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In the recent years, it has been found that the application of local heat sources in a fusion
plasma can influence the shape of the density profile. This shows that a coupling between heat and
particle transport exists, which is taken into account in transport models by introducing off-diagonal
transport coefficients. In existing studies, the focus of analysis is mostly on the density profile that
occurs after a sufficiently long settling time after altering the heating power level. In this article,
the transient behavior of temperature and density in response to steps in the applied heating power
is analyzed, which leads to the observation of hysteresis loops in the local density-temperature
diagram. Based on numerical transport simulations, it is shown that the occurrence of hysteresis
curves can be reproduced on the basis of today’s physics understanding, where the shape of the
curve provides additional information on the transport coefficients and their interdependences.

I. INTRODUCTION

The spatial distribution of density in a fusion experi-
ment is of significant importance as it enters in numer-
ous analyses and substantially contributes to the fusion
performance. Despite of the fact that particle fueling
is mostly peripheral, centrally peaked density profiles
are regularly observed in tokamak discharges. Density
peaking in the hot plasma center is beneficial for achiev-
ing high fusion rates. A profound understanding of the
underlying transport phenomena is therefore mandatory
in order to reliably predict the peakedness of the den-
sity profile in next-step fusion devices, and finally their
achievable fusion power.
It has been shown in many experiments that the appli-
cation of local heat sources in the plasma can influence
the shape of the density profile under certain conditions
[1] [2] [3]. In low-density L-mode discharges, for exam-
ple, the application of electron heating at or close to the
magnetic axis causes a reduction of the core density and
thus a flattening of the density profile. This effect is often
referred to as density ’pump-out’ in the literature. De-
pending on the global plasma parameters, the effect can
also reverse sign, resulting in an increase of the density
peaking in response to central heating. It was recently
found that the effective collisionality is a key parame-
ter for characterizing the density profile response to local
heating [4] [5].
In existing studies on the impact of heating on the density
profile, usually the static density profile is analyzed which
occurs after sufficiently long settling time after switching
the heating power to a new level. In this article, however,
the focus will be on the transient behavior of tempera-
ture and density in phases where the heating power is
increased or decreased in steps. In the 2009 ASDEX Up-
grade experimental campaign, a new diagnostic came into
operation which yields a density profile in real-time that
is calculated from the line-integrated measurements of 5
horizontal interferometer channels by a fast deconvolu-
tion algorithm [6]. The new capabilities provided by this
diagnostic were used to feedback control the shape of the

density profile in real-time, which resulted in the need
for an actuator that is able to modify the spatial distri-
bution of density. It was decided to use central electron
cyclotron resonance heating (ECRH) for this purpose,
making use of the density pump-out effect. In prepara-
tory experiments, series of identical ECRH pulses were
injected into the plasma in order to test the reproducibil-
ity of the effect and to explore the achievable amount of
flattening. The data collected in these discharges con-
tains a large number of transient phases for both, rising
and falling edges in the applied ECRH power, and there-
fore turned out to be an excellent basis for temporally
resolved heat and particle transport studies. These stud-
ies show that at a given radial location in the plasma,
the curve along which the system evolves in the local
density-temperature diagram is not a straight line, but a
hysteresis loop when ECRH is switched on and off peri-
odically.
It will be shown that this transient behavior can be re-
produced with the ASTRA simulation code on the basis
of the transport equations for heat and particles. The
occurrence of a hysteresis curve is predicted by the sim-
ulation for practically any setting that can be made for
the transport coefficients, however, its shape clearly de-
pends on the choice of those coefficients. The analysis of
the transient behavior observed in the experiments can
therefore yield additional constraints on the transport co-
efficients and their interdependences which one could not
obtain from the pure analysis of the stationary profiles
of density and temperature occurring after some settling
time.
The second section of this article describes the experi-
mental studies that have been carried out on ASDEX
Upgrade and deals with factors which might bias the ob-
served results and therefore have to be avoided. The
third section is dedicated to the analysis of the transient
behavior of density and temperature in the experiments.
Section four presents ASTRA simulations which model
the temporal evolution of temperature and density profile
on the basis of the transport equations for heat and par-
ticles, and section five summarizes the results and gives
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an outlook to future studies.

II. EXPERIMENTS ON ASDEX UPGRADE

As detailed in the previous section, the experiments
on which this study is based were primarily carried out
with the aim of exploring the capabilities of ECRH as an
actuator that allows for modification of the shape of the
density profile. Aspects of particular interest were the
achievable amount of flattening or peaking of the den-
sity profile, the speed at which the profile changes and
the reproducibility of the process. With respect to the
last point, there was the concern that after a heating
cycle, which consists of an ECRH pulse and a subse-
quent phase of equal length without ECRH, the plasma
might not fully return to the state before the heating
pulse. That way, the plasma parameters might continu-
ously drift in one direction during a sequence of heating
pulses, which can in turn change the density response to
the heating pulses. For this reason, always a series of
identical heating pulses was injected into the plasma. If
the time traces of density and temperature are strictly
periodic in this phase, i.e. return to the same level at
the end of each heating cycle, one can conclude that no
such drift is present. This series of heating pulses used
in the experiments turns out to be an excellent basis for
the transient studies presented in this article.
Experiments in both, L-mode and H-mode discharges
have been performed. In literature that is based on
earlier ASDEX Upgrade experiments, a strong density
pump-out effect is reported for low-density L-mode dis-
charges [3]. Accordingly, L-mode discharges at line-
averaged densities of 2-3·1019m−3 were chosen as the
starting point for the recent studies. One important ques-
tion is how to keep the global density at a roughly con-
stant value during the phase with ECRH pulses, meaning
that the density time traces shall, besides the modula-
tion caused by ECRH, remain at a constant level. This
implies that the density returns to its original value af-
ter each ECRH pulse, which is an essential requirement
for testing the reproducibility of the effect. In general,
keeping the density constant is achieved by feedback-
controlling the gas inlet valves on the basis of the line-
integrated density measured by the central interferom-
eter chord. This procedure allows to keep the density
very well at the desired value during the flat-top phase
of a discharge. When applying ECRH pulses that cause
a modulation of the core density, however, secondary ef-
fects on the density result from operating the gas valves
in feedback mode: A reduction of the core density causes
an opening of the gas valves through the feedback loop,
resulting in increased plasma fueling at the edge. As a
result of this, there are two external factors acting on the
plasma density, whose effects are difficult to disentangle
in the further data analysis. Operating in gas feedback
mode was found to speed up the flattening of the den-
sity profile by ECRH, as the reduction of the density in

the center by the pump-out effect is accompanied by in-
creased peripheral fueling which causes the edge density
to rise. For the application of feedback controlling the
shape of the density profile, operating in gas feedback
mode was therefore convenient as it made the density re-
sponse to central ECRH faster.
When studying the impact of local electron heating on
the density profile, however, any modulation of the gas
inlet rate in the phase with the ECRH pulses states an
unacceptable biasing factor. It would prevent an unper-
turbed observation of the effect of ECRH, as also gas
puff modulation affects the density profile. For this rea-
son, the data set used for the study has to be restricted to
those plasma discharges that were performed at a fixed
gas inlet rate. This method is less convenient from the
practical point of view, as keeping the density at the
desired value then requires adequate fine-adjustment of
the gas rate. The precise gas level that is required for
staying at a certain density also depends on the machine
condition, therefore, experience from previous discharges
is necessary to get the right setting. However, only this
method allows for unbiased observation of the ECRH im-
pact on the density profile.
Besides modulation of the fueling rate, another biasing
factor has to be taken into account: When perform-
ing experiments in L-mode discharges, the application
of ECRH might increase the total heating power above
the threshold for an L-H-transition. As this transition
is characterized by the occurrence of an edge density
pedestal, it has severe impact on the density profile. To
sum up, an unbiased observation of the density response
to central ECRH requires operation at a fixed gas fuel-
ing rate, and in case of L-mode experiments, it has to be
made sure that the threshold for the transition to H-mode
is not reached when adding the desired level of ECRH
power, e.g. by exploring the H-mode power threshold
beforehand. In the following, only data from discharges
will be used for deeper analysis in which these two points
have been observed. Just to illustrate the possible impact
of such biasing factors on the result, one example of a dis-
charge will be shown where gas puff modulation due to
feedback on the line-integrated density was present.
In all the experiments discussed in this article, the
electron cyclotron heating system was operating at a
frequency of 140 GHz, which corresponds to second-
harmonic absorption at a toroidal field of 2.5 Tesla. To
achieve central deposition of the heating power, it was
therefore important to ensure that the magnetic axis is
located close to the ECRH resonance layer and that the
beam launcher is adjusted appropriately. By ray tracing
calculations after the discharge, it has been verified that
the ECRH power deposition is located at a normalized
poloidal flux radius of not more than ρpol = 0.25 in those
discharges that are used for analysis.
The relevant quantities for analysis will be the electron
temperature and density. A local measurement of the
temperature can be obtained from the electron cyclotron
emission (ECE) radiometer, which probes the plasma at
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points that are fixed in space for a given toroidal field. If
the plasma moves or the flux surface geometry changes,
the flux coordinate (like the normalized poloidal flux ra-
dius ρpol) corresponding to these points also changes. For
this reason, time-dependent mapping of the ECE chan-
nels to flux radii is required. The density reconstruction
in the plasma core relies on the line-integrated measure-
ment by the five horizontal lines of sight of the DCN
interferometer. The local densities that are required for
this study are taken from a density profile, which is cal-
culated by deconvolution of the line-integrated interfero-
metric measurements and also includes data from lithium
beam impact excitation spectroscopy in order to more re-
liably depict the density characteristics at the edge. This
approach of integrated data analysis from multiple diag-
nostics, which is based on Bayesian probability theory, is
described in detail in [7]. As discussed there, the uncer-
tainties of the reconstructed density profile in the core
region of the plasma are minimal at the radial locations
where a chord of the interferometer is tangential to the
corresponding flux surface. If the most central viewing
chord of the interferometer does not intersect the mag-
netic axis, which is the case for the majority of plasma
configurations on ASDEX Upgrade, the innermost part
of the plasma is not probed by the interferometer and the
density profile in this region has pure extrapolation char-
acter, resulting in very large error bars. In the further
analysis, this innermost part of the plasma will therefore
be excluded.
Figure 1 shows the time traces of a low-density L-mode
discharge in which density pump-out is observed. For
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FIG. 1: Time traces of the 5 line-integrated densities mea-
sured by the DCN interferometer, applied ECRH power and
electron temperature measured by an inner ECE channel
(from top to bottom) for ASDEX Upgrade discharge #25091
(Ip = 600kA, BT = 2.5T , q95 = 6.3), in which density pump-
out is observed. The energy confinement time in this dis-
charge varies between roughly 220 ms (without ECRH) and
90 ms (with ECRH).

the ECRH, square wave power modulation with a pe-
riod of 200 ms and 50% duty cycle is applied. As the

5 time traces of the DCN interferometer show, the den-
sity response to the heating pulses mainly occurs in the
plasma center, whereas the edge interferometer channel
does not show much modulation. The third time trace
corresponds to a channel of the ECE radiometer, which
probes the plasma at ρpol ≈ 0.3. The pump-out effect in
L-mode was found to be strong at low density only. Going
towards higher density, it becomes weaker, then vanishes
and finally reverses sign, i.e. above a certain density level,
central heating increases the density in the plasma cen-
ter. As we have already discussed in [6], the collisionality
was found to be a good parameter for characterizing the
density response to central heating. At low collisionality,
the trapped electron mode (TEM) is the dominant mi-
croinstability and density pump-out is observed. Above
a certain value of the collisionality, the ion temperature
gradient (ITG) mode becomes the dominant turbulence
type and central heating peaks the density profile [8].
This is consistent with the observations presented in [9],
according to which thermodiffusion reverses sign at the
transition from TEM to ITG. In H-mode discharges, we
found that for a wide range of discharge parameters, no
significant density response to central ECRH can be ob-
served. This is regularly the case when the applied neu-
tral beam injection (NBI) power, which is used to ob-
tain H-mode, is much higher than the available ECRH
power. At least one set of parameters at low plasma cur-
rent (Ip = 600kA) was discovered for which clear density
modulation can be observed. The corresponding time
traces of a discharge that was heated by 2.5 MW of NBI
are presented in figure 2. Here, heating in the core peaks
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FIG. 2: Time traces of the 5 line-integrated densities mea-
sured by the DCN interferometer, applied ECRH and NBI
power and electron temperature measured by an inner ECE
channel (from top to bottom) for ASDEX Upgrade discharge
#25456 (Ip = 600kA, BT = 2.5T , q95 = 6.6). In this H-mode
discharge, central heating increases the core density. The en-
ergy confinement time in this discharge is about 65 ms.

the density profile, as can be seen from the behavior of
the core interferometer channel. The edge channels, in
contrast, do not show any modulation. Similar ASDEX
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Upgrade discharges that show identical behavior are dis-
cussed in [8]. The detailed transient analysis of the dis-
charges shown in figures 1 and 2 is presented in the fol-
lowing section.

III. TRANSIENT BEHAVIOR OF LOCAL

TEMPERATURE AND DENSITY

The aim of this study is to monitor the temporal evo-
lution of the local electron temperature and density at
a given location in the plasma during the ECRH mod-
ulation phase. In the experiments discussed here, the
minimum flux radius down to which the ECE diagnos-
tic probes the plasma is slightly inside ρpol = 0.2, which
restricts the radial range that can be used for analysis.
A more stringent limitation, however, results from the
presence of sawtooth activity. This is illustrated in fig-
ure 3, which shows time traces for three different ECE
channels in an L-mode discharge. The signal of the inner-
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FIG. 3: Time traces of 3 ECE channels for discharge #25091.
The time traces are shown with an artificial vertical offset for
better visibility. The ordinate is scaled in 2 keV per (large)
division, but no absolute scale is given due to the offsets.
The 3 black time traces show the result of averaging the sig-
nals over 0.3 milliseconds. Channel 60 probes the plasma
at ρpol ≈ 0.15, channel 55 at ρpol ≈ 0.3 and channel 50 at
ρpol ≈ 0.4. For reference, the applied ECRH power is shown
by the bottom trace (in arbitrary units).

most ECE channel is dominated by precursor oscillations
with a frequency around 3 kHz in the phases with ECRH
on, which are temporarily interrupted each time a saw-
tooth crash occurs. In the phases without ECRH, there
are no precursor oscillations, but each crash causes a sud-
den drop of temperature. Further outwards, the steps in
temperature in the ECRH off phase vanish, the crashes
just appear as short spikes on the time trace. The pre-
cursor oscillations in the ECRH heated phase, however,

remain. Even further outside, also the precursors disap-
pear. Figure 4 shows a spectrogram of the ECE data
at ρpol ≈ 0.3. The precursor oscillations in the ECRH
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FIG. 4: Spectrogram of ECE channel 55 (ρpol ≈ 0.3) for dis-
charge #25091. The sawtooth precursor oscillations at about
3 kHz, as well as higher harmonics, are clearly visible.

phase are clearly visible and have a frequency of about 3
kHz, including also higher harmonics. This sawtooth be-
havior seems to be similar to the observations presented
in [10], where ECRH deposition close to the q=1 sur-
face has been shown to strongly influence the sawtooth
characteristics. All in all, the occurrence of sawtooth ac-
tivity has two consequences for our data analysis, which
includes Te measurements: On the one hand, ECE data
from the innermost channels (ρpol < 0.25) should not
be used, as the sudden drops of temperature caused by
sawtooth crashes would then bias the result. Outside
ρpol = 0.25, these crashes just cause short spikes on the
temperature signal, which will result in single outliers
in the following scatter plots, but not distort them. On
the other hand, the fast sawtooth precursor oscillations
would considerably increase the scatter in the following
density-temperature diagrams when analyzing a radial
interval of about 0.25 ≤ ρpol < 0.4. For this reason, the
ECE data will be averaged over time intervals of 0.3 ms
in order to reduce the scatter caused by the precursor os-
cillations. The smoothed ECE time traces obtained that
way are also shown in the figure. In the phase without
ECRH, the effect of averaging is marginal.
When extracting local densities from the density pro-
file, which relies on interferometric measurements in the
plasma center, one has to be aware that the innermost
channel of the interferometer reaches a minimum ρpol of
about 0.2 in the given discharge, but does not penetrate
deeper towards the plasma center. For this reason, the
density profile has just extrapolation character in the re-
gion 0 ≤ ρpol < 0.2, but is not based on a measure-
ment. As discussed above, the use of ECE data inside
ρpol = 0.25 is unfavorable anyway, therefore, from this
property of the density measurement, no additional re-
striction of the usable radial range for analysis results.
In contrast to the local ECE measurement, the line-
integrated measurement by the interferometer is hardly
affected by the sawtooth activity in the plasma center, as
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the smooth density time traces in figure 1 illustrate. The
diagnostic lithium beam sent into the plasma is chopped
for technical reasons [11], with a period of typically 80 ms
and an off-time of 24 ms. For this reason, there are peri-
odically occurring intervals of 24 ms in which the density
profile is not available. As we always inject a series of
identical ECRH pulses into the plasma and the ECRH
modulation period (200 ms) is not an integer multiple of
the lithium beam chopping period of 80 ms, these gaps in
the time base of the density measurement do not hinder
the analysis.
For the analysis, a series of ECRH pulses is selected which
were injected into a plasma with constant global param-
eters. Then, the temperature and density data at the ra-
dial location of interest is extracted from the diagnostics
mentioned above. As the time resolution of the diagnos-
tics differs, the data points are mapped onto a common,
coarser time base. The result is then visualized as a scat-
ter plot in which the local density is plotted versus the
local temperature. As an example of this, we discuss an
NBI-heated H-mode discharge in which the addition of
central ECRH increases the peaking of the density pro-
file. The corresponding time traces of heating power,
line-integrated density and electron temperature have al-
ready been presented in figure 2. The radial profiles of
temperature and density, which occur at the end of the
ECRH-on and ECRH-off phase, respectively, are shown
in figure 5. It can be seen that the density response to
central heating is, in this case, restricted to the inner part
of the plasma. Outside ρpol = 0.6, there is no significant
change of density. The radial range of interest for cre-
ating density-temperature diagrams is therefore narrow,
ρpol must not be smaller than 0.25 due to the lack of reli-
able ECE data further inside, but should be clearly below
0.4 in order to have substantial density modulation. Fig-
ure 6 shows the case ρpol = 0.25. The bottom left corner
in the diagram corresponds to the case where ECRH has
been off for 100 ms and is just being switched on again,
and the top right corner to the case where ECRH has
been on for 100 ms. The remarkable observation is the
fact that the trajectory in the density-temperature dia-
gram along which the system evolves between those two
points is not a straight line. In contrast, a hysteresis
loop is observed which is run through in the counter-
clockwise direction. To illustrate the temporal order, the
data points corresponding to 4 different phases of the
ECRH cycle are shown with different symbols. The first
and the second 50 ms of the ECRH phase as well as the
first and second 50 ms of the phase without ECRH can
be distinguished that way. When ECRH is switched on,
there is first a rapid response of temperature, whereas
density remains initially constant. Accordingly, starting
from the bottom left corner of the curve, the trajectory
first goes to the right, parallel to the temperature axis.
Only with some delay, density starts increasing and the
trajectory becomes curved. Finally, the point in the top
right corner is reached. When ECRH is switched off,
temperature again responds faster and decreases imme-
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FIG. 5: Radial profiles of electron temperature (top) and den-
sity (center) and ion temperature (bottom) for ASDEX Up-
grade discharge #25456. The two profiles in each plot panel
correspond to the case that ECRH has been off or on for 100
ms, respectively. They correspond to time index t = 3.4 s and
t = 3.5 s (compare figure 2).

diately, whereas the density response occurs with delay.
The result is a hysteresis curve. It is worth mentioning
that this curve is run through several times, correspond-
ing to the number of ECRH pulses, and the data points
from different pulses overlap well, which underlines the
reproducibility of the effect.
The occurrence of such hysteresis loop is not a pecu-
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ms, first 50 ms after pulse and 50-100 ms after pulse). The
curve is run through in the counter-clockwise direction.

liarity of H-mode discharges, it was observed in practi-
cally all our experiments in which a density response to
central heating was present. A further example, namely
a low-density L-mode discharge whose time traces were
presented in figure 1 already, is shown in figures 7 and
8. Here, density pump-out is observed. As the density
profiles in figure 7 illustrate, the pump-out effect affects
the whole radial range from the core to the edge, in con-
trast to the previously discussed discharge where only the
core plasma showed density modulation. Accordingly, it
is here possible to plot density-temperature diagrams for
a wider range of flux radii, see figure 8. In this case,
where heating causes a flattening of the density profile,
the points where ECRH is switched on and off are located
at the top left and bottom right corner of the diagram,
and the hysteresis loop is run through in the clockwise di-
rection. As the different radial positions in figure 8 show,
the behavior is qualitatively the same over a wide range,
just the absolute values of temperature and density and
the amplitude of variation decreases towards the edge.
In the two cases discussed so far, the gas inlet valves were
controlled in feed-forward mode, and in the L-mode case,
the applied ECRH power was far below the L-H thresh-
old. Under these conditions, we always observe hystere-
sis curves of that kind, i.e. curves that are characterized
by fast response of temperature and slower response of
density. Just to illustrate the potential bias that occurs
when these two rules are neglected, we show two exam-
ples in figure 9. The left diagram shows an L-mode dis-
charge in which density pump-out occurs, but the gas
inlet valves were feedback controlled by the core inter-
ferometer channel. As ECRH is switched on and core
density decreases, additional gas puff at the edge occurs.
As a result of this, the hysteresis curve close to the edge
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FIG. 7: Radial profiles of temperature (top) and density (bot-
tom) for ASDEX Upgrade discharge #25091. The two profiles
in each plot panel correspond to the case that ECRH has been
off or on for 100 ms, respectively. They correspond to time
index t = 2.6 s and t = 2.7 s (compare figure 1).

(ρpol = 0.9) has an unusual shape and is run through in
the counter-clockwise direction. The curves in the center
and at mid-radius are still run through clockwise, which
is characteristic of density pump-out, but their shape is
distorted. When ECRH is turned on, they initially start
in the usual manner, but as the additional gas puffed at
the edge propagates to the center, the decrease of den-
sity stops and especially the curve at ρpol = 0.25 devel-
ops a tail that is pointing to the right. The area en-
closed by the hysteresis loops is strongly reduced that
way. The right diagram in figure 9 corresponds to an L-
mode discharge with higher density, where central heat-
ing increases the core density. In this discharge, the gas
inlet valves were also feedback-controlled, but in addi-
tion, the ECRH power was high enough to trigger an
L-H transition. Accordingly, the observation of the den-
sity response to central heating is biased by two factors.
Close to the edge, a hysteresis loop is observed which is
run through in the counter-clockwise direction. Further
in the center, however, where a clear increase of density
was observed when applying pulsed ECRH with reduced
power, no loop is present any more. The overall behavior
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FIG. 8: Density-temperature diagrams at five different radii
for ASDEX Upgrade discharge #25091 during the ECRH
modulation phase. All the curves run through in clockwise
direction, as indicated by arrows for two cases.

in the center (higher temperature corresponds to lower
density) is even opposite to the response at lower ECRH
power. Detailed analysis of this discharge revealed that
roughly in the middle of an ECRH pulse, the plasma has
accumulated sufficient energy to enter into a weakly de-
veloped H-mode, which strongly affects the density pro-
file. The transition back to L-mode occurs roughly 50
ms after the end of the heating pulse. As a result of this,
the minima and maxima of the core density do no longer
coincide with the beginning and the end of the heating
pulses, but with the L-H and H-L transitions, which oc-
cur about 50 ms later. Accordingly, the basic effect of
central ECRH on the density profile is overlaid by the
stronger impact of L-H and H-L transitions in this dis-
charge.
These examples underline that much care has to be taken
in the experiments in order to observe the density re-
sponse to central heating in an unbiased way. In general,
this task is easier to fulfill in H-mode discharges, as the
triggering of a biasing L-H transition is then excluded per
se. In any case, the gas inlet rate has to be kept fixed
during the ECRH modulation phase. The proper adjust-
ment of this rate, which guarantees the obtainment of the
desired global density, requires fine-tuning and possibly
some trial and error work.

IV. TRANSPORT SIMULATIONS WITH THE

ASTRA CODE

The observation of hysteresis loops in the local density-
temperature diagram in experiments with pulsed central
ECRH has, to our knowledge, not been reported in lit-
erature before. For us, the question arises whether the
occurrence of such loops can be reproduced by an em-
pirical, preferably simple transport model. Therefore,
numerical simulations with the ASTRA code [12] have
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FIG. 9: Two examples of density-temperature diagrams which
are observed when biasing factors are present. Left: The gas
inlet valves were feedback controlled by the core interferom-
eter channel. Accordingly, density pump-out in the center
causes increased fueling from the edge. As a consequence of
this, the hysteresis loop at ρpol = 0.9 has different shape and
is run through in the counter-clockwise direction (see arrows).
Right: Gas valves were feedback controlled, and in addition,
the ECRH power is high enough to trigger an L-H transition.

been performed. The simulation is based on the follow-
ing equations for the heat flux ~qe and the particle flux
~Γe:

~qe = −χene
~∇Te (1)

~Γe = −D~∇ne − DT ne

~∇Te

Te

+ ~vpne (2)

In equation (1), we assume pure diffusion for the electron
heat transport and label the corresponding transport co-
efficient as χe. In equation (2), the labeling of the coef-
ficients follows the definition in [13], where D stands for
the particle diffusion coefficient, DT is the thermodiffu-
sion coefficient, which provides coupling between density
and temperature profile, and vp is the inward pinch term,
which allows for the occurrence of centrally peaked den-
sity profiles also in the absence of particle sources in the
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plasma center.
In the ASTRA calculations, a fixed ion temperature pro-
file is assumed, which was obtained by a charge exchange
spectroscopy measurement in the corresponding experi-
ment. It can be seen in figure 5 that the ion temperature
does not change significantly in the ECRH modulation
phase. For electron temperature and density, the mea-
sured profiles serve as initial condition only. These two
quantities are then evolved in time according to the fluxes
given by the above transport equations. The transport
equations are solved inside a normalized toroidal flux ra-
dius ρtor (which is the natural coordinate in ASTRA and
will therefore be used in the following discussion) of 0.9.
At this radius, the experimental data serves as boundary
condition. That way, there is no need to model the edge
pedestal characteristics.
For the heat transport coefficient χe, we use the critical
gradient model described in [14], which has been suc-
cessfully applied to electron heat transport studies on
ASDEX Upgrade in the past. The free parameters in
this model are adjusted in a way to provide consistency
between simulated and measured temperature profiles.
They are assumed not to be time-dependent, i.e. they do
not change from the ECRH on to the ECRH off phase.
The settings made in the present work are similar to those
used in previous studies, e.g. [15]. For the threshold,
the formula given in [16] is used, which has been shown
to yield good results in [15]. When performing the pa-
rameter adjustment, we only take into account the two
temperature profiles that occur after 100 ms ECRH on
and 100 ms ECRH off, namely those shown in figure 5.
The challenge then is to adjust the particle transport co-
efficients D, DT and vp in equation (2) in a way to pro-
vide consistency between the simulated and the measured
density profiles. Possibly, several sets of coefficients exist
which reproduce the density profiles after 100 ms ECRH
on and 100 ms ECRH off well, but differ in view of the
temporal evolution, i.e. yield different hysteresis loops.
In the following, several approaches to coefficient selec-
tion will be presented.
To provide a coupling between density and temperature,
the usual approach would be to make use of the ther-
modiffusion term with coefficient DT . As this term is
proportional to the normalized gradient of the electron

temperature, ~∇Te/Te, we have extracted this quantity
from the temperature profile delivered by the critical gra-
dient model for two points in time, after 100 ms ECRH

off and 100 ms ECRH on. It was found that ~∇Te/Te

changes in the following way when ECRH is switched on:
It decreases inside of the ECRH deposition radius and
outside ρtor ≈ 0.5, but increases in between. The density
profile, in contrast, peaks in the region from the mag-
netic axis to ρtor ≈ 0.4 and does hardly change further
outside. This different radial behavior makes it difficult
to explain the density response on the basis of thermod-
iffusion. Within several attempts, which also included
a radial dependence of DT , no set of transport coeffi-
cients was found which couples density and temperature

via thermodiffusion and reproduces the experimentally
observed density profiles well.
An alternative way of providing a coupling between den-
sity and temperature profile is to assume that the particle
diffusion coefficient D is proportional to χe. As the appli-
cation of central heating increases the heat diffusion co-
efficient according to the critical gradient model, also D
increases and changes the density profile. This approach
might work in cases where central heating causes density
pump-out, as an increase of D flattens the density pro-
file. In cases where density peaking in response to central
ECRH is observed, like in discharge #25456, however, a
decrease of D is required to explain the density response.
Accordingly, the proportionality factor between D and
χe would have to be negative. As the diffusion coeffi-
cient D must not be negative, however, this approach is
not useful for discharges where central heating peaks the
density profile.
Empirically, it was finally found that rather realistic re-
sults can be obtained by setting the thermodiffusion co-
efficient DT to zero and performing the coupling between
density and temperature by giving the inward pinch term
vp a temperature dependence. This ansatz is motivated
by the recent findings presented in [8], which indicate
that a correlation exists between the electron to ion tem-
perature ratio Te/Ti and the density gradient length, and
accordingly also the peakedness of the density profile.
From the practical point of view, this approach is very
promising as the radial dependence of Te/Ti (which can
easily be seen from figure 5 as Ti hardly varies) is similar
to that of the density: It increases from the plasma cen-
ter to mid-radius when ECRH is switched on, but hardly
changes further outside. Hence, we use:

DT = 0

vp(ρtor, t) = vWare(ρtor, t) + v1 · f1(ρtor) +

+ v2 · f2(ρtor) ·
Te(ρtor, t)

Ti(ρtor)

Here, vWare is the neoclassical Ware pinch [17], which we
include in our model, and f1 and f2 are radial functions
which have to fulfill the condition f1(0) = f2(0) = 0.
This is necessary as vp has to go to zero in the limit
ρ → 0. Otherwise, the model would deliver a non-zero
density gradient at the magnetic axis, resulting in
density profiles with non-zero derivative in the plasma
center. The choice of f1 and f2 gives us additional
freedom to match the simulated profiles to the experi-
mentally observed ones. Figure 10 shows the graph of f1

and f2 that we use in the simulation. Both functions are
polynomials which are obtained by multiplying terms
like (1 − ρ)M and (1 − (1 − ρ)N ), where M and N are
positive integer numbers. These terms ensure that both
functions go to zero in the limit ρ → 1 and ρ → 0,
respectively. For both functions, N is greater than M in
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used in the simulation.

order to have a steep drop to zero in the center and a
slower decay to zero towards the edge.
For the particle diffusion coefficient D and the coeffi-
cients v1 and v2, we use static values which are constant
in time and radius and accordingly do not depend on
temperature, density and the respective gradients. By
adjusting the ratio of D, v1 and v2, it was possible to
match the two simulated density profiles occurring after
100 ms with ECRH on and 100 ms with ECRH off to the
measured profiles. This is illustrated in figure 11, which
compares the simulated temperature and density profiles
for an NBI-heated H-mode discharge to those that were
experimentally observed in ASDEX Upgrade discharge
#25456. We take into account the fueling profile of
the neutral beam heating in our model. As central
heating increases the core density in this discharge,
v2 has negative sign. v1, in contrast, is positive and
provides an outward-directed flux which is independent
of temperature and counteracts the term with v2. The
fact that density changes mainly in the center when
ECRH is applied is reflected by the properties of f1 and
f2, which mainly differ for ρtor < 0.4, but have very
similar shape further outside. When ECRH is switched
on and Te/Ti increases, this results in increasing density
in the center. Figure 12 illustrates the effect of setting
v1 to zero and varying v2. A low (absolute) value for v2

results in a realistic density profile for the case without
ECRH, but does not provide enough density modulation.
With a higher absolute value for v2, density modulation
is realistic, but the density profiles are much too peaked.
For this reason, the additional, outward-directed term
with positive coefficient v1 is required to obtain a
realistic description of the density profile. It is worth
mentioning that up to this point, only two points in
time, just before the beginning and at the end of an
ECRH pulse, have been used as reference for adjusting
the model parameters.
Once the model has been set up this way, it is possible
to extract the temporal evolution of the local temper-
ature and density from the simulation and generate a
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FIG. 11: Comparison of the profiles simulated by the ASTRA
model (solid / dashed lines) to measured profiles (points, dis-
charge #25456). The left diagram shows the temperature pro-
files and the right diagram the density profiles. The two pro-
files in each plot panel correspond to the cases where ECRH
was on and off for 100 ms, respectively. The settings used for

this simulation are D = 2.0m2

s
, v1 = 2.0m

s
and v2 = −4.4m

s
.

The abscissa gives ρtor, which is the preferred radial coordi-
nate for the ASTRA model.

density-temperature diagram, as it was done for the
experimental data. The result is shown in figure 13.
Evidently, the simulation yields a hysteresis curve which
is run through in the counter-clockwise direction. Like
the experimental curve, it is characterized by a fast
response of the temperature, but a delayed response of
the density when the heating power level is altered. The
shape of the curve sensitively depends of the ratio D/χe,
as illustrated in the figure. When D is altered, but χe

and the ratios v1/D and v2/D are kept fixed, the profiles
shown in figure 11 do not change much, unless the values
of D, v1 and v2 are so low that the Ware pinch starts
playing a significant role. The speed with which the
density responds to changes of the temperature varies
with D/χe. At low values, the hysteresis curve is almost
parallel to the density axis at the end of a heating pulse,
meaning that the temperature has already reached a
static level, whereas the density is still evolving. Going
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FIG. 12: Effect of the variation of the coefficient v2. The
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s
. This yields a realistic density profile when

ECRH is off, but the increase of density in the center is too
low when ECRH is switched on. In the right diagram, v2 is set
to −4.4m

s
, which results in the appropriate amount of density

modulation in the center, but yields absolute densities that
are much too high.

to higher values of D/χe speeds up the density response
and the shape of the hysteresis loop changes. Compar-
ison with the experimental result (figure 6) shows that
reasonable agreement can be achieved by setting D to

a value around 2 m2

s
, which results in D/χe ≈ 1 at the

radial location shown in the figure when ECRH is on.
Having a look at the bottom left and top right corners of
the curves in figure 13, it can be seen that the amplitude
by which the temperature varies is almost the same in
all three cases. The amplitude of density modulation is

similar for D = 2.0 m2

s
and D = 4.0 m2

s
, which means

that a stationary state is reached within the 100 ms of

an ECRH pulse. In the case D = 1.0 m2

s
, however, the

amplitude of density modulation is clearly reduced. In
this case, density response is so slow that the stationary
state is not reached within the given time. The vertical
offset of the curves is due to the influence of the Ware
pinch, which makes the profiles the more peaked the
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lower the diffusion coefficient D is.
The setting D = 2.0 m2

s
provides best agreement

between the shape of the simulated and the measured
hysteresis curve for discharge #25456. Figure 14 shows
both curves at the radial location ρtor = 0.17. As
the diagrams in figure 11 have shown, maximum and
minimum density agree very well, whereas the amplitude
of temperature modulation at ρtor = 0.17 is lower in
the simulation. In the left plot panel of figure 11, it can
be seen that at this radius, the ECE measurement is
above the simulated temperature in the ECRH on case,
and below it in the ECRH off case. When going radially
outward, simulated and measured electron temperatures
match better.

From the ASTRA simulations made so far, we draw
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the following conclusions:
When studying the density response to central heating
in tokamak plasmas, the analysis of the transient
behavior of density and temperature provides additional
information on the underlying transport processes. Just
by looking at the results obtained directly before and at
the end of a heating pulse, i.e. after some settling time,
one could only determine the ratios v1/D and v2/D
in our model. Only a look at the transient behavior,
namely the trajectory in the local density-temperature
diagram, however, can also provide information on
D/χe. Therefore, temporally resolved analysis has the
potential of delivering further constraints on transport
models and on the coefficients and their interdepen-
dences within those models, as already known for other
types of transport studies [18].

In our present, rather basic approach with the AS-
TRA code, the model parameters have been adjusted
by hand in an iterative way until the desired level of
agreement between simulated and measured tempera-
ture and density profiles was achieved. As this is very
time-consuming, only a limited number of parameter
sets could be tested. We found that by neglecting the
thermodiffusion term and introducing a temperature-
dependent inward pinch, realistic simulation results can
be achieved. However, we so far cannot exclude that a
set of model parameters with non-zero thermodiffusion
and temperature-independent vp exists which describes
the experimental observations just as well. Therefore,
we avoid drawing conclusions on the temperature-
dependence of the pinch at the moment.
We are planning to perform model parameter adjust-
ment by a computer algorithm in the near future.
Once a transport model with a certain number of free
parameters has been defined in the ASTRA code, it
makes a prediction of the temporal evolution of the
temperature and density profile, Te,ASTRA(ρ, t) and
ne,ASTRA(ρ, t). By comparing them to the experimental
values Te(ρ, t) and ne(ρ, t) on a discrete, 2-dimensional
mesh (corresponding to time and radius), a kind of mean
square deviation between simulation and measurement
can be defined, which takes into account the full tempo-
ral evolution of the profiles. By minimizing this mean
square deviation, a computer algorithm can then deliver
the set of transport coefficients which best reproduces
the experimental result. As this method includes the
temporal evolution, it automatically also matches the
shape of the hysteresis loop to the experimental data
in the best possible way. The numerical effort for this
multi-parameter least squares fit, which we intend to
implement soon, is expected to be high, as it includes a
large number of ASTRA runs.
Within the scope of this article, however, we restrict
ourselves to the above ASTRA results obtained by
manual parameter adjustment, which clearly illustrate
that transient analysis has the potential of giving a
deeper insight into the transport phenomena which are

at play when the density profile shows a response to the
application of central heating.

V. SUMMARY AND OUTLOOK

In this article, the transient behavior of density and
temperature has been investigated in plasma discharges
in which the application of central heat sources affects
the shape of the density profile. Electron cyclotron heat-
ing has been used for this purpose, as this heating system
allows for very localized power deposition and can access
also the plasma center. It has been found that the tem-
poral evolution of density and temperature at a given ra-
dial location follows a hysteresis curve, which occurs due
to the fact that the temperature initially responds faster
to changes in the applied heating power than the den-
sity. This observation holds for both, cases where central
heating flattens the density profile (density pump-out),
as well as for cases where central heating peaks the den-
sity profile. Special care with respect to the experimental
conditions has been taken in order to avoid biasing fac-
tors which might affect the density profile as well.
In existing studies on density response to local heating,
the focus of analysis is mostly only on the stationary den-
sity and temperature profiles. Just in [19], results from
transient analysis are presented for FTU. The method ap-
plied there is based on Fourier transformation of density
and temperature time traces and the comparison of their
phase. In cases where central ECRH increases the core
density, a phase delay of density relatively to tempera-
ture is reported. This is consistent with our observation.
In case of sinusoidal time traces, a phase delay would
give rise to the occurrence of a Lissajous ellipse in the
density-temperature diagram, which is at least qualita-
tively pointing into the direction of the hysteresis loops
we observe. For the density pump-out case, however, no
phase delay between temperature and density is reported
in [19]. At least within the data set provided by our se-
ries of experiments, no such case was found. We always
observe a delayed response of density.
By performing ASTRA simulations, in which the trans-
port parameters have been adjusted by hand in an itera-
tive way, we have shown that the occurrence of hysteresis
loops in the ne − Te diagram can be reproduced on the
basis of today’s models for heat and particle transport.
Already in this first approach, reasonable agreement be-
tween simulated and measured profiles was achieved. A
numerical method of parameter adaption, whose imple-
mentation is within our future plans, is expected to yield
more precise results. In the following experimental cam-
paign on ASDEX Upgrade, we intend to continue our
experiments making use of the increased heating power
of the ECRH system, which has been upgraded by the
installation of additional gyrotrons. These enhanced
heating capabilities are of limited use in L-mode dis-
charges, where the L-H threshold sets an upper limit to
the amount of heating power that can be applied, but
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clearly extends the operational space for H-mode experi-
ments. It is also foreseen to study the effect of non-central

heating on the density profile by moving the ECRH de-
position region radially outward.
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