, and
high input power. About 60% of the input power P, = 10
MW was exhausted through divertor radiation, resulting in a
significant reduction of target heat fluxes. These experiments
clearly demonstrated the radiative DN potential as an inte-
grated plasma—material interface.

High flux expansion (cusp, X-, tripod) divertor. Several
experiments studied the impact of divertor poloidal magnetic
flux expansion and flux tube flaring on detachment character-
istics. In TCV, detachment -characteristics were studied
in the cusp/X-divertor configuration albeit with a long leg
[64, 127, 128] with different target flux expansions
Joxp = 2.8-9.3. The experimental data and trends were also
modeled using a two-dimensional edge transport code B2-
EIRENE. Both the experiment and the modeling showed
enhanced degrees of detachment with increased flux expansion.
It was proposed that with increased flux expansion, a plasma
plugging effect was responsible for better entrapment of neutrals.
In NSTX detachment studies, a comparison of standard divertor
configurations with lower and higher flux expansions also
showed facilitated access to detachment with higher foyp
[129-131]. Recent SOLPS detachment simulations of the pro-
posed HL-2M tokamak with carbon impurities and Psop, < 12
MW showed that the tripod divertor configuration (similar to the
cusp/X-divertor) had a reduced heat flux and less sputtered
impurities (compare to standard detached divertor) [132]. In
DII-D, recent cusp/X-divertor studies [133] demonstrated
reduced particle and heat fluxes to the target, facilitated
detachment onset, at ~20% lower upstream density and higher
H-mode pedestal pressure than a standard divertor, in agreement
with SOLPS modeling. However, the effect of the flaring geo-
metry was not quantified. In recent TCV experiments [90],
detachment characteristics were studied in a number of advanced
magnetic divertor configurations in L-mode plasmas with ion
VB drift direction away from the X-point, and 400-800 kW
ohmic heating. Experiments with different divertor flux expan-
sions oxp = 2.0 — 8.5 and a shorter divertor leg (compare to
previous TCV experiments), and without flaring flux tubes,
showed that increasing the flux expansion did not affect the
detachment onset. A similar result (i.e., no effect on detachment
onset) was obtained with flux tube flaring in the cusp/X-divertor
configuration. Impurity (C 1II) emission region showed a reduced
movement towards the x-point with a higher flux expansion,
consistent with the hypothesis of detachment front stabilization
by a flaring flux tube (albeit the hypothesis referred to
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ionization-recombination front stabilization in the neutral-
dominated region).

Long-legged divertors with and without additional
X-points. A number of experiments and modeling efforts
attempted to clarify the effect of the long poloidal leg on
divertor plasma characteristics and detachment. In DIII-D
high input power experiments (8-9 MW), consistent with
expectations, lower divertor 7, and gpe.x Were found in con-
figurations with longer legs (even with lower flux expansion)
with and without radiative divertor that was induced using D,
seeding and carbon radiation [126, 134, 135]. H-mode con-
finement, core Greenwald density and Z.; were comparable
with radiative divertor conditions for short and long leg
configurations. In recent TCV detachment experiments with
D, seeding (albeit in L-mode with ion VB drift direction
away from the X-point), it was demonstrated that longer-leg
configurations detached at lower n,, interpreted as stronger
reduction in ion flux to the target, higher densities could be
achieved, and the detachment was ‘deeper’ [90]. The latter
characteristic refers to a lower ion saturation current value
measured by target Langmuir probes during detachment at the
same n,. Effects of a divertor leg length on divertor T,,
detachment characteristics and impurities were confirmed in
modeling studies. One-dimensional modeling of MAST-U
configurations was used to study parallel physics of a shorter
and longer leg configurations [136]. Two-dimensional mod-
eling of reactor concepts CFETR with carbon and D, seeding
using SOLPS showed that longer leg configuration reached
detachment at lower gas puffing rate (i.e., density) [137].
Modeling of SlimCS DEMO with a fusion power of 3 GW
with argon seeding using the two-dimensional SONIC code
demonstrated that a longer leg divertor with argon seeding
was effective in increasing the impurity retention in the
divertor, increasing divertor radiated power, and in obtaining
full detachment, in comparison to a reference standard
divertor case [9, 138, 139].

We discuss the status of the Super-X divertor next. An
up-down symmetric Super-X divertor configuration is envi-
sioned for the MAST Upgrade tokamak. A plasma-facing
component geometry design that forms a up-down and tor-
oidally symmetric divertor channel and an up-down sym-
metric set of eight divertor coil pairs are being implemented
[91, 92]. In the meantime, several experiment and modeling
studies attempted to clarify the integrated effect of the target
major radius, divertor leg length and flux tube flaring on
detachment. A DIII-D study [134, 135] conducted in lower
power (1.2 MW) L-mode and higher power (4.5 MW)
H-mode found that parallel heat flux g was strongly reduced
with increasing Riareer, a5 Was plasma temperature at the tar-
get, consistent with supporting SOLPS modeling results. In
recent TCV density ramp experiments [90] conducted in
L-mode with ion VB drift direction away from the X-point
and in configurations at different strike point radii, a reduction
in g was observed with higher radius. However, detachment
density threshold and impurity emission front location were
both found to be independent of strike point radius.

Two-dimensional transport modeling codes generally
confirm the Super-X effects. A comprehensive assessment of

the MAST-U Super-X divertor was performed using the two-
dimensional code SOLPS [136, 140-145]. A variety of input
powers were used P, = 0.85-1.7 MW in the modeling.
Results without impurities included a significant reduction of
plasma target temperatures and peak power loads at the outer
targets compared to the standard divertor due to magnetic flux
expansion and larger volumetric power loss in the divertor,
and significantly better divertor closure with respect to neu-
trals [143, 145]. When classical E x B drifts and parallel
currents were included in the model, up-down asymmetries of
heat and temperatures were noted, which were not observed
in the simulations without drifts [144], suggesting that
detachment could be affected. When impurities (carbon) were
included, the Super-X geometry reduced the density threshold
for the transition to detachment by a significant factor (3—4)
[142]. With extrinsic nitrogen seeding, Super-X divertors
(with two (lower and higher) flux expansion values) detached
at a lower impurity seeding rate than the standard divertor
[141]. Simulations with 1.7 MW input power and intrinsic
carbon predicted that under the same core plasma conditions,
the Super X-divertor was strongly detached while the stan-
dard divertor was in a sheath-limited regime. The standard
divertor needed a factor of 3 higher density or a factor of 4
less power (see Super-X) to detach [140]. Two-dimensional
code SOLPS was used to model plasma transport in a com-
pact fusion neutron source tokamak with 50 MW power
exhausted in the Super-X divertor [146]. Even without
impurities, a partially detached regime with 2-3 eV target
temperatures was demonstrated, whereas the standard divertor
remained in a sheath-limited regime with 7, ~ 150 eV. Same
conclusions were reached in a similar computational assess-
ment of another concept—a National High-Power Tokamak
Experiment [147]. A study of the 500 MW input power
Chinese DEMO reactor using the B2.5-EIRENE code con-
cluded that adequate outer divertor heat loads (under
10 MW m ) and low divertor 7, < 5 eV could be obtained in
the Super-X divertor configuration by raising density and
without impurity seeding [10]. The inner divertor, however,
had a potential for impurity sputtering because of high
T, < 150eV. In another DEMO study using the SONIC
codes, 500 MW of power was exhausted through a short-leg
vertical target Super-X divertor with argon seeding
[139, 148]. Efficient argon retention and less argon for the
same radiated power fraction (~90% of input power) was
found in a fully detached stable divertor solution, in com-
parison with the standard divertor detached solution.

The X-point target configuration was proposed as part of
the high-field, high-performance advanced divertor and radio-
frequency tokamak experiment (ADX) [57]. The X-point
target configuration has been obtained in the TCV tokamak in
L-mode with ion VB drift direction away from the X-point
[90]. Density ramp discharges with D, seeding showed no
indication of decreased detachment threshold, despite a 2 to
3-fold connection length increase, as compared to the stan-
dard divertor. The carbon radiation front appeared to stabilize
in the vicinity of the secondary null near the divertor target.
An assessment of the X-point target divertor configuration for
power handling and detachment front control was carried out
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using the two-dimensional code UEDGE for a 6-8 MW
plasmas and 1% carbon similar to the ADX configuration
[149]. A comparison of three long-legged configurations (the
X-point target, Super-X and long-legged divertor) to the
standard divertor showed significantly increased operation
window of detachment and a stable fully detached divertor
state. The X-point target was shown to maintain the low
T, ~ 1 eV fully detached state for twice the input power than
other long legged configurations.

Radiative snowflake divertor. Divertor detachment with
D, and neon seeding were studied in snowflake configura-
tions in NSTX, DIII-D and TCV experiments [62].

In 4 MW NBI-heated H-mode plasmas in NSTX, the
snowflake-minus configuration led to a partial detachment of
primary connected strike points without additional D, seed-
ing, otherwise inaccessible at the same upstream parameters
in the standard divertor configuration [150-153]. H-mode
confinement was unaffected. Higher radiation levels were
produced in already detached snowflake-minus divertor con-
figurations with additional D, or CD, seeding.

In DII-D, radiative snowflake experiments were per-
formed in two settings. Experiments performed in lower
snowflake-minus or -plus configurations with D, seeding
at Psor = 3-4 MW [153-155] showed that (compare to
standard divertor) (1) both the radiative snowflake-minus and
snowflake-plus were compatible with the H-mode albeit with
confinement degradation with respect to the standard radiative
divertor H-mode discharge with a similar core density; (2) a
reduction of inter-ELM divertor heat fluxes was stronger in
the snowflake configurations, leading to nearly complete
power detachment; (3) carbon and deuterium emissions were
more broadly distributed in the snowflake configurations,
including the additional divertor legs, at divertor radiation
fraction f 4 ~ (0.5-0.7) Psor, and otherwise similar edge and
core parameters. Experiments were also performed using
Py, ~ 10 MW with neon and D, seeding in a configuration
that included an upper single null and a lower snowflake-
minus (snowflake-DN) with ion VB drift away from the
lower X-point. While the peak heat flux reduction was about
50% stronger in the radiative snowflake-DN than in the
standard radiative DN divertor with comparable core con-
finement, neon accumulation was 30%—40% higher in the
radiative snowflake-DN case.

Neon seeding was used in TCV ohmic plasmas (250-350
kW) to study radiated power distribution in the standard and
snowflake-plus configurations. A modest increase in divertor
radiation was observed in the snowflake. Studies with D,
seeding demonstrated the opposite effect: total radiated power
was systematically slightly higher in the standard divertor
configuration. Recent TCV experiments in L-mode with ion
VB drift direction away from the X-point [90] showed that in
the snowflake-minus configuration, density onset of detach-
ment (using density ramps) in the two outer strike points was
similar to the standard divertor. Nitrogen seeding was used to
study divertor radiated power distribution as a function of
density in the snowflake-minus configuration.

Detachment in snowflake configurations was modeled for
the existing and future experiments and concepts (general

snowflake divertor modeling was reviewed in [62]). The two-
dimensional multi-fluid codes presently in use do not have the
capability to generate numerical grids for snowflake divertor
configurations with multiple nulls. An exception is the three-
dimensional code EMC3-EIRENE, however, it has a simplified
trace impurity model and does not include recombination
processes which are critical for detachment physics. Transport
models used are also simplified and do not attempt to include
fast convection in the high 3, region, a key theoretically pre-
dicted snowflake divertor property. Only recently these short-
comings started to be addressed [156, 157]. The UEDGE code
has been extensively used to model snowflake configurations:
snowflake-minus experiments in NSTX [152, 158, 159], NSTX
Upgrade snowflake-minus divertor with neon and argon seed-
ing and cryopumping [153, 160], the spherical tokamak based
fusion nuclear science facility divertor with nitrogen seeding
[160], and snowflake-plus configurations for a fusion devel-
opment facility device [161, 162]. This modeling generally
showed that increased plasma-wetted area and connection
length, as well as increased radiated power loss fraction in the
snowflake divertor led to divertor detachment either at a lower
density, or at a lower impurity seeding fraction, as compared
to the standard divertor. Modeling of TCV snowflake-minus
configurations with 300400 kW input power using EMC3-
EIRENE code showed that parallel heat flux was reduced in the
snowflake-minus, and, with impurity seeding, radiation was
peaking between the nulls, at a distance from the main separ-
atrix [163, 164]. The SOLPS code was used to model
detachment in quasi-snowflake divertor configurations obtained
in the EAST tokamak [165]. The modeling showed that the
quasi-snowflake configuration could reach very low 7, and
more reduced peak heat flux (see standard divertor) at a lower
density. Indications of detachment were observed in the first
EAST experiments [166]. Significant heat flux reduction was
observed in SOLPS simulations of attached divertor regimes
due to snowflake geometry effects in the planned HL-2M
tokamak [167, 168] and the Chinese Fusion Experimental
Tokamak Reactor [169]. Modeling of detachment in snowflake
divertor configurations for these devices is also starting
[132, 170]. The detached regime in the snowflake-minus con-
figuration with nearly 12 MW of SOL power and carbon
impurities in HL-2M was less sensitive on 7" and also had
reduced impurity density and Z.g.

5. Discussion

The status of radiative divertor and detachment research in
tokamak advanced magnetic divertor configurations has been
reviewed. The renewed interest in advanced divertors in the last
decade has driven recent experimental and modeling studies,
however, many outstanding physics and engineering problems
need to be addressed in order to qualify advanced divertor
concepts as a tokamak reactor plasma—material interface. It is
becoming clear that studies of advanced magnetic divertor
configurations are to repeat essentially similar standard divertor
studies to verify and validate the mechanisms that may facil-
itate detachment or enhance it.
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Recent experiments and modeling have validated certain
geometric features of the advanced configurations and their
impact on detachment. The modeling is limited to two-
dimensional fluid models that often include charge-state-
resolved impurities. The ultimate questions, e.g., reduced
detachment threshold in density, stabilization of detachment
front, total radiation fraction, and seeded impurity screening,
are often addressed by the modeling with a positive outcome,
however, experiments show more complicated mechanisms.

High flux expansion divertor solutions appear to improve
certain detachment characteristics. However, they face argu-
ments w.r.t. engineering requirements for plasma facing comp-
onent alignment as the field angles approach small values.
Additional justification to these solutions is provided if the
plasma is radiatively detached since the plasma-surface inter-
action region would receive a much reduced heat flux. The
results reviewed above validate a number of long-legged
divertor concepts, as expected. However, as in the past, long-
legged divertor solutions face difficult, if not prohibitive, engi-
neering and cost considerations. The upcoming MAST Upgrade
experiment will provide critical data not only on the physics but
also on engineering performance of the long-legged and Super-
X divertor configurations. Based on the results reviewed above,
some implicit physics effects, e.g., stabilization of the detach-
ment front by flux tube flaring, will require more experiments
and modeling validation. The radiative snowflake divertor con-
cept also needs additional research to validate the predicted
features, namely the convective plasma redistribution (the
churning mode), its impact on detachment, and the scaling of
sharing of heat fluxes over additional strike points.

Ultimately, the divertor solution must be as simple as
possible, to be able to provide a reliable robust interface to
mitigate high heat and erosion fluxes. For advanced divertor
configurations with additional null points, such as the snow-
flake, cusp/X/tripod, Super-X, and X-point target, one of the
critical questions is the placement of the additional null w.r.t.
the SOL width A,;. The placement is likely to affect detach-
ment characteristics as it determines what fraction of the SOL
power is exhausted in the divertor channel with enhanced
features, such as the modified geometry and transport. These
configurations also face additional challenges w.r.t. detach-
ment stability and sensitivity to additional null control, as well
as stability due to transient plasma events. A large safety
margin in detachment parameters must be considered if these
configurations are sensitive to time-varying effects.

One of the questions that was barely addressed in the
experiments and modeling is the inner-outer divertor balance.
If the divertor solution is up-down asymmetric, heat and
particles tend to flow to the outer divertor strike point due to
in-out area asymmetry and greater outer side transport. Most
efforts have been focused on the outer divertor, neglecting the
inner divertor, where some studies predicted high unmitigated
heat fluxes and erosion. If harsh inner divertor conditions
cannot be mitigated, up-down symmetric configurations may
be more viable.

Much progress is expected in the advanced magnetic
divertor configuration studies in the near-term. The existing
experiments, such as TCV, DIII-D and EAST, will continue
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on-going studies, and new experiments, such as MAST-U,
NSTX-U and HL-2M will come on-line in the next few years.
New dedicated divertor research devices are also under con-
sideration [57, 171, 172]. These experiments should enable
developing an integrated divertor solution that may be based
on one of the reviewed magnetic configurations, advanced
target technologies, and compatibility with the core plasma
requirements.
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