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The spatial distribution of density in a fusion experimexof significant importance as it en-
ters in numerous analyses and contributes to the fusionnpeahce. A profound understanding
of the underlying transport phenomena is therefore mamgl@oorder to reliably predict the
shape of the density profile in next-step fusion devicesfiaatly their achievable fusion power.
In the recent years, it has been shown that the applicatilmtafheat sources in the plasma can
influence the shape of the density profile under certain ¢mmdi[1]. In low-density L-mode
discharges, for example, the application of central hgatauses a reduction of the core density
and thus a flattening of the density profile. This effect ieofteferred to as density 'pump-out’.

On ASDEX Upgrade, we re-
cently made use of this coupling
mechanism between temperature ¢
and density in order to feedback
control the shape of the den-
sity profile. The density profile 1o
was calculated in real-time, and  °5¢
central electron cyclotron reso-
nance heating (ECRH) was used
as actuator to adjust the density
peaking to the desired value [2]. 22 24 Time 15 28 >0
We also performed feed-forward
experiments with square wave _
ECRH power modulation with aFlgure_l: An example ofde_nsny pump-out. From top to b(?t-

. tom: Time traces of the 5 interferometer channels, applied
period of 200 ms. The large num-

. . _ ECRH power, and. measured by an ECE channel at about

ber of identical heating pulses ob-
tained that way allow us to inves-p =03
tigate the coupling between tem-
perature and density in much detail, especially with resfmethe transient behavior. Figure 1
shows the time trace of the applied ECRH power, as well asrieamtegrated electron density
measured by the interferometer along 5 chords, and the@hettmperature from one of the
ECE channels. In that case, pump-out occurs: As ECRH is kadton, the core density starts
decreasing, whereas the edge density hardly changes. WeiRH kS turned off, the core den-

sity increases again. Depending on the global plasma p&easnthis effect can be weaker than
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in the above example, and even reverse sign, such that deeéittng makes the density profile
more peaked. In the recent years, it has been found thatfenetie¢ collisionality is a key pa-
rameter for characterizing the density response to cemating. Density pump-out was found
to occur at low collisionality, where the dominant turbudertype is a trapped electron mode
(TEM), whereas at higher collisionality, an ion temperatgradient (ITG) mode is dominant
and central heating increases density peaking [3].

In the analysis of the temporal evolution of temperature dedsity in the transient phases,
special care has to be taken in order to exclude secondagtefivhich might bias the result.
When operating in L-mode, which we did in the majority of cgsthere are basically two
critical issues: On the one hand, the application of ada#i&CRH power might trigger an L-
H-transition, which causes an increase of the edge pedtsialty. On the other hand, the gas
inlet rate has to be kept constant. If the gas valves are &skdtontrolled by an interferometer
channel, which is commonly done on fusion experiments, #residly pump-out in the plasma
center causes an opening of the gas valves and thus incrieedied) from the plasma edge.
Those biasing effects can be avoided by exploring the H-nilo@shold power beforehand and
keeping the applied ECRH power clearly below this value, layndperating with a fixed, pre-
programmed gas fueling rate, respectively.

For the analysis, we select a series of ECRH pulses which iwgreted into a plasma with
constant global parameters. Our reconstruction of the eeahpvolution of the density is based
on two diagnostics, the sub-millimeter interferometer #mallithium beam diagnostic. From
this data, a density profile is reconstructed via integrdid analysis (IDA) [4]. The central
interferometer channel reaches a minimprof about 0.2 for the plasma configurations used
in the experiments, therefore, the density reconstrudtiop < 0.2 has extrapolation character
and is not used in the analysis. The electron temperaturbtésned from the measurements
of the electron cyclotron emission (ECE) radiometer. Indiseharges under consideration, the
innermost ECE channel probes the plasma at apout0.25. We select a radial location in
the plasma, likgp = 0.5 in the following example, extract the temporal evolutidaensity and
temperature from the IDA density profile and the ECE measargsand finally plot the density
versus the temperature. An example is shown in figure 2. Wiremiodulation is sufficiently
slow, static values of density and temperature are readiedsame time, which can be found
in the diagram in the top left (ECRH off) and bottom right (EERNn) corner of the curve.
When switching on and off ECRH power, the system does noveumtween those two points
along a straight line, but, in contrast, is characterizedcaldgst response of temperature and
a delayed response of density. Accordingly, a hysteresis iio the local density-temperature
diagram occurs, which is run through in the clockwise dioetin the density pump-out case.
In the figure, this is illustrated by plotting the data poimtslifferent color, depending on their
timing relatively to the last heating pulse.
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The first and second half of
the pulse are shown in differ- 25 PR R ——————
ent color, as well as the first .ol gafce & "o | “"Eﬁ%@fﬂjim
and second half of the time in-

terval in between the pulses, a
indicated in the legend of the
figure. At higher collisionality,
where ECRH increases the den-
sity peaking, the static values are .., |
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clockwise direction. Depending

on the global plasma parameterSigure 2: Density-temperature diagram@t= 0.5 during

and the radial location, the areaodulated central heating. The static values for ECRH off

enclosed by the hysteresis loogre located in the top left, and those for ECRH on in the

varies. bottom right corner. The hysteresis curve in run through in
the clockwise direction.

In the existing literature on the

density response to local heat

sources, the focus is mostly only on the static density m®fihat occur after a sufficiently

long settling time after switching the heating power to a mewvel. The experimental data ob-

tained here, however, opens up the opportunity to learn rmboeit the coupling mechanism

between density and temperature from the transient behavio

In transport models, the particle fliixis commonly described by the empirical formula [5]

. . OT
= —Dlne — CTneT + Vphe, 1)

whereD is the diffusion coefficientyp the pinch term an@t the thermodiffusion coefficient.
The latter provides coupling between density and tempegdty introducing a contribution to
the particle flux which is driven by temperature gradients.

We performed transport simulations with the ASTRA code iteorto investigate whether the
occurrence of a hysteresis loop in the— Te diagram can be reproduced on the basis of the
above transport equation. For the simulation, a staticaeamperature profile was used, whereas
for electron density and temperature, a measured profike sarives as initial condition and
is then evolved dynamically on the basis of the transporaggus. Electron cyclotron heating
with central deposition and square wave power modulatidimia is implemented in the model.
With the 3 coefficient®, Cr andvp in equation (1) and the heat transport coefficig),(there
are all in all 4 free parameters in the simulation which havied adjusted.
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It was found that already the L8 Y Y
use of transport coefficients that sl T
are constant in time and radius
yields a hysteresis loop, how-
ever, its shape is not well con-
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cal. By introducing a critical gra- 152 i
dient model [6] for the heat 151 | T
transport coefficientye, which L5
provides more realistic tempera-

ture profiles, and a temperature-
dependent inward pinch ternfigure 3: A hysteresis curve simulated with the ASTRA

Vp = Vpo + const - % a more re- code. The thermodiffusion coefficient has been set to zero,

alistic description of the hystere-bUt a temperature-dependent inward pinch was used.
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sis curve is obtained, as figure 3
illustrates. Thele dependence ofp couples the density to the temperature and removes the
need for the thermodiffusion term, i€y is set to zero.

To sum up, the transient behavior of density and temperaasdeen investigated in plasma
discharges where the application of central electron hgatifects the shape of the density pro-
file. A sequence of heating pulses has been injected intonalasvith different global parame-
ters, where secondary effects due to gas puff modulatiorldsttansition have been avoided.
It has been found that the evolution of the local density andperature at a given radial loca-
tion in the plasma is characterized by a hysteresis looph Wialitative ASTRA simulations,
it has been shown that the occurrence of such a hysteresrs isuexpected on the basis of the
transport equations for heat and particles, and that theesbfthe curve varies depending on
the settings made for the transport coefficients. Therefomre detailed information on those
coefficients can be obtained by analyzing the transient\ehavhich we intend to do in more
detailed studies in the near future.
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