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Abstract An integrated high performance scenario based on simultaneous feedback control of the av-
eraged divertor neutral particle and power flux has been established at ASDEX Upgrade. This approach
is fully compatible with the present tungsten wall coating covering about 65 % of the plasma facing
components and intended for application in the envisaged full-tungsten experiment. In our experiments,
particle exhaust and divertor temperature derived from thermoelectric currents were tuned by acting on
gas puff and argon injection rates. The ELM frequency is controlled by repetitive injection of small cryo-
genic deuterium pellets to avoid radiative instabilities occurring at kgwi and high radiated power and

to control the ELM energy. No confinement loss is observed in this radiative type-l ELMy scenario with
relatively flat density profiles. In contrast, similar type-lll ELM scenarios achieved in hydrogen shows
a relative confinement loss of 20 % as compared to the type-l phase. In parallel to pellets, alternative
ELM trigger techniques like fast vertical plasma oscillations were developed and investigated as well. A
particular experimental challenge for AUG conditions is to obtain a high pace making frequency.

1. Introduction

Active control of power and particle exhaust will be a necessary ingredient for future reactor-
grade plasma scenarios. In parallel to suitable boundary conditions for the desired plasma core
conditions, there are three requirements related to exhaust: The averaged power load has to
be compliant with the divertor cooling system, which results in maximum power flux densities
around 5-10 MW/rA. The ELM energy has to be limited to avoid transient overheating of
the plasma facing surface which would lead to material ablation and a shortening of the target
lifetime [1]. The tool to control the ELM energy is to increase the ELM frequency above its
natural value CELM pace making’), taking advantage of the empirical finding that the ELM
power is reduced with frequency for triggered as well as for the intrinsic ELMs [2]. Finally,
particle exhaust must be adjusted according to fuelling requirements, capacity of the tritium
extraction plant and the necessary helium removal rate.

Another boundary condition will be imposed by plasma purity requirements. ITER in its
reactor-like operation phase is likely to have, like a fusion reactor, full high-Z walls, with
tungsten being the present first choice material. The combination of sputtering, edge and core
impurity transport which determines the central high-Z concentration may impose limits to the
plasma parameters in front of the wall surfaces which are tighter than those imposed by the
cooling system or lifetime considerations. This means that, in addition to the exhaust control
as mentioned above, high-Z impurities have to be kept at sufficiently low concentrations. In
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parallel, the removal of carbon results in the missing of the primary intrinsic radiator, which
poses a higher demand on the divertor power dissipation. ASDEX Upgrade is currently being
transformed into a full tungsten covered tokamak, with presently 65 % of the plasma facing
components coated with tungsten. En route towards a full metal machine, the plasma tem-
perature where the primary radiative losses take place shifts towards higher values, since no
extrinsic radiator exists which has the peak of the radiative loss function as low as carbon. As
a consequence, power dissipation is shifted closer to the core plasma, and the operational point
for given heating and target power comes closer to the H-L threshold, which is determined by
the power flux in the pedestal region. The latter effect makes ELM and impurity behavior more
delicate and results in an additional need for ELM frequency control. Pronounced central den-
sity peaking, which was used in the past to compensate for pedestal pressure losses caused by
radiative cooling [3] is no longer an option in ASDEX Upgrade since central accumulation of
tungsten would occur.

The paper is organized as follows. After a description of the experimental setup in the ASDEX
Upgrade tokamak, the control systems and related diagnostics are described which are used for
the integrated exhaust control scenario (IEC). Chapter 3 introduces the exhaust scenario and
discusses various aspects of impurity transport. A comparison of the type-l ELMy scenario
in deuterium with a type-lll ELMy one in a similar hydrogen plasma is given to demonstrate
the performance loss to be taken into account operating with benign type-lll ELMs. Chapter
4 reviews briefly the physics associated with ELM control and finally different experimental
techniques for ELM pace making are compared.

2. Experimental Setup

The above mentioned exhaust requirements can only be met with a versatile, multi-parametric
feedback system. Experiments were conducted at ASDEX Upgrade (torusRagis 65 m,

minor plasma radiugg = 0.5 m, plasma volum¥p|asma= 13 m°), in this campaign equipped

with the divertor DIV lIb and 2517 tungsten coated tiles covering the major part of the inner
heat shield, the upper divertor, the lower inner and outer divertor baffles, the upper passive
stabilization loop and a protection limiter on the low field side [4]. Additional heating was

a mix of NBI and ICRH, the latter with its resonance close to the magnetic axis for density
peaking control [5]. Experiments were done in lower single null configuration with a plasma
currentlp = 1IMA, safety factorqgs = 3.9, toroidal magnetic field; = 2.0T, and elevated

upper and lower triangularity & = 0.2 andd' = 0.4, respectively. Feedback parameters for
exhaust control are the neutral divertor flux as measured by a pressure gauge and the divertor
temperature as derived from thermoelectric currents measured by shunts [6]. Actuators are
deuterium valves and an argon valve situated in the outer midplane. The pellet frequency is
preset, injection is possible at frequencigg = 2—r5]°,n > 3. Practically, frequencies between

40 and 63 Hz were used to ensure good injection reliability of each pellet. For the experiments
on ELM triggering by fast vertical plasma oscillations the driving frequency was restricted to
30 Hz< fp < 90 Hz to avoid vessel resonance.

3. Integrated exhaust scenario

Figure 1 shows time traces of a discharge were the three major exhaust parameters inter-ELM
power, ELM power and particle removal rate have been controlled simultaneously while main-
taining an acceptable central tungsten concentration. The duration between ELMs is kept at
a maximum value of 25 ms by 40 Hz pellet injection from 2.8 to 5.8s. For longer inter-ELM
phases, the plasma is prone to a radiative instability under these conditions, which would lead
to a short H-L transition [7]. As shown in Fig. 1 and observed in other experiments [8] [9], the
type-1 ELM frequency is reduced during radiative cooling due to the reduced power flow over
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Figure 1: Discharge in the integrated exhaust controlled scenario. a) heating and main chamber
radiated power. About 4 MW central ICRH was added to 4.5 MW NBI. b) gas valve fluxes,

c) and d) set values and actual values of divertor temperature and neutral denBityard
line-averaged ¢t from bremsstrahlung, f) tungsten concentration aroug0.7 from the W
quasicontinuum, g) Greenwald fraction and H-factor according to the ITERH-98P(y, th) scaling
and h) peak power density in the outer divertor from thermography.

the edge transport barrier (ETB) region. Additionally, the inter-ELM power flux at the outer
target is drastically reduced, as shown in Fig. 2. Despite the frequency reduction and opposite
to the standard relation, the ELM energy is reduced compared to the non-seeded phase. This can
be explained either by the reduced power flux due to the radiation or by the increased collision-
ality in the pedestal region [10] at increased density and reduced temperature. In DIII-D it was
shown that the conducted fraction of the ELM energy decreases with rising pedestal density,
while the convection fraction remains about constant [11].

3.1. Impurity behavior The combination of high-Z wall and radiative cooling is an issue
since sputtering by medium-Z ions is the dominant erosion mechanism [12]. Generally, the
sputtering yield for a given impact energy rises with impinging ion mass. In contrast, the
plasma seed impurity concentration decreases with mass in a realistic scenario, since the main
plasmalPaq/AZe £ ¢ rises with the impurity charge [13]. Multiplying the sputtering yield for

an impurity ion with its concentration in the edge plasma gives an estimate of the resulting
tungsten concentration, leaving out the effects of impurity transport. It turned out that for
realistic plasma parameters the expected tungsten release is very similar for the elements C,
Ne, Ar and Kr [7] [4]. Adding of seed impurities with a resulting increase of main plasma
radiation is quite generally accompanied by a rise of the electron density in the core plasma,
which is connected to an improvement of particle confinement. This is also observed in the
type-I ELMy H-mode discharge shown in Fig. 1. Possible contributors to this effect are a
deeper penetration of deuterium neutrals due to the edge cooling, a change of transport in the
edge region and the reduction of ELM losses, which is evident from the clear reduction of the
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Figure 2: Outer target power load from IR thermography a) during the ELM peak and b) in
between ELMs for the seeded (blue) and non-seeded (red) phases. 3 typical time points have
been chosen to demonstrate variations between different ELMs and inter-ELM phases. Despite
the reduction of the ELM frequency by Ar seeding from 108 to 60 Hz, the ELM power is
reduced.

ELM frequency.

The experimental observations for discharges similar to that shown in Fig. 1 are as follow-
ing: The tungsten influx from a low field side limiter as measured by visible spectroscopy [14]
remains about constant during the Ar seed phase, while the tungsten concentration rises mod-
erately. The carbon and hydrogen main chamber fluxes decrease, while the power flow into the
divertor is significantly reduced (by 2 MW in the case shown in Fig. 1). As a consequence, the
divertor radiation measured by bolometry is reduced as well, in line with an earlier observation
that the divertor radiation is mainly proportional to the power flux into the divertor [15]. Anal-
ysis of CIl and CllI spectral lines indicates a reduced carbon sputtering in the divertor during
the Ar seed phase, while Ar itself does not contribute significantly to divertor radiation due to
the temperature dependence of its radiative loss function.

The increased electron density during the Ar seed phase is related to an improved particle con-
finement time, since the neutral deuterium divertor flux is feedback controlled to a constant
value. Thisis also in line with the observation of a constant core carbon density despite reduced
sources. In summary, the higher electron density in combination with the additional Ar source
leads to Z¢t remaining constant during the seed phase.

3.2. Importance of ELM frequency control for radiative stability —The type-l1 ELM fre-

qguency is a key parameter for the impurity density near the pedestal top in the plasma core,
since a strong ion inward pinch in the ETB region is observed during the inter-ELM phase [16].
As a consequence, the tungsten concentration as measured by a grazing incidence spectrome-
ter depends inversely ogfyy as shown in the I.h.s of Fig. 3. This trend is observed between
different discharges as well as for individual ones comparing Ar seeded and non-seeded phases.
Type-I ELMy discharges with high radiation level inside the separatrix are prone to the devel-
opment of a radiative instability, as shown in the r.h.s. of Fig. 3. The instability is assumed
to be caused by the reduction of the type-1 ELM frequency with decreasing power flux through
the ETB [17]: In between ELMs, the plasma radiation rises strongly. The resulting reduced
power flux through the ETB further delays the next ELM. Finally, the radiation rises to a level
where a H-L back transition occurs. The divertor plasma detaches immediately, the effective
Tgiv derived from thermo currents goes to zero and the feedback system reacts with a closure of
the Ar valve. Stable H-mode operation is reached again after typically 0.2 s.
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Figure 3: left: tungsten concentration vs. ELM frequency from the seeded (open symbols) and

non-seeded phase (closed sym.) of discharges with Ar feedback. Straight lines connect different
phases of the same discharge. right: time traces of a discharge with Ar cooling starting at 2.8 s
without ELM pace making.

To avoid this unfavorable low frequency cycle, ELM pace making appears to be essential for
stable radiative conditions close to the H-L boundary and also to keep the central tungsten
concentration low.

3.3. Comparison of type-I vs. type-lll ELMy regime The IEC discharges discussed above

stay in the type-I ELMy regime, in contrast to completely detached (CDH-)mode discharges in-
vestigated earlier in Div-I. With the present Div-llb, stable type-IIl phases could not be achieved
by impurity seeding with high heating power and low-moderate deuterium puff. The reason is
supposed to be related to the H-L and H-I - H-11l power thresholds. To demonstrate the effect of
the H-mode regime, the IEC scenario was applied to hydrogen discharges, where the increased
H-mode power threshold allows easy access to the type-Ill regime.
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Figure 4: Radiative cooling scenario similar to that shown in Fig. 1 with hydrogen as working
gas. During the cooling phase, the plasma enters the type-lll ELMy regime. A clear drop in
stored energy is seen and no change of the core density, in contrast to the type-l ELMy case in
deuterium. No ELM pace making was applied here due to the high natural frequency.

Fig. 4 shows time traces of such a discharge which had a typdyipe-Ill transition after the
start of the Ar injection. A clear drop of the energy content is observed which is caused by the
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transition to type-Ill. The pronounced improvement of the particle confinement as seen in the
corresponding type-I discharge shown in Fig. 1 is absent with type-1ll ELMs. Comparison of
the relative reaction of energy and particle content on the Ar puff demonstrates the advantages
of the type-I regime. However, control of the type-1 ELM frequency is mandatory, and scalings
need to be established to clarify how large this frequency must be to be compatible with the
target material and what performance losses are related while this frequency is enforced.

4. ELM pace making

A search for methods aiming to destabilize MHD modes causing the ELM event was based
on the present knowledge of the phenomena. Release of an ELM is thought to result from
crossing the MHD stability boundary for coupled Peeling-Ballooning modes [18]. Perturbation
of the related parameters, namely the current density and the pressure gradient in the ETB,
seems therefore a plausible way to influence the ELM behavior. The most successful method
for reliable and persistent ELM control employed so far is the injection of small cryogenic D
pellets. Further techniques were investigated in order to find out possible alternative solution
owing even more suitable features.

A suitable technique for ELM pace making has to fulfill three basic requirements:

the potential to impose external ELM control and enhancemefy i beyondeLM;

keeping a good plasma performance;

reduction ofPz | at an enhancetk |y level.

4.1. Injection of small pellets D pellet injection can enhance and finally control the ELM
frequency. This is shown in the left part of figure 5, displaying the ELM frequency in a set
of discharges while performing a pellet frequenigy scan. Initial pre-pellet phases had no
auxiliary particle sourcel(= 0). During the post-pellet phase, a constant gas puff rate of
Mcas= 8 x 10°°D/swas applied to achieve parameters similar to those with pellet fuelling. Gas
and pellet fuelling caused a density enhancement of about 10%. The discharges developed an
intrinsic ELM frequencyfgLM ~ 30 Hz. Enhancement diy is already achieved fofipe still
beIowf‘E),_,\,I with a mixture of intrinsic and externally triggered ELMs during the control phases.
Once fpe &~ 1.5 x fgLM is reached, full control withfpe) = fgv is obtained. For the highest
available pellet rate, a maximum enhancementgfy ~ 2.5 x f2, ,, is achieved. In order to
clarify the extent and nature of resulting confinement losses, the impact of the frequency en-
hancement on plasma energy, as shown in the right part of figure 5, is inspected. There is a clear
loss of plasma energy with raisirfg . However, this confinement reduction is quite modest,

a least-square-fit to the data yield a correlaiidup ~ f£31°. This is significantly less severe

as when acting via gas puffing. For the latter, a massive confinement degratiatign- fz%°

is predicted from the empirical scaling derived for AUG and JET data [19]. Indeed, confine-
ment reduction close to this scaling prediction was observed in a matching discharge where
f|(z)uv| was increased by a gas puff ramp. For this experiment, a gradually increasing gas puff
was employed until dt gas= 7 x 101D /s matching of the main plasma parameters (indeed al-
most perfect matching even of density and temperature profiles) was realized with respect to the
phase withfg v = fpe) = 83.3 Hz. While plasmas became virtually identical in the matching
phase, there was a striking difference in the ELM behavior mgmﬂ =51 Hz in the gas puffed
discharge. The attempt for significant further increaségfy by stronger gas puffing failed

as the resulting massive confinement reduction eventually caused a loss of the type-I ELMy
H-mode. This observation proves ELM control via pellets can extend the accessible operational
space while inducing only a very modest impact on the confinement.

It was found that a reduction of the ELM induced plasma energy loAg&sy with fg

takes place for pellet triggered ELMs in exactly the same way as for intrinsic ELMs at JET and
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Figure 5: Demonstration of ELM pace making by pellets (left) and impact on confine-
ment.(right) Data from pellet phases (dots) and reference phases without (squares) and with
(triangles) gas puffing. Pelldg v drive causes less confinement loss (black dashed) than rais-
ing by gas (gray solid, dash: scaling expectation).

ASDEX Upgrade [19]. Investigations of the ELM induced power load patterns on the divertor
plates performed using infra-red thermography showed that there is no significant difference be-
tween pellet triggered and intrinsic ELM in magnitude and structure when comparing ELMs at
the samdg| v values. Furthermore, all the investigations performed so far found no differences
in these ELMs dynamics once the ELM is released.

A caveat for the use of pellets for ELM triggering is their capability to trigger MHD modes.
Investigations on the occurrence of NTM modes in JET and ASDEX Upgrade [20] showed
pellets reaching the corresponding resonant flux surface triggered related modes as soon as
they become virtually unstable. This deficiency may be overcome by the use of small pellets
penetrating just to the pedestal top, which may be sufficient for ELM triggering as well as core
fuelling support.

4.2. Magnetic triggering An alternative technique for ELM control is the magnetic trigger-

ing approach. Invented by TCV [21] it is based on a rapid vertical movement of the plasma
column. The observed effect of locking the ELM time sequence with plasma oscillation is at-
tributed to an edge current induction during the vertical movement in a spatially inhomogeneous
single-null vacuum field configuration. We have adapted this method for type-1 ELMy H-modes

in the same discharges applied for the pellet approach. Shaking the plasma showed an immedi-
ate impact on the ELM behavior and once steady state conditions are reestablished locking of
the ELMs to the motion with a driving frequendy could be achieved [22]. With this method,

both an increase and a decreasefglfM were obtained. In our first proof-of-principle experi-
ments an operational rangeg# 0.75— 1.8 was obtained. A relatiow ~ fg 922006

was observed similar to that found in the pellet case. Again, no significant difference was found
when comparing intrinsic and triggered type-l ELMs. MHD mode activity still showed clear
type-| features; for triggered ELMs, no precursor structures could be detected. As the ELMs fit
again to scaling laws [19], this indicates ELM amelioration when drivindgip

In order to envisage further optimization of the magnetic triggering, a better understanding in the
underlying physics is needed. It is still unknown why the general behavior at ASDEX Upgrade
is inverted with respect to TCV. In our experiments, the ELM were triggered preferentially at
a maximum downward velocity. The impact of the motion on the edge current seems to be the
same in both experiments, ELM stabilization is achieved at ASDEX Upgrade Vijlgtis
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increased and vice versa, a behavior inverse to TCV’s findings.

4.3. Injection of a supersonic gas jet An attempt has been made to replace cryogenic D
pellets by fast D gas. A Supersonic Pulsed Injector (SPI) [23] delivering a molecular deuterium
gas jet was applied. Jets lasting about 2 ms were injected at a repetition rate of 2 Hz containing
about 5x 10'°D, through a @5 mm Laval nozzle throat at a speed of 2.2 km/s. Again, discharges
applied for studies on pellets were used with a distance of 9 cm between nozzle and separatrix.
No instant ELM trigger was initiated by the gas jet. The plasma reaction to SPI turned out to be
similar to a standard gas puff, albeit with a better fuelling efficiency.

5. Discussion and conclusions

A tungsten-compatible plasma scenario with integrated exhaust control of ELM energy, inter-
ELM power and particle removal rate has been established at ASDEX Upgrade. ELM trigger-
ing by small pellets was used to control and mitigate ELMs. As alternative technique, magnetic
triggering by vertical oscillations of the plasma allowed to increase and decrease the ELM fre-
guency, however, this technique has not been integrated into a routine scenario due to technical
difficulties. The attempt to replace the pellets by supersonic pulsed gas injection failed to trig-
ger ELMs instantaneously. This is supposed to be caused by insufficient penetration depth or
localization of the perturbation.

As no significant differences between intrinsic and triggered ELMs could be detected, it seems
their dynamics is independent from the trigger mechanism. The ELM frequency appears to
be a very important parameter for the impurity concentration in the core plasma, since ELM
particle losses counteract the strong inward transport of impurity ions in the inter-ELM phase.
To establish parameter scans necessary for extrapolation to reactor conditions, a higher ELM
trigger frequency is required. To allow for yet higher pellet rates beyond 100 Hz while keeping
fuelling constraints negligible, a novel pellet blower gun injector is currently being developed.
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