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Recent I-mode investigations from the ASDEX Upgrade tokamak are reported. It is shown that neutral-beam-
injection heated I-modes can be stationary, which is important in terms of extrapolability towards future fusion
devices. Furthermore, detailed studies on the weakly coherent mode are reported. In particular, experimental
observations point towards its existence in L-mode, before I-mode starts. Moreover, its impact on density and
temperature fluctuations is evaluated. Studies of stationary divertor heat fluxes show that in I-mode, the upstream
power fall-off length is between those observed in L-mode and H-mode. Moreover, analysis of transient divertor
heat loads shows that intermittent turbulent events, observed in the confinement region and linked to the weakly
coherent mode, are responsible for a significant part of divertor heat loads.

I. INTRODUCTION

The I-mode is an improved energy confinement regime of
tokamak plasmas which can be accessed when the H-mode
power threshold is kept high. This can be achieved by us-
ing magnetic configurations with the ion grad B drift point-
ing away from the active X-point, i.e. the so-called unfa-
vorable configurations in terms of H-mode access. I-modes
are characterized by L-mode like particle transport while heat
transport is reduced in the edge plasma [1, 2]. As a conse-
quence, a temperature pedestal is formed, while no pedestal
is observed in the density. Impurity transport properties in
I-mode are benevolent, and impurity accumulation has so far
not been observed [3], which has recently been proposed to be
due to neoclassical impurity removal [4]. The I-mode is usu-
ally accompanied by an edge instability called the weakly co-
herent mode (WCM), which has been investigated intensively
in the last few years [5-8]. It has been suggested that the
WCM might be responsible for the comparably strong particle
transport in I-mode [5, 8], and in fact, the WCM is related to
intermittent turbulent events which are generated in the edge
plasma, but inside the confinement region [9]. These turbulent
“bursts” expel particles and energy from the confined plasma
which end up in the divertor [10]. Since the I-mode is a natu-
ral ELM-free regime [10, 11], it might be suitable for a future
fusion reactor [12]. In particular, some future high magnetic
field devices are planning to explore I-mode in detail [13, 14].
In I-mode, the scrape-off layer temperature fall-off length A7
is short [15], which usually leads to a short upstream power
fall-off length A, [16, 17]. However, it has been shown that
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Ay in I-mode can be comparably large, at least larger than in
H-mode [18].

This paper reports on recent I-mode investigations on the
ASDEX Upgrade tokamak (AUG). First, it is shown that sta-
tionary I-modes can be obtained with neutral-beam-injection
heating, which has been achieved in 2017 for the first time.
Furthermore, measurements are reported which indicate that
the WCM is not I-mode exclusive on AUG. Nevertheless, it is
likely that the WCM plays an important role in I-mode trans-
port because of its dominance in the turbulence spectrum: in
L-mode, the WCM is barely visible in the density fluctuation
spectrum, while in I-mode, most of the turbulence away from
the WCM frequencies is reduced. First investigations of di-
vertor heat fluxes and the SOL power fall-off length in I-mode
have been reported for Alcator C-Mod [18]. The present pa-
per contributes measurements from AUG, and shows that in-
deed, I-mode values for A, are larger than those for H-mode,
but also smaller than in L-mode. Moreover, transient divertor
heat loads are investigated, and it is shown that the intermit-
tent turbulent events, which are observed in the confinement
region and linked to the WCM, contribute substantially to the
divertor heat fluxes.

This paper is organized as follows: section II introduces
newly obtained stationary [-modes obtained with NBI heat-
ing. Section III investigates the WCM in detail, showing its
existence in both density and temperature, and that it is not ex-
clusive to I-mode. This is followed by a more detailed discus-
sion of both stationary and transient divertor heat loads during
I-mode in Sec. IV. Section V summarizes the results of this

paper.
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FIG. 1: Stationary I-mode with NBI feedback control on the value
of Byo1. (a) NBI power, (b) pedestal top electron and ion tempera-
tures, (c) plasma energy, (d) By01, (€) Line-average densities, (f) den-
sity fluctuation spectrogram at pp,; = 0.99, (g) electron temperature
profiles, (h) density profiles. The time windows for (f) and (g) are
marked in (e).

II. STATIONARITY WITH NEUTRAL BEAM INJECTION

On AUG, before 2017, stationary I-modes could only be
obtained with electron cyclotron resonance heating (ECRH).
If neutral beam injection (NBI) was applied, even at fixed
power, the plasma edge profiles would evolve on timescales
longer than the energy confinement time, and eventually a
transition from I-mode to H-mode would occur [19]. This
is attributed to the fact that the existence window for I-mode
is comparably narrow on AUG, which normally operates at
a magnetic field strength of 2.5 T. Alcator C-Mod has shown
that the I-mode existence window opens up at higher magnetic
field strengths [20]. In fact, no I-H transitions were observed
in recent studies at 8 T on Alcator C-Mod [12].

To obtain stationary I-modes, NBI power feedback control
has recently been applied to AUG I-mode discharges. The
feedback was programmed to react on the value of the poloidal
plasma beta, Sp,1. Figure 1 shows an AUG discharge in which

the (modulated) NBI power is ramped linearly in the very
beginning of the time window (panel (a)). Att = 2.48s,
the L-I transition takes place, which can be observed in the
pedestal top electron temperature (panel (b)), which goes from
Tepea = 0.30 to 0.45keV in I-mode at ¢+ = 2.7s. The im-
proved confinement is also visible in the plasma stored en-
ergy W (panel (c)), which shows a kink at t = 2.48s. Fig-
ure 1(d) shows the preprogrammed S0 request (straight line),
and the By, time trace which was actually achieved. Feed-
back is switched on at t = 2.516 s (magenta line starts). Since
I-mode has already been entered at this point, B, is rising
and above the request value. Therefore, the NBI power is
reduced (panel (a)), and irrespective of this input power re-
duction, T, peg and W continue to rise. This reduction of NBI
input power is crucial to obtain stationary I-modes on AUG.
During the L-I transition, the density (panel (e)) stays roughly
constant.

In the subsequent I-mode phase, the request of the S, value
is stepped three times, atr = 3.1,3.8 and 4.5 s. Both 7, and W
follow these steps due to an increase in NBI power, while the
density is unaffected, which is typical for I-mode. In panels
(g) and (h), the electron temperature and density profiles ob-
tained via the integrated data analysis (IDA) framework [21]
are shown, respectively, for three different time windows indi-
cated with vertical bars in Fig. 1(e). The electron temperature
continuously increases in I-mode with respect to the L-mode
profile, while the density profile is unchanged. Note that the
confinement improvement factor Hog(y, 2) [22] is indicated in
(). It is 0.65 for the L-mode time window, while in I-mode
it is 0.81 and 0.89. On AUG, stationary I-modes are usually
observed at Hog(y,2) < 0.85, while at Alcator C-Mod, values
of up to 1.3 have been observed [20]. The question remains
whether this difference could be due to the higher magnetic
field strength of C-Mod, which tends to widen the I-mode ex-
istence window in terms of input power. Since power degra-
dation in I-mode is small (rg o« P7028) [2, 11, 20] compared
to H-mode (tg o< P~%9%) [23], this can lead to higher values
for H 98 (y, 2)

Another important observation in this discharge is the I-H
transition at = 4.82s. As soon as the plasma goes into H-
mode, the density rises strongly, and due to the B, feedback
control, the NBI heating power is reduced and the plasma un-
dergoes an H-I backtransition at ¢t = 4.97s, recovering the
I-mode with the same characteristics as before the H-mode
appeared. Note the fast loss of density at the H-I transition
which underlines the L-mode like particle confinement of the
[-mode.

Figure 1(f) depicts the density fluctuation spectrogram
measured by reflectometry at ppo1 = 0.99 [24]. Clearly, the
WCM is dominating the spectrum during the I-mode phase,
while in L-mode, it is not visible. Note also the drastic reduc-
tion of density fluctuations during the short H-mode phase and
the immediate recovery of the WCM after the H-I transition.



III. DETAILED INVESTIGATION OF THE WEAKLY
COHERENT MODE

The weakly coherent mode (WCM) has been observed dur-
ing I-mode operation on Alcator C-Mod [5] and AUG [7] and
has often been identified as a characteristic feature of the I-
mode. It has been observed to be coupled to the Geodesic
Acoustic Mode [6, 7]. The WCM has also been studied with
BOUT++ simulations [8], and some agreement with the ex-
periment in terms of frequency and width of the mode has
been obtained. Furthermore, the WCM has been shown to
be linked to pronounced density turbulence bursts [9]. These
turbulence bursts exist at various structure sizes (k, = 5-—
12cm™!, with k, the perpendicular wavenumber of density
fluctuations), and after their generation, density and energy is
expelled from the confined plasma and deposited in the diver-
tor [10]. These points show that, indeed, the WCM plays a
significant role in I-mode. However, as will be shown in the
following, the WCM is a necessary, but not a sufficient condi-
tion for the I-mode to exist.

Recent studies on AUG show that a mode can be observed
in L-mode which seems likely to be the WCM. This is illus-
trated in Fig. 2. The NBI input power Pygj is slightly in-
creased, and at t = 2.74s, the plasma enters I-mode. The
increased energy confinement is visible in the ion and elec-
tron pedestal top temperatures (c) and in the plasma stored
energy (d). In I-mode, the stored energy increases faster with
the heating power ramp than in L-mode. Note that the den-
sity (panel (b)) does not change during the L-I transition. At
t = 2.965, the I-H transition takes place, and the density in-
creases due to the improved particle confinement in H-mode.

Figures 2(e) and (f) show spectrograms of coherent density
fluctuations measured by poloidal correlation reflectometry
(PCR) [24] and temperature fluctuations measured by corre-
lation electron cyclotron emission (CECE) [25] diagnostics in
the plasma edge (ppo1 = 0.99). During the I-mode phase of the
discharge, the WCM dominates both the density and tempera-
ture spectra, and its frequency increases from fwem ~ S0 kHz
at the beginning of the I-mode to 80 kHz just before the H-
mode starts. This is the WCM which is usually related to I-
mode [5-7, 9]. However, both density and temperature spec-
tra indicate that a mode exists in L-mode long before the I-
mode starts. Note that this mode is significantly narrower and
hence more coherent than the WCM is in I-mode. However,
although the mode has lower frequency in L-mode than the
WCM of the late I-mode, it goes smoothly over into the WCM
at the L-I transition. This makes it seem likely that is is actu-
ally the WCM, which exists already in L-mode, but changes
its frequency and width in I-mode. Panel (e) shows the co-
herence of two poloidally displaced reflectometry channels,
which becomes stronger in I-mode. This does not necessarily
mean that the WCM itself is stronger in I-mode. A reduc-
tion of background turbulence — as observed on both Alcator
C-Mod and AUG - can also lead to a more pronounced co-
herence of the mode. Nevertheless, it can be followed from
Fig. 2(f) that the intensity of the WCM-related temperature
fluctuations is slightly reduced in I-mode. Because of the
density turbulence bursts, together with a reduction of tem-
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FIG. 2: Evolution NBI power (orange: average) (a), line-average
core and edge density (b), electron and ion pedestal top temperatures
(c), plasma stored energy (d), density fluctuation coherence (e), tem-
perature fluctuations(f), in a plasma with an L-mode and an I-mode
phase on AUG.

perature fluctuations, it could be speculated that the WCM is
indeed related to edge particle transport in the [-mode confine-
ment regime.

A new thermal helium beam diagnostic on AUG [26, 27]
has been used to study the effect of the WCM on edge density
and temperature fluctuations. The diagnostic is based on spec-
tral line ratio measurements, and can determine both electron
density and temperature with high spatial and temporal reso-
lution in the plasma edge and scrape-off layer (SOL).

The WCM waveforms in electron density and temperature
are shown in Fig. 3(a—¢) and (f—j), respectively. For the plot,
153 time windows of 90us duration from AUG discharge
#34640 at + = 3.68 — 3.75s have been identified and coher-
ently averaged. The phase locking is achieved by using a
density turbulence burst (cf. Refs. [9, 10]) as reference. Fig-
ure 3(a) shows the density fluctuations caused by the WCM
at four radial positions: two inside the last closed flux surface
(LCES), and two outside. Uncertainties are shown as a grey
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FIG. 3: Averaged edge and near-SOL measurements of the weakly
coherent mode in (a) electron density and (f) electron temperature
just before a density burst occurs (at 90 us). (b—e) and (g—j) show the
relative changes. For details refer to the text.

area exemplarily for the innermost position. The relative un-
certainties for the other positions are comparable. They are
obtained by using the standard deviation of the 153 time win-
dows. While the WCM is clearly visible at radial positions
inside the separatrix (black solid and blue dotted), its impact
is reduced once the separatrix is reached and further outside
in the SOL (magenta dashed and red dashed-dotted). During
the time window, the WCM amplitude increases. To guide
the eye, dashed lines are drawn for the innermost measure-
ment position. The growth in WCM amplitude reminds of
the growth of the WCM precursor events just before the burst
appears [9, 10]. Fig. 3(b—e) show the relative fluctuation am-
plitudes caused by the WCM on the density. The strongest
impact is at the innermost position (ppe; = 0.992) and amounts
to relative amplitudes of roughly 20 %. Equivalent time traces
for the electron temperature at the same radial positions are
shown in Fig. 3(f—j). Basically, the trend is similar in that the
WCM is visible inside the confined plasma but not outside.
However, the temperature fluctuation amplitudes connected to

the WCM amount only to 10%. This means that the relative
fluctuation amplitudes of the WCM are twice has high for the
density compared to the temperature. No significant phase dif-
ference can be observed between the density and temperature
waveforms of the WCM.

Summarizing the above, it is highly probable that the WCM
is not exclusive to I-mode, at least in AUG. However, since
in I-mode the background turbulence is strongly suppressed,
it dominates the fluctuating quantities. It seems likely that
due to this suppression of background turbulence, the WCM
couples to the density turbulence bursts [9, 10]. Furthermore,
the WCM is clearly seen in both electron density and tem-
perature, and it exists in the edge pressure gradient region in-
side the LCFS. The WCM impact on density is about twice as
strong as it is on the temperature. These observations further
strengthen the idea that the WCM is responsible for the edge
particle transport in I-mode [5].

IV. DIVERTOR HEAT LOADS AND POWER FALL-OFF
LENGTHS

For any future device and operational regime, the divertor
heat load is of particular importance. In any device in equi-
librium, the heat fluxes from the core plasma due to external
heating and internal alpha heating will partly be radiated, but
a large fraction will cross the separatrix and flow along the
magnetic field lines into the divertor. Since the parallel trans-
port is fast compared to the perpendicular transport, a large
fraction of this power will be deposited in a narrow region in
the divertor, quantified by the so-called power fall-off length
A4 [28, 29]. In the present paper, A, refers to the power fall-
off length mapped to the outer midplane. Large values for
Ay are beneficial, since the power crossing the separatrix is
spread onto a larger area in the divertor. Usually, in L-mode
and H-mode, due to Spitzer-Hdarm conductivity, a scaling of
Ag = 2/727, is obtained [16, 17, 30]. Since A7, is roughly a
factor of two smaller in H-mode than in L-mode [17], this
makes the problem even larger in H-mode. Investigations
done by Terry et al. on Alcator C-Mod have shown that 4, in
I-mode is significantly larger than in H-mode [18]. This sec-
tion investigates both stationary (Sec. IV A) and transient di-
vertor heat loads (Sec. IV B) in I-mode. The latter are caused
by the WCM in connection with the intermittent turbulence
bursts from the confinement region.

A. Stationary divertor heat loads

Figures 4(a—d) shows heat flux profiles from the outer di-
vertor for L-mode (a), two different I-mode time points (b,c),
and inter-ELM H-mode (d). To obtain these data, the IR-
thermography diagnostic has been used, which measures the
temperature of a divertor tile. The temporal evolution of the
tile temperature allows one to infer the heat flux density by
solving the heat diffusion equation inside the tile [31]. A fit
reflecting a Gaussian convolved with an exponential is used
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FIG. 4: Example outer divertor heat flux profiles for (a) L-mode, (b)
early I-mode, (c) late I-mode, (d) H-mode. The late I-mode profile
shows a second bump at 115 mm, which is due to the bursty char-
acter of late I-mode phases. See sec. IVB for details. (e) Power
fall-off length A, (mapped to the outer midplane) during a L-, I- and
H-mode transition on AUG and (f) corresponding SOL density and
temperature fall-off lengths. For details, refer to the text.

to characterize the power fall-off length 4,. For details, see
Refs. [29, 30, 32].

The H-mode profile (d) is narrower and shows a more pro-
nounced decay than the L-mode profile (a). Also, the peak
heat flux value is reduced in H-mode w.r.t. L-mode. This is
because some of the heat is transported out of the plasma via
type-1 ELMs, and in this discharge the radiated power in the

H-mode phase is a factor 2 above the radiated power in the L-
mode phase. The width of the I-mode heat flux profiles (b,c) is
in between those of L-mode and H-mode. Figure 4(c) shows
an interesting feature observed in late I-modes: some of the
heat flux profiles exhibit higher values than those in early I-
mode. This is related to the intermittent and bursty transport
increasing with I-mode confinement quality [9]. More details
on the intermittent bursty transport are reported in Sec. IVB
and Refs [9, 10, 33].

Figure 4(e) shows the temporal evolution of A, for a plasma
going from L-mode through I-mode into H-mode. The mea-
surements have been obtained on both the outer (») and the
inner (<) divertor. One might expect that the value of 4, ob-
tained from the outer and inner divertor measurements should
be equivalent as both are mapped to the outer midplane. How-
ever, Fig. 4 shows that there is a slight discrepancy, where
A, obtained from the inner divertor measurements is below
the values obtained from the outer divertor measurements.
This could be due to the vertical magnetic drifts of ions and
the plasma triangularity [30, 34]. Nevertheless, the relative
changes of A, are independent of whether the values are ob-
tained from inner or outer divertor measurements. From L-
mode (black) to I-mode (red), there is a slight reduction of 4,
from roughly 2.1 mm to 1.7mm. In H-mode, 4, ~ 1.5mm.
These results confirm measurements from Alcator C-Mod,
where A, in I-mode is larger than in H-mode [18]. The com-
parably large values for A, in I-mode are interesting with re-
gard to future fusion devices. However, it should be noted
that if a future device is built with a standard divertor, then
attached I-modes will deposit too much energy on the diver-
tor. Therefore, it is necessary to study whether it is possible to
obtain detachment in I-mode. Corresponding experiments are
planned for the near future on AUG.

The density and electron temperature fall-off lengths mea-
sured with the Thomson scattering system [35] are depicted
in fig. 4(f). While A7 is reduced from L-mode to H-mode,
A, stays at the same value. This is reminiscent of the decou-
pling of energy and transport channels in I-mode. Only when
the plasma goes into H-mode is 4, reduced, while A7 barely
changes. The temperature fall-off length in I-mode is Ay =
6 mm, the power fall-off length A, ~ 1.7 mm, which indicates
that the I-mode SOL is dominated by Spitzer-Harm conduc-
tivity, which relates both quantities through 4, = 2/747.

B. Transient divertor heat loads

As mentioned before, apart from stationary divertor heat
loads, the I-mode also exhibits an increased degree of inter-
mittency, which is also reflected by observations in the diver-
tor.

Figure 5 shows a time window including L-mode, I-mode
and H-mode, which displays a large degree of intermittent
fluctuations in the I-mode phase. Panel (a) shows the pedestal
top electron temperature, which is roughly 330 eV in L-mode
and starts to increase at t = 4.1s, when I-mode is entered.
About one confinement time later, at ¢t = 4.2 s, it has reached
440 eV, which is an increase of 33 %. Once the higher pedestal
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top temperature is established, small dips appear at irregu-
lar time intervals in 7,. These dips correspond to the turbu-
lence bursts already reported in [9, 10, 33]. As pointed out
previously, the I-mode edge is a factor of three away from
the peeling-ballooning instability boundary [10, 11], which
means that these events are not type-I ELMs. At ¢ = 4.415s,
the plasma enters H-mode, which is seen in a further increase
of the pedestal top T,. The type-I ELMs in the later H-mode
phase are very pronounced, and by comparison with the I-
mode dips it becomes clear that the I-mode events are quite
different from type-1 ELMs.

For comparison, panel (b) shows measurements from an
absolute extended ultraviolet (AXUYV) diode based bolometer
diagnostic [36]. Depicted are two lines of sight which impact
the inner and outer divertor. In I-mode, the intermittent behav-
ior is confirmed also from bolometry measurements. Note that
the radiation is significantly reduced at the sharp drop of the
signal at the I-H transition, and that the signal caused by the
ELMs is significantly different from the I-mode burst induced
bolometry response.

The divertor heat fluxes are plotted in panels (c) and (d)
for the inner and outer divertor, respectively. The y-axis is a

spatial coordinate along the divertor target. In L-mode, the
heat fluxes are comparably smooth and few fluctuations are
visible. This does not change substantially when [-mode is
entered (¢ = 4.1s). However, as soon as the I-mode temper-
ature pedestal is established at t ~ 4.2 s, strong divertor heat
loads related to the small T, dips from panel (a) are measured
on both outer and inner divertor. This intermittent behavior
only ceases when the ELM-free phase of the H-mode starts.
Later, the ELMs are clearly visible in the divertor heat load
signals.

In summary, divertor heat loads in I-mode are seen of both
stationary type, where A, is between those of L- and H-mode,
and transient type, where intermittent events are observed,
which impact the divertor. Future studies are necessary in
order to quantify exactly the heat fluxes associated with the
intermittent bursts, which are generated in the confinement
region and linked to the WCM.



V. SUMMARY

Recent studies of the I-mode confinement regime from the
AUG tokamak have been reported. In particular, it has been
shown that with the application of NBI feedback control, sta-
tionary I-modes can robustly be maintained. This is not only
of particular importance for studies which require long time
series (e.g. IR thermography, studies of SOL fall-off lengths),
but also with regard to future devices, where I-mode could be
envisaged as an operational regime. Furthermore, H-I tran-
sitions have been observed which recover all I-mode proper-
ties, namely good energy confinement and L-mode like par-
ticle transport. These points show that the I-mode is a robust
confinement regime, which can be obtained irrespective of the
discharge history.

Furthermore, new investigations of the weakly coherent
mode (WCM) show that it might not be exclusive to I-mode,
but can exist in L-mode too. However, the WCM could be
important for the I-mode regime to keep the density transport
on an L-mode level, because the background density turbu-
lence is largely reduced in I-mode. It has been speculated that
the WCM is at least partly responsible for the density trans-
port [5, 8], in particular with the connection to the density
bursts observed on AUG [9, 10]. Moreover, it could be deter-
mined that the WCM impact is strongest inside the separatrix
and that it is barely visible in the SOL. The relative fluctua-
tion amplitudes of the WCM are twice has high for the density

compared to the temperature.

Divertor heat fluxes have been analyzed for the first time for
AUG I-modes. It has been found that the power fall-off length
4, in I-mode is smaller than in L-mode, but also larger than in
H-mode. With respect to H-mode, this is beneficial in terms
of divertor power loads, which will be spread over a larger
area, alleviating the material requirements. Furthermore, it
has been shown that the divertor experiences transient heat
loads in [-mode. These transient heat loads are caused by so-
called turbulence bursts, which are generated in the confined
edge plasma and linked to the WCM, whose dominance in
the density fluctuation spectrum is closely related to I-mode.
These bursts are not type-1 ELMs, which typically cause sig-
nificantly larger divertor loads.
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