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In tokamak plasmas with different main ion species a change of confinement oc-

curs, known as isotope effect. Experiments comparing hydrogen (H), deuterium (D)

and helium (4He) plasmas have been performed to identify processes that define

the pedestal structure and evolution in between the crashes of edge localized modes

(ELMs). The pedestal top electron densities and temperatures have been matched

to compare the pedestal shape and stability. In the D and H discharges the pedestal

electron temperature profiles do not differ, whereas the density profile in H has shal-

lower gradients. Furthermore, the heat flux across the pedestal in H is roughly a

factor of two higher than in D. In 4He plasmas at similar stored energy the pedestal

top electron density is roughly a factor of 1.5 larger than in the references owing to

the larger effective charge. Peeling-ballooning theory, which is independent of the

main ion species mass, can sufficiently describe the pedestal stability in the hydro-

genic plasmas. The inter-ELM pedestal evolution has the same sequence of recovery

phases for all investigated species, giving evidence that similar mechanisms are acting

in the pedestals. This is further supported by a similar evolution of the inter-ELM

magnetic signature as well as corresponding toroidal structure.
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I. INTRODUCTION

The next step fusion experiment, ITER, will start its operation with either hydrogen

(H) or more likely helium (4He) plasmas to commission the operationally relevant systems

and plasma diagnostics in a non-nuclear environment and develop plasma scenarios for

deuterium-tritium (D-T) operation1. The foreseen plasma scenario is the high confinement

mode (H-mode), which is characterized by an edge transport barrier (ETB) and connected to

steep gradients in the temperature, density and consequently in the pressure at the plasma

edge, called pedestal. The origin of the ETB is a radially sheared E × B flow, caused by

the radial electric field (Er), which reduces the turbulent transport due to decorrelation

of the turbulent eddies2,3. To achieve the transition from low confinement mode (L-mode)

to H-mode the L-H power threshold (PL−H), has to be exceeded4. This PL−H differs when

exchanging the main ion species of the plasma5. It has been found that the edge ion heat

flux at the L-H transition is about twice as high in H as in deuterium (D) plasmas6 at similar

ion temperature gradient (∇Ti). The latter suggests that in both plasmas Er at the L-H

transition is similar.

Similar to the difference in PL−H, better plasma confinement for heavier hydrogenic iso-

topes has been experimentally observed in H-mode7,8. This behaviour is contrary to the

expected confinement assuming gyro-Bohm diffusive transport because the gyro radius in-

creases with mass at fixed temperature. The worse energy confinement in H H-mode plas-

mas was attributed to enlarged core heat conductivity9. Also losses due to edge localized

modes (ELMs) and the pedestal can have a significant contribution to the plasma stored

energy (WMHD)10. The behaviour of ELMs, in terms of ELM frequency (fELM), particle and

energy losses, has been reported to change, when different main ion species are investigated11

especially in 4He plasmas12,13. With respect to ITER’s non-nuclear operation one important

question is if the behaviour of H or 4He plasmas can be extrapolated to scenarios for D-T

operation.

Usually core, edge and effects caused by ELMs are coupled14,15, this paper focuses on

their separation and ordering in plasmas with different main ion species. For this reason, the

pedestal top electron density (ne) and electron temperature (Te) in D, H and 4He plasmas

were matched. Using the plasma edge diagnostics with high spatial as well as temporal

resolution at ASDEX Upgrade16, the pedestal structure, stability and inter-ELM evolution
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are characterized.

The paper is organized as follows: The experimental procedure is motivated and an intro-

duction to the utilized data analysis methods is presented in Section II. The pedestals of hy-

drogenic species plasmas (D,H) are compared to linear ideal magnetohydrodynamic (MHD)

stability analysis and the inter-ELM evolution is characterized in Section III. Section IV

shows pedestal structure and inter-ELM evolution of 4He plasmas. Finally, the results are

summarized in Section V giving a consistent picture: peeling-ballooning (PB) theory consis-

tently describes the pedestal stability for the investigated cases of hydrogenic species. ELM

behaviour and pedestal structure for different main ion species can be explained by the

necessary variation of control parameters. There seems to be no difference in the pedestal

dynamics, magnetic signature and corresponding structure of inter-ELM magnetic fluctu-

ations, indicating no change of the dominant processes by exchange of the main plasma

isotope.

II. EXPERIMENTAL MOTIVATION AND SETUP

The conducted experiments aim at a quantitative comparison of pedestals in plasmas

with different main ion species. A match of the pedestal ne, Te and ion temperature (Ti)

was performed keeping the magnetic configuration; toroidal magnetic field (Bt), plasma

current (Ip) and plasma shape. The chosen plasma scenario was a lower single null discharge

with Ip = 1.0 MA, Bt = −2.5 T (negative sign stands for opposite direction to Ip) at an

average triangularity of 0.22. The varied control parameters were heating power (Pheat) and

the gas puff. This procedure enables a direct comparison of the edge stability between the

different ion species. The ELM behaviour (frequency, losses and temporal evolution) with

similar pre-ELM pedestal structure can be directly compared and the inter-ELM magnetic

activity is characterized.

The pedestal profiles are measured by the following diagnostics: The ne profile is mea-

sured by lithium beam emission spectroscopy17 at the edge and by deuterium cyanide laser

interferometry18 in the core. The Te profile is reconstructed from electron cyclotron emis-

sion (ECE)19. Within the integrated data analysis framework20 the information of these

diagnostics is combined to evaluate the best fits of ne and Te (parameterized by cubic

splines). Here, a forward modelling of the electron cyclotron radiation transport21 is ap-
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plied to reliably determine the Te profile at the pedestal and around the separatrix in the

optically thin plasma. The Te profile is radially shifted such that a separatrix Te of 100 eV is

matched16. Relative alignment of the ne and Te profiles is cross checked with the Thomson

scattering diagnostic22, which measures both quantities simultaneously at the same posi-

tion. To achieve these conditions, generally shifts smaller than 3 mm are applied. The later

presented ne and Te profiles are analyzed with a temporal resolution of 250µs.

The presented Ti profiles are measured by the edge charge exchange recombination spec-

troscopy (CXRS) system23 with a temporal resolution of 2.3 ms. The radial resolution is

3 mm at the edge and increases towards the pedestal top to roughly 5 mm. Typically,

the CXRS diagnostic employs charge exchange between low charge number impurities, e.g.

boron or nitrogen, and injected neutrals. In the case of 4He plasmas the main ions can be

directly investigated. A recent upgrade of the spectrometer24 enables a temporal resolution

down to 70µs enabling the study of the inter-ELM evolution of Ti.

III. COMPARISON OF HYDROGENIC MAIN ION SPECIES

A. Pedestal structure and stability

By a variation of two control parameters, gas puff and Pheat, a match of Te as well as

reasonable agreement of Ti pedestal profiles (pedestal top Ti slightly higher in H) are achieved

(see Fig. 1, blue: D, red: H). Due to a different electron density gradient (∇ne) it is only

possible to match the pedestal top ne (Fig. 1 a). This pedestal top match required roughly

a factor of 2 higher heating power (D: Pheat 3.9 MW, H: Pheat 7.5 MW) as well as a factor of

almost 10 higher gas puff (D: 1.5 · 1021 e/s, H: 12.1 · 1021 e/s) in the H plasma. The heating

systems were electron cyclotron resonance heating (ECRH) at central deposition location to

avoid impurity accumulation (1.1 MW in both plasmas) and neutral beam injection (NBI)

operated with the particular ion species. The shallower ∇ne in the H plasma is probably

caused by the change of particle confinement. A stronger ionization source in H due to the

higher gas puff, located further inside the plasma because of the faster velocity of neutrals,

would lead to higher pedestal top ne at similar particle confinement.

To compare the stability of both plasmas and investigate the impact of the shallower∇ne,

linear MHD stability analysis is performed using the recently improved stability workflow

5



Pedestal structure and inter-ELM evolution for different main ion species

n e
 [1

019
 m

-3
]

ρpol

0
.9

8

0
.9

9

2

4

6

8

0.85 0.90 0.95 1.00 1.05

D #31619

H #31393

(a)

T
e 

[k
eV

]

ρpol

0
.9

8

0
.9

9

0.2

0.4

0.6

0.8

1.0

0.85 0.90 0.95 1.00 1.05

2.00 - 2.11 s

4.10 - 4.35 s

(b)

T
i [

ke
V

]

ρpol

0.2

0.4

0.6

0.8

1.0

0.85 0.90 0.95 1.00 1.05

e
xc

lu
d

e
d

(c)

FIG. 1: Pre-ELM (averaged between −2.0 and −1.0 ms relative to the ELM onset) profiles

of (a) ne, (b) Te and (c) Ti for D (blue) and H (red). The coloured vertical bars indicate

radial positions at which the inter-ELM temporal evolution of the corresponding quantities

are tracked in Fig. 4. The gradient of the ne profile in H is shallower than in D, leading to

a wider pedestal and a reduction of the achievable pressure gradient (compare Fig. 2).

<
j to

r>
 [M

A
m

-2
]

αmax

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

<
j to

r>
 [M

A
m

-2
]

αmax

45

24

27

10
5

6
2

19

14
7

5
32

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

D #31619 H #31393

-2.0 to -1.0 ms relative to ELM onset

<
j to

r>
 [M

A
m

-2
]

αmax

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

D #31619 H #31393

-2.0 to -1.0 ms relative to ELM onset

<
j to

r>
 [M

A
m

-2
]

αmax

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

D #31619 H #31393

-2.0 to -1.0 ms relative to ELM onset

FIG. 2: Comparison of the pre-ELM stability boundaries (determined between −2 and

−1 ms relative to the ELM onset) for the D (blue) and the H (red) plasma: average

toroidal current density in the pedestal (〈jtor〉) and maximum normalized pressure

gradient (αmax). Both operational points are located close to the PB part of the boundary.

at ASDEX Upgrade25. As input served a pressure constrained magnetic equilibrium that

includes the reconstructed edge current density26. The resulting boundaries and correspond-

ing operational points are presented in Fig. 2 in terms of average toroidal current density

in the pedestal (〈jtor〉) and maximum normalized pressure gradient (αmax). Owing to the

shallower ∇ne in H, αmax is lower, leading to a reduced operational point in αmax. Within

the experimental uncertainties both plasmas are qualitatively consistent with PB theory.

This suggests that the pedestal stability is not affected by the main ion species and simply
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FIG. 3: Time traces of 100 ms duration of the (a) D and (b) H plasma discharge: plasma

stored energy (WMHD, black, top plot), radial magnetic field fluctuations (∂Br/∂t, blue),

the integrated spectral power of ∂Br/∂t for frequencies larger than 40 kHz (red) and

divertor shunt current (black, bottom plot). The fELM in the H plasma is about twice as

large as in the D plasma and the WMHD losses due to ELMs are larger in H.

determined by the plasma edge profiles.

B. ELM behaviour and losses

The evolution in between ELM crashes is compared using the time traces presented

in Fig. 3 for D and H. The plasma stored energy (WMHD), radial magnetic field fluctua-

tions (∂Br/∂t) measured by a magnetic pickup coil that is located at the low field side (LFS)

midplane (B31-14), the integrated spectral power of ∂Br/∂t (for frequencies larger than

40 kHz) and divertor current, measured by shunts in the divertor target plates (bursts in-

dicate the ELM crashes), are plotted. By counting the number of ELMs (since the chosen

time intervals have similar length), it is visible that the fELM is about twice as large in the H

plasma in comparison to the D plasma. A list of further ELM characterizing quantities and

their uncertainties can be found in Table I. In terms of average ELM energy losses (∆WMHD)

the ELMs in H are almost twice as large as in D. But the WMHD before the ELM crash

is about 20 % higher in H because of slightly higher ne and Ti from the pedestal inwards

(compare Fig. 1) and likely a larger amount of fast-ions since the heating power from NBI

is higher. In principle the larger stored energy should be beneficial for the pedestal stability

due to a bigger Shafranov shift. However, it can be seen in Fig. 2 this effect is overruled by
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species shot fELM [Hz] ∆WMHD [kJ] ∆WMHD [%] PELM [MW] Pheat [MW] Pnet [MW] Prad,sep [MW] PELM
Pnet−Prad,sep

[%]

D #31619 48 ± 17 20.1 ± 4.6 5.1 ± 1.2 0.97 ± 0.41 3.93 3.76 1.25 ± 0.15 38.6 ± 16.5

H #31393 101 ± 6 36.9 ± 5.2 7.9 ± 1.1 3.73 ± 0.97 7.51 7.28 0.72 ± 0.22 56.8 ± 8.9

TABLE I: ELM energy and power losses for D and H: ELM frequency (fELM), average

ELM energy loss (∆WMHD), power loss by ELMs (PELM), heating power (Pheat), corrected

heating power (Pnet), radiated power inside the separatrix (Prad,sep) and relative power loss

by ELMs [PELM/(Pnet − Prad,sep)]. In both species about half of power crossing the

separatrix is transported by ELMs. In absolute numbers an enhanced heat flux across the

pedestal in H is required to balance the power.

the shallower ∇ne and only of secondary order in this comparison.

Taking into account the differences in WMHD, the average relative ELM energy losses are

approximately 1.5 times higher in H in comparison to D. Combining fELM and ∆WMHD,

the power losses caused by ELMs (PELM) in H are about 4 times the one in D. The relative

power losses caused by ELMs [PELM/(Pnet − Prad,sep)] are calculated using the for beam

losses and ∂WMHD/∂t corrected heating power (Pnet) and the radiated power inside the

separatrix (Prad,sep). These are in the range of about 40 to 50 % in both plasmas. In D,

Prad,sep is 1.8 times larger than in H, because of a higher tungsten concentration since low

gas puff and low heating power were applied. To fulfill power balance the remaining power

Pnet−Prad,sep−PELM has to be lost by heat transport. Therefore, a factor of 1.8 higher heat

flux across the pedestal is required in H in comparison to D.

An indicator for the presence of instabilities or modes in the plasma are fluctuations of

the magnetic field. In between the ELM crashes, the detected ∂Br/∂t (Fig. 3, blue) is larger

in amplitude for H than for D. This is mainly caused by a larger amplitude response of a

core mode in the H plasma, which dominates the power in frequencies up to 40 kHz. The

inter-ELM integrated spectral power for frequencies larger than 40 kHz (red) is at similar

levels for both main ion species. Furthermore, the integrated spectral power shows a similar

evolution. After the ELM crash a phase of low fluctuation level, correlated to the ne pedestal

recovery (see Section III C), is observed. This phase is followed by an increase (during the

Te pedestal recovery), resulting in a saturated phase before the ELM onset, in which it has

been found that the maximum pedestal gradients are clamped27. The toroidal structure of

these fluctuations is analyzed in more detail in Section III D.
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FIG. 4: Pedestal gradient evolution throughout the ELM cycle: ∇ne and ∇Te at certain

positions (ρpol ; compare Fig. 1) for the (a) D and (b) H plasma. The pedestal recovery

phases have a similar sequence in both main ion species but different duration (∆tne , ∆tTe).

C. Inter-ELM pedestal evolution

Comparing the inter-ELM evolution of the pedestal ne and Te for the different ion species

gives insight in the build-up of the pre-ELM pedestal structure. It has been found previously

in D plasmas that the ne pedestal recovers on a shorter timescale than the Te pedestal28. A

change of this behaviour in H would be a strong indication for different mechanisms acting

on the pedestal. In Fig. 4 the ELM synchronized evolution of ∇ne and electron temperature

gradient (∇Te) for D and H at representative radial locations (ρpol = 0.98 and 0.99), which

are also indicated in Fig. 1, are presented. In both main ion species the pedestal shows

qualitatively similar recovery phases, i.e. the pedestal ne recovers faster than the pedestal

Te.

The first phase in the ELM-cycle is the ELM crash, which has a duration ∆tELM of 1.5 ms

for both plasmas, according to the duration of the bursts in the divertor shunt current. This

phase is followed by the recovery of the ne pedestal with duration ∆tne , which is longer in D.

Two possible mechanisms could cause this difference in ∆tne : On the one hand the 10 times

higher gas puff (larger particle source) as well as the faster velocity of recycled particles

due to the lower mass in H or on the other hand an increased outward particle transport

from the core to the pedestal top in H. The third phase is the recovery of the Te pedestal,

respectively ∇Te. Here, the duration ∆tTe is also longer in D, most probably caused by

the lower heat flux to the pedestal. During the last phase of the ELM cycle the pedestal
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gradients do not evolve and high frequency magnetic fluctuations set in (see Section III D).

This period lasts up to several milliseconds in D, whereas in H it is just present for 1 to

2 ms. Qualitatively, a similar sequence of pedestal recovery phases is observed in D and H.

D. Structure of pre-ELM magnetic fluctuations

Analyzing the toroidal structure of magnetic fluctuations can give further insight in the

underlying instabilities causing them. Furthermore, comparing the frequencies of the de-

tected ∂Br/∂t enables the determination of propagation velocities of the structures.

To measure the toroidal mode structure a toroidal array of magnetic pickup coils is

installed in ASDEX Upgrade. Analyzing the relative phase shifts (and multiples of 2π

added/subtracted) in between the coils signals, one can determine the toroidal structure of

the detected fluctuations, represented by the toroidal mode number (n). It is important to

consider that the pickup coils can have an intrinsic, frequency dependent phase response

(due to inductances or shielding), especially at higher frequencies. For this reason, these

intrinsic phases have to be taken into account for a reliable n determination29. Recently,

the method has been improved by statistically increasing the amount of data using ELM

synchronization30, which enables the analysis of n throughout the ELM cycle.

To compare the frequency resolved magnetic activity at the LFS midplane for the hy-

drogenic species, Figs. 5 a and 5 c present ELM synchronized frequency histograms for D

and H. At lower frequencies (< 40 kHz) the frequency histogram is dominated by a core

mode in both presented cases. The post-ELM magnetic activity in the medium frequency

range (40 to 200 kHz) during the ne pedestal recovery (∆tne , Fig. 4) is lower than in the

other phases of the pedestal evolution. In D the fluctuations in this frequency range are

more band-like than in H, where they are rather broadband. After the recovery of the

Te pedestal (∆tTe) high frequency fluctuations between 300 and 400 kHz set in. The pre-

ELM phases (between −2.1 and −0.1 ms relative to the ELM onset) are analyzed in detail

by the ELM synchronized toroidal mode number histograms (Figs. 5 b and 5 d). The sign

of the mode numbers indicates their rotation direction. Positive n represent a co-current

(toroidal) or ion-diamagnetic (poloidal) propagation direction, whereas negative n indicate

a counter-current (toroidal) or electron-diamagnetic (poloidal) propagation direction. At

lower frequencies the core mode has a clear n = +1, +2 structure for both plasmas. The
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FIG. 5: Comparison of the magnetic fluctuations: ELM synchronized (a,c) frequency and

(b,d) toroidal mode number histograms (determined between −2.1 and −0.1 ms relative to

the ELM onset) for (a,b) D and (c,d) H. The white dashed lines in (a,c) indicate the time

interval of the mode number determination and in (b,d) the two mode branches with

different propagation velocity. Similar inter-ELM activity and corresponding toroidal

structure can be seen in D and H. The different detected frequencies for similar n

correspond to different rotation velocities relative to the lab frame.

higher frequency range shows two mode branches with negative n for D and H as it has been

found previously in a D discharge30. These are indicated by the white dashed lines, which

inclination represent the rotation velocity relative to the lab frame. The different inclina-

tion means that the two branches rotate at different velocities. The shallower slopes of the

branches in H in comparison to D indicate a lower rotation velocity. This can be explained

by the different ne profile in H, since the E×B flow at the edge is proportional to ∇pi/(e ·ni).

Assuming ∇ni/ni ≈ ∇ne/ne, the shallower ∇ne in H leads to a lower background E × B

velocity.
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It can be seen that the branches have similar structure in both main ion species. At

medium frequencies n is in the region of −3 to −8. Consistent with the more broadband

ELM synchronized frequency histograms in H, the measured n have less distinct peaks in

the mode number range than in D. The high frequency fluctuations are related to n in the

region of −11 in both main ion species.

The comparison of the pre-ELM structure of ∂Br/∂t reveals similar n for both main ion

species, which also supports that similar instabilities are present in these plasmas. The

detected rotation velocities differ, since the E× B flow velocity is affected by the shallower

density gradient in H.

IV. HELIUM PLASMAS

For further comparison to another main ion species, 4He plasmas were performed. Again a

match of the pedestal ne and Te to the D and H references (see Section III A) was envisaged.

However, due to the two electrons provided by a 4He atom to the plasma, the main ion

density (ni) was lower in comparison to hydrogenic species at similar ne.

In 4He several operational boundaries at ASDEX Upgrade have to be taken into account.

For the density control only a small pumping rate by the turbomolecular pumps are avail-

able. This issue can be overcome by applying argon frosting31. It was decided to operate

the NBI with H for these experiments, because 4He NBI would suffer from a significant re-

duction of available Pheat and no CXRS measurements for Ti would be possible. According

to these operational limits, plasmas with a 4He concentration in the region of 80 % of the

ion density were performed. Approximately 17 % H content is caused by the NBI and a 3 %

D concentration is due to residual gas released from the wall.

A. Inter-ELM pedestal evolution

In comparison to the D and H discharges higher ne pedestals are present in this period

(Fig. 6) but WMHD, fELM and relative ∆WMHD are comparable to the D discharge. In Fig. 7

the evolution of ∇ne, ∇Te and ∇Ti at radial positions close to the separatrix (ρpol 0.98, 0.99)

are shown. Similar recovery phases as in the hydrogenic plasmas are identified. Again ne,

respectively ∇ne recovers faster than ∇Te. Remarkably, ∇Ti does not follow the evolution

12
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FIG. 6: Pedestal profiles in 4He: (a) ne, (b) Te, (c) Ti, averaged between −2 and −1 ms

relative to the ELM onset. The pedestal top ne is roughly 50 % higher than in the

hydrogenic species (see Fig. 1), leading to a cutoff of the ECE inside ρpol = 0.95.
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FIG. 7: Temporal evolution of the pedestal gradients in 4He: ∇ne, ∇Te and ∇Ti at two

positions in the pedestal (ρpol = 0.98, 0.99). The recovery of ∇ne and ∇Ti take place on

similar timescales (∆tne), whereas ∇Te is established later in the ELM cycle (∆tTe).

of ∇Te but rather is re-established after ∆tne , which is the recovery timescale of ne. Such

a behaviour was also suggested by the comparison of the neoclassically estimated current

in the pedestal (using Ti equal to Te) and the current in the pedestal reconstructed from

magnetic measurements26, because the neoclassically estimated current evolves slower than

the reconstructed one. More recently, the recovery behaviour of Ti has also been investigated

in D plasmas, where impurities were puffed for fast Ti measurements32. It has also been found

that the Ti pedestal recovers on similar time as the ne pedestal.
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FIG. 8: Comparison of the magnetic fluctuations: ELM synchronized (a) frequency and

(b) toroidal mode number histograms (determined between −2.1 and −0.1 ms relative to

the ELM onset) for 4He. The white dashed lines in (a) indicate the time interval of the

mode number determination and in (b) the two mode branches with different propagation

velocity. In comparison to D and H similar magnetic activity and n are found at lower

detected frequencies owing to the lower propagation velocity relative to the lab frame.

B. Structure of pre-ELM magnetic fluctuations

As it can be seen in the ELM synchronized frequency histograms there is much less

medium and high frequency magnetic activity (100 to 400 kHz, Fig. 8 a) than in the inves-

tigated cases of D and H. Also the frequency of an acting core mode is lower in 4He. Both

are indications that the rotation velocities are lower in this case. The low core rotation can

be explained by the lower NBI momentum input than e.g. in H (less NBI sources), whereas

a lower poloidal edge rotation can be explained by a change in the ∇pi/(e · ni) term.

During ∆tne a phase with very low magnetic activity is present, similar to the one observed

in the hydrogenic plasmas. Later on in the ELM cycle well defined frequency bands develop,

which last till the onset of the next ELM.

Analyzing the pre-ELM (determined between −2.1 and −0.1 ms relative to the ELM

onset) toroidal structure (Fig. 8 b) two mode branches are found, similar to the one in D

and H. The contributing mode numbers are well defined and in the range of n −2 to −11.

As indicated by the white dashed lines the propagation velocities relative to the lab frame

are lower than in the hydrogenic plasmas. This is in line with a lower rotation of the plasma

owing to the previously discussed arguments. In summary, clear evidence is found that the
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same kind of instabilities as in hydrogenic plasmas are also present and dominant in the

pedestal of 4He plasmas with ELMs.

V. SUMMARY AND DISCUSSION

Pedestal matching experiments between D, H and 4He plasmas were performed to com-

pare the pedestal structure, stability and inter-ELM evolution. The overall behaviour of

these discharges was different in the sense that different energy as well as particle confine-

ment is observed. In H due to lower particle confinement a shallower ∇ne is found and a

factor of approximately 2 higher heat flux through the pedestal is estimated in comparison

to D. In 4He due to the higher plasma dilution (lower ni) the ne at the pedestal top is

roughly 50 % larger than for the hydrogenic references with similar WMHD and Te pedestal

profiles.

The analyses of the inter-ELM ne and Te profile evolutions showed similar sequences in

the pedestal recovery for D, H and 4He. After the ELM crash the ne pedestal recovers first,

then the Te pedestal recovers. In 4He detailed studies on the inter-ELM recovery of the Ti

pedestal were made. These show that Ti recovers on the same timescale as ne, as suggested

previously26 and also observed in D plasmas with impurity seeding32. The magnetic activity

throughout the ELM cycle is comparable in all investigated main ions species. After the

ELM, which causes large magnetic fluctuations a phase with very low activity is found, which

duration corresponds to the recovery of the ne pedestal. Later on the magnetic fluctuations

with a sometimes well defined band structure set in, which continue till the next ELM

crash. These have similar n in the range of −3 to −8 in all presented cases. When the

pedestals of ne and Te are recovered, fluctuations with n in the region of n −10 to −11 set

in. Furthermore, two mode branches with different propagation velocities relative to the

lab frame can be identified. Comparing the different main ion species, changes in the edge

profiles impact the E× B flow which can explain the different propagation velocity relative

to the lab frame.

In conclusion, the experimental observations suggest that the pedestal stability can be

sufficiently described by PB theory in the investigated hydrogenic species plasmas. The

non-linear phase of the ELM crash could be affected since the ELM losses vary when the

main isotope species is exchanged. The inter-ELM pedestal recovery behaviour as well as
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the identified magnetic signature and structure point into the direction that the sequence

of dominant mechanisms in the pedestal evolution proceeds independently of the main ion

species.
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