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Abstract. Detachment of high power discharges is obtained in ASDEX rdgg by
simultaneous feedback control of core radiation and diveradiation or thermoelectric
currents by the injection of radiating impurities. So faB &f the ITER normalized heatflux
PsedR= 15 MW/m has been obtained in ASDEX Upgrade under paytitdtached conditions
with a peak target heatflux well below 10 MWZmNhen the detachment is further pronounced
towards lower peak heatflux at the target, substantial adsmmgELM behaviour, density and
radiation distribution occur. The time-averaged peak fieatat both divertor targets can be
reduced below 2 MW/ which offers an attractive DEMO divertor scenario with gutial
for simpler and cheaper technical solutions. Generallgnpunced detachment leads to a
pedestal and core density rise by about 20-40 %, modeta2® 0%6) confinement degradation
and a reduction of ELM size. For AUG conditions, some opereti challenges occur, like
the density cut-off limit for X-2 ECRH heating, which is uskat central tungsten control.
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1. Introduction

To ensure a sufficient lifetime of the divertor in ITER and DBMoperation under at least
partial detachment (PD) will be mandatory [1] [2]. PD is defiras a significant reduction of
heat flux and pressure along field lines between midplane edar target for the first few
(=~ 2) power decay lengths in the scrape-off layer (SOL). PD efduter divertor is obtained
by radiative cooling of AUG high power dischargesdR ~ 20 MW), in combination with
high divertor neutral deuterium densities. Since the irdieertor exhibits more prominent
detachment compared to the outer divertor under standarditams, the outer divertor is
considered as the critical location.

The qualitative behaviour of the power load distributioorag the outer target is sketched

in figure 1, where also terms for different detachment statesintroduced. For attached
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Figure 1. Qualitative sketch of target heatflux profiles for differdatachment states.

conditions, the width\;; of the power load profile has been parametrized as the cotidnina
of an exponential decay widthg, and a broadening parameterpg; ~ Aq + 1.64S[3]. Aqis
understood as the power width at the divertor entrance, Sides the Gaussian shaped power
spreading. Typical AUG valuesd¥ 1 MA) areA\g= 2 mm, S= 1.5 mm andins= 4.5 mm,
mapped to the outer midplane [4] [5]. Taking into accountftie expansionf~ 5, values

of Aint = 2-2.5 cm are typical along the attached outer target. Bgtnd S were found to
scale with inverse poloidal field 1/Bp [6]. The broadening S increases strongly towards low
divertor temperatures [7]. The trend of increasing S fordodivertor temperature continues

towards detachment, but with the onset of strong atomicipeysocesses during PD below
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Te= 5-10 eV a more complicated spatial distribution beyondpserpower spreading is
expected. An outward shift of the peak power flux is observatkuthese conditions.

Partial detachment starts at the strike point for standartocal divertor geometry and
evolves towards the SOL. This paper investigates the vamiaif the degree of partial
detachment in ASDEX Upgrade high power discharges and fextebn main plasma
parameters. The degree of the detachment is extended tchayesr values than required
for ITER, resulting in pronounced detachment over severalgr widths and a very low peak
power load. Still, the outer SOL wing in the divertor remaattached, which is regarded
as important for the sustainment of good (i.e. factor 200¢mor neutral plugging against
the main chamber. The good neutral divertor compressioxpeated to be strongly reduced
for full detachment along the whole target, when the neyhadging by the plasma in the
far divertor wing is lost. Assuming a similar power width irJ& compared to ITER [5]
and adopting similar Greenwald and separatrix densithes AUG divertor conditions are
expected to approach those expected for ITER in absolutestef temperature, density and
neutral pressure for high values of the normalized sepaawer flux, RedR.

This paper is organized as follows. Feedback control ofrdisges with high power
flux into the divertor (high B and partial detachment with nitrogen seeding is introduce
section 2. Section 3 describes the plasma behavior wherethelinment is further pronounced
towards even lower peak power loads. The parameter ranggGfdischarges with different
degrees of detachment is summarized in section 4, and diguédr the detachment state is
introduced which is based on engineering parameters. Shységs details of the detachment

process are discussed in section 5, and finally conclusrengrawn.

2. Feedback control of high divertor power fluxes

A versatile double feedback system is available in AUG wrattbws independent control
of divertor (by N) and core (by Ar or Kr) radiation [8]. For dixtor power exhaust studies,
low core radiation levels are helpful for the maximisatidnPgep and thus just one low-Z

impurity is used for seeding. A thermoelectric current sens used to control the target
heatflux, where the effect of ELMs is removed by an asymmetrgclian real time filter

[9]. Since its signal quite closely follows the electron fearature near the strike point for
attached conditions, it has been scaled to match typigalalues and labelled Tdiv (500

ampere total thermoelectric current correspond to Tdiveld). Figure 2 shows a discharge
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Figure 2. Time traces of an AUG discharge with highefR up to 10 MW/m and a target
peak power load around 5 MWfm The partially detached conditions are obtained by high
deuterium puffing, 1/3 of the nominal cryo-pumping speed Edid feedback control using
nitrogen divertor puffing. Nitrogen core concentratiag € 1.5%, Bn ~ 3, Ip= 1 MA, (5=

4.3, inner divertor neutral pressuregP 4 Pa. Major radius R=1.65 m.

with up to 25 MW heating power and divertor power dissipatiyrnitrogen seeding and a
high deuterium pressure. Feedback control is done withithegen gas puff as actuator using
the thermoelectric Tdiv as sensor, starting at t=2 s withtaaee of Tdiv= 20 eV which is
ramped down to 10 eV at 3 s, this set value is kept till t= 5.8 sut@rium is puffed in feed-
forward, as shown in figure 2. Stable plasma parameters &ievad under these partially
detached conditions. sB/R= 10 MW/m, about 2/3 of the ITER value of 15 MW/m have
been reached with a time averaged peak heatflux at the otget tf about 5 MW/, Psep

is calculated as the difference of the absorbed heating pameéethe main chamber radiation
calculated in real time (a detailed description is giver8 &s shown in the traces of figure 2.
The main chamber radiation includes also the small corttabwf the main chamber scrape-
off layer radiation, which cannot be separated reliably bgahvolution from the confined
plasma radiation due to the steep gradients at the separdfithout any power dissipation,
about 45 MW/m would be expected from the attached heat load width scabhg The

measurements indicate partial detachment, with a modemai@ane-target pressure drop of
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about a factor 3.

High power discharges also approach the beta limit. Nitnageeding, primarily used for
enhancement of the divertor radiation, also causes a coméineimprovement [10], which is
counteracted by the degrading effect of strong deuteriufingw/ divertor recycling. The
discharge shown in figure 2 haspg of 3 and strong MHD activity which is dominated
by fishbones. A slight reduction ofdg from 1 to 0.95 around 3.7 s may be caused by
increased MHD activity agn exceeded the values of 3 or by the beginning detachment.
Despite operation with reduced cryo pumping speed to 1/BeMJG standard setting using
a newly installed cryogenic Helium valve, the foreseen ITiteRitral pressure limit of 10 Pa
[11] could not be reached at maximum gas injection. AUG dgamavith turbo-pumps alone
is planned in the near future for a further increase of thérakpressure.

In the following, experiments are discussed which aim tolsaa more pronounced
divertor detachment, facilitating strong momentum losmglfield lines in the divertor. Such
conditions relax the challenges of a DEMO divertor desidlowang its operation with a

simpler standard vertical target configuration.

3. Transition towards full detachment

Time traces of a discharge entering pronounced detachmergh@wn in figure 3, where
almost complete detachment of the divertor has been olstéyéhe combination of constant
D and N puff levels. The achievement of pronounced detachmiethe outer divertor is
indicated by the zero-crossing of the Tdiv signal [9]. Thelation towards full detachment
after 3 s is accompanied by a rise of the plasma density tostlthe Greenwald value and
a reduction of the H-factor to 0.85. Pedestal profiles aravehia figure 4 for the 3 time
points indicated. The substantial temperature drop dymgounced detachment is almost
compensated by the density rise, resulting in a pressugeafrabout 15 % appo= 0.8, the
same relative pressure drop is observed in the plasma center

After t= 5 s, the performance of # 30506 is slightly furthegdled possibly due to
mild central tungsten accumulation (see figure 7b) devatppfter the trip of central ECRH,
which had to be used in low single-pass absorption O-2 maou ghe density exceeds the
X-2 cut-off value for AUG conditions. Plasma performanceaeers after an additional NBI
source is switched on at 5.5 s. The plasfags is constant with a value of 2 after 2.8 s, N is

its main impurity contributor with a concentration of 2 %1imcCXRS measurements. Plasma
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Figure 3. Time traces of a high power AUG discharge with strong feeddiod D puff and
N seeding. At t=3 s, pronounced detachment is entered, ifotleving the detached region
expands further along the outer target and a rise in lineraged density occursp¥ 1.2 MA,
Qos=3.7, 8yp= 0.1, dow= 0.4. Divertor neutral pressure & 3.4 Pa, only 1/3 of the cryo pump
activated. Dotted vertical lines denote times where dorgstofiles from Langmuir probes are

shown in figure 5.

parameters along the outer target are shown for 3 diffeneretstof figure 3 in figure 5. The
peak heat flux measured my the Langmuir probes reduces tesvéun below 1 MW/rA.
IR thermography, which measures also the heat load by raudjastays below 2 MW/
(not shown in figure). Tdiv crossing zero marks the transifiom partial to pronounced
detachment, with substantial reduction of pressure antifluxaaround the strike point. It is
a general observation for such AUG conditions that a redoaif Te in front of the target is
connected to a drop in electron pressure, similar to resgjitsrted from ALCATOR C-Mod
[12]. During pronounced detachment, heat flux and pressersteongly reduced over about
10 cm or several power decay lengths. For reference, ttee(etl) power width inferred from
the Eich scaling [5] i3\int & 2 cm along the target for this discharge. In the divertor faL.S
the kat and Te profiles are hardly effected by the detachment at distances than 10-15 cm
away from the strike point (fig. 5). Consequently, the outeedor is not fully detached, and
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Figure 4. ELM averaged pedestal profiles from fits to Thomson scatidiig Te, pe) and
CXRS (7) for the time points indicated in figure 3.

the term pronounced detachment is used, which emphasiata good neutral plugging by
the divertor is still present.

Tdiv appears as a highly suited sensor for detachment mowgt@nd control. As
shown in figure 5, Tdiv approaches small values during datéachment, negative values of
Tdiv are a robust indicator of pronounced detachment owerfuth AUG parameter range
of plasma current, power and densities. However, the cbatgorithm requires further
improvement and adaption to cope with the low dynamic rarfgediv during detachment
and the appearance of negative values, which can no longesdoeiated to a power flux or
temperature. Tdiv=0 is associated with a vanishing theleatréc current. At this stage, the
Pfirsch-Schliter components of the passive current mlyestiain [13], but cancel to zero
along the tile. The slightly negative values of Tdiv occgrituring pronounced detachment
are supposed to be caused either by thermoelectric currethis far divertor SOL connected
to in-vessel components, where the divertor acts as theerawdor by the negative Pfirsch-

Schliter currents in the private flux region. The negatiziei®s of Tdiv occur very robustly
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Figure 5. left: Divertor profiles from Langmuir probes for the attachgartially detached and
pronounced detached conditions. Profiles are median-€ittend time-averaged over 200 ms,
removing the contribution of ELMs as far as the limited tiresaiution permits. right: Tdiv
as derived from the passive current measurement by meanshafrda in an outer target tile.
Tdiv has been defined as the total inter-ELM current betwegerand inner divertor divided
by 50. The high time resolution (0.2 MHz) of the passive eumeeasurement and its high
S/N ratio make it an ideal real time sensor. The removal of Highatures is done by an

asymmetric median filter in LabView.

over a broad experimental parameter range. While the deachproceeds along the outer
target, the divertor radiation develops a strong radiatiome inside the confined plasma at
the X-point region [14]. Finally during the most pronounaietachment phase after t= 4 s,
the divertor radiation is dominated by the emission insigeX-point, as shown in figure 6.
This sugggests the existence of parallel gradientsedbivards the outer midplane, similar
to a MARFE. Even during this stage, the outer divertor is mohpletely detached as can be
seen from the Langmuir probe profiles in figure 5.

In the DIII-D tokamak, divertor electron temperature andsity profiles could be
measured by divertor Thomson scattering during H-modectietant experiments using D
puffing [15]. A cold (Te < 5 eV) and dense region is found to encompass the X-point
region during detached divertor conditions, with a steelpd gradient region following
upstream and a loss of pressure balance along the field liheletachment proceeds, the
radiation moves into the X-point region and confinement dégtion may occur depending
on connection length to the midplane and plasma parameters.

Figure 7 shows the impurity evolution during pronouncedadeinent. The additional
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Figure 6. Tomographic reconstruction for the attached and detachesps of the discharge
in figure 3. During pronounced detachment, a radiating zaerséde the confined plasma at the

X-point has clearly developed.
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Figure 7. Time traces of impurity behaviour of the discharges intietliin figure 3. The
pronounced detachment entered after t=3 s is not connedeal drastic increase of the
nitrogen content. ECRH is tripped by a sniffer probe at 4 s thustray radiation caused

by low O-2 absorption.

impurity level required to proceed from partially detachewhditions before t=3 s to the

pronounced detachment is moderate. Some central peakitige diingsten concentration
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is observed after the trip of the ECRH at 4 s. The density nisend pronounced detachment
hampers the use of ECRH in AUG, since the central densityeslcéhe X-2 cut-off value.

The observed slow time evolutions of plasma parameters$ardathproved control schemes.

4. Parameter space for radiative cooling and detachment in SDEX Upgrade

Detachment of H-mode discharges can be invoked by low-Z ritypseeding, a rise of the
divertor neutral pressure due to D puffing or a reduction efdéparatrix power fluxdg, by
core radiator seeding. The interplay of these mechanismbe&aomplicated and non-linear.
A rise of the neutral pressure generally supports divergtachment, but may be insufficient
as sole measure [14] [16]. The use of impurities supporetetent by radiation, and causes
much less confinement degradation or even an improvemerdt @@&sma performance at
benign divertor loads is obtained by a combination of a hightral pressure and impurity
seeding.

Figure 8 shows the parameter range of a database of AUG higlerpdischarges
with different core radiation levels anddp values. Many of the discharges have nitrogen
seeding, high core radiation levels were induced by Ar oré&dng, partly combined with
divertor N seeding. Red symbols denote pronounced detaudhwith peak power loads from
thermography below 2 MW/fmand green symbols discharges close to this condition, with
power loads below about 5 MW/rior discharges with high heating power.

An interesting question is the dependence of the onset @ridiv detachment as a
function of the main players &, and the divertor neutral pressure of D and N, gnd
poN. Although a non-linear and complicated dependence of wiveletachment on these
parameters has to be expected, a reasonable predictioorafyrced detachment onset has
been obtained in AUG, as shown in figure 9. Pronounced detachotcurs when Tdix O,

the detachment qualifier
Qdet = Psep/R (po + :|.8IZ)07|\|)_1 x 1.3Pam/MW (1)

is reduced below the value of 1 for these conditions. Exjwask was obtained by least-
square fitting of non-negative functions of Tdiv versugR and the weighted pressures,
the result was normalized to obtaigegrl for Tdiv=0. This formula is currently only valid

for ASDEX Upgrade. Only cases with nitrogen seeding haven lmemsidered to have one

dominant divertor radiating impurity. Since no direct pn@® measurement for nitrogen in
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Figure 8. a) Operational diagram of core radiation and divertor powiux in ASDEX
Upgrade and envisaged parameters for ITER and DEMO. Eachtpepresents a quasi-
stationary discharge phase of at least 100 ms regarding gd6rates and stored energy,
symbols denote different detachment states. Lines rapiréise possible parameter space
for a given RedR. Main chamber and divertor radiated powers are taken ftbmreal time
evaluation [8]. b) Greenwald fraction versus divertor netpressure below the roof baffle.

c¢) Greenwald fraction vs. Tdiv. d)dgdvs. Tdiv.

the divertor is available, its pressure has been derived the measured total pressure and the
relative N and D valve fluxes for quasi-stationary condisiofihe factor 18 imye; represents

the much stronger detachment inducing capability of N byatémh in comparison to D.

10j““\““““‘\““““‘““““‘\““““‘\1
| attached SO
O

detachment qualifier
=
i
S
% b
<>I
ORI

detached

v b bevrne e b b

O 10 20 30 40
Tdiv/’eV’

Figure 9. Detachment qualifier vs. Tdiv for the shots with D fueling omdnant N seeding.
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The detachment qualifier eq. 1 must not be confused with tiyeedeof detachment
(DoD) introduced by Loarte [17]. The latter measures thaesuee drop by a deviation af;}
from the expectedfiscaling. This is usually applied under L-mode conditiond eequires
density ramps or reference phases. The detachment quakfsebeen set up for H-mode
conditions and includes the effect of impurity seeding.c8irtis based on mainly engineering
parameters (heating power, gas valve fluxes, neutral peefsm pumping speed), it has - in

contrast to DoD - a predictive capability and could be usedischarge planning and control.

5. Detachment process and origin of the density rise

During divertor detachment a substantial increase of gabesd line-averaged electron
densities occurs. As can be seen in figure 8 b and c by the stosrgation of the Greenwald
fraction with Tdiv, the density rise is not primarily causby the deuterium gas puff or
recycling. For different fueling levels, occurence of adtiment leads to a substantial increase
of the line-averaged density. Its close correlation with plarameter Tdiv suggests an effect
connected to the divertor temperature. To demonstratéaheonstant D fueling conditions,
figure 10 shows time traces of a high power discharge with oy Ar) radiative feedback
where detachment has been invoked by requesting a higheeramtiation level by Ar seeding
at constant D fueling. The additional core radiation capseial detachment because of the
reduction of Bep the PD extends then towards pronounced detachment bé@radiation

is reduced again after t= 4 s. The density rise appears verjasito the cases with N
divertor radiation induced detachment. Divertor paramseter the discharge of figure 10a
are shown in figure 10b, the qualitative behaviour appeaite gimilar to those in figure
5. The detachment appears more prominent in the Tdiv sighabepared to the LP or
IR measurement. This is caused by the higher temporal tesolof the underling passive
current measurement, which allows a better ELM removal byntledian filter.

High density regions occur in both divertors during coruii of high power flux into
the divertor and sufficiently high neutral density [18]. &ig 11 shows time traces of these
features for the the discharge shown in figure 10. Electrarsities up to 18 m=3 are
measured during attached conditions, they decrease wkguother flux into the divertor is
reduced by the Argon seed radiation. Simultaneously, thaalgressure at the inner divertor
entrance measured by an ionization gauge is reduced dierggrong Ar seeding. Both core-

and divertor seed radiation counter-act against the dpaetat of the high density regions,
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Figure 10. a) Time traces of a high power AUG discharge with strong D unffi N+Ar
seeding. Partial detachment between t= 3.6-4.2 s is obthimerequesting higher core (Ar)
radiation, causing a drop in heatflux and electron pressuré¢hie outer SOL near the strike
point. P, LP and IR are ELM averaged, while ELMs are removed from Tglie mumerical
filter. The ELM frequency stays roughly constant over theaatehent cycle. b) Divertor
profiles from Langmuir probes for the attached and detaclwdlitions.
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Figure 11. a) Divertor densities measured by Stark broadening of dauteBalmer lines and
geometry of the viewing lines for the discharge shown in #g0. Regions of high electron
density are observed in both divertors. Their densitiegelse during the phase of reduced
divertor power flux caused by the Argon seeding.

the increased radiation has a similar effect compared tduct®sn of the heating power [19].

A possible explanation for the plasma density rise obseweter these conditions is better
neutral fuelling in the absence of the high density striegun the SOL [14]. When the power
flux into the divertor is further reduced, a strong radiathboge develops inside the X-point

(see figure 6).

The divertor detachment is reversible, as seen in figure di0itd stationary control is
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challenging due to global parameter changes during simettas core and divertor control.
The changes regard both ELM behaviour and the plasma deRgityre 12 shows the effect
of arise in core radiation for two different experimentahdaions. Seeding of Ar or Kr at low
to moderate divertor pressure (belex\8 Pa) and attached conditions reduces the type-1 ELM
frequency due to the reduction of the heat flux through theegtadl and a rise of pedestal
and line-averaged density of 15-20 % occurs (left fig. 12)e d@hnsity rise is related to the
prolongation of the recovery time between ELMs under thes®litions. At higher neutral
pressure (right, discharge of fig. 10), smaller, more bemghs occur and no change of
the density is observed until detachment is invoked, whendémsity rises by 15-20 % as
well. The reduction of the ELM size is supposed to be causedtidyncrease of the pedestal
collisionality by the combined effects ofcZs rise, density rise and temperature reduction
[20]. A direct impact of the detachment on the ELM size carmexcluded and may be

masked by the effects of the pedestal parameter changes.
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Figure 12. Effect of increased core radiation (Kr/Ar) on ELMs and plasdensity for low
divertor neutral pressure (left) and high neutral presswith onset of partial detachment
(right). The low pressure discharge (Kr) has 8 MW heating eoand [,= 1 MA, the high
pressure discharge (Ar) 19 MW angH 1.2 MA, see also figure 10.

When the detachment is induced by core radiation (Ar, K, dtored energy shows a
weak reduction by 10 %. When nitrogen seeding is used for divertor radiatidraesement,

confinement improvement due to nitrogen may compensateltatnt induced negative
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effects. Detachment caused by an increase of the diveribral@ressure is accompanied by a
considerable confinement degradation, but exhibits lowef and dilution values compared
to the impurity case. The combination of core seed radiatitivertor seed radiation and
divertor neutral pressure may offer flexibility to adjusetbptimum working point for a
DEMO reactor.

6. Conclusions

Different states of divertor detachment have been invastayin high power AUG discharges
by the combination of a high divertor neutral pressure atgen seeding. A transition to
a pronounced detachment state is observed with very medenaiet peak power load 2
MW/m? (and a much lower plasma power load as measured by Langnmbesgy even at
high values of B.p The transition from partial to pronounced detachment appgradual in
target heat flux or pressure. Therefore, the vanishing oftitenolelectric current integrated
over the outer target is used as transition marker. Prorealdéetachment is accompanied by a
substantial rise of pedestal and core densities and redtlddcamplitudes. For high strongly
pronounced detachment, a highly radiative region insigexttpoint develops. For a future
DEMO, operation with pronounced detachment may be advantagsince it allows for a
simpler divertor and may assist the achievement of a higkitlehe required enhancement
of neutral pressure and seeding level leads to performaegeadation in AUG, where ¢4
is reduced to values of 0.7-1.1 for pronounced detachmems figure 8d) depending on
experimental conditions. More work is required to extrapelthis behaviour to DEMO
parameters, but intermediate detachment grades with tattepconfinement may well be
possible, with the benefit of a simpler technical divertduson with reduced heat loads.
Operation with cold plasma conditions in front of the targéites may also support the
achievement of a small or mitigated ELM regime, and will benaetory for the achievement
of an acceptable target erosion rate. A high neutral divemessure is also required in AUG
during Ar or Kr seeding for enhancement of the core radiatiduring seeding of Ar or Kr at
low neutral pressure, hot divertor conditions can lead tokestantial reduction of the type-I
ELM frequency, which finally results in core tungsten acclatian.

Comparing to recent JET-ILW results [21] [22], a higher gyazonfinement in terms of
Hog is found in impurity seeded AUG discharges. A possible exgti@n is the higher beta in
AUG high RedR discharges, which was found to be quite generally accamgéy higher
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values of Hg [23] [24]. Another difference may lie in the different diver geometries. AUG
(in particular with reduced cryopumping) is typically optrd at higher neutral pressure and
higher RegR compared to JET so far.

In terms of the divertor exhaust parametgg R, 2/3 of the foreseen ITER value have
been realized in AUG under benign divertor conditions wittiertor neutral pressure of
4 Pa. Local divertor parameters are expected to approase ihdTER in absolute values
under these conditons. AUG has not hit a limit i R so far, which could, e.g., be caused
by a saturation of divertor radiation due to a shrinking & tadiating zone [25]. The use
of nitrogen is limited indirectly by MHD effects g%y exceeds the value of 3 in connection
with N-induced confinement improvement. Higher values ffR and more pronounced
detachment are expected to be achieved with higher diveetatral pressure, as foreseen for
ITER from SOLPS modelling [11]. Some operational challengppeared in AUG so far,
which will not apply to larger devices in this extent. The siéyrise during pronounced
detachment brings the central plasma density above the ®-aftvalue, and the threat of
central tungsten accumulation due to insufficient centealting power density. Here, new
ICRF antennas are foreseen to enhance central heatingkekiteng the tungsten source low.

The Tdiv sensor, based on a simple passive current measutrentbe divertor, proved
very useful for the detection of divertor detachment. Itxpexted to be feasible also for

dedicated detachment control, which is foreseen for ASDEpgridde.
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