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In a plasma shape matching identity experiment in the DIII-D and ASDEX Upgrade, complete suppres-

sion of edge-localized modes (ELMs) by magnetic perturbations (MP) is obtained in both tokamaks in high-

confinement mode (H-mode) with similarly good performance (H-mode confinement factor H98Py,2 = 0.95) at

ITER-relevant pedestal collisionalities (ν∗ped = 0.1−0.3). This scenario is compatible with the all-metal wall of

ASDEX Upgrade. Fast decay of intentionally injected tungsten impurities indicates efficient outward transport

of heavy impurities despite the absence of ELMs, supporting the applicability of ELM suppression for ITER.

In DIII-D, the ELM suppression operating range is extended towards the matching shape at reduced triangu-

larity (δ = 0.32). In ASDEX Upgrade, this moderate degree of shaping leads to increased pedestal pressure

and confinement compared to plasmas with even lower triangularity and was found essential to reproduce ELM

suppression. Considerable variation of the ion and electron flow is encountered in these plasmas, including

cases with finite cross-field electron fluid flow in the entire ASDEX Upgrade plasma. This finding suggests that

access to ELM suppression may be possible in ITER at low torque input even if two-fluid models predict strong

shielding of the resonant MP.

PACS numbers: 28.52.s, 52.55.Fa, 52.55.Rk

The transient heat load onto the first wall associated with

edge-localized modes (ELMs) is a main concern for the ITER

next step fusion device [1] and for a fusion reactor. Complete

ELM suppression by small magnetic perturbations (MP) to

the axisymmetric tokamak, first demonstrated in DIII-D [2], is

the chief method considered for ITER. ELM suppression has

been reproduced recently in KSTAR [3] and EAST [4], albeit

at higher edge pedestal collisionality than in DIII-D and ITER.

ASDEX Upgrade (AUG) has a magnetic perturbation coil set

very similar to that of DIII-D [5]. With n = 1,2 and 4 mag-

netic perturbations, reliable ELM mitigation is obtained [6].

Attempts to obtain ELM suppression in AUG had previously

been unsuccessful despite similar plasma size of AUG and

DIII-D and matching pedestal collisionality (ν∗ped = 0.1−0.3).

This difficulty raised concerns that a hidden parameter may

be controlling access to ELM suppression, with plasma shape

and effects of the different wall materials in DIII-D and AS-

DEX Upgrade being obvious candidates. Here, we report on

a similarity experiment to resolve this question. In a first step,

a plasma shape scan was performed in DIII-D, starting with

ELM suppression by magnetic perturbations with n = 3 in a
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well established ITER similar shape (ISS) [7], then reducing

upper and lower triangularity towards a plasma shape that was

then matched in AUG in a second step. This approach proved

successful in that with the matching shape, ELM suppression

was indeed obtained in AUG, for the first time. Moreover,

this is the first demonstration of ELM suppression with an

all-metal wall (in AUG), an important aspect in view of its

applicability in ITER which will have a metal wall as well.

Fig. 1 compares the DIII-D ISS (black) and matching

shapes in DIII-D (red) and AUG (blue). The AUG cross sec-

tion is enlarged by a factor of 1.19 which reflects a mismatch

of aspect ratio that cannot be avoided in this experiment. Up-

per and lower triangularity of the matching shape are δu = 0.2
and δl = 0.44, respectively, whereas for the ISS, δu = 0.34

and δl = 0.65. During the DIII-D shape scan care was taken to

maintain ELM suppression by adjusting the edge safety factor

q95 and I-coil current. Two windows for ELM suppression at

q95 = 3.7 and q95 = 3.4 were used and found to be unchanged

as the plasma shape was varied.

Fig. 2 shows time traces of two shots at the extreme ends

of the shape scan, pulse 164278 in ISS (black) and pulse

164362 (red) in the AUG-matching shape at the same edge

electron pedestal collisionality, ν∗ped = 0.3. Application of

similar n = 3 resonant vacuum field results in marginal access

to ELM suppression in both shots, as indicated by the recur-

rence of type-I ELMs during the MP phases. The H-mode

confinement factor H98Py,2 [8] in ELM suppressed phases

ranges between H98Py,2 = 0.95 (164362, matching shape) and

H98Py,2 = 1.2 (164278, ISS).
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FIG. 1. Poloidal cross sections of the ITER-similar shape in DIII-

D (black) and matching plasma shapes in DIII-D (red) and ASDEX

Upgrade (blue, scaled by a factor of 1.19).

Reproducible ELM suppression is obtained in AUG in plas-

mas with the matching shape, while for lower triangularity

and otherwise similar plasma parameters ELMs persist, al-

beit with much reduced energy loss [9]. Fig. 3 shows time

traces of discharge 33595 (matching shape) with a long sta-

tionary phase of ELM suppression which, once established

at t = 3.0 s, lasts for the entire flat top duration. An n = 2

magnetic perturbation with differential phase ∆Φ = 90◦ (as

defined in Refs. [6, 10]) between upper and lower coils is ap-

plied early after H-mode is reached. This phasing corresponds

to best coupling to edge kink-peeling modes for these plas-

mas in analogy to the plasma configurations studied in Refs.

[10, 11]. The H-mode phase shows frequent small ELMs at

the beginning, which are suddenly suppressed as the pedestal

electron density drops to 2× 1019 m−3, corresponding to a

pedestal electron collisionality of ν∗ped = 0.3, after the gas

puff has been reduced to a very low rate, 1× 1021 D/s. The

H-mode confinement factor H98Py,2 [8] in the initial ELMy

phase is H98Py,2 = 1.0 and drops to H98Py,2 = 0.9− 0.95 at

later times during the suppressed phase. Full suppression of

ELMs is indicated by a large number of signals, e.g. the outer

divertor thermoelectric current which is a reliable indicator of

divertor temperature and therefore, ELM-related heat pulses.

In the suppression phase, transient heat pulses from sawtooth

crashes are observed; however the magnetic measurements in-

dicate that in most cases they do not trigger ELMs.

A special feature of AUG is its fully tungsten-clad first wall,

in contrast to graphite and carbon-fiber composites used as

first wall materials in DIII-D. Stable H-mode operation with
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FIG. 2. Time traces of DIII-D discharge 164278 with ITER-similar

shape and discharge 164362 with AUG-matching shape, showing

similar performance and both marginal access to ELM suppression

with similar n = 3 perturbation field strength.

a metal wall requires net outward transport of heavy impuri-

ties to avoid radiative collapse of the plasma core [12], which

is normally assisted by gas puffing in order to avoid density

profile peaking and to ensure a sufficiently large ELM fre-

quency. In AUG, the ITER-like low pedestal collisionality

required for ELM suppression can only be achieved without

strong gas puff. Therefore, it is important to verify that im-

purity accumulation can be avoided in the absence of ELMs.

Two pulses of tungsten impurities are injected into discharge

33595 (bottom panel of Fig. 3) which are produced by using

a monopole phasing instead of optimum power distribution

between the straps of the newly installed 3-strap ICRF an-

tenna [13]. The resulting tungsten influx from the outer limiter

can be seen as an increased intensity of WI (neutral tungsten)

spectroscopic lines. A small increase of tungsten concentra-

tion (higher charge states measured by an X-ray spectrometer)

and main chamber radiated power follows and recovers to a

steady state after about 200 ms, with a time constant slightly

above the energy confinement time, τW ≈ 1.2τE . Hence, a par-

ticle transport mechanism is active which is not only causing

the “pump-out” of main ions but also flushes heavy impurities.

This is consistent with the observation of outward transport of

medium-Z impurities (flourine) in DIII-D [14].

Profiles of electron and ion temperature, electron density

and total kinetic pressure in the edge pedestal region taken

during ELM suppression are shown in Fig. 4 for DIII-D pulses

164277 (ISS) and 164362 (matching shape) as well as AUG

pulses 31128 (ELM mitigation, low triangularity) and 33353

(ELM suppression, matching shape). While electron density

and temperature are similar in the matching shape pulses in

DIII-D and AUG, the impurity ion temperature profiles differ

significantly between the machines by approximately a factor
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FIG. 3. Time traces of ASDEX Upgrade discharge 33595 showing

ELM suppression after t = 3.0 s. ICRF pulses at t = 3.5 s and

t = 4.5 s in monopole phasing provoke increased tungsten influx

from the outer limiters – the plasma tungsten concentration recov-

ers quickly.

of 2.5, not only at the plasma edge as shown but over the entire

radius. The total kinetic pressure however, is less different

and in fact is well matched in the plasma center. DIII-D shot

164362 has unusually high Zeff ≈ 4.5 originating from carbon

impurities. This is typically seen in matching shape plasmas

for which the outer strike point has to be placed on top of the

pump shelf instead of a good pumping position near the slit

entrance (see Fig. 1). Apparently, the high ion temperature is

compensating for the ion dilution in these DIII-D plasmas.

A recent model for ELM suppression [15] invokes an un-

shielded resonant response to the MP to block the expansion

of the edge transport barrier before an ELM crash can oc-

cur. An essential aspect of this model, vanishing cross-field

electron flow at resonant surfaces near the inner barrier edge,

can be examined in our new experiment, based on charge

exchange measurements on carbon (C6+) in DIII and boron

(B5+) in AUG and using the impurity and electron radial force

balance. Fig. 5 shows for DIII-D pulses 164277 (ISS) and

164362 (matching shape, left) and two AUG pulses (33353

and 33133, right), the measured and fitted impurity density

(top panels) and impurity toroidal rotation frequency ωC6+
tor

and ωB5+
tor , respectively (bottom panels, solid lines). In the two

AUG shots ωB5+
tor differs significantly, where in shot 33133 it

is much smaller than in all other cases. The radial electric field

is obtained from the impurity radial force balance [16], using

the measured impurity temperature and density to calculate

the impurity diamagnetic frequency ω∗
imp. The poloidal impu-

rity rotation ωpol is not measured in these two AUG pulses, but

calculated using the NEOART code [17, 18], while in DIII-D
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FIG. 4. Comparison of edge electron temperature (top left), ion tem-

perature (top right), electron density (bottom left) and total pressure

(bottom right) during ELM suppression for ASDEX Upgrade (AUG)

pulses 31128 (low δ, black) 33353 (matching shape, blue) and DIII-

D pulses 164277 (ISS, purple), 164362 (AUG matching shape, red).

the poloidal rotation is taken from the charge exchange mea-

surement. In AUG, the resulting E × B rotation frequency

(dashed lines in Fig. 5, bottom right panel) in the plasma core

and on the pedestal top (ψN < 0.9) is mainly determined by

the toroidal flow, since the contributions of ω∗
imp and ωpol to

the force balance are very small there. With co-injected neu-

tral beams as used in all present discharges, we have ωE×B > 0

(ion diamagnetic direction) in the core. In the steep gradient

region (ψN > 0.93), both poloidal and diamagnetic flows con-

tribute to ωE×B, which is negative there (inward directed ra-

dial electric field). Consequently, ωE×B = 0 at a surface near

the pedestal top and despite strong core rotation variations the

radius of this surface varies little, ψN ≈ 0.95− 0.96 for the

DIII-D shots and ψN ≈ 0.87 and ψN ≈ 0.93 for AUG shots

33133 and 33353, respectively. The perpendicular electron

frequency ωe,⊥ (dotted lines in Fig. 5) is calculated from the

electron radial force balance, which uses ωE×B and the elec-

tron diamagnetic frequency ω∗
e as calculated from profile fits

like those shown in Fig. 4. Given the impurity ion charge,

Zimp = 5 (boron) or Zimp = 6 (carbon), |ω∗
e | ≈ Zimp|ω∗

imp| and

therefore ωe,⊥ is always significantly offset from ωE×B. In

DIII-D shot 164362 at t = 3.4 s (during ELM suppression)

ωe,⊥ = 0 at ΨN ≈ 0.88, at a clear distance from the q = 10/3

surface at ΨN = 0.925, which is bounding the edge gradi-

ent region. For AUG shot 33133 our analysis suggests that

ωe,⊥ < 0 in the entire pedestal region without crossing zero.

In two-fluid MHD models [19–21], ωe,⊥ = 0 is a necessary

condition to avoid shielding of the external MP at rational

surfaces and thus in the model of Ref. [15] this condition

must hold at the pedestal top to explain ELM suppression

[15]. In shot 33133 at the q = 6/2 surface (ψN = 0.89, on the
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FIG. 5. Comparison of DIII-D shot 164362 (left, early and late time)

and AUG shots 33353 and 33133 (right) during ELM suppression.

Top: impurity density from charge exchange spectroscopy (C6+ and

B5+, respectively). Bottom: frequencies of toroidal impurity rota-

tion (solid), Er × B rotation (dashed) and cross-field electron flow

(dotted).

pedestal top), ωe,⊥ = −20 krad/s, which corresponds to sig-

nificant shielding. If a resonant response is important for ELM

suppression at all then these experimental cases cannot be ex-

plained by a fluid description. Kinetic modeling [22] suggests

the role of a guiding center resonance at ωE×B = 0 for field

penetration and particle transport. In our present experiment,

a surface with ωE×B = 0 exists because of co-current E ×B

rotation in the core and it is always aligned with the inner

boundary of the H-mode barrier. The sensitivity of ELM sup-

pression to the ωE×B = 0 location will be tested in future ex-

periments.

In conclusion, our DIII-D/AUG similarity experiment

demonstrates that at least moderate plasma shaping is es-

sential to obtain ELM suppression. This finding explains

why only ELM mitigation has been observed before in AUG

despite otherwise similar plasma parameters [6]. Moderate

shaping leads to increased edge pressure and can thereby po-

tentially cause increased ideal kink plasma response. This

picture is strengthened by the observation of similar pedestal

pressure (Fig. 4) in the DIII-D ISS and matching shapes sug-

gesting a similar plasma response. More detailed response

modeling is underway to address this question.

The experiment also shows that ELM suppression can be

robustly achieved with a metal wall, with stationary impurity

density during extended ELM suppressed phases and outward

transport of transiently injected impurities. This is a reas-

suring result in view of ITER which will also have a metal

wall. In AUG, the required low pedestal collisionality pre-

cludes the use of gas puffing to produce flat density profiles

which are favorable to avoid tungsten accumulation. In ITER,

the same value of ν∗ corresponds to larger plasma density than

in AUG and in all likelihood significant fueling will be neces-

sary which adds actuators and therefore additional degrees of

freedom to tailor the density profile shape.
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