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Abstract. The influence of pure electron heating versus combinedreleeind ion heating
on a high collisionallity H-mode plasma has been investigatt ASDEX Upgrade. This was
done by replacing both neutral beam injection (NBI) and igalatron resonance frequency
(ICRF) heating in small steps with electron cyclotron reswe heating (ECRH) while
keeping the total heating power constant. The stabilityhefdglobal plasma parameters and
the response of the kinetic profiles on the changed heatingamd torque input is shown.
The differences in edge localised mode behaviour betweerdifferent heating mixes is
reported. The data was analysed with an interpretativep@m model and linear gyrokinetic
simulations were performed to evaluate the underlyingsfart mechanism.

1. Introduction

Present day tokamak plasmas are heated mainly by neutral ingzction (NBI) with beam
energies of the order of 100 keV (93 keV and 60 keV at ASDEX gdg). In this energy
range and with a typical plasma temperature of around 2-3 f@\ghly half of the beam
energy is delivered to the electrons and half to the ions.s Tatio will change drastically
in future plasma experiments like ITER and fusion reactdrs.heat the plasma and drive
current between the centre and mid radius of the plasma wiilral beams, the beam energy
will be increased to much higher valueg. 1 MeV in ITER. Additionally, the use of electron
cyclotron resonance heating (ECRH) will be increased aedhtating bya-particles (3.5
MeV) will start to play a dominant role. All of these change# wshift the balance towards
predominantly electron heated plasmas. Since the fusisepand with it the efficiency of a
fusion power plant correlates with the triple prodoet T; - npt the aim of any fusion device is
to achieve a high ion temperatuFen addition to a high densitgpt and energy confinement
time te. Additionally the relative reduction of the NBI power wikdd to a reduced torque
input. The resulting lower rotation of the plasma might iefige the stability of microturbu-
lence or MHD activity. Also, the deep fuelling by the beam§ & negligible in future fusion



H-mode characterization for dominant ECRH, replacing NBI or ICRF 2

devices. The impact of all these changes on the plasma whigchswg from NBI to other
heating methods is not well understood and therefore,durésearch is necessary in this area.

The recent upgrade of the ECRH system at ASDEX Upgraflewhich can now deliver
up to 3.9 MW of heating power, provides a practical tool toeshgate this matter. Addi-
tionally the improved antennas of the ion cyclotron resaednequency heating (ICRR])
system provide greater flexibility in terms of heating sec@sand provide the possibility of
deeper insight into this issue. As will be shown in Sectihe ICRF heating distribution
to electrons and ions is very similar to that from the NBI, isitorque input is almost zero,
which results in a much smaller rotation of the plasma.

In Section2 and3 a comparison of ECRH versus NBl and ECRH versus ICRF heassals

is presented. Sectiochdescribes the initial observations of edge localised méddv( [ 3])
behaviour during the different heating scenarios and &ebtpresents the transport analysis
of the discharges. Finally, Secti@draws some conclusions and gives an outlook on further
planned analysis and experiments.

2. Experimental observations of ECRH versus NBI heated H-modes

To analyze the influence of different heating schemes onldmma several discharges were
planned and executed in the 2011 campaign at ASDEX Upgradevérview of all analysed
cases can be seen in Figure All shown cases consist of a phase with at least 500 ms of
constant plasma parameters. Plotted is the heating mixstmgsof NBI, ICRF and ECRH
against discharge number and time of occurrence in the aligeh The overall range covers
a total auxiliary heating power between 2 and 5 MW while thexdarges with best compa-
rability are clustered around 3 MW. Highlighted are the Heges covered in this paper. #
27247 comparing ECRH vs. NBI (dashed blue boxes), # 2724¢eadng ECRH vs. ICRH
(continuous red boxes), # 26982 comparing ELM behaviowsHditted green boxes) and #
26457 used for GS2 calculations (dotted purple boxes). teige, heating phases with NBI
only lead to a strong Tungsten accumulation, a situationlaely observed at ASDEX Up-
grade when no central ECRH is appliedl. [In Figure2 a strong increase of the concentration
of Tungstenoy can be seen at 4.9 s, as soon as the NBI is the only heating areiral
ECRH is switched off. For that reason, NBI only phases couly be run at the very end
of the discharges, because it leads to modes, unstableadjgshand disruptions. The situa-
tion for phases with ICRF only heating are worse due to thengttungsten influx from the
W-coated ICRF antennas so that this case could not be adalsereplacing some of the
limiter tiles of the ICRF antennas by Boron coated tiles ia tampaign 2012, the Tungsten
influx is expected to decrease, so that these experimentseceonducted.

In this section we concentrate on discharge # 27247 whiclwshbe typical behaviour
observed in the experiments. It is a lower single null H-medé a magnetic field of
Bi = —2.5T and a plasma current & = 1 MA, which results in a safety factor at the edge
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Figure 1. Overview of analysed cases comparing the heating mix of NBRF and ECRH.
Highlighted with boxes are the cases covered in this pap&f2#47 comparing ECRH vs. NBI
(dashed blue boxes), # 27246 comparing ECRH vs. ICRH (coatis red boxes), # 26982
comparing ELM behaviour (dash dotted green boxes), # 264%&d tior GS2 calculations
(dotted purple boxes).
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Figure2. (a) NBI, central ECRH and radiated power; (b) Tungsten cotreéon

of qgs = 4.0. The local central density lies in the rangergf~ 9-10*m~3. Time traces

of important plasma parameters from this discharge are showigure3. In the uppermost
panel the total auxiliary heating power is shown in black.i/iht was kept constant at 3 MW,
the fraction of ECRH and NBI power was varied in 4 steps dutimeggdischarge. Highlighted
with coloured vertical bars are the four phases in which t8&H constitutes half (green),
three quarters (yellow), one quarter (red) and the totaliarhof the auxiliary heating power
(blue). The total auxiliary heating power is around 2 timeghbr than the H-mode power
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Figure 3. Global plasma parameters of discharge # 27247: (a) totaliayx NBI, central
ECRH and radiated power; (b) stored enetgy, radiation; (c) line averaged density in the
core and at the edge; (d) normalised beta, confinement f§e)dLM and sawtooth frequency

threshold at these densitie€sg].[ The heating power of the NBI is shown in red. Several beam
blips were introduced to measure the ion temperaiusand rotationvio in the core §] and

in the edge T] with charge exchange recombination spectroscopy (CXR8)a phases with
reduced beam heating. These blips can be seen in Figuamed5 as spikes in the time traces
of the total and NBI heating power. Each group of three blips wynchronised with a scan
of the low field side separatrix positidty: in a way that the radial resolution of the measure-
ment is maximised while keeping the disturbance of the pteasismall as possible. Neither
the electron density (Figui@(c)) nor the electron temperature are affected by the shipg.b
The three frames of the CXRS measurement within one beanslbiiyy some scatter, but no
tendency towards highék values within one blip is evident. No beam blips are needed in
the third phase of discharge # 27247, since the beam at winctiagnostic is looking at is
switched on the whole time for heating. The ECRH power is shiowgreen. In all analysed
discharges its deposition location was in the very centmgat= 0.1—0.2. No toroidal angle
was introduced in order to have no current drive by ECCD. Hagated power, measured by
bolometry is shown in blue.

Despite significant changes in the heating mix, the glokadipla parameters are almost con-
stant over the entire discharge. TH&g signal (black, Figure3 (b)) shows no significant
change. Also, the stored enerdimnp ~ 350kJ, red, Figure3 (b)), the normalised beta
(Bn ~ 0.9, red, Figures (d)), the confinement factoHgg ~ 0.8, black, Figure3 (d)) and the
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ELM frequency fgLm ~ 50 Hz, black, Figure3 (e)) are invariant. The sawtooth frequency
(red, Figure3 (e)) is in the same range, but shows a much larger scatterdroomd 40 to
100Hz The volume averaged effective collisionalitgs = 0.1- R- Zeft- <ne > / < Te >2
[8], is around 2 for the entire discharge.

From the evolution of the electron temperature (not showtrpasition time between the
different phases of around %@s can be seen. This is in the range of the energy confinement
time. The line averaged density shows a slower transitibidieur and takes around 26®

to reach a new steady state (Fig®réc)). After these transitions the plasma parameters are
fairly constant except for two modulations: On one side thie¢emperature is modified by
the sawtooth oscillation®] while the variation in the density is negligible. On the etlside
both temperature and density at the edge are expelled by ELNMs measurement df and

Vtor Via beam blips could only be done for a few time points, whiakehan arbitrary phase to
the sawtooth and ELM cycle. Therefore it is not possible tmhee these MHD instabilities
and all kinetic profiles are averaged over the constant gddp each heating phase. This
average over roughly 0.6 seconds includes at least 20 stwdod ELM cycles and allows
reliable kinetic profiles to be compiled, which can be conegan each other.

The resulting kinetic profiles can be seen in Figdreé~or each phase of the discharge with
varying heating mix all available profile data was fitted watBplinefit to be able to compare
them among each other. The top row shows the electron anctioperature, the electron
density and the toroidal plasma rotation for the entirerpiasadius. The second row shows
the same data, enlarged for the edge region while only trelmttiveen 5 ms after an ELM
until 2 ms before the next ELM was considered. Note the difiepp, scale of Figuret (f).

An additional phase featuring 3 MW of NBI only heating takeonh discharge # 26457 has
been included in these figures to complete the power mix stae. characteristics of this
discharge are very similar to # 27247 (salpeB;, ne, shape) and no operational deviations
are known, which would explain the differences in the resglprofiles. So the comparability
is given. Due to the increased electron heating the cerlgalren temperature increases by
20% when only 600 kW of ECRH power is applied. Further incesasf the electron heating
fraction, however, have no measurable influence on thereletdmperature profile (Figure
(a)). The ion temperature is reduced by 15% when applyingadti1.2 MW of the total
power by ECRH (almost 50%). This effect also saturates amdtintemperature profiles stay
constant even as the ECRH power fraction is increased to 100% electron temperature
inside the pedestal top gradually declines around 10 % wbergdrom NBI only to ECRH
only heating (Figuret (d)) which is only barely outside the scatter of the measuiad at
the edge. Outside of the pedestal top the identification @flectron temperature with the
radiation temperature measured by the ECE is no longefigdtiue to the steep gradients
and the low optical depth of the scrape off layer plasma. @foee, no conclusion about the
behaviour of the electron temperature in this region canrbe/i. The variation of the ion
temperature at the edge lies well within the scatter of thigiraal data.
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Figure 4. Averaged kinetic profiles of discharge # 27247 during dédferheating phases: (a)
electron (solid) and ion (dashed) temperature; (b) elaasmsity; (c) toroidal rotation; Purple
traces taken from discharge # 26457, (d), (e), (f) edge data; differento,, scale of (f)

The decreasing fraction of NBI heating results in a reduoegiue input by the beams. This
leads to the observed strong decrease of the toroidalontatithe entire plasma (Figu#c)).

The data from the core CXRS and from the edge CXRS system wie@ $ieparately to ac-
count for the different radial resolution and scatter ofttlie diagnostics and to recover the
localised structures at the edge. The rotation reachesregative values in the core for the
ECRH only case. The toroidal rotatiaf,, at the edge shows the same behaviour (Figure
(). The local minimum of the toroidal rotation and the insi®n of the rotation shear around
lcminside the separatrix is typically observed in H-mode plas@at ASDEX upgrade and
described in10]. The poloidal rotatiornvy, at the edge has small values and does not show
any change with respect to the different heating mixes (notvs).

The density profiles consist of the data of the lithium bear #e DCN interferometer,
which are combined within the Integrated Data Analysis gig$omward modelling on the raw
data f[L1]. The Lithium beam sets the profile at the edge up to the pattest, while the inner
part of the profile is a deconvolution of the 5 DCN interferdeneehannels. The pedestal top
density and the entire edge density profile are not at altefteby the change in heating mix
(Figure4 (e)). All 5 cases are plotted in this figure, but the diffeebetween them is smaller
than the line width, so that not all profiles can be seen in thedi. The central density ex-
hibits an increased peaking with increasing fraction of EGRwer (Figuret (b))[12] which
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leads to an overall increased density. The peaking of theitygorofile with increasing ECRH
power is typically observed at these intermediate to higtsdies in H-mode operation which
are dominated by ion temperature gradient turbulence (I3} 14]). This stands in contrast
to the typical density pump out, which is observed at lowersitees and in L-mode with
increased ECRH due to an increased trapped electron modié [T 16]) activity.

The remaining rotation in the ECRH only case representsithie@sic plasma rotation without
external torque input which is governed by the residuabstf@[17].

For the impurity ionsvyg is the main contributor in the calculation of the radial ¢ieal
field in the edgef, = ni%e% — Vpol iBror -+ Vtor,i Bpol)- Since its value is very small and no
change with heating mix could be observed, an initial ansalgsthe data indicates that the

radial electrical field does not change when changing therigemix.

3. Experimental observations of ECRH versus | CRF heated H-modes

Changing the heating from NBI to ECRH does not only changdééating mix but also mod-
ifies the torque input and thus the rotation of the plasma toeatgextent. This rotation, its
shear and thus tHe x B velocity shear are thought to be some of the key players ingithac-
tion of turbulent transport. For that reason, dischargegwenducted, in which ICRF and
ECRH power were exchanged in the same way as the NBl and ECRid previous section.
Also in this discharge, the ECRH was mainly deposited in #r@re aroungpg = 0.1-0.2.
However in the ECRH only phase the deposition locations ofdfithe six used gyrotrons are
moved to mid radiusdpo = 0.5—0.6) due to a miss programmed control system. This change
does not seem to have a noticeable influence on the globahplparameters or kinetic pro-
files. The ICRF heating system was operated at a frequencg.6fHz for H-minority
heating with 5 % of Hydrogen. This leads to a broad, centqadigked heating profile. Like
the NBI, roughly half of the ICRF heating energy is delivetedhe electrons and half to
the ions, but more peaked towards the centre. Time tracesyoplasma parameters from
discharge # 27246 are shown in Figitelhe depicted quantities are the same as in Figure
Figure5 (a) contains the heating and radiated powers, the ICRFrigedtawn in purple. As

in discharge # 27247 the different phases of one half, twal tloine fourth and pure ECRH
are highlighted with vertical bars. In this discharge Hywe signal (black, Figur& (b)) does
not change with the different heating scenarios. The tdtakd energy\Vunp ~ 350 kJ,
red, Figure5 (b)), the normalised betg3( ~ 1.0, red, Figureb (d)) and the confinement
factor Hos ~ 0.8, black, Figureb (d)) remain constant throughout the discharge. The ELM
frequency (eLm = 40— 80 Hz, black, Figures (e)) shows a large scatter but no fundamental
change between the different heating phases. The sawtegiiheincy (red, Figurg (e)) is in

the range offst = 50— 100Hz in phases with at least one third of ECRH heating. However
in the case with the least ECRH power, it dropg¢p ~ 30 Hz, discussed later. The effective
collisionality ve ¢ is around 3 for the entire discharge.



H-mode characterization for dominant ECRH, replacing NBI or ICRF 8

1.2 ECRH, 1.8 ICRH 0.6 ECRH,2.8ICRH 2.7 ECRH
#27246

Paux, total @ 4
Pni

ferpass
Picr » ‘%"“ el o)
Prag 11 |

03k Wnmrp [MJ]
H,la.ul

P [MW]

o= N W AU

—_—
——
= -

= gf N, core
€ n, edge
6 e €dg T . A =
% ¢ Pl - = - S S
JE' 2 -
0

- 1
12F Py (d
- Hog

T g fsT . ot ™ 3
uE_ 405_ = { 3 ." 3
E :‘? » ’: - ﬁ .&-‘:} 3

1 2 3 4 5 6

Time [s]

Figure 5. Global plasma parameters of discharge # 27246: (a) total, bdEhtral ECRH,
ICRF heating and radiated power; (H) radiation, stored energy; (c) line averaged density
in the core and at the edge; (d) normalised beta, confineraetdrf (€) ELM and sawtooth
frequency

The profiles, each averaged over the constant phase of eathdhmix, are shown in Fig-
ure6. The electron temperature from the different heating phasshown in Figur® (a) as
solid lines. The high central temperature in the case wimtiimimum ECRH power occurs
due to an extremely low sawtooth frequency of 3@ This allows the temperature to stay
at the saturated high level for most of the period and explthe observation. In the other
cases no change of the electron temperature with variatitre teating mix can be observed.
The ion temperature also does not show a significant vaniatith heating mix. So far no
discharges could be performed comparing an ICRF only hgatiede to a phase with only
low ECRH power. The largest change in the kinetic profilesent®n2 was observed going
from NBI only heating to a little fraction of ECRH. This comson is still a pending issue.

Exchanging the ICRF by ECRH gradually increases the dempsgking in the core very

similar to the case in which the NBI was replaced by ECRH (Fegub)). The pedestal top

value and the steep gradient region, however, do not ch&ngeré6 (e)), as in discharge #

27247. At the edge, neither the electron nor the ion temperahow changes of the profiles
when changing the heating mix.

Since the torque input of the ICRF heating is very small, tineitlal rotation also stays below
10 km/s and diminishes only slightly in the main plasma regiath reduced ICRF heating
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Figure 6. Averaged kinetic profiles of discharge # 27246 during dédferheating phases: (a)
electron (solid) and ion (dashed) temperature; (b) elaatiensity; (c) toroidal rotation; (d),
(e), (f) edge data. Note that FiguBdc) has a different scale in comparison to Figare) by

a factor of 4 and Figuré (f) has a different scale in comparison to Figdré) by a factor of
2.

fraction. Note the reduced scale of Figéréc) in comparison to Figuré (c) by a factor of 4
and of Figures (f) in comparison to Figurd (c) by a factor of 2.

These observations can be compared with those from SeZtionwhich NBI power was
replaced step-wise with ECRH in discharge # 27247. The dmiynge from the operational
point of view between these two discharges is the replaceofehe ICRF by NBI heating.
Figure7 shows the kinetic profiles from the case with half NBI plusfBEa&CRH power (red)
and the case with half ICRF plus half ECRH power (green). Thstrabvious change is the
core and edge rotation of the plasma. Neither the globahgsarameters like stored energy
or confinement nor the shape of the density and ion temperptofiles or their responses to
ECRH show any significant variation outside the scatter efatiginal data. The pedestal top
value of the electron temperature is slightly higher in tH&l Hase. The differences in the
center of the radial profiles lie within the uncertaintieglo# original data and the deviation
in the gradients outside the separatrix are due to the faat the plasma is getting optically
thin in this outer region, so that the real plasma electrampterature is not equal to the radi-
ation temperature anymore. Apparently the large changetation does influence the heat
transport only a little at the edge of the plasma and has rextiile impact in the center and
on the particle transport.
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Figure 7. Averaged kinetic profiles from discharges # 27246 and # 2'd2dihg phases with
half ECRH plus half ICRF and half ECRH plus half NBI heating) électron (solid) and ion
(dashed) temperature; (b) electron density; (c) toroidtion; (d), (e), (f) edge data

4. Experimental observationsof ELM behaviour

Variation of the heating mix does not have an apparent infleem the pedestal and on the
steep gradient zone. However a change in the ELM behaviosifouand in the course of the
analysis. To analyze this behaviour a discharge very sirtalthe ones described above was
performed with three phases, each combining two of the availheating methods: 2.4 MW
NBI plus 1.9 MW ECRH, 1.9 MW ECRH plus 2.8 MW ICRF and 2.4 MW of Ngus 1.8
MW ICRF heating. This was necessary to rule out the changéashma, vessel and divertor
conditions between the different phases to a large exté d€scribed effects of the different
heating mixes on the ELMs could be observed in all other aealyischarges, however not
always as pronounced as presented here. Figsteows the time traces of ELM behaviour
relative to the ELM onset time for the three different hegtmixes in discharge # 26982.
The first column shows data from a phase heated with aboutN&llfand half ECRH. The
second column with about half ICRF and half ECRH and the titd about half NBI and
half ICRF heating. In each case, the data from roughly 20 EisMsver plotted. The first
two rows show two channels of the AXUV diode bolometer logkirom the top to the inner
(a) and outer (b) divertodg]. Figure8 (c) depicts the scrape-off-layer current flowing to the
inner divertor L9)[20], Figure 8 (d) the deposited power on the inner divertor, as measured
with thermography21] and Figure8 (e) the loss in stored energy normalised to the value of
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Figure8. ELM onset synchronised time traces for discharge # 269&®tedbolometer looking
from the top to the (a) inner and (b) outer divertor; (c) serafff-layer currents to the inner
divertor; (d) deposited power on the inner divertor, meeswrith the thermography; (e) loss
in stored energy normalised Vdynp before the ELM onset

Wwnp before the ELM.

The measured time traces of the different ELMs overlap vamginshowing very good repro-
ducibility. On the other hand the data shows a strong vandtetween the different heating
phases. A distinct feature of the NBI plus ECRH case is ttengtpeak at the beginning of
the ELM visible in the radiation signal both in the inner andey divertor. It is much flatter in
the other two cases. The divertor current has a steepeg esige, and a peak value which is
15 - 30 % higher than in the NBI plus ICRF and NBI plus ICRF ca3é® heat deposition on
the divertor plates is strongly pronounced, while it is adtnoot measurable in the other two
cases. Despite the flatter time traces in the ECRH plus ICKHREreNBI plus ICRF cases the
loss in stored energy is very comparable between the différeating mixes.

The observed effect of the strong rise in the divertor mesaments in the first case likely
results from an interplay between NBI and ECRH. It is not czdysed by the NBI heating,
since itis a lot less pronounced in the NBI plus ICRF heatigec

5. Heat transport analysis

The discharge comparing NBI with ECRH was also analysed reitipect to the heat trans-
port with ASTRA [22]. The results of this interpretative heat transport analgse pictured
in Figure9. The first row shows the radial profiles of the power depodigthe ECRH to
the electrons (Figur@ (a)), by the NBI to the electrons (Figuge(b)) and by the NBI to the
ions (Figure9 (c)). By integrating the two NBI deposition profiles over ghlesma volume,
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Figure 9. Heat transport profiles of discharge # 27247 during diffetexating phases, (a)
ECRH power density to electrons; (b/c) NBI power densitylez&ons/ions; (d) electron-ion
heat exchange due to Coulomb collisions; surface integeeztron (e) and ion (f) heat flux;
(g9) electron and (h) ion heat diffusivities; Purple tracaseh from discharge # 26457

one can see that the heating power delivered to the elecrah#o the ions is almost equal,
but the radial distribution differs. The power transferfeam electrons to ions by Coulomb
collisions is depicted in Figur® (d). A very strong increase of this exchange term with in-
creasing ECRH fraction is evident. This arises from an iaseel temperature difference and
increasing density. SinC andT; are very similar in the edge region, the exchange term is
very sensitive to small variations in the temperaturesgctvicannot be resolved by the mea-
surement. For that reason, the heat flu®esnd the heat diffusivitieg in the edge cannot be
trusted (region marked with gray shaded vertical bars).

The second row shows the radial profiles of the electron amduoface integrated heat fluxes
(Qa Figure9 (e) andQjon Figure9 (f)). Qg naturally shows a strong increase at the location
of the ECRH deposition which increases with ECRH heatinggratvie to a larger energy
input. In the case of NBI only heating, the power going to etats by NBI and ohmic heat-
ing cancels almost entirely with the radiated power and thegp going to ions by Coulomb
collisions over the whole radius. Towards the edge arqoad~ 0.8 the electron heat flux
goes down to zero because all the energy is transferred tornke As a resultQjon shows

a steady increase towards the ed@g,, has a tendency towards slightly higher values with
increasing ECRH fraction over the whole plasma radius. Téett®n and ion heat diffusivi-
ties xg andxion are shown in Figur® (g) and (h). The grey shaded areas in the center of the
plasma should not be considered since ASTRA has difficutgsng with the strong gradi-
ents near the very localised ECRH power deposition locamha limited radial resolution.
The electron heat diffusivity is around zero in the NBI onése since the electron heat flux
is negligible. In all other cases it has a value of arount??s at mid radius and does not
show any change with the heating mix within the uncertagntéthe evaluation. The ion
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Figure 10. (a) growth rate of microturbulent instabilities; (b) freency of microinstabilities.

The index a in the labels denotes the species typical valuegshich the growth rates,
frequencies and wave numbers of the instability are nosedlilons for ITG and TEM mode
and electrons for ETG mode

heat diffusivity shows a steady increase from arousich? /s in the NBI only case to 37 /s

in the ECRH only case. This strong energy transfer from teetedn to the ion channel is
accountable for the only slight change of the kinetic prefil€his results in the invariance of
the global plasma parameters and performance when goingMil heating to pure ECRH.

In addition to this interpretative heat transport analytis nature of the underlying microtur-
bulence responsible for the heat transport was also expl@a one hand in fusion plasmas
the electron temperature gradient mode (ETZ4] [can be present, an electron gyroradius
sized instability. On the other hand also ion gyroradiusainstabilities can occur which are
the ion temperature gradient mode (ITG) and the trappedrefemode (TEM). The theoreti-
cal growth rates and the frequencies of these modes werdaiad with the linear gyrokinetic
code GS224] for discharge # 26457 at mid radius for the three heatingeb&lBI only, half
NBI plus half ECRH and ECRH only. The growth rate and the festry have been nor-
malised tove/R and wave numbers tpe for ETG modes, whereas /R and p; for ITG
modes. The growth rate is shown in Figli@(a) where the normalization leads to two peaks
in the spectrum, one for the ETGs, one for the ITGs and TEMg. grbwth rate of the latter
exceeds the growth rate of the ETG at least by a factor of 3lfoaaes, so it can be expected
that the transport is dominated by ion orbit sized micrahsities. In Figurel0 (b) the mode
frequency is plotted, again showing two separate featanethé ETGs and the ITGS/TEMSs.
The positive values of the ITG/TEM branches for all threetimgamixes implies a rotation
in the ion diamagnetic drift direction, which identifies & as the dominant mechanism of
radial heat transport. No difference in the fundamentaimedf the turbulent transport could
be observed, since the situation is the same for all threttnigeaixes. However a progressive
reduction of the mode frequency going from NBI only heatiogCRH only is evident. This

is a sign of increased influence of the TEM when going to higdtectron heating fraction,
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but it does not take over the turbulent transport.

6. Summary and outlook

Experiments were carried out in which the mixture of elect@od ion heating was varied from
around 50 % (NBI only) to 100 % (ECRH only) of electron heatindpile the total heating
power was kept constant. The analysis of these experimeets bt show any degradation
in the basic plasma parameters and performance when negla@| and ICRF heating by
ECRH. Furthermore almost no difference between NBI and |IG&&ting could be observed.
The application of low amounts of ECRH power leads to a slightease in the electron
temperature and a slight decrease in the ion temperaturth. é¥fects saturate when ECRH
power amounts to one third of the total applied power. Wittréasing fraction of ECRH a
slight increase in density peaking and a severe drop iniootaain be observed. When going
towards pure electron heating, the energy exchange termojo@b collisions is getting
larger, so that the electron heat flux is approaching zeraiasvthe edge of the plasma. On
the other hand the heat flux in the ion channel is independetite heating method and is
increasing towards the edge. The nature of the underlyirggammistability (ITG) does not
change in this high collisionality domain when changing fleating mix. The ELM onset
is much more pronounced in the cases of NBl and ECRH plus NBtitng compared to
cases of ECRH only and mixed cases with ICRF heating. Thesteskperiments on directly
comparing ECRH with NBI and ICRF heating in H-modes show thatapplication of wave
heating does not come with a degradation of plasma perfaenenthe analysed parameter
space. To widen this parameter space and to clarify the opestigns further investigations
will be carried out in the next campaign at ASDEX Upgrade.
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