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Abstract Results obtained by comparing experimental observations of core transport phenomena in
ASDEX Upgrade and predictions based on the theory of core tokamak plasma microinstabilities are
presented. In contrast to neoclassical transport, it is shown that turbulent transport does not involve
mechanisms of strong central impurity accumulation, in agreement with the experimental observation
that central accumulation can be suppressed by increasing the auxiliary central heating. Two main properties of the trapped electron mode turbulence, namely the existence of a threshold and the stabilization
produced by collisions, are demonstrated experimentally. The strong link between ion heat transport
and momentum transport is quantified experimentally by power balance analysis and found in agreement
with gyrokinetic calculations for the ion temperature gradient modes. Strong confinement degradation is
observed in low density plasmas, when auxiliary electron heating is added to dominant ion heating. It is
shown that the related ion temperature drop is consistent with the reduction of the ion temperature gradient mode threshold due to the combined effects of both the increase of the electron to ion temperature
ratio and the drop of the plasma toroidal rotation.

1. Introduction
The ASDEX Upgrade tokamak is particularly well–suited for the experimental investigation
of transport properties of fusion plasmas. The presence of three additional heating systems,
neutral beam injection (NBI) heating, ion cyclotron (ICRH) and electron cyclotron (ECH) resonance heating, allows the exploration of a rather large range of experimental conditions. In
particular, the ECH system turns out to be extremely useful for transport studies, given the
unique possibility it offers to heat the electrons in a localized and externally controlled way.
The observed response of the plasma to externally induced variations of the heat fluxes provides an extremely useful experimental bed on which predictions of theoretical models can be
compared. The theory of plasma micro–instabilities like ion temperature gradient (ITG) and
trapped electron modes (TEM) as well as electron temperature gradient (ETG) modes is the
framework within which experimental observations are compared with theoretical predictions
and tentatively understood.
In this paper we report on the theoretical understanding achieved on the behaviour of different
transport channels when varying the electron and/or ion heat fluxes. In particular, in the next
section observations of the core behaviour of highly charged impurities in AUG is compared
with predictions of the turbulent transport theory. In Section III, the electron heat transport is
experimentally quantified by means of transient transport techinques and compared with quasi–
linear predictions obtained for TEMs. In Section IV, the coupling between heat and momentum
transport and its effects on confinement are investigated.
2. Anomalous impurity transport
Core transport governs the accumulation of highly charged impurities originating from the
walls, as well as of helium ash produced in the centre of a burning plasma. Hence core impurity transport can have important consequences on the plasma performance, up to a radiative
collapse. However, the effort of going beyond the neoclassical theory and provide a theoretical
description of the experimental observations also when they exceed the neoclassical predictions
started only very recently. The experimental study of impurity transport in AUG is receiving
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more and more importance since an increasing amount of plasma facing components is covered
by tungsten–armour.
Over an extended dataset of H–mode discharges, it is observed that the brightness of the central bolometer line of sight is proportional to the brightness of a peripheral line of sight (tangent
at ρ ' 0:4) in all plasmas which have central wave heating, ICRH or ECH, or are sawtoothing,
while plasmas without sawteeth and without central wave heating show a central brightness
which is much larger [1]. These large differences can only be explained by strong central radiation of medium-Z to high-Z elements, which must have large density gradients inside ρ ' 0:4.
These results motivated a set of dedicated exper#15524
iments with Si laser ablation to quantify the ef5
PNBI
PECRH
fects [2]. The Si central diffusivity is strongly
0
increased from neoclassical values up to almost H98p
1
D
α
one order of magnitude larger than neoclassical,
0
when central wave heating is added. Correspond- Te Ti
4
ingly it is observed that the central effective heat
conductivity increases by an order of magnitude,
2
ρ=0
ρ=0.5
being at neoclassical levels before the switch–on
0
10
of wave heating, and becoming strongly anoma- ne
ρ=0
5
lous afterwards.
ρ=0.5
From these observations, the use of central
0
ρ=0.1
wave heating as a control tool to avoid tung- c w
2
ρ=0.75
sten accumulation has become regular on AUG,
1
0
where the use of ECH is more efficient [1,3,4].
10
ρ=0
Figure 1 shows an example of the strong effect of I bol
ρ=0.4
5
central ECH on the W behaviour [1].
0
As revealed by the Si trace experiments [2],
ρ=0
10
central wave heating not only can have the effect I sxr
ρ=0.4
5
of reducing the central main ion density peak0
ing, and therefore the neoclassical inward drift,
1.5
2.5
3.5
4.5
5.5
but also of increasing the central diffusion above
time (s)
neoclassical levels. Moreover, the reduction of
density peaking would not be sufficient to explain Figure 1: Time traces of the AUG H–mode
the suppresion of impurity accumulation within discharge ]15524. Plotted parameters are
neoclassical theory alone, as shown by specific quoted in the figure.
neoclassical calculations [5] with the NEOART code [6,7].
Therefore the general result in AUG is that when central heat transport is anomalous, high
Z impurities are not observed to accumulate. It must be emphasized that we refer to the very
central region of the plasma, where the temperature gradients flatten, unless a strongly localized
heat source is provided. This very general experimental result implies that, to be in agreement
with the experimental observations, turbulent transport theory should not predict any mechanism of impurity accumulation which diverges with increasing Z, for AUG plasma parameters.
This is in contrast to neoclassical theory, within which a mechanism for impurity accumulation
diverging with increasing Z is predicted.
In order to verify this experimental result within the theory of ion temperature gradient (ITG)
and trapped electron mode (TEM) microinstabilities, we have used the linear version of the
gyrokinetic code GS2 [8] and made quasi-linear estimates of the particle flux of a trace impurity
by means of a quasi–linear model which has been fixed by comparisons with the non–linear
results of the GENE code [9,10].
In a mainly electrostatic turbulent plasma, three main mechanisms transporting impurities
can be indentified in a simple fluid model, and their relative magnitude has been recently
computed with a gyrokinetic code [11]. The first is the E  B advection and compression.
The advection contributes to the diagonal transport, while the compression provides a charge

3

IAEA-CN-149 / EX / 8-5Rb

−R V / D

independent inward pinch often called curvature or q–pinch [12,13], and which corresponds
to the same pinch mechanism identified by the Turbulent Equipartition theory [14,15]. The
second mechanism, usually called thermodiffusion, comes from the coupling with temperature fluctuations via the ∇B and curvature drift and causes a pinch term which is proportional to the logarithmic impurity temperature gradient, and decreases with the impurity charge
as a consequence of the inverse charge dependence of the curvature drift [16,17,11]. The
third mechanism, which we have recently pointed out for the first time, is linked to parallel compression of parallel velocity fluctuations produced along the field line by the fluctuating electrostatic potential [11]. This pinch term is proportional to the ratio of the charge
to the mass number of the impurity, and therefore does not vanish for sufficiently ionized
heavy impurities. The peculiarity of the last two pinch mechanisms is that their direction
changes sign as a function of the direction of propagation of the instability. For instabilities rotating in the electron (ion) diamagnetic direction, the thermodiffusion term is directed inward (outward), while the parallel compression pinch is directed outward (inward).
The total turbulent pinch results as a com8
plex combination of at least these three mechanisms and therefore is connected with the
6
dominant instabilities in the plasma and finally with its turbulente state. However, what
4
is important to observe is that none of these
particle pinch terms involves a mechanism of
2
diverging impuritiy peaking as a function of
Z.
0
Figure 2 shows the Z dependence of the
pinch to diffusion ratio RV =D for a trace
−2
impurity as computed with GS2 for average plasma parameters of the AUG H–mode
−4
0
1
2
3
10
10
10
plasma presented in Figure 1 during the ECH
Z 10
phase, taken in the radial interval 0.35  r/a  Figure 2: Normalized pinch to diffusion ratio
0.55. The mass of the impurity has been taken
as computed by a quasi–linear model with the
equal to A = 2Z in the Z scan. Calculations
GS2 code, as a function of Z, with A = 2Z for
of trace impurity transport are performed by
including a third species in negligible charge different choices of input parameters related to
concentration (nZ Z =ne  1=1000) in the in- the experimental profiles of the ECH phase of
put parameters. Since for a trace impurity the the AUG shot ]15524 as explained in the text.
particle flux is linear in the logarithmic density gradient, this allows us to determine unambiguously, by linear fit of the code results, a diffusion coefficient and a pinch velocity [11]. We
note that the dimensionless ratio RV =D is independent of the factor estimating the saturation amplitude of the electrostatic potential fluctuations in the quasi–linear model and is equal
to the dimensionless logarithmic gradient of the density profile R=Ln of the trace impurity in
steady–state conditions, when neoclassical and source contributions are negligible.
In Figure 2, circles show the dependence obtained when the actual plasma parameters are
used, namely ε = 0:16, q = 1:4, s = 0:8, R=LTe = 6:5, R=LTi = 5:0, R=Ln = 2:0, Te = Ti ,
where the impurity temperature profile has been taken equal to the deuterium temperature. The
dominant instability is found to be an ITG, despite R=LTe > R=LTi , due to the relatively high
collisionality and the rather small density gradient of this plasma. The curve with triangles
shows the results of similar calculations but considering a flat temperature gradient for the
trace impurity. This allows us to single out the contribution due to thermodiffusion (curve with
crosses in the figure), which is found to be directed outwards, as the negative sign indicates,
consistently with the ion diamagnetic direction of rotation of these modes. Moreover the curve
with squares shows the results obtained in the case that a dominant TEM instability is present,
which has been obtained by increasing the logarithmic electron temperature gradient up to 9,
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and decreasing the collisionality by a factor 5. In this case the thermodiffusion contribution (not
shown) is directed inwards, and for large values of Z, where thermodiffusion becomes small, the
outward parallel compression pinch balances the inward E  B compression pinch to provide
a total pinch very close to zero and a flat or even slightly hollow density profile for highly
charged impurities. The effect of the parallel compression pinch is also visible in the case W is
considered in an experimentally observed ionisation stage, namely W 46+ . For the experimental
input parameters, this is shown in the figure by the diamond point (Z = 46 and A = 184).
0.2
The reduction of the pinch to diffusion ra0.02
qe /n e Exp.
tio with respect to the curve A = 2Z is due
qe /n e Model α = 1 0.74
exclusively to a reduction of the inward
0.15
0.015
qe /n e Model α = 0.8
pinch and is attributed to the reduction of
0.58
γ
the parallel compression pinch, which is
directed inwards for ITG instabilities. The
0.1
0.01
diffusion coefficient is instead the same as
0.31
the one obtained in the case A = 2Z, show0.21
ing that the diffusion coefficient becomes
0.05
0.19
0.005
independent of A at large values of A [11].
0.12
P ECHin [MW] 0.1
The pinch is caused by the reduction of the
0.09
0.0 0.04
Z =A ratio to which the parallel compres0
0
sion pinch is proportional [11]. The calcuamp
Exp
lation for W46+ delivers a logarithmic denphase
40
sity gradient R=LnW = 2:9, not too far from
amp
α=1
the corresponding value for electrons, conphase
sistent with a rather flat concentration proamp
30
α = 0.8
file, as observed in the experiments during
phase
the ECH phase. More in general, the re20
duction of the pinch to diffusion ratio of
highly charged trace impurities predicted
10
in the case of dominant TEM instabilities
is in qualitative agreement with the observation of an efficient flattening of the
0
0
1
2
3
4
5
6
7
impurity density profiles in the presence
R/LTe
of auxiliary electron heating observed in
Figure 3: Upper plot: electron heat flux versus
tokamaks [2,18,19]. The overall result that
R=LTe , experimental data, empirical and theoretiturbulent transport does not predict mechamp
phase
versus
anisms of impurity pinch which diverge cal models. Lower plot: χe and χe
R
=
L
,
experimental
and
modelling
data.
Te
with increasing Z is in agreement with the
whole set of experimental observations in AUG. It is also promising for a burning plasma, provided the central α heating be large enough to drive a turbulent transport up to the innermost
region of the plasma column.
3. Experimental identification of trapped electron mode turbulence properties
In AUG experiments to vary the normalized logarithmic electron temperature gradient R=LTe
were carried out using a combination of on–axis and off–axis ECH [20], while keeping the total electron heating power constant. The results pointed towards a finite value of R=LTe as the
electron heat flux tends to zero. A comparison of these results with linear calculations obtained
with the GS2 code found that dominant instabilities in these experimental conditions are the
TEMs and showed a good agreement of the heat flux dependence upon R=LTe [21]. Analogous
conclusions are drawn in similar recent experiments carried out in DIII–D [22] and TCV [23].
However in none of these experiments an explicit evidence of the existence of the threshold
is provided, since the experimental conditions were never such to allow the electron temperature to be below the threshold. More recently, experiments in AUG have been performed
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in such conditions that an explicit demonstration of the existence of a threshold is provided,
since clear signatures of a transition from below to above the threshold are observed [24].
The most complete investigations of transport
10.0
ne19
are obtained when analyses from power balance
2.4
3.0
and transient phenomena are carried out simul5.0
taneously, and to this purpose the power modulation of localized ECH is extremely well suited.
3.2
Similarly to previous experiments [20], the
ECH is deposited both on-axis and off-axis keeping constant the total heat power, 0.65 MW in
1.0
the new experiments, but differently from previ3.4
ous experiments, in the new experiments [24] the
3.5
plasma current has been reduced from 800 kA
3.7
to 400 kA, reducing the Ohmic heating power
0.3
0.4
0.5
0.6
0.7
0.8
0.9
and therefore reducing the heat flux in the centre
ρ
to much smaller values than in previous experiPB
Figure 4: χHP
e (symbols) and χe (lines) as a
ments in conditions of dominant off-axis ECH.
function of the normalized minor radius for
The experimental results are presented in Fig. 3,
together with modelling results obtained with an different values of the line average density.
empirical model [25] and with the gyrokinetic code GS2. The experimental heat flux exhibits a
clear change of slope at R=LTe = 3. The levels of central ECH power are quoted in the figure to
show the fine heat flux scan required at low values of R=LTe . The simulations with the empirical
transport model χe = q1:5 (Te =eB)(ρs=R)[χs(R=LTe R=LTcr )α H (R=LTe R=LTcr ) + χ0 ],[25],
with two choices of the exponent α, show a good agreement with the data. The same agreement
is found with the results of linear GS2 [8] calculations which use experimental values as input
parameters, and yield the growth rate at the maximum value in the kθ spectrum of the ratio of the
2 . This linear quantity is shown
growth rate to the square of the perpendicular wave vector, γ=k?
to describe rather accurately the behaviour of the electron heat flux in non–linear calculations
amp
phase
of the TEM turbulence [9]. The jumplike increase observed in both χe and χe
around
R=LTe is an additional and consistent evidence of the transition through a threshold, in this case
obtained by transient transport analyses. The fact, that, differently from what it is usually to
amp
phase
be expected, χe > χe
, provides a further indication of the existence of the threshold, as
demonstrated by the consistent behaviour of the results of the empirical model and as explained
in detail in [24].
Another property of TEMs is the stabilization with increasing collisionality (e.g. [10]). This
theoretically predicted property has been investigated experimentally in discharges at 600 kA
in which the line averaged density has been increased in a linear ramp from 2.2 1019 m 3 to
3.7 1019 m 3 . In Fig. 4, a strong decrease of χHP
e is observed with increasing density, and
therefore collisionality since the heating power is constant. In particular, at the highest density
PB
values, χHP
e is found to drop below χe . This indicates the rather unusual situation in which
the electron heat flux remains large but rather independent of the electron temperature gradient.
Micro–stability analyses with GS2 of these plasmas indicate that at low density the dominant
instability is the TEM, while it becomes the ITG for the highest density values, due to the combined effect of the increase of collisionality and the decrease of Te =Ti (see Figs. 3 and 4 in [24]).
While in these experimental conditions an increase of R=LTe implies an increase of the electron
heat flux for the TEM, for the ITG it is found that the electron heat flux is almost independent
of R=LTe . Hence, the experimental results presented in Fig. 4 can be explained by a transition from dominant TEM to dominant ITG instability in this plasmas with increasing density.
Consistent behaviours connected to a transition from TEM to ITG with increasing collisionality are observed in similar experimental conditions on the particle transport behaviour [26] and
reflectometry measurements of the perpendicular rotation velocity of density fluctuations [27].
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4. Correlations between momentum and heat transport
In AUG a strong link between toroidal momentum transport and ion heat transport is observed [28]. This is consistent with previous observations in DIII–D [29] and more recently in
JET [30]. Figure 5 shows the co–linearity observed between ion temperature and toroidal velocity gradients over a dataset of plasmas heated with all the different auxiliary heating systems
available in AUG. Assuming the following diffusive laws for both the ion temperature and the
toroidal velocity,
Qi = ni χi ∇Ti and Γφ = mni χφ ∇vφ ;
a general relationship holds between temperature and velocity gradients which can be expressed
in the form
 Q  1 χ mQ
φ
i;ICH
i;NBI
=
∇vφ
∇Ti 1 +
Qi;NBI
χi
Γφ

∇ T i / [ P i,NBI / ( P i,ICH + P i,NBI ) ]

where it has been assumed that equipartition is small in these plasmas and can be neglected with respect to direct NBI and ICRH ion heating, namely Qi ' Qi;NBI + Qi;ICH
(note that ECH does not provide direct ion heating). Hence, the co–linearity observed in
Fig. 5 shows that a connection exists between ion heat and momentum transport which can
be described as a proportionality between the ion heat and the momentum conductivities.
22
These have been computed by power balance analyNBI only
20
sis with the ASTRA code. The beam heating powNBI + ECH
ers and collisional torque densities have been computed
18
ICH (+NBI)
by the Monte Carlo FAFNER code for all the obser16
vations of the dataset, the trapped beam ions torque
14
by a parametrization over a set of TRANSP runs, and
12
the ICRH power densities profiles by a set of TORIC
10
runs [31]. A strong correlation between χφ and χi is
8
observed, as shown in Figure 6, in which the proba6
bility distribution of observations of the ratio χφ =(χi
4
χi;neo ) is plotted for three different radial positions.
2
At r=a = 0:5 the majority of observations have a rar/a = 0.5
0
tio χφ =(χi χi;neo ) between 0.9 and 1.3 (χφ =χi  1:0)
0
200
400
600
∇V
while at r=a = 0:7 most of the observations have a rator
tio around 0.75 (χφ =χi  0:65). The reduction of this Figure 5: Relationship between the
ratio as a function of the minor radius was already re- ion temperature gradient (in keV/m)
ported in [28], but is found weaker in the present study. normalized to the fraction of beam
This depedence is also consitent with local estimates of heating power and the toroidal velocthe ratio of the momentum to ion energy replacement ity gradient in [km/s /m] for a dataset
times in DIII–D [29]. These experimentally determined
of AUG discharges with NBI, ECH
values are in promising agreement with recent theoretiand ICRH heating.
cal estimates obtained by linear gyrokinetic calculations
for ITG instabilities [32], which identify a ratio χφ =χi;turb ' 0:8, rather independent of several
plasma parameters. The physical mechanism behind the observed dependence on minor radius
has not been identified yet. Trapped particle effects, which were not included in the calculations
in [32], might be the cause. The proportionality between ion heat and momentum conductivity
does not involve causality. It just indicates that ITG turbulence is equally efficient in transporting both ion energy and toroidal momentum.
This relationship does not exclude that rotation by itself can have effects on transport of both
heat and momentum. While the ratio of χφ =χi remains constant, a reduction of the toroidal
velocity, triggered by an increase of transport or an externally imposed reduction of the torque,
may imply a variation of both χφ and χi .
From the theoretical standpoint, microinstabilities are affected by the presence of a radial
gradient of the toroidal velocity by two opposite mechanisms. The parallel velocity shear has
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% of observations

a destabilizing effect and can also drive a microinstability itself, above a certain threshold (e.g.
[32]). On the other hand a radial gradient of the toroidal velocity contributes to the E  B
velocity, which controls the level of transport through shear flow stabilisation.
We observe a positive correlation in the data between R=LTi and R∇Vφ =vthi ,
which indicates that the stabilization by means of the ωExB shearing rate
dominates over the destabilization due to the parallel velocity shear [32].
The experimentally measured values of R=LTi
40
ρ = 0.7
fall in the theoretically predicted range of val35
ρ = 0.5
ues of the ITG threshold. A detailed compari30
son between the experimentally measured values
ρ = 0.3
25
of R=LTi and the linear ITG threshold has been
performed for a subset of low density (below 5
20
1019 m 3 ) plasmas with identical global param15
eters in which phases with 5 MW NBI heating
10
only are followed by phases in which up to 2
MW of ECH are added [33]. The ITG thresh5
old is determined as the value of R=LTi at which
0
the linear growth rate of the mode γGS2 com0
0.5
1
1.5
2
2.5
puted by GS2 [8] equals the value of ωExB [34].
χ / (χ − χ
)
φ
i
i neo
As shown in Figure 7, a good agreement between
the experimentally measured values of R=LTi Figure 6: Distribution of χφ =(χi χi;neo )
and the ITG threshold at mid–radius is found, over a database of 80 observations at three
provided that both destabilizing effects of the in- different radial positions
.
crease of the Te =Ti ratio and the reduction of the toroidal
rotation gradient are taken into account
[35]. Such a drop of the ion temperature profile in response to the switch–on of ECH is connected with a strong reduction of the confinement time, which is measured to decrease from 0.12
s to 0.08 s when the auxiliary heating power is increased from 5 MW of NBI to 5 MW of NBI
and 2 MW of ECH. Hence in these conditions, the observed confinement degradation, likely
caused by the drop of the ITG threshold due to the combined effects of an increase Te =Ti and
a reduction of plasma rotation as presented above, exceeds the usual scalings of confinement
time degradation with increasing power.

R / L Ti

5. Summary and conclusions
Advances in the
9
Te / Ti < 0.8
with ω ExB
theoretical underT e / Ti
GS2
9
8
no ω ExB
standing of core
Te / Ti > 0.8
8
transport phenom0.7
7
ena in AUG have
7
been presented.
6
6
1.0
It has been shown
5
that,
differently
1.2
5
NBI
from neoclassical
4
+ 0.8 MW ECH
4
theory, no mech3
GS2
anism of strong
ρ t = 0.5
+ 1.5 - 2.0 MW ECH
3
impurity accumula0
0.5
1
1.5
2
0.5 0.6 0.7 0.8 0.9
1
1.1 1.2
tion is predicted by
R ∇v φ / v thi
T e / Ti
the theory of core
Figure 7: Comparison between measured values of R=LTi at mid–radius
microinstabilities,
in agreement with and the ITG threshold dependences on R∇vφ =vthi (by means of the ωExB
the regular observa- stabilisation) and Te =Ti .
tion in AUG that central impurity accumulation can be suppressed by an increase of the heat
flux at the centre of the plasma column, driving the transport anomalous up to the very centre.
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The main properties of the trapped electron mode instabilities, namely the existence of a
threshold and the stabilization with increasing collisionality, have been demonstrated experimentally, sheding new light on the mechanisms producing electron heat transport in the plasma
core.
A strong correlation between ion heat and momentum transport in AUG has been documented
and the ratio between the experimentally determined ion heat conductivity and the momentum
conductivity is found to be close to the predictions obtained by linear gyrokinetic calculations
of ITG microinstabilities. Finally, the reduction of the normalized logarithmic ion temperature
gradient observed in response to electron cyclotron heating in plasmas heated by neutral beam
heating is found in agreement with the predicted variation of the ion temperature gradient mode
threshold, provided that both the destabilizing effects of the increase of the electron to ion
temperature ratio and the reduction of the toroidal velocity gradient are taken into account.
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