Self-sustained divertor oscillations in ASDEX Upgrade
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Alternating radiation phenomena between the inner and outer divertor regions in the sub kHz
range are investigated in the tokamak ASDEX Upgrade. While the inner divertor oscillates between
the onset and fluctuating state of detachment, the outer divertor oscillates between conditions
where it can maintain high recycling conditions or not. The detachment state of the inner divertor
determines the magnitude of the neutral flux through the private flux region, thus sets the recycling
conditions at the outer divertor. In return these recycling conditions determine the particle content
in the divertor, hence the detachment state at the inner divertor.

PACS numbers:

I. INTRODUCTION

The next generation magnetically confined fusion exper-
iments like ITER and DEMO will exhibit a strong heat
flux to the divertor tiles [1]. To prevent damage, a
heat flux density of ~16 MW m~?2 should not be ex-
ceeded [2], which is aimed to be achieved by detach-
ment [3, 4]. Fluid simulations are generally used to pre-
dict the behaviour of the divertor of future machines such
as ITER or DEMO [5]. In these simulations it is of-
ten assumed that for steady-state input parameters, a
unique steady-state solution will be reached. However,
the equations describing the divertor plasma are com-
plex and in general nonlinear [6] and therefore allow bi-
furcations or oscillations. A known example of such a
nonlinear phenomenon in the divertor are self-sustained
divertor oscillations (SSDOs) [7, 8]. Self-sustained di-
vertor oscillations can occur at medium to high densi-
ties, with the heating power (maybe coincidental) close
to the L-H transition threshold [7, 8]. The main feature
is alternating D,, radiation from the inner and outer di-
vertor regions in the sub kHz range. Reports show in
JET a frequency around 8 Hz [7], in ASDEX Upgrade a
frequency about 20-30 Hz [8, 9] and in H-mode plasmas
in JET with ITER-like wall approximately 100 Hz [10].
These oscillations show a correlated increase in plasma
edge density with a decrease in divertor neutral pressure,
density, ion flux and radiation [7]. A minimum input
power and a suitable density is required to observe this
kind of oscillations [7]. These oscillations were predicted
by Krasheninnikov et al. [6, 11, 12] and theoretically ex-
plained by bifurcations of the capability to maintain the
recycling flux in high recycling conditions [6, 11, 12] as ex-
plained in more detail in Sec. III. Recent experiments [8]
indicate that these oscillations are alternations between
different states of detachment of the inner divertor as
explained in more detail in Sec. II. In the present contri-

bution the underlying mechanism for these divertor oscil-
lations is investigated in the tokamak ASDEX Upgrade
(AUG). In Sec. V it will be shown how the theory pre-
sented in Refs. [6, 11, 12] is connected to experimentally
observed characteristics [8].

II. PREVIOUS FINDINGS

In a previous study in ASDEX Upgrade it has been found
that the self-sustained divertor oscillations are alterna-
tions between two states of detachment [8], the onset
state (OS) and the fluctuating state of detachment (FS),
which are described in detail in Ref. [13] and introduced
here in the following for convenience.

The typical magnetic field configuration is given by a for-
ward field, lower single null (LSN) discharge, with the
VB x B-drift directed towards the active X-point. Un-
der attached conditions a strong asymmetric power dis-
tribution between both divertor targets is present with
increased power loads on the outer divertor [14]. The
reason are drifts in the scrape-off layer (SOL) and diver-
tor region [14, 15]. The electron temperature gradient in
the SOL creates a radial electrical field directed towards
the wall elements E, ~ —V, T,. This drives a poloidal
E, x B-flow from the inner towards the outer divertor in
the main SOL resulting in a heat flux asymmetry between
both divertor legs. The E, x B-flow transports charged
particles from the outer to the inner divertor through the
private flux region (PFR). The resulting enhanced den-
sity at the inner divertor facilitates the detachment of the
inner divertor and reinforces low density, high tempera-
ture conditions in the outer divertor [16]. Furthermore
a radial Eg x B-drift in the divertor region transports
charged particles across the strike line from the outer to-
wards the inner divertor through the PFR [15]. As more
power reaches the outer divertor, the inner divertor de-



taches first once a critical density in the divertor region is
achieved. Recombination takes place in a thin layer close
to the strike point of the inner target. On the high field
side (HFS) a region of enhanced density called high field
side high density (HFSHD) region is present below the
X-point close to the strike point, with the HFSHD region
as the main source of radiation. The position is a result of
the divertor geometry. Most of the recycling neutral flux
is released back to the strike point region (SPR) around
the target normal, thus trapped within this region as the
divertor tiles have a convex shape [13]. This state is re-
ferred to as the onset state of detachment. Increasing the
density further, radiative oscillations are detected close
to the X-point in the low kHz range [13, 17, 18]. Due to
these so-called X-point oscillations this regime is called
the fluctuating state of detachment [13]. The ionization
region and the HFSHD region shift upstream towards
the X-point. Subsequently the lower divertor segment is
assumed to become transparent for neutrals and the re-
leased particles can travel through the PFR towards the
low field side (LFS) [13]. The enhanced neutral flux from
the inner to the outer divertor during this state will be
of central importance for the here presented explanation
of the SSDOs.
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FIG. 1: The location of the pressure gauges (F and the

arrow indicates the orientation) as well as the reference

AXUV bolometric LOSs (labeled as ”DDC”) are shown.

The colored areas correspond to the different regions in

the divertor which show a different characteristic signal
shape in the bolometric signals.

An alternating behavior between the onset state and the
fluctuating state of detachment leads to an alternation
of D, radiation in the inner and outer divertor regions
as explained in the following. At the HFS the HFSHD
region is the most prominent source of radiation. Dur-

ing the OS, with the HFSHD region located close to
the strike point region (partially inside the measurement
cone) (Fig. 1), a higher level of (D,) radiation is ex-
pected compared to the other states of detachment. At
the outer divertor the opposite is expected. The neutral
density in the outer divertor region as well as the radi-
ation increases with increasing neutral flux through the
private flux region during the early FS. While this ex-
plains why an alternating behavior between the OS and
FS leads to the observed experimental signature of the
SSDOs, it does not explain why these states alternate.

IIT. POSSIBLE CAUSE FOR SELF-SUSTAINED
DIVERTOR OSCILLATIONS

A possible explanation for the cause of SSDOs is
provided by Krasheninnikov et al. [6, 11, 12, 19] relating
SSDOs to recycling driven bifurcations. At a certain
critical input power the relation T4(Ny) between the
temperature at the divertor target T, and total number
of ions and neutral particles Ngq in the corresponding
flux tube becomes multivalued in some range of Ny,
corresponding to a bifurcation of the plasma state
(Fig. 2).
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FIG. 2: Possible cause of the SSDOs adapted from
Refs. [6, 12, 19]. Ny describes the particle content in the
flux tube and consists of charged particles as well as
neutrals. Around Ty,.x the curve becomes multivalued,
thus bifurcations can set in.

As the target temperature is above a critical threshold
Tmax (Ta = 10 €V) high recycling conditions can be sus-
tained. The flux tube acts as a particle sink, thus is able
to maintain a high neutral pressure. With increasing tar-
get density Ny the target temperature Ty decreases. If Ty
drops below the critical value, all energy is spent for ion-
ization and the energy flux into the recycling region is not
high enough to support the plasma recycling flux [11, 12].
This leads to decreasing N4 together with T}, correspond-



TABLE I: Global discharge parameters: magnetic field
strength B¢, plasma current I, edge safety factor ggs,
line averaged density 7, and auxiliary heating.

TABLE II: Time when SSDOs occur (tpo), number of
SSDOs (#DO), duration of the OS (tog), duration of
the FS (trg), their typical ratio (tos/trs) and the
typical DO frequency f.

ing to a hump in Ng(T4) and a multivalued T4(Ny), which
allows for bifurcations. As the high recycling conditions
are no longer fulfilled particles leave the flux tube as the
high neutral pressure cannot longer be maintained. Con-
sequently for high temperatures (Tg 2 10 €V) the neutral
flux can be directed towards the recycling region and for
low temperatures (Tg < 10 eV) away from the recycling
region [11, 12]. The neutral flux from one divertor to
the other can lead to counter phase oscillations of both
divertors, which periodically accumulate particles (ions
and neutral particles) [6]. However, this assumes that
both divertors are attached, which is experimentally not
the case in AUG [8].

IV. DATA BASE AND DIAGNOSTICS

SSDOs appeared undesired in the presented data set of
discharges. In some discharges SSDOs have even pre-
vented reaching the foreseen research objective. No ded-
icated discharges have been performed. All of the dis-
charges presented are forward field LSN discharges with
the VB x B-drift directed towards the active X-point.
Global discharge parameters are shown in Tab. I. The
magnetic field strength was close to B = 2.5 T, the
plasma current was either 0.8 or 1 MA. Line averaged
densities varied between 4.5-10""m ™3 and 8.0-10"9m—3.
Self-sustained divertor oscillations have been identified
by their main characteristic, the alternating behaviour
of the D, radiation between the inner and the outer di-
vertor regions. The signals are derived from integrated
radiation from Balmer-a transitions over a range of spec-
troscopic lines of sights (LOS) in the divertor region.
In Fig. 1 the observed area is indicated in blue (inner
D,, signal) and red (outer D, signal). While the in-
ner D, radiation is measured close to the inner strike
point region (ISPR) exclusively, the outer D, radiation
measurement covers a broader region. This includes the

( GLOBAL PARAMETERS h
shot# |gas| By [T]|I, [MA]| qo5 | ie [m ™3] | heating [MW)] ( DIVERTOR OSCILLATION PARAMETERS )
24664 | D |—2.31| 0.80 |4.55|5.59-10*| 1.32 (NBI) shot#| tpo [s] | #DO |tos [ms]|trs [ms] [tos/trs|f [Hz]
27101 | D |—2.52| 1.00 [4.10(8.04-10'?| 0.77 (ECRH) 24664(2.1 - 3.8 21 |37-71[10-92 | 0.84 12
29818| D |—2.48| 1.00 [4.07|6.72-10'| 0.62 (ECRH) 27101(2.3-2.5| 3 7-16 |18 -20 | 0.80 28
29819 D |—2.48| 1.00 [4.14|6.66-10'°| 0.63 (ECRH) 29818(1.7 —3.4| 10 |22 -34 (85— 148| 0.21 7
29865 D | —2.49| 1.00 [4.13|7.65-10'| 0.56 (ECRH) 29819 (1.6 — 4.6[18 — 25|27 — 164|36 — 45 | 2.54
34676 D | —2.49| 0.80 [5.01|5.62-10'| 0.50 (ECRH) 29865(2.5 - 2.8 4 |17-27 |18—-43 | 0.86 19
0.56 (ICRH) 3467609 - 1.9/46 — 48| 2-65 [12-22 | 0.15 | 67
34678 | D |—2.49| 0.80 |5.01(5.45-10*°| 0.49 (ECRH) 34678 (1.1 — 1.7] 8 — 12| 423 |25 — 221| 0.18 30
0.56 (ICRH) 35263(3.3 -39/ 9 |37-51 |11 -21 | 250 18
35263 H | —2.47| 0.80 |5.06/4.67-10'| 3.34 (NBI) 135263 |5.2 - 6.2{18 - 20|12 -34 | 8- 61 | 0.94 30 )
L 0.46 (ECRH))

outer strike point region (0SPR) as well as larger parts
of the LFS divertor region and the private flux region.
Its camera is directed in toroidal direction, therefore the
measurement cone has an eliptical shape in the poloidal
cross section. In addition the reference LOSs of the
Absolute eXtended UltraViolet (AXUV) bolometers and
the positions of the ASDEX pressure gauges (APGs) are
shown in Fig. 1. It is important to distinguish SSDOs
from other low frequency oscillations. One example are
sawteeth appearing in a similar frequency range, which
can have a significant effect on the measured radiation in
the divertor region. Sawteeth can be identified best in the
soft X-ray emissions. If sawtheeth have been identified
at the same frequency the discharges have been excluded
from the data set.
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FIG. 3: Neutral flux in the private flux/dome region
against SSDO frequency. No signal available for
discharge #24664 and #27101. Only data points which
are clearly identified as SSDOs are taken into account.

Frequencies from 7 up to 70 Hz have been observed in
AUG (Tab. II). The frequency of the SSDOs seems to



decrease with line averaged density (measured in the cen-
ter and the edge) and with the neutral flux in the private
flux region indicated by different pressure gauges (Fig. 3).
The APG F09 is directed towards the PFR through a
small slit between the tiles. The pressure gauge F03 is
used in Fig. 3 as F09 is not available for some of the
discharges. The APG F03 measuring the neutral flux
beneath the dome is used in order to have an extended
data base. It shows the same trend as compared to F09.
Additional information on how the flux measurement is
performed is given in Ref. [20]. The arrow in Fig. 1 in-
dicates the orientation of the APGs, with the tip repre-
senting its orientation.

For lower densities in the divertor region, this observed
trend becomes less accurate. However, within the dis-
charge #35263 the frequency seems to increase with in-
creasing neutral flux. The highest frequency is observed
in discharge #34676 heated by ICRH, which is known
to enhance the impurity content in the discharge. The
frequency in discharge #34676 is double the frequency of
discharge #34678 at similar neutral flux and similar other
parameters like magnetic field strength, density and heat-
ing powers.

All of the observed SSDOs so far are alternations be-
tween the OS and FS. In particular the FS is charac-
terized by the appearance of radiative fluctuations at
the X-point [13, 17], measured by AXUV bolometers,
which display a high time resolution (sampling rate of
200 kHz) [21]. While the durations of the onset state tog
and fluctuating state tpg are often close to each other
(in the previously reported discharges #27101 [8] and
#29865 [9]), their duration can be strongly asymmetric.
The discharges #29818 and #29819 are very similar with
respect to the global discharge parameters and exhibit a
similar frequency of the SSDOs, but are strongly asym-
metric (tos/trs = 0.21 for #29818 and tpg/trs = 2.54
for #29819).

V. DYNAMICS OF SELF-SUSTAINED
DIVERTOR OSCILLATIONS

In this section the dynamics of the SSDOs are described.
We choose discharge #29818, where the SSDOs exhibit a
very low frequency around 7 Hz. This allows the study of
slow evolution in more detail. The typical dynamics will
be illustrated by two cycles of the SSDOs in Fig. 4. Ex-
cept for 4c) the data has been averaged over several time
points depending on the sampling rate of the diagnostic
to remove frequencies above 1 kHz. A possible explana-
tion for SSDOs is illustrated in Fig. 5. It will be referred
to, while our physical interpretation of the measurements
is explained.

The dynamics of the SSDOs can be split into two distinct
time scales (Fig. 4). A slow, continuous evolution during
the different states of detachment and fast bifurcations
(indicated by the — symbol at the top in Fig. 4) at the
transition from one state to the other. The changes on

the slow time scale cause the bifurcations and determine
the length of the individual onset and fluctuating state,
thus set the frequency of the SSDOs. The dynamics of
one cycle of a SSDO can be divided into four segments,
the evolution during the onset and the fluctuating state,
as well as the bifurcations between the OS and the FS
(OS — FS and FS — OS respectively). In the following
these phases are analyzed in more detail.

A. Evolution during the FS

The fluctuating state is defined by the occurrence of ra-
diative fluctuations around the X-point. The radiation
front propagates from below to above the X-point until
it collapses and its propagation restarts from below the
X-point [17]. Those X-point fluctuations occur with a
typical frequency of 6 kHz [17] and they are observed in
the spectrogram for the LOS DDC 24 directed towards
the X-point (Fig. 4c). The average position of the ioniza-
tion region is assumed to be located close to the X-point
as indicated by the orange line in Fig. 5a. Thus, follow-
ing Ref. [13] in the FS the private flux region should be
transparent for neutrals (indicated by the light blue ar-
rows in Fig. 5a). This should lead to an enhanced neutral
flux through the PFR. Indeed a high neutral flux is mea-
sured by the divertor pressure gauges (Fig. 4d) during
this state. In Fig. 4d the neutral flux is shown by the
dashed lines, whereas the solid lines represent the data
shifted by ~ 10 ms. This will be explained in detail in
section V D. A beneficial effect of the neutral flux through
the PFR on the development of the detachment has also
been shown in SOLPS simulations [22]. Increased neutral
flux from the inner towards the outer target has a cooling
effect on the outer divertor region. This can be seen by a
reduced temperature (Fig. 4f) and an increased radiation
(Fig. 4a, b) at the outer target in the F'S compared to the
OS. In the FS, the electron temperature T, of the outer
divertor is below 10 eV (Fig. 4f) and at least the electron
density is decreasing with decreasing electron tempera-
ture (Fig. 4f, g). However compared to the model by
Krasheninnikov et al. [11, 12] (Fig. 2) this would indi-
cate that the process follows the unstable branch. Here
only the electron temperature and density at the target
is measured, whereas in the model by Krasheninnikov
et al. the trend for the overall density in the flux tube
(Ng) consisting of charged particles and neutrals is con-
sidered. As both density and temperature decrease, the
plasma pressure decreases too. This pressure loss can be
seen as a feature of detachment. In the model [11, 12]
this state corresponds to the situation, where the energy
flux into the recycling region cannot support the plasma
recycling flux. As a consequence this region can act as a
source for neutrals [11, 12], which can penetrate into the
confined region and lead to fueling of the main plasma
(indicated by the blue arrows from the outer target in
Fig. 5a). Indeed, over the course of the FS, enhanced fu-
eling of the main plasma is observed as shown by the line



averaged densities in the core (labeled as H1 in AUG)
and edge (labeled as H5) (Fig. 4e). The fueling of the
main plasma can be either from the LFS or the HFS.
From the LFS this could be due to neutral fueling as ex-
plained in Refs. [11, 12] and also seen in modeling [23].
At the HFS during the FS, the HFSHD spends signifi-
cant time well above the X-point [13, 17], which can also
lead to enhanced plasma fueling [23, 24]. A reducing par-
ticle content in the divertor region over time is assumed
as the gas puff for most of the examined discharges does
not change in time and the density in the main plasma
is increasing. This can be seen in the decreasing neutral
flux (Fig. 4d) during the FS. The reduction of particle
content in the divertor region is accompanied by another
effect which is due to the partial detachment of the outer
divertor. During the detachment process the ionization
front at the oSPR shifts upstream and radially outwards,
which is also indicated by observations of the bolomet-
ric signals at the outer divertor. In the plasma between
the ionization front and the target plate, the temper-
ature gradient along the field lines is reduced together
with the strength of the Ey x B-drift. As a result the
plasma particle flux from the outer towards the inner
divertor through the PFR reduces. Due to the combi-
nation of the reduced particle flux from the PFR and
the decreasing total particle density in the entire diver-
tor volume (see above) also the ion flux I'joy, in the inner
SOL should be reduced. Also the power flux Qp enter-
ing the inner SOL should be increased due to the reduced
asymmetry by the decreasing strength of the E, x B-drift.
Both, increasing power flux Qg and decreasing ion flux
Tion should decrease the distance between the ionization
front and inner divertor target (see Sec. VD for more
details on the mechanism). A bifurcation-like transition
into the onset state sets in, once this distance falls below
a critical value (corresponding to a critical density and
power threshold).

B. Bifurcation from the FS to the OS

Together with the transition from the fluctuating state
towards the onset state the X-point fluctuations - which
characterize the FS - vanish. This is also visible in the
spectrogram in Fig. 4¢) as the mode around 6 kHz ends
during this time window. The radiation in the inner di-
vertor enhances rapidly (Fig. 4a, b) as the HFSHD enters
the measurement cone of the inner D,-camera and inner
target bolometric LOSs depicted in Fig. 1. The ioniza-
tion front at the inner divertor is close to the target [13].
Most of the recycled flux gets absorbed at the ionization
front and does not penetrate into the PFR (indicated by
the light blue arrows in Fig. 5b). At the same time the
lower divertor segment becomes opaque for neutrals, thus
the neutral flux through the private flux region is further
decreasing (Fig. 4d). As the cooling effect on the outer
divertor ceases, the outer target temperature rapidly in-
creases (Fig. 4f). The power distribution between both
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FIG. 4: Excerpt of time traces containing SSDOs from
the discharge #29818. The bifurcations are indicated by
— on the top. The time traces show the D, radiation
(a), AXUV radiation characteristics in (b) (reference
LOSs shown in Fig. 1), the spectrogram at the X-point
(¢), neutral flux (d) (original data in dashed lines, solid
lines shifted according to the explanations in Sec.
V.D.), plasma stored energy Wyup, central and edge
line averaged density (labeled as H1 and H5) (e),
electron temperature (f) and density (g) measured by
Langmuir probes closest to the strike line and the
heating power (h). Except for ¢) fluctuations above
1 kHz in the picture had been removed via averaging.

divertors depends on the E, x B-drift, which is set by
the radial temperature gradients. The outer target tem-
perature gradient dominates as the inner divertor is in
detached conditions. Assuming the temperature gradi-
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FIG. 5: Simplified model for the mechanism of the
divertor oscillations. It shows the different states right
at the beginning of each phase. A detailed explanation

of the parameter evolution is given in the text.

ent fall-off length to stay rather constant, it mainly de-
pends on the target temperature Ty of the outer divertor
itself. Thus higher target temperatures ultimately lead
to a stronger E, x B-drift (indicated by the black arrows
in Fig. 5b), hence a stronger asymmetry as more power
reaches the outer divertor. The resulting stronger E, x B-
drift amplifies the temperature rise at the outer target as

it further increases the asymmetry, hence the heat load
towards the outer divertor. The outer target tempera-
ture increases by several eVs on a very short time scale
during the FS — OS bifurcation, which is shown by the
Langmuir probe measurements (Fig. 4f).

C. Evolution during the OS

In the onset state, the HFSHD region is located close to
the inner target (indicated by the orange line in Fig. 5b)
and the radiation at the X-point (Fig. 4b) is reduced. The
radiation pattern is therefore opposite compared to the
fluctuating state previously described, hence the charac-
teristic alternation of the inner and outer D, radiation
is observed (Fig. 4a). During the OS, the outer divertor
is in high recycling conditions as stated in Refs. [11, 12],
at the target the temperature is well above 10 eV and
plasma density is increasing with decreasing temperature
(Fig. 2 and Fig. 4f, g). The (D,) radiation (Fig. 4a, b)
at the outer divertor is slightly elevated compared to the
very end of the FS and the FS — OS bifurcation, which
might be a signature of enhanced recycling processes at
the outer divertor target (Fig. 4g). In the model de-
scribed in Refs. [11, 12] the recycling region acts as a
sink for neutrals and on the slow timescale the parti-
cle content in the divertor region can recover. Indeed,
this can be seen in the neutral flux (Fig. 4d) and the
plasma density at the outer target (Fig. 4g). Increasing
plasma density in the divertor volume during the OS with
the SSDOs have been reported before [9]. With recov-
ering density (Fig. 4g) the temperature slowly decreases
(Fig. 4f) as expected in the high recycling regime (Fig. 2).
Also the fuelling of the confined plasma is reduced dur-
ing the onset state, with the outer divertor being in high
recycling conditions and the HFSHD region is located
below the X-point, thus separated from the confined re-
gion. Hence the density in the confined region reduces
(visible in line averaged core (H1) and edge (H5) densities
in (Fig. 4e)) together with the confinement indicated by
the plasma stored energy (Wypp in Fig 4e)). The small
variations on the Wygp-signal coincide with the peaks
of the pulsed ECRH heating scheme shown in Fig. 4h).
For pulsed ECRH heating schemes the power deployed in
the plasma can be determined via time averaging. The
other power measurements for this particular discharge
are also provided in Fig. 4h), but are not further dis-
cussed in detail as they vary between each discharge and
depend on the individual operation itself. Additionally a
slight reduction of the outer target temperature (Fig. 4f)
during the OS results in a decreasing E, x B-drift, hence
a more evenly distributed power among both divertor
targets and the particle flux towards the inner divertor
via the Ey x B-drift also increases again. With recov-
ering particle content the conditions slowly evolve back
towards a situation where a transition into the fluctua-
tion state becomes possible.



D. Bifurcation from the OS to the FS

The ionization region shifts upstream at the transition
from the OS to the FS, with increasing density at
the inner divertor or less power entering the inner
divertor. This upwards shift with increasing density or
decreasing power can be understood as follows [17, 25].
The inner divertor has to fulfill the energy balance
Qu ~ Eijonl'n, where Qg is the power entering the SOL,
Eion the ionization cost and I'y ~ +/Ty/A,. Here Ty,
is the inner divertor target temperature and A, the
distance between recombination and ionization front
which can be approximated by the distance between
target and ionization front [17]. With decreasing power
Qpy reduces. In the high recycling regime the neutral
flux 'y is equal to the ion flux T, to the target.
Increasing the plasma density I'jo, increases and with it
also EionI'n = Eionl'ion. This increase can be mediated
by increasing the distance A, with increasing plasma
density such that Qg ~ EijonI'n < Eijonlion. In detached
conditions, to compensate the lower power reaching the
recombination region or an increase in density, I'y has
to decrease, hence Ay has to increase [17, 25]. Therefore,
the ionization front moves upstream with increasing den-
sity or decreasing power. This upstream shift has been
observed in the LOSs directed towards the inner SOL
region. By observation of the individual LOSs during
this bifurcation a strongly radiating region shifts up-
stream over time. The radiation measured by each LOS
increases first in the LOSs directed in the lower divertor
segment followed by the LOSs in upstream direction
with an increasing short time delay. At some point, the
radiating region shifts above the X-point (indicated by
the orange line in Fig. 5¢). As it passes the LOS DDC
24 a small radiation peak can be observed (Fig. 4b).
During this time no fluctuations at the low kHz range
are observed, thus the typical X-point fluctuations did
not set in until this point. Similar to the F'S, the private
flux region can be assumed to become transparent for
neutrals again [13]. The neutral flux from the inner
divertor may even be higher than in the subsequent FS,
since the ionization front is assumed to be constantly
above the X-point and not fluctuating in time (indicated
by the multiple light blue arrows in Fig. 5¢). Hence, the
neutral flux rises to its maximum value (Fig. 4d). In the
neutral flux measured by the pressure gauges in Fig. 4d,
also two time scales can be identified. A rising interval
corresponding to the time scale tps and a declining one
corresponding to the time scale tpg. This is observed for
all discharges in the present data base. However, the
neutral flux measured by the APGs appear to be delayed
by ~ 10 ms with respect to the appearance of the OS
or FS, respectively. As this delayed response is not
influenced by the variation in tpg and tpg in the data
base, it can be concluded that the neutral flux measured
by the APGs beneath the dome, is much likely delayed
with respect to neutral dynamics below the X-point in
the PFR. Such a delay in the response of the APGs has

been previously observed during dynamic phenomena
like ELMs in ASDEX Upgrade and DIII-D [26]. Here we
assume that the neutral particles travel from the inner
divertor through the PFR towards the outer divertor
with their sound speed. The associated cooling effect on
the outer divertor would be more or less instantaneous.
During this time, only a few neutrals are detected by
the APGs beneath the dome, as they do not directly
measure the neutral flux inside the private flux region
and multiple scattering is necessary to reach the pressure
gauges. Neutrals can also be scattered at the plasma
surface which has been shown in [27]. The neutrals
which enter the LFS can be ionized there and cause the
rapid increase in radiation (Fig. 4a, b), thus reduce the
outer target temperature (Fig. 4f), while increasing the
outer target plasma density (Fig. 4g). With a delay in
the range of ms [26] the neutrals are released from the
divertor plasma, thus the effect of the additional neutral
flux towards the outer divertor is visible in the pressure
gauges. This has been indicated by the blue arrows in
Fig. 5a, c originating from the outer target. The signal
in Fig. 4d has been shifted by ~ 10 ms to indicate how
the neutral flux through the PFR might look like, as
this is of interest in the present study.

With the temperature dropping below 10 eV the outer
divertor transits into the state, where the energy flux into
the recycling region cannot sustain the plasma recycling
process [11, 12], thus partially detaches again.

At the inner target the upstream shifting ionization front
enters the shadow of the divertor nose where it cannot
be supplied by the neutral flux from the recombination
region close to the inner strike point as shown in [17]. The
radiating region collapses to a position below the X-point
and from there shifts upstream again passing the LOSs
in the divertor region and is visible as the frequency band
around 6 kHz. These cyclic reformations of the radiation
front propagating from below to above the X-point are a
signature of the X-point fluctuations defining the FS [17].
The initial situation (FS) at the beginning of the SSDO
is reestablished and the cycle can repeat.

VI. SUMMARY, DISCUSSION AND
CONCLUSION

All discharges analyzed so far are consistent with the pre-
vious finding of Potzel et al. [8] that divertor oscillations
are alternations between two states of detachment, the
onset state and the fluctuating state of detachment [13].
These states concern mainly the region of the inner diver-
tor. The outer divertor seems to bifurcate between high
recycling and partially detached conditions, whereby a
recycling capability of the divertor has been proposed by
Krasheninnikov [11, 12] to be cause of the self-sustained
divertor oscillations (Fig. 2).

Divertor oscillations exhibit two time scales, a slow con-
tinuous evolution during different states of detachment
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FIG. 6: Simplified cycle of the SSDOs. It shows how
the conditions of the inner and outer divertor affect
each other during the process.

and bifurcations at the transitions from one state to the
other. The fast time scale seems to be set by the neu-
tral flux from the inner to the outer target. The neu-
tral flux to the outer divertor itself depends on the state
of detachment of the inner divertor (Fig. 6). The long
time scale seems to be set by the fueling of the main
plasma, which is determined by the recycling conditions
at the outer divertor. The fueling determines the parti-
cle content in the divertor and sets the detachment state
(Fig. 6). While the inner divertor is in the fluctuating
state of detachment, the outer divertor cannot maintain
high recycling conditions, thus partially detaches. This
can be seen by decreasing plasma density (Fig. 4g) and
neutral flux (Fig. 4d) with decreasing target temperature
(Fig. 4f). As a result neutrals are leaving the recycling
region and the particle content in the divertor volume
decreases. At some point the particle content and the
power distribution between the divertor halves lead to a
transition of the inner divertor from the fluctuating state
to the onset state of detachment. In the fluctuating state
the private flux region is assumed to be transparent for
neutrals [13] cooling the outer divertor, whereas in the
onset state the private flux region is opaque for neutrals.
The suddenly reduced neutral flux to the outer divertor
results in a strong temperature increase, which is further
amplified by the E, x B-drift modifying the asymmetry of
the power flux towards the outer divertor. At the result-
ing elevated temperatures the outer divertor can operate
in high recycling conditions again. Therefore, in the on-
set state the particle content in the divertor recovers.
The plasma density at the inner divertor can increase
also due to the enhanced E x B-drifts from the outer di-
vertor through the private flux region. With increasing
plasma density at the inner divertor or reduced power en-
tering the inner divertor half, the ionization front moves
upstream while a transition into the fluctuating state of

detachment takes place. The cycle can repeat.
Self-sustained divertor oscillations as studied in the
present contribution are rather annoying than danger-
ous. The observed oscillations appear in L-mode condi-
tions with the outer divertor target around the detach-
ment conditions.

On the other hand, a fusion reactor is foreseen to oper-
ate in detached H-mode conditions. Stable completely
detached H-mode plasmas have been demonstrated in
ASDEX Upgrade with the help of impurity seeding [28,
29]. In those discharges SSDOs have not been observed so
far, also because in those discharges edge localised modes
(ELMSs) appear, preventing the SSDOs. However similar
oscillations had been observed in JET with an ITER-like
wall also during H-mode [10] and have been related to
impurity induced divertor oscillations [12, 19, 30, 31]. In
ITER plasma simulations impurity driven self-sustained
divertor oscillations result in a significant modulation in
the divertor heat load (~ 30 %) [12, 19]. To provide a
safe operation for future devices such as ITER, this kind
of oscillations should therefore be studied in ELM-free,
detached H-mode conditions.

As neutral particle dynamics seems to be the driver for
the SSDOs explained in the present contribution - and
most of the here discussed effects are taken into account
in SOLPS - SOLPS simulations similar to the ones pre-
sented in Ref. [6] at AUG conditions would be desirable.
In particular the role of the neutral flux through the
PFR should be investigated in more detail. For AUG
the database has to be extended to identify critical pa-
rameter thresholds. Until now no dedicated discharges
to study the divertor oscillations had been performed in
AUG. The impact of the magnetic configuration and di-
vertor structure on this phenomenon would be also a de-
sirable subject for further investigations.
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