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We present a novel concept to tackle the power exhaust challenge of a magnetically confined fusion
plasma. It relies on the prior establishment of an X-point radiator that dissipates a large fraction of the
exhaust power before it reaches the divertor targets. Despite the spatial proximity of the magnetic X point to
the confinement region, this singularity is far away from the hot fusion plasma in magnetic coordinates and
therefore allows the coexistence of a cold and dense plasma with a high potential to radiate. In the compact
radiative divertor (CRD) the target plates are placed close to this magnetic X point. We here report on high
performance experiments in the ASDEX Upgrade tokamak that indicate the feasibility of this concept.
Despite the shallow (projected) field line incidence angles of the order of θ⊥ ¼ 0.2°, no hot spots were
observed on the target surface monitored by an IR camera, even at a maximum heating power of
Pheat ¼ 15 MW. And even with the X point located exactly on the target surface and without density or
impurity feedback control, the discharge remains stable, the confinement good (H98;y2 ¼ 1), hot spots
absent, and the divertor in a detached state. In addition to its technical simplicity, the CRD scales
beneficially to reactor-scale plasmas that would benefit from an increased volume of the confined plasma,
more space for breeding blankets, smaller poloidal field coil currents, and—potentially—an increased
vertical stability.

DOI: 10.1103/PhysRevLett.130.145102

The exploitation of nuclear fusion as a clean and
abundant source of energy is one of the greatest ambitions
of humankind. A nuclear fusion reactor is expected to
produce about 2 GW of power from the nuclear fusion of
deuterium and tritium, one fifth of which is transferred to
the plasma via the electrically charged alpha particles. As
long as the power is contained in charged particles it is
bound to a high degree to the magnetic field. It is trans-
ported to the open field lines at the edge that intersect the
inner walls of the reactor within an area on the order of

A ¼ 1 m2, i.e., less than 1% of the total surface. Although
the divertor, a region optimized for plasma-wall interaction,
is designed to cope with large heat fluxes, it will not be able
to handle the unmitigated and focused power flux of
q ¼ Pα=A ¼ 400 MW=m2. The power exhaust challenge
[1] intensively discussed in the community therefore
consists of transferring a large fraction of the thermal
energy from the plasma to unconfined neutral particles like
photons, atoms, and molecules before reaching the divertor.
The goal is to “detach” the plasma from the target, i.e., to
reduce the flux of charged particles almost to zero [2,3].
Magnetic configurations alternative [4] to the conven-

tional single-null (SN) divertor are currently being dis-
cussed as a candidate to facilitate the access to detachment
[5–8]. These configurations, however, come at the price of
additional magnetic coils with high currents and mechani-
cal forces [9] and will likely reduce the cost effectiveness of
the reactor substantially.
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Here we pursue a new concept to tackle the problem, the
“compact radiative divertor.” It relies on the previous
establishment of an X-point radiator (XPR) [10], a prom-
ising feature to achieve a high degree of dissipation, but in
the conventional SN configuration. The magnetic X point
defines the last closed flux surface in a tokamak, the
boundary between the confinement region and the scrape-
off layer (SOL). Despite its spatial proximity to the hot
fusion plasma, this singularity is far away in both parallel
and perpendicular directions of the magnetic field and
therefore allows the existence of a cold and dense plasma
with a high potential of radiative power dissipation. It was
shown that overall more than 90% of the input power can
be radiated in the plasma volume. The finding of the XPR
regime can be seen as a change of paradigm in the
community. While a movement of the radiation from the
divertor to the X-point region previously was regarded to be
dangerous and prevented under all circumstances, this
effect is now deliberately exploited and actively controlled.
The XPR configuration furthermore has other attractive
features, like the strong reduction or even suppression of
edge localized modes (ELMs), magnetohydrodynamic
(MHD) instabilities [11] at the plasma edge that also
threaten the exposed material surfaces. Small and frequent
ELMs were observed to broaden the power deposition
profile, while the peak power load is reduced [12,13]
accordingly.
Recent experiments [14], an analytic model [15], and

numerical simulations with SOLPS-ITER [16] have shown
that the temperature inside the XPR can drop to a few eV
such that volumetric recombination can contribute to power
and momentum dissipation, similar to the conditions in a
detached divertor.
This would allow one to place the X point close to the

target, an idea previously identified to be unfavora-
ble [17,18]. A CRD, combining an XPR with short divertor
legs, would allow a reduced divertor size, an economically
beneficial larger volume of the confined plasma, and a large
poloidal flux expansion fx ¼ dst=dru, i.e., a large separa-
tion dst of neighboring flux surfaces at the target compared
to their separation dru upstream. However, the related small
(projected) field line incidence angles θ⊥ ∝ f−1x at the
target are regarded as a challenge [19]. Commonly, it is
assumed that θ⊥ must be kept above about 2°, since
otherwise magnetic error fields or small misalignments
of the divertor tiles could lead to strong toroidal asymme-
tries in the power deposition pattern or even to the
formation of hot spots. Also note that at grazing angles
θ⊥ ≲ 1° the classical sheath and magnetic presheath theory
breaks down [20,21]. Recent simulations with the 3D
transport code EMC3-EIRENE [8] show that at least error
fields at shallow angles are not problematic if detachment
can be guaranteed. This motivated the first CRD experi-
ments at the ASDEXUpgrade (AUG) tokamak described in
the following.

Figure 1 shows the time traces of several parameters of
AUG discharge No. 40700 carried out at a plasma current
of 830 kA [Fig. 1(a)]. It was heated by up to PNBI ¼
12.5 MW of neutral beam power and PECRH ¼ 2.5 MW of
electron cyclotron heating [Fig. 1(b)]. The total radiative
power loss Prad;tot (red) is strongly influenced by the
nitrogen impurities injected into the plasma [green curve
in Fig. 1(b)], while the tungsten concentration is on the
order of cW ∼ 10−5 only. Shortly after 1 s, the plasma enters
the high confinement mode (H mode) [22] as seen by the
confinement factorsH98;y2 [Fig. 1(e)] [23] around unity and
the appearance of ELMs visible as peaks in the Dα signal
of the upper divertor [Fig. 1(g)]. Except for the very first
ones, the ELMs are small and so frequent (≫ 100 Hz) that
they are barely distinguishable. Figure 1(f) shows the
poloidal length of the outer divertor leg LOD, an indicator
for the proximity of the X point to the target surface.
For the conventional SN divertor, LOD is determined by
the condition of θ⊥ ¼ 2° (for AUG L2°

OD ≈ 20 cm). We
distinguish three configurations: the SN, the CRD
(LOD ≲ 5 cm), and the PXD, where LOD → 0. The first
two are marked in Fig. 1 in blue and red, respectively.

FIG. 1. Time traces of several quantities of discharge
No. 40700. (a) Plasma current, (b) heating and radiation power,
(c) lineaveraged density, (d) deuterium and nitrogen puff rates,
(e) energy confinement time normalized to the ITER 98 scaling,
(f) poloidal length of the outer divertor leg, (g) Balmer α line
intensity in the upper divertor.
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The latter is an extreme case of the CRD, which was only
marginally reached in No. 40700 (green), but almost ideally
achieved in No. 39521, as seen in the magnetic configu-
rations in Figs. 2 and 3.
Because of the nitrogen seeding [cf. Fig. 1(d) green], an

XPR occurs in the early phase of the discharge. This XPR is
still present and located inside the confinement region in
the CRD configuration, as seen in the tomographic
reconstruction of bolometry in Fig. 2.
In the following, the three configurations are compared

with regard to their power exhaust properties. For this

purpose, Fig. 3 shows the respective IR camera images,
where the temperature distribution at the beginning of the
discharge Tsurf;0 ¼ 373� 30 K was subtracted. The
images are projected onto the computer aided design
(CAD) drawings together with the separatrix and the inner
and outer strike lines. The extension of the “near-SOL
region,” defined here as λ ¼ 1.5λEichq mm, where λEichq ¼
3 mm at the outboard midplane (OMP) [24,25] is also
indicated in the figure by the thinner dash-dotted lines. The
near SOL is regarded to be critical for power exhaust, while
the far-SOL has been found to have a by far larger power
falloff length [13].
From the measured temperature distribution, one cannot

directly deduce the heat flux, but one can see that no hot
spots are developing. The peak temperatures are measured
at the tile edges: due to the tile gap and the flat tile
geometry, the corners are not shadowed by the neighboring
tiles. The maximum absolute temperatures in the near SOL
are Tmax

surf ¼ ΔTmax
surf þ Tsurf;0 ¼ 627þ 373 K ¼ 1000 K for

the SN and are reducing to 824 K (at 10 MW of external
heating) or 907 K (at 15 MW) for the CRD, despite the lack
of active cooling of the tiles, indicating that the heat flux is
significantly reduced. For the PXD phase, Tmax

surf is even
lower at 661 K. Note that higher temperatures outside the
near SOL might occur due to the nonoptimized geometry.
The measured temperatures are far away from the recrys-
tallization temperature of tungsten [26] around 2000 K and
even further from its melting point at 3695 K. With the
known 3D viewing geometry of the camera, cylindrical
coordinates R, z, and ϕ of the surface position are assigned
to each pixel. For every time step and every observed
divertor tile, the toroidally averaged temperature was
computed and used as an input for the heat diffusion

FIG. 2. X-point and separatrix positions for the SN (blue) and
CRD (red) phases of No. 40700 (cf. Fig. 1) and the PXD (green),
where the X point was located right on the target surface, of
No. 39521. For the CRD case, the tomographic reconstruction of
bolometry is underlayed showing an XPR. Its center of gravity is
marked by the white cross.

(a) (b) (c)

FIG. 3. Surface temperature rise ΔTsurf ¼ Tsurf − Tsurf;0 since the beginning of the discharge (Tsurf;0 ¼ 373� 30 K) measured by IR
thermography. The 2D camera images are projected onto 3D AUG CAD construction drawings together with the magnetic separatrix
(solid lines) and the inner (dotted) and outer (dashed) strike line, while the near-SOL region extends up to the dash-dotted line. The
conventional SN configuration in (a) is compared to the compact radiative divertor (CRD) in (b). (c) An extreme case of the CRD, the
primary X-point divertor (PXD), where the strike lines coincide with the X point. Despite the shallow field line angles θ⊥ ≤ 0.2° in (b)
and (c) no detrimental hot spots are observed in the near SOL and the configurations remain stable.
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simulation code THEODOR [27] in order to reconstruct the
(toroidally averaged) heat deposition profiles q⊥ðR; tÞ
shown in Fig. 4. Note that the field of view (FOV) of
the IR camera was optimized for a large toroidal coverage
Δϕ ¼ 70° or L ¼ 1.8 m. This is to avoid screening effects
from misaligned tiles. To shadow the full FOV, a tile
outside the FOV would need to protrude by more than
L tan θ⊥ ¼ 6 mm. The maximum misalignment was mea-
sured to be 1.7 mm at a location more than Δϕ ¼ 90° away
from the FOV, while the average misalignment is 0.6 mm.
Therefore, the measured q⊥ðR; tÞ is representative for the
overall toroidal average.
Spatiotemporal integrals are computed for every tile and

the resulting energies are compared to measurements from
thermocouple calorimetry, deviating by less than 35%.
Spatial integrals Pλ ¼

R
q⊥2πRdst over the near-SOL

region are also computed along the target coordinate st.
As seen in Fig. 4, the maximum q⊥ value reduces by a factor
of more than 6 when changing from the SN to the CRD
configuration atPheat ¼ 10 MW, partly caused by the larger
average flux expansion. The integrated value Pλ decreases
from860 to 360 kW.This still contains the contribution from
radiation that was estimated as 43 kW in the SN case and
275 kW in the CRD. So the power deposited by charged
particles in the near SOL is reduced by a factor of about 10,
indicating a substantial reduction of qjj.
While the divertor Langmuir probes indicate temperatures

in the range 5–10 eV in the SN phase, this is significantly
lower in the CRD phase. Also the strong reduction of Pλ
indicates that the near SOL in the CRD is detached. It is a
remarkable achievement that stable and pronounced detach-
ment can be sustained in the CRD even without feedback
control of the impurity seeding or the density.

Even at the aforementioned position of the maximum tile
misalignment of 1.7 mm, only a moderate glow, but no
hot spot, was observed by a visible overview camera.
This proves that the CRD can even tolerate such a
significant misalignment, which is substantially above
the foreseen tolerances for a reactor. Furthermore, under
these conditions, the “optical hot spots” that are included in
the present ITER design [28] and that were recently
observed experimentally in the WEST tokamak [29] might
not be a problem.
An explanation for the high exhaust capabilities of the

CRD could be that the volume VX of the vicinity of the
X point with a given minimum parallel connection length to
the OMP (here Lc ¼ 15 m) [15] is 60% larger than in the
SN. Another explanation might be a high “plugging” of the
neutrals by the plasma [30] near the strike lines due to
the large flux expansion. The presence of neutral particles
in the XPR was also found to be essential [15] and further
improves the radiative capabilities of the impurities via
charge exchange reactions [31].
In the shown experiments, the CRD has a slightly higher

radiative fraction (80% compared to 75%) and a higher
density (72% instead of 60% of the Greenwald density
nGW ¼ 1.02 × 1020 m−3 [32], cyan line in Fig. 1) than the
SN. The confinement (H98;y2 ¼ 0.98) was not affected
when going from SN to CRD in discharge No. 40700 and
only decreased slightly (H98;y2 ¼ 0.92) at t ¼ 5 s, most
likely due to MHD activity (n ¼ 2, m ¼ 3). Discharge No.
39521, where no MHD modes were present, has a confine-
ment even slightly above H98;y2 ¼ 1.
The CRD configuration has very attractive properties for

a fusion reactor. As an example, we here refer to the 2019
European DEMO design described in [33]. The movement
of the X point toward the target obviously enhances the
volume of the confined plasma, one of the most important
optimization parameters for a reactor. This movement is
achieved by reducing the current Idiv in the divertor coil, in
this example by 50%. While in a reactor this effect is
expected to be less pronounced, it can nevertheless lead to a
significant reduction of the conductor and support material
of the poloidal field (PF) coils. A reduction of the divertor
coil current is also beneficial for the vertical stability and
thus reduces the risk of vertical displacement events, one of
the most severe threats for DEMO [34]. A larger poloidal
plasma cross section can also enhance the inductive current
drive efficiency.
The radial extension of the XPR volume mapped to the

OMP is only a few hundred micrometers in AUG, a value
clearly smaller than λEichq . Since Lc scales linearly with the
machine size, the same is expected for Δru;XPR and would
be fAD ¼ RDEMO=RAUG ¼ 9=1.65 ¼ 5.45 times larger
than in AUG, while λEichq is expected even to decrease
[24]. The X-point region in DEMO therefore is expected to
have a far higher relevance for power exhaust than in an
AUG size tokamak. Stroth et al. [15] also pointed out the

FIG. 4. Toroidally averaged heat flux to the upper outer target
as a function of the upstream coordinate ru for the different
configurations shown in Figs. 2 and 3. Note the strong variation
of the flux expansion fx ¼ dst=dru for the different cases. The
integral values Pλ over the target coordinate st in the near SOL are
given in the figure.
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importance of neutral particles in the X-point region. Since
the mean free path for ionization in DEMO is expected to
decrease rather than to increase, it might actually be
necessary to place the X point close to the target to access
the XPR regime.
Even though the directed heat load of charged particles

qjj might vanish almost completely in the CRD configu-
ration, the power loads from radiation qrad might become a
concern. As a worst-case estimate, the XPR is approxi-
mated by a single ring filament with no poloidal extension
converting the full exhaust power of the reactor Pexh ¼
450 MW into radiation. A maximum value of qrad ¼
Pexh=ð4π2dXPRRXPRf2ADÞ ¼ 3.0 MW=m2 is found, where
the radius RXPR ¼ 1.42 m and the distance dXPR ¼ 89 mm
from the wall are taken from AUG (cf. white cross in Fig. 2)
and both scaled linearly by the aforementioned factor fAD.
This is well below the material limit of 10 MW=m2.
Furthermore, a viable path from the startup to the CRD

configuration has to be found for a reactor. It could be done
similarly like shown here: First establishing the XPR in SN
and then move to the CRD. Or a CRD could be established
directly after the startup by a carefully controlled balance
between heating power and seeding ramps. For the latter,
detachment has to be assured during the transition from the
low to the high confinement regime, which was recently
achieved in lower SN discharges. Reattachment during
transient excursions of the exhaust power also has to be
avoided. This was tested at AUG in the lower divertor. Here
the location of the XPR acts as a fast buffer for heat pulses
75% above the stationary heating power. The active control
of the XPR location can then act fast enough to avoid
reattachment.
The required high levels of impurity seeding in the

plasma (2%–3% core nitrogen concentration for AUG) are
an additional concern for DEMO. While the ignition of a
reactor is still viable at these levels [35], it might limit the
operational space. However, since the impurity transport in
a reactor will be quite different to that in AUG [36], linear
scalings are not applicable and transport modeling is
required.
Further research will be devoted to the question of how

to realize a pumping concept for He-ash removal in the
CRD. Experiments in the lower divertor, where the accord-
ing diagnostics are available, indicate that the neutral
compression remains high (p0;div=p0;main > 200) in the
CRD configuration, which most likely facilitates He
pumping.
In conclusion, a novel divertor concept, the CRD

configuration was successfully tested and characterized
in AUG. The CRD configuration was sustained for up to 3 s
even without feedback control mechanisms at a maximum
total heating power of 15 MW, at a good confinement, and
without large ELMs. Despite the very shallow field line
incidence angles of θ⊥ ≲ 0.2° no hot spots were observed
on the target plates in the field of view of the IR camera.

This is attributed to a substantial reduction of the parallel
heat flux density qjj in the detached divertor state. The CRD
configuration has further attractive properties for a reactor,
in particular, a much simpler divertor structure and lower
material loads, a large poloidal flux expansion, a larger
volume of the confined plasma, reduced forces between the
PF coils and potentially an enhanced vertical stability. In
particular, the importance of the X-point radiator seems to
scale beneficially to a large machine. A series of challenges
have been identified and discussed, but none of them is
regarded to be a show stopper. If these challenges can be
overcome, the CRD configuration could be a potential
game changer for a reactor, easing its design and signifi-
cantly reducing the costs.
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