EX/C4-2Ra

Electron Heat Transport in ASDEX Upgrade: Experiment and Modelling

F. Ryter 1), G. Tardini 1), F. De Luca 2), H.-U. Fahrbach 1), F. Imbeaux 3), A. Jacchia 4),
K.K. Kirov 1), F. Leuterer 1), P. Mantica 4), A.G. Peeters 1), G. Pereverzev 1), W. Suttrop 1)
and ASDEX Upgrade Team 1)

1) Max-Planck-Institutdiy Plasmaphysik, EURATOM-IPP Association, Germany

2) INFM and Dipartemento di Fisica, Univemsitiegli Studi di Milano, Milano, Italy

3) DRFC, Association Euratom-CEA, CEA-Cadarache, France

4) Istituto di Fisica del Plasma, Associazione EURATOM-ENEA-CNR, 20133 Milano, Italy

e-mail contact of main author: ryter@ipp.mpg.de

Abstract. Electron heat transport is studied in ASDEX Upgrade with Electron Cyclotron Heating for
steady-state and power modulation. Experiments with varying core heat flux at constant edge flux allow
a detailed determination of the transport characteristics.

1. Experimental set-up and methods of analysis

Electron heat transport has been investigated [1, 2] in the ASDEX Upgrade tokamak (R=1.65
m, a=0.5 m) using the Electron Cyclotron Heating system, composed of 4 beams which can be
deflected independently by mirror launchers. The width of the beam is nasr@wm, and

the single-pass absorption 100% . The electron temperature is provided by the 60 channel ECE
heterodyne radiometer, with a spatial resolution of 1 to 3 cm and a bandwid#36fkHz,

and by the Thomson scattering with 16 channels. These two diagnostics agreeili@fin

The ion temperature is measured here with two neutral particle analyzers with their line of sight
viewing at the center and at mid-radius. At low density as here, thesdues are quite reliable.

The experimental studies of electron heat transport have been performed in ASDEX Upgrade
by combinations of the steady-state and temperature modulation methods. This yields the usual
power balance heat conductivigf®. The propagation of the heat pulses excited by the power
modulation is characterized by [3]:

OXe
o0Te

It is derived experimentally from Fourier transformTf according to the expressions for slab
geometry [3] and with corrections for cylindrical geometry and density gradient [4].

Xe© = X0+ OTe (1)

2. Basics on electron heat transport

Studies in ASDEX Upgrade [1, 2] and other tokamaks [5, 6, 7] suggest that electron heat trans-
port is governed by turbulence increasing above a threshlgl/ Te)crit = (1/L1,)crit, Namedk

here, and below which heat transport is very smaj).(This is suggested by turbulence theory
based on Trapped Electron Modes [8] and Electron Temperature Gradient modes [9]. These
instabilities have a respective threshold jfL1,, dimensionles®/Lt,. As a consequence, the
temperature profiles react weakly to changes of the heating profile: “profile resilience” dis-
cussed for 2 decades. In fact, the temperature profiles exhibit similar val&s-ffin toka-
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Figure 1. T profiles in the experiments with heat flux variation by ECH in the confinement region with
constant edge flux fRn1 + Pecrz = 1.3MW). The respective percentage with respect to the total ECH
power is indicated. Leftgl= 800 KA, right I, = 400 KA. Small symbols for ECE, large for Thomson
scattering, lines for modeling. On the right plot the thick lines are from modeling with inward convection
U, also plotted with the corresponding line type.

maks [5]. An analytical transport model has been developed and successfully tested on ASDEX
Upgrade data [10]. This model, extended now withdependence, reads:

Xe = Xo+0-A - To/2(0Te/Te— K)H (OTe/Te — K) 2)

whereq is the safety factoiA andk are coefficients to be adjustdd,is the Heaviside function.

TheTes/ 2 factor takes into account the Gyro-Bohm dependence expected from transport driven
by micro-turbulence. It introduces a decreasgokith radius, not observed in the experiments,
which is byq(r) which increases towards the edge. We will show below that introduratgo

allows to model correctly discharges at different plasma current without chakgifrtte factor

q-A- Te?‘/2 determines the stiffness of the profiles at each radius. In the remaining of this paper,
the units are mks except keV for the temperatures. Using Eq. 1, the expressi@it foan be
derived explicitly for the model described by Eq. 2:

XP = xo+0-A- T&/2(20Te/Te — K)H (OTe/Te — K) 3)

assuming thago does not depends diiTe. It shows the important property thal® increases

in a step largely abovgg as soon a&lTe/Te is larger thark, whereas(E® increases continu-
ously withOTe/Te — K, see [10] and Fig. 2. The validity of the model is supported by the good
results obtained in ASDEX Upgrade with Weiland’s model [8] in ECH heated plasmas [11].

3. Experiment: Variation of the electron heat flux at constant edge flux

According to the considerations of Sect. 2, it is essential in transport studies t0VafYe

in the confinement region at constant edge temperature. This was achieved in new experi-
ments at ASDEX Upgrade where we varied the electron heat flux in the confinement region
(0.35 < py < 0.65) by one order of magnitude while keeping the heat flux at the plasma
edge p; > 0.65) constantp; being the normalized toroidal flux radius. For this purpose, we
deposited the ECH power a ~ 0.35 andp2 ~ 0.65 with the respective intensitid¥cn1
andPecH2. These were varied while keepiftcn1 + Pechz constant at about 1.3 MW. The
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Figure 2: Results from power balance and heat pulse analysis 2t0.5, for the discharges af|= 800
KA and |, = 400kA. The lines are given by the model from Eq. 2 for which the valugsaotl g- A are
indicated in the figure.

discharges were L modes at low dengity= 2 - 10°m~3 to reduce the electron-ion energy
transfer. Modulation oPscH1 or Pech2 yieldsxg'P. We performed two series of discharges at
different values of plasma current, 800 kA and 400 kA, but at the same magnetic field of 2.35 T
required by the ECH. Due to the higfvalue the discharges at 400 kA were not sawtoothing.
Some steady-state temperature profiles are shown in Fig. 1. A clear variatiom @aind
OTe/Te could be achieved , which is not the case when central heating only is varied because
the edge temperature increases with heating power [1].

The results of power balance and transient transpogt at 0.5 are shown in Fig. 2. The

Xe Values are divided by thﬁf’/z. Note the different scales: transport is much larger at low
current. A linear fit through the power balance data (solid line in the plots), neglecting the very
small contribution fromyo, yields the values ok - q(0.5) andk at p; = 0.5 indicated in each

plot. The values fok are very similar whereas those fbr g(0.5) differ significantly. The
simulations described below and the analysis from MHD equilibrium show that=at0.5 q
varies by a factor of about 2 between the two series, showing\thatnains almost constant
around 0.4. Using these values forq(0.5) andk we can calculate the correspondigg”

given by Eq. 3. The results, dashed lines in Fig. 2, agrees well with the experimental data.

These values of andk were then taken for transport simulations with the ASTRA code using
Eq. 2 as transport model. The results, lines in Fig. 1, agree very well with the experimental data
over the whole radius for all the 800 kA cases. At 400 kA the simuldggatofiles tend to be
hollow in the region inside the ECH deposition, thin lines in the figure. There, the losses from
the electron channel to the ions cannot be compensated by the Ohmic power. The analysis is
delicate there because transport and fluxes are very low. The possible influence of convection,
off-diagonal transport coefficients, spurious ECH power or particday profile to explain the
peakedT, profiles is under investigation [12]. If convection is assumed, giving the thick lines in
the 400 kA plot, it has to be peaked inside the ECH deposition with a maximum of about 2 m/s,
which is small and does not directly influence the results of the modulation at the frequency
of 30 Hz used here. Convection and off-diagonal terms with the right sign indeed exist in
ITG/TEM physics [8, 12]. Assuming spurious ECH power, only 3% to 5% are required.
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Figure 3: Amplitude and phase of the fodulation for the two extreme cases of Fig. d¢f = 100%
(left) or PecH2 = 100%(right). The points are the data, the lines the empirical model.

The simulations also include the power modulation made in the experiment. The results of
the Fourier transform of the experimental and mod@lgdre illustrated in Fig. 3 by the two
extreme cases with central or edge heatinigpat 800 kA. The agreement is quite satisfactory.

The other cases at 800 kA give comparably good results. The results from the 400 kA cases
with full or partial central heating are acceptable but yield a valugf6rwhich is about 30%

too low. The pure off-axis case is not well reproduced which due to the discrepancy between
the experimental and simulated steady-state profiles caused by the negative power balance
mentioned above.

Independently of the simulations, in the frame of our model the experimé&npabfiles the in
off-axis cases are expected to be just above but very close to the threshold in the region between
plasma center and ECH2 deposition, due to the low heat flux there. Riuse deduced

from theTe profiles in this region is expected to yield a direct measuremefRAfT, )crit to

be compared with theoretical values. This is illustrated in Fig. 4 where the experirRébigl
deduced from the respectiVg profiles in the 800 kA and 400 kA off-axis cases are compared
with the threshold R/Lt,)crit for TEM and ETG driven turbulence yielded by the formulas
given in [8] and [9] respectively. The threshold for TEM depends on the destabilizing fraction
of trapped electrons and on the stabiliziRgLy, [8]. In our cases with flat density profiles

the latter occurs only at the plasma edge, as shown by Fig. 4. The TEM threshold is in good
agreement with the experimental curve in the region inside of ECH2, at both 800 kA and 400
kA. At 800 kA, the central sawtoothing region must be excluded, at 400 kA the requirement of
a zero derivative on the axis forces theprofile below the threshold. Modulation data indicate
that at 400 kAR/Lt, drops below the threshold in the regior28< p; < 0.4 as in Fig. 4. The
simulation with the model (Eq. 2) yields better results when the TEM threshold is used instead
of a constank. In contrast, the ETG threshold at 800 kA is much higher than the experimental
R/Ly,. Its formula consists of 2 factors [9IR/Lt,)eTc U (14 ZetTe/Ti)(1.33+ 1.91s/0q) ,
wheres s the magnetic shear. The valuesZgf; are estimated to lie between 1.6 and 2 in the
plasma core and to be quite similar for all the discharges. We Zsgd= 1.6 in the formula

to minimize the ETG threshold. In our experimeiitgT; decreases from about 2.5 at 800 kA

to 1.5 at 400 kA, and/q decreases by about a factor 2 from 800 kA to 400 kA. This explains
the reduction of the ETG threshold with plasma current. At 400 kA the ETG threshold is just
above the experimental valuesRfLy, and cannot be completely excluded in this case.

As mentioned above, a property of the model is the step offfyat the threshold, which is a
check for the model and a useful monitor: above or below the threshold. We have started to
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Figure 4: Experimental profile of RLt, and threshold values for TEM and ETG driven turbulence. The
error bars on the ETG threshold correspond to a simultaneous variation t2@%of To/T; and §q.

investigate in detail the behavior gf' " around the threshold.

As already shown for others discharges [11], here also at 800 kA the ITG/TEM Weiland model
[8] gives for both the steady-state and modulation data quite good results, which are very
similar to those obtained with the empirical model. However the 400 kA cases are poorly
reproduced, the stiffness factor is too low by about 50%, hence electron transport also. For
central heating this is reflected Ta profiles which are too high and too peaked and in values
xE5P which are correspondingly too low.

Concluding, this study shows that thg profiles are moderately stiff. Steady-sate and mod-
ulation data are well simulated with a single transport model involving a critical temperature
gradient length. The experimental threshold behavior suggests TEM turbulence being present.
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