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Abstract.

Future fusion reactors require a safe, steady state divertor operation. The
required detached operation is, in tokamaks with metal walls, usually achieved by
seeding of impurities, such as nitrogen. With strong seeding levels, the dominant
radiation is emitted from a small, poloidally localized volume inside the confined
region, in the vicinity of the X-point. The location of the radiating volume is
observed to vary relative to the X-point depending on seeding and power levels,
i.e. depending on the degree of detachment. At the ASDEX Upgrade tokamalk,
the position of the radiator relative to the X-point can be controlled in real time by
a modulation of the nitrogen puff level. At a certain height of the radiator above
the X-point, an ELM-suppressed regime is observed with minimal reduction of
confinement. While the control of the X-point radiator already allows operation
in full detachment at a dissipated power fraction of around 95 %, which is required
for a future reactor and was previously never achieved in a controlled way, such
an ELM-suppressed regime additionally eliminates the challenge of the transient,
intolerably high heat fluxes by ELMs. Both requirements are met in the presented
regime while maintaining a high energy confinement at high density.
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1. Introduction to the X-point
radiation regime

Detached divertor operation is required
for future fusion devices in order to
reduce the heat loads and meet the
material limit of the divertor target plates
[]. In tokamaks with metal walls, like
JET or ASDEX Upgrade (AUG), this is
achieved in H-mode by seeding of extrinsic
impurities, such as nitrogen or argon
[2]. With the achievement of pronounced
detachment [3], it is observed that the
divertor radiation is concentrated in a
small region in the vicinity of the X-
point [, 2]. The vertical extent of
this region (FWHM) is about 5 cm for
AUG. Usually the total radiated power
fraction (.f'rad = Prad,tot/Pheat) is above
75% for these conditions.  Figure
gives an example of the radiated power
distribution for AUG, where the so-called
X-point radiator (XPR) is present.
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Figure 1. Tomographic reconstruction of
the radiated power for AUG #36655, the
X-point radiator is present.

Such behaviour was already observed
at other machines [B [6] and has similar-
ities to the MARFE phenomenon [7]. It
is assumed that the radiation is toroidally
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symmetric. The existence of such an in-
tense power sink (the radiated power of
this region can be above 5 MW in AUG)
inside the confined plasma can be in-
terpreted as a poloidally limited plasma,
while at the midplane residual power and
particle fluxes into the SOL still seem to
exist. Plasmas operated in the X-point
radiating regime stay in H-mode and do
not necessarily develop into disruptions,
which makes it a viable scenario for future
reactors. Such X-point radiation is ob-
served in all H-mode discharges in which
the outer divertor detaches due to nitro-
gen seeding, for a wide range of auxiliary
heating power 2.5 MW < Ppeor < 20 MW
(1< % < 5, Ppy being the power
threshold for access to H-mode, here cal-
culated based on the scaling in [§]). Sim-
ilar observations can also be made with
argon seeding, however, this is not yet
broadly studied. With neon or krypton
seeding no stable exhaust-relevant sce-
nario has yet been achieved at AUG [2].

The location of the radiation relative
to the X-point depends on the degree
of detachment [9], which is decreasing
with heating power and increasing with
the seeding level. The X-point radiator
is observed up to 15 cm above the X-
point inside the confined region of the
plasma, corresponding to a normalized
poloidal flux of pper =~ 0.985 due to
the large flux expansion in the X-point
region. An intentional movement of the
radiator is shown in Fig. 2| where either
the heating power or the seeding level was
varied to influence the XPR position. The
AXUYV diode bolometer diagnostic [I0] is
used to locate the XPR. The measured
profile of a horizontally viewing camera
(DLX) is shown over time in the middle
plot, clearly showing the movement of
the radiation peak. In the bottom row
the measurements of all AXUV lines of
sight (LOS) observing the divertor are
shown for three time points, the detected
location of the radiator is highlighted in
red.
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Measurements of deuterium line ra-
diation below the XPR as well as SOLPS
modelling [4] indicate that the plasma
cools down to a few eV in the region be-
tween the XPR and the X-point, leading
to poloidal temperature gradients inside
the confined region.
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Figure 2. Position of the radiator for
AUG discharge #32273. Top: Heating
power and N seeding level; Middle:
Contour plot of DLX measurements
(geometry shown in the inlay) relative to
the X-point height and detected position
of the radiator (black); Bottom: LOS
geometry and measurements for 3 time
points, the relative intensity of each
camera is color coded.

Similar to MARFEs, the develop-
ment of the X-point radiation can be
explained by a radiation condensation
[I1]. However, with nitrogen or argon
as the dominant radiation species, this
takes place at higher electron tempera-
tures than with deuterium in unseeded
discharges and recombination processes
are, thus, not necessarily activated inside
the confined region. This could also ex-
plain why a radiation condensation initial-
ized by a high impurity content does not
lead to an immediate disruption.
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2. Real time control of the radiator
position

For the real time control of the radiator,
an automated detection mechanism for
the vertical position of the radiator
relative to the X-point was developed.
The algorithm uses the measurements of
the DLX camera (see inlay Fig. [2). The
real-time data acquisition is based on the
SI02 system [12], the minimum cycle time
is 1 ms with a time resolution of 5 us.

As only the inter-ELM values are
required, the ELM signals are filtered
out by a real time percentile calculation
similar to a median filter. A filter width
of about 20 ms is necessary to reliably
remove ELM signals. For the real-time
detection, only channels 2-11 of 16 of the
DLX camera are used. This allows us
to localize the radiator from about 10 cm
below to 20 cm above the usual X-point
position.

The peak in radiation observed by
the DLX camera defines the location of
the X-point radiator. Example camera
measurements are presented in Fig.
showing the pronounced radiation peak.
In post processing, the peak of the
measured (ELM-filtered) profile is fitted
with a Gaussian curve, identifying the
location, width and height of the peak.

For the real time application, a deter-
ministic algorithm is required, therefore
a simplified method instead of the itera-
tive curve fitting is applied: For each time
step, a linear offset, defined by channels 2
and 11 (green dashed line in Fig. , is re-
moved from the measured profile; the first
moment of the profile defines the location
of the radiator.

The location of the magnetic X-
point is taken from a real-time calculated
magnetic equilibrium [13]. The detected
height of the XPR, as defined by the
DLX camera, is then mapped onto a
vertical line through the X-point. This
defines the vertical distance to the X-
point, which is then used as control
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Figure 3. Detection principle of the

X-point radiator for four time points in
AUG #36655. Top: Median-filtered
measurements of the DLX camera. A
linear offset is subtracted (green dashed
line). Bottom: Channels 2-11 are selected
and the first moment is built, defining the
position of the peak (dashed lines), and
mapped to the vertical distance to the X-
point.

parameter. The simplified peak detection
by the first moment agrees with the peak
location of a Gaussian curve fit within a
few millimeters.

In comparison to other recently
developed radiation control schemes for
the X-point region [I4] or divertor region
[15], this controller is independent of
the absolute radiation level and does not
require a fixed target value, but takes
advantage of the strong localization of
the XPR and can adjust e.g. to different
heating powers.

A PI controller is used to regulate the
impurity seeding level depending on the
mismatch of the measured and requested
location of the XPR. This development
benefited from previous work on the so-
called Tdiv controller [16]. The gains of
the new controller were adapted from the
existing controller and optimised using a
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setup shot with pre-programmed seeding
levels. Using the heating power as
actuator is not implemented yet but
planned for future use.

A series of discharges was conducted
to demonstrate and optimise the con-
troller, including variations of the request
value, the heating power and the magnetic
X-point position, see Figures These
discharges have a pre-programmed value
for the nitrogen seeding up to 3's, which
is used to induce detachment and initiate
the XPR. The detachment is identified by
the reduction of the electron temperature
and ion saturation currents measured by
the Langmuir probes in the outer diver-
tor (see first time point in Fig. [6]f& g).
Thereafter, the target parameters change
only marginally. This pre-seeding avoids
erroneous detection of radiation peaks be-
fore an XPR exists. From 3 s on, the re-
quested value for the location (shown in
red) is changed as well as the auxiliary
heating power, which is one of the main
parameters to change the XPR location.

Figure [4 shows one of the first
applications of the controller. The scatter
of the detected XPR height is within
5 mm and the set value typically achieved
within 1 cm. The discharge includes an
upward shift of the requested location as
well as a down stepping of the heating
power. For a location higher than 3 cm,
the controller becomes unstable and starts
oscillating.  Similar oscillations above
0 cm can be observed for the lower heating
powers. Such oscillations could occur for a
bifurcation between to detachment states
of the plasma, similar to the so-called cliff-
edge of detachment [I7]. In [I5], similar
oscillations were observed and shown to
arise from an instability of the plasma
itself, most likely in correlation with the
ELM activity. A real-time controller can
drive and enhance such oscillations, if
the inherent time delay of the controller
is in the order of the oscillation period.
The observed oscillation period of around
150 — 250 ms is in the range of the
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Figure 4. Overview of the XPR control
for discharge #35554, control active from
3s on: top: Set value and real time de-
tected position of XPR; middle: Adjusted
N seeding level; bottom: Heating power
and L-H power threshold scaling [g].

reaction time needed for the nitrogen
seeding to influence the divertor plasma,
which is usually around 50 ms (see [16]).
With an optimized controller, it might
be possible to damp such oscillations,
however, they might not be fully avoided.

Note, that for the last heating
step (¢t > 74s in Fig. [4) the net
heating power is nominally below the L-
H power threshold scaling, even without
the subtraction of radiation losses. In this
phase plasma is still in H-mode, as ELMs
can be observed, and the XPR is present,
stable, and appears to be controllable, but
on a slower time scale.

Figure [5| shows that the XPR can be
controlled up to 10 cm inside the confined
region. The strong oscillation of the
controller seems to be only present for
locations around 3 —5cm. The long
heating beam trip at 6.5s shows that
the radiator can penetrate further into
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Figure 5. Overview of the XPR control
for discharge #36655, same graphs as
in Fig. @ in addition the bottom graph
shows the total heating power and the
total radiated power. A phase during
which ELMs are suppressed is highlighted
in green, see Sec[3]

the plasma and can still be controlled.
However, due to the lack of experimental
time, this has not yet been further
investigated. ~The bottom of figure [f
also demonstrates that the radiated power
fraction frqq = it fo does not change
significantly but stays close to 100% while
the XPR moves by several centimeters.
This shows that the presented method
allows a much finer control than systems
based on the radiated power fraction.

In the discharge shown in Fig. |5} it is
observed that ELM signatures disappear
when the XPR is more than 7 cm inside
the confined region. This regime of
full detachment, quite high confinement,
and no ELMs is further discussed in the
following section.




X-Point radiation and its control

3. An ELM-suppressed scenario for
radiator locations far inside the
confined region

With a location of the XPR high inside
the confined region, in the case of Fig.
about 7 cm above the X-point, it is
observed that typical ELM signatures,
such as peaks in SOL currents or divertor
radiation or a quasi-periodical reduction
of stored energy, disappear. Figure
[6] gives an overview of different time
traces and profile measurements before
and during the ELM-suppressed phase,
which is highlighted in green. The
transition is characterized by a reduction
of the plasma density of about 15 % (Fig.
@b) while the stored energy is reduced
by about 10% (Fig. [6p). This leads
to a marginal reduction of the H-factor
to Hos ~ 0.95 (Fig. [6k). During this
phase, the outer divertor is fully detached
(Fig. [f]f& g) and the intermittent peaks
or transient reattachment due to ELMs
disappear.  Even though the particle
flux to the divertor target is significantly
reduced, the neutral compression of
the divertor slightly increases. The
core tungsten concentration reduces from
4-1075 to 2.5-107°. The core nitrogen
concentration in this phase is around
2-2.3%. The trip of heating power
and following counteractive measure by
the XPR controller at 6.5 s leads to an
oscillation of the XPR location around
7 cm, showing that ELM signatures
reappear below 7cm, but are then
suppressed again as soon as the radiator
is above that value.

During the ELM-suppressed phase, a
weak pedestal is present at the plasma
edge (Fig. [fld & e). The minimum E x
B velocity in the pedestal is —6 km/s
(measured by CXRS, [18]) and close to the
threshold for H-mode of about —7 km/s
[19]. The radial velocity of SOL filaments
is estimated to be 560 m/s. These values
are in between the typical values for
L- and H-mode, quoted as 330 m/s and
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1400 m/s, respectively [20]. As such, it
cannot clearly be decided whether this
phase is an H- or L-mode.

Similar observations of short phases
of ELM-suppression at a high location
of the XPR are made in discharges
with feed forward programmed nitrogen
seeding (e.g. AUG #36276 [4]). Without
the active control of the XPR location,
the ELM-suppressed phases were not
sustained. The application of the XPR
controller allows a stable operation in this
regime. The ELM suppressed regime can
reliably be recovered by controlling the
XPR position on a high location. This
regime was so far observed at auxiliary
heating powers of 2.5 — 10 MW, but the
full operational range in heating power
and plasma density is not yet explored.

In comparison to previously reported
highly radiative regimes with high con-
finement (e.g. the RI mode) [21], the con-
finement does not additionally improve
but decreases slightly from the high con-
finement of the H-mode. The decrease in
density indicates that pedestal transport
is changing and not only a radiative cool-
ing takes place. The latter would be ex-
pressed in an increase of density.

4. Summary

A strong localisation of the radiation in
the vicinity of the X-point is observed
in nitrogen induced detachment in H-
modes at ASDEX Upgrade. This so-
called X-point radiator (XPR), which is
similar to a MARFE, is observed to move
inside the confined region. It exists for a
wide range of heating power (2 — 25 MW)
and is correlated with radiated power
fractions of more than 75%. There are
indications of electron temperatures in
the range of a few eV in the region of
the XPR and below, leading to parallel
electron temperature gradients inside the
confined region. The XPR can stably
exist up to 15 cm inside the confined
region, corresponding to a normalized
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Figure 6. Measurements of discharge AUG #36655, where the X-point radiator
control is active and an ELM-suppressed regime is observed (highlighted in green as
in Fig. [5). Time traces of (a) plasma stored energy and an ELM indicator (AXUV
LOS in the outer divertor), (b) line averaged density and (c) energy confinement time
with respect to the ITERH98P(y,2) scaling and Greenwald density fraction. The red
and blue shaded regions indicate the time windows for the profile measurements in (d-
g). Pedestal profiles of (d) electron and ion temperature and (e) electron density,
indicating also the radial location of the XPR. Langmuir probe measurements of
(f) electron temperature and (g) ion saturation current at the outer divertor target,

relative to the strikeline position.

radius of ppo; ~ 0.985, but is usually
observed closer to the X-point, between
pPpot = 0.99 and 1. The location is shown
to be dependent on the nitrogen seeding
level and heating power and thus can be
actively controlled.

A real-time control scheme for the
location of the XPR is implemented, using
AXUYV diodes as sensors and the nitrogen
seeding level as actuator. The controller
is shown to handle the location close to
the X-point for a wide range of heating
powers. The location can be controlled
up to 10 cm inside the confined region.
Some oscillations at low heating powers
or at certain locations indicate that the
controller might be marginally stable and
needs further optimisation.

Applying this XPR control in exper-
iment, a regime with ELM suppression

was observed for a high location of the
XPR. In this phase, the confinement is
marginally reduced to Hgg ~ 0.95. The
values for the radial electric field well or
the radial filament velocity lie between the
typical values for L- or H-mode. Nonethe-
less, the relatively high confinement, high
core electron and ion temperatures, the
suppression of ELMs and full detachment
at a radiated power fraction of up to 100 %
makes this a promising candidate for a
scenario of a future fusion reactor.

5. Outlook and future work

To understand the dominant physical
mechanisms of the X-point radiator and
its effect on the pedestal, localized elec-
tron density and temperature measure-
ments using the newly installed diver-
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tor Thomson scattering system as well as
spectroscopic methods will be used. This
will allow the detailed reconstruction of
the heat flux involving such a localized
highly radiating zone within the confined
region.

The controller of the XPR position
will be further optimized by a better
tuning of the control parameters, also
dynamically adjusting to other input
parameters, such as the heating power.
Thus, the controller will work stably
in a wider operational range. Further
developments may include the extension
to other seeding gases and coupling to
other existing controllers, such as the
Tdiv controller [I6], or the integration
into schemes for disruption avoidance (e.g.
at the H-mode density limit [22]).

Because the XPR has also been
observed in seeded scenarios at JET
[2, 23], and as the detached, seeded
regime is a foreseen scenario in ITER,
the control of the XPR might provide
for future machines a robust method to
stay in a regime with detached divertor,
without large ELMs and contribute to
the avoidance of disruptions in future
machines.
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