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Abstract

®

CrossMark

The I-mode confinement regime in non-deuterium plasmas has been investigated in the
ASDEX Upgrade tokamak. We report the first experimental observations on the existence and
the main characteristics of this regime in hydrogen and helium plasmas and compare them
with deuterium I-modes. Hydrogen features a higher power threshold to enter I-mode and a
higher electron edge pressure at the L- to I-mode transition with respect to deuterium.
Furthermore, all the hydrogen I-modes obtained exhibit pedestal relaxation events (PRE). The
I-mode power window in hydrogen is found to be 2—3 times larger than in deuterium. This
property allows a better characterization of PRE and to differentiate them from type-III ELMs.
Helium I-modes feature properties which are similar to those of deuterium I-modes. The
analysis on the minimum of the edge radial electric field E, shows a correlation between the
E; minimum, the net input power and the ion diamagnetic term in the ion radial force balance.
Indications of the dominant role of the edge ion temperature in the evolution of the radial

electric field with increasing input power are also reported.
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1. Introduction

The I-mode regime is characterized by having an improved
edge energy confinement while keeping density profiles
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typical of the L-mode regime [1-4]. This allows for a high core
plasma pressure without reaching the ideal peeling-ballooning
instability limit in the pedestal region and avoiding in this
way the presence of type-1 ELMs [5—7]. Nevertheless, when
the pedestal pressure is high enough (typically close to the
transition to H-mode), pedestal relaxation events (PRE) [8]
and intermittent turbulence bursts [9] can appear. These are
losses of energy and particles from the plasma edge that lead to
smaller relative energy loss (=1%) compared to type-1 ELMs.
PREs have been observed in ASDEX Upgrade [8] as well as
in Alcator C-Mod [6]. The behavior of the [-mode edge con-
finement is most likely related to the properties of the edge tur-
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bulent transport in this regime. The appearance of the weakly
coherent modes (WCM) [2, 10] is usually observed in [-mode
and it is believed to be associated with the properties of the
I-mode edge turbulence [10—12]. However, in C-Mod and in
ASDEX Upgrade, the WCM have been observed also in the
L-mode phase [13, 14] and, in DIII-D, I-modes with no clear
indications of WCM have been observed [4]. These charac-
teristics of the I-mode make it a type-I-ELM-free improved
confinement regime possibly relevant for the operations of a
future reactor, but also a source of precious information for
the understanding of the edge turbulence and the different
regimes of turbulence stabilization. An important aspect of
the plasma edge turbulence is its dependence on the main ion
mass [15]. A strong dependence of the plasma confinement
on the main ion mass is a general feature of tokamak plas-
mas [16-19], largely determined by properties of the edge.
Furthermore, a future reactor will operate in a mixed isotope
plasma of deuterium and tritium. In order to develop reliable
ELM-free scenarios and in order to extrapolate these scenar-
ios to future reactors it is then important to understand what
controls the edge turbulence and how this is influenced by the
main ion mass. To the knowledge of the authors, no ELM-free
high-confinement regime in non-deuterium plasmas have been
observed so far in tokamaks. In the effort to fill this gap, a
series of experiments has been started recently in the ASDEX
Upgrade (AUG) tokamak. We report here on the main results
on I-modes obtained in hydrogen (H) and helium (He) plasmas
and compare their characteristics with those of deuterium (D)
I-modes. This paper is organized as follows: in section 2 the
experimental settings and parameters are reported, in section 3
the main results in hydrogen and helium I-modes are reported
while in section 4 a comparison between H, D and He is given.
In section 5 the conclusions are drawn.

2. Experimental settings

The experiments reported here were all performed in the
ASDEX Upgrade tokamak (major radius Ry = 1.65 m, minor
radius @ = 0.5 m) with a full tungsten wall. All the plasmas are
in the upper single null (USN) configuration in order for the ion
VB-drift to point away from the active X-point. This allows
us to also have a higher H-mode power threshold, important
for the development of the I-mode [1, 7, 20]. The plasma
current and the toroidal magnetic field are I, = IMA and
Bt = —2.5 T with the safety factor at the 95% of the toroidal
flux g95 ~ 4. The line-averaged core density was kept around
fie =~ 6 x 10" m~3. Slow scans in the electron cyclotron res-
onance heating (ECRH) power and in the neutral beam injec-
tor (NBI) heating power were performed in order to observe
the plasma evolution from L- to I-mode and from I- to H-
mode. Regarding the NBI heating, hydrogen NBI was used
in hydrogen plasmas (allowing a hydrogen concentration
nu/ne 2, 90%), while deuterium NBI was used in helium
experiments, with a resulting He concentration of nye/n. ~
28%-35%, meaning 60%-70% of the total ion charge. The
net input power is defined as Pne; = Pnpr + Pecru + Poum —
dWMHD/d[, where Pnp; is the NBI heating power, Prcry 1S
the ECRH power, Popym is the ohmic power and Wyp is the
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Figure 1. (a) Time traces of the input heating power, line averaged
core and edge densities and 7' close to the separatrix, Hog factor and
stored energy, radiation at the outer upper divertor and PRE
frequencies. The Hog factor during the H-mode phase reaches the
value of Hgg = 1.2. Linear fits of the plasma stored energy are also
plotted (blue lines) to help to visualize the change in slope of Wyp
after the L—I transition. (b) Density fluctuations spectrogram in the
plasma edge showing the evolution of the WCM. The data is taken
from the AUG hydrogen shot #38 197 with upper single null
configuration, I, = IMA and By = —2.5 T. After t = 2.8 s the raise
of the edge temperature (while the density stays at the same level),
the change in slope of the plasma stored energy evolution, the
appearance of PREs and the appearance of the WCMs indicate that
the plasma enters into I-mode.

MHD plasma stored energy. In order to compute the plasma
thermal stored energies, the fast particle energy contents from
NBI have been computed using RABBIT [21] through a
procedure newly developed at AUG [22]. The electron temper-
ature (7T.) profiles are measured using the electron cyclotron
emission and the core and edge Thomson scattering diagnos-
tics. The ion temperature (7;) profiles are measured using the
core and edge charge exchange diagnostics while the electron
density profiles (n.) are measured using the Thomson scat-
tering data, the interferometer signals and the fits performed
using the integrated data analysis Bayesian approach [23]. A
new diagnostic based on the active spectroscopy of singly ion-
ized helium, which measures the radial electric field £, around



Nucl. Fusion 61 (2021) 054001

N. Bonanomi et al

4

I L-mode, raw
I I-mode, raw
[ H-mode, raw
=L-mode, fit
= H-mode, fit | 3l i
= |-mode, fit

AUG #38197, hydrogen

%1010

I L-mode, raw

I H-mode, raw

[ I-mode, raw

=——H-mode, fit
—I-mode, fit || 8r
=—L-mode, fit

AUG #38197, hydrogen

E s5¢
@ - )
e 4+
3r 1 L-mode, raw
1t 1r 1 I-mode, raw
2| T H-mode,raw
= |_-mode, fit
1 | |m==]-mode, fit I
=—H-mode, fit I
0 - - - - = 0 - - - - 0 - - - - -
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
P P, )
P P P

Figure 2. Radial profiles of the electron temperature T, the ion temperature 7; and the electron density n. during the L-, I- and H-mode
phases for hydrogen shot #38 197. The time intervals are 2.4 < ¢ < 2.8s for L-mode, 3.6 < # < 4.0s for I-mode and 4.08 < ¢ < 4.16s for

H-mode.

the separatrix [24], has been used to study the evolution of
the E; minimum in the confined region. In order to observe
the presence of the WCM density fluctuations measurements
were performed in the edge region using reflectometry. The
radiation at the upper outer divertor from diode bolometers is
used to study the PRE. Other quantities shown in this work
are the Hog factor [25], the plasma confinement time in sec-
onds defined as 7g = Wyup/Pnet, and the normalized gradi-
ents R/Lrie = —Ro - ViTie/Tie and R/L,, calculated using
the plasma minor radius r = (Roy — Rin)/2, Row and R;, being
the outer and inner major radius of the plasma flux surfaces,
for the gradients. The poloidal radius p, = /¥ /W ., Where
U is the poloidal flux, is used in most of the plots.

3. I-mode in hydrogen and helium

In figure 1(a) we report the time evolution of the heating
power, of the line-averaged core and edge densities, of the
electron temperature close to the separatrix, of the Hog fac-
tor, of the plasma stored energy Wymp, of the radiation at
the upper outer divertor and of the PRE frequencies for
hydrogen shot #38 197. The time evolution of the density
fluctuations spectrogram in the plasma edge from the same
discharge is shown in figure 1(b). Around r = 2.8 s the tran-
sition from L- to I-mode occurs at 7. = 5.7 x 10" m~? and
Pner = 4.8 MW (in D with similar parameters the L—I thresh-
old is around Pngr = 3.8 MW). At the same time the WCM
starts to develop and PRE appear (figure 1(a)). The plasma
enters into H-mode around t = 4.07 s and around t = 4.16 s it
returns into I-mode with increased density and stays in [-mode
until the end of the discharge. This behavior can be explained
as a consequence of the change in density. When the plasma
enters H-mode, the density increases suddenly, moving the
H-mode power threshold to higher values, while the heating
power increases too slowly to follow this change. As a conse-
quence the plasma goes back to I-mode with increased density
and more power is needed to re-enter into H-mode. A similar
behavior has been observed also in shot #38 196. In that case,
a transition into H-mode occurred at 7. ~ 5.8 x 10 m~—3 and

Pret = 5.48 MW, the plasma went back into I-mode with
fie = 6.36 x 10! m~3 and, because a faster NBI heating power
scan was applied, it re-entered H-mode at Py ~ 6.9 MW
before the end of the discharge. In shot #38 197, before the
I- to H-mode transition, the net input power peaks around
Py = 6.2 MW. This indicates that the operational power
window for the [-mode in hydrogen is larger with respect
to the deuterium one (typically < 1 MW). In shot #38 182,
at rather constant density, the I-mode phase is in the range
4 < Pner < 7.2 MW, so a power operational window of 3 MW
is possible for I-mode in hydrogen. This, in combination with
the observation that all the I-modes obtained in hydrogen
exhibit PRE from the beginning, made it possible to study
PRE in more detail. It is found that PRE amplitudes increase
with increasing input power and that their frequencies do not
decrease, or slightly increase, with heating power (figure 1(a)).
These characteristics differentiate PRE from type-III ELMs,
for which the frequencies decrease with increasing input
power [26].

The plasma kinetic profiles in the L-, I- and H-mode phases
of shot #38 197 are plotted in figure 2. The formation of an
edge pedestal in T; and T, but not in n., during the I-mode
phase is visible, while in H-mode a pedestal also in the den-
sity appears. The confinement in the I-mode phase is not
strongly increased with respect to the L-mode phase in hydro-
gen. This can be seen looking at the Hog factor (figure 1(a)),
that increases only from0.82 to 0.85. This small increase can
be related to the fact that, at the high input power needed in
hydrogen to enter in I-mode, the electron pedestal pressure
before the L—I transition is almost at the same level of the one
in I-mode and also the Hog factor is already pretty high in the
L-mode phase. In figure 3(a) the time evolution of the edge
E, minimum and of T; T, ne and R/Lr;, R/ Lte, R/L,, measured
around p,, = 0.98, is shown for shot #38197. A develop-
ment of the E, well, indicated by the decrease of the E; min-
imum, is visible only after the L—I transition, consistent with
measurements in D [7]. T; and R/ Lr; feature the strongest evo-
lution after the L—I transition, with a jump in 7; and an evolu-
tion with power of R/Lr;. Also T, evolves with power, while
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Figure 3. (a) Time traces of the edge radial electric field minimum, of T, T}, n. measured at Ppol 0.98 and of R/Lre,R/L1i,R/L,
measured at p,,; ~ 0.98 of hydrogen shot #38 197. (b) Edge radial electric field minimum as a function of the net input power for all the
hydrogen shots of the same session. (c) Edge radial electric field minimum as a function of —T;/(g; - Ro) - (R/Lti + R/L,), i.e. the ion
diamagnetic term from the ion radial force balance equation, averaged on 0.97 < p < 0.98.

ne, except during the H-mode phase, does not exhibit strong
variations. R/Ly. and R/L, do not evolve much during the
whole discharge. These behaviors are common to all the hydro-
gen discharges obtained in this study and indicate a strong
correlation between the evolution of the edge E; and the evo-
lution of T; and R/Lry;. In figures 3(b) and (¢) we show the
evolution of the edge E; minimum as a function of the net
input power and as a function of T;/n;/R - (R/Lyi + R/Ly,).
This quantity represents the diamagnetic term in the ion radial
force balance equation and is measured for all the hydrogen
shots averaging on 0.97 < p, < 0.98 and using n. as a proxy
for the ion density. A correlation of the edge E; minimum with
the net input power and with the ion diamagnetic term is visi-
ble, further confirming that the ion temperature evolution with
input power determines the evolution of E, and possibly also

the L-I and I-H transitions. These observations are consis-
tent with past observations on this aspect [27, 28]. An offset,
stronger in L-mode and reduced going towards the H-mode, is
present between the measured values of the £, minimum and
the values calculated using the ion diamagnetic term. This can
indicate that at low values of the diamagnetic term, typical of
L-modes where the ion temperature is low and with low values
of R/Lr;, the v x B term in the radial force balance could have,
at least in this unfavorable drift configuration, a bigger impact.
This observation motivates future studies on this aspect, also
including dedicated comparisons with D plasmas.

Regarding helium, we report here the main results from
the observation of a brief (5.25 < ¢ < 5.32 s) I-mode phase
observed, where WCM are evolving (figure 4(b)) and both
phases with and without PRE are present (figure 4(a)). The
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global plasma parameters (such as Br,I,,n. and go5) were
similar to the hydrogen case but the I-mode was observed
during the last phase of the discharge when the plasma current
decreased to I, = 0.85MA. In this case the L- to I-mode power
threshold at i, ~ 6 x 10 m~3 is around Pxgr = 3.8 MW, and
the Hog factor strongly increases from 0.6 in L-mode to 0.94
in [-mode. These numbers compare well with those in D plas-
mas with similar plasma parameters. Similar to D is also the
evolution of the plasma profiles, with a strong evolution of the
edge T; and T, from L- to [-mode (figure 5). Starting from
this first observation, more experiments are clearly required
in the future to allow a more complete characterization of the
properties of the [-mode in He plasmas.

4. Comparison between H, D and He I-mode
properties

In figure 6 the L-, I- and H-mode phases in the (73°,n2°)
and (T{°, n®) spaces (with T, T}, n. measured at p,,; = 0.95)
for hydrogen, deuterium and helium are shown. In D plas-
mas the L- to I-mode transition occurs around the isobar line

P2 = 2kPa and PRE start close to the I- to H-mode transi-
tion, at values around the isobar line p, g5 = 4 kPa. The two
points available for helium, one with and one without PRE,
lie within these values and compare well with deuterium. In
hydrogen, the transition into I-mode occurs at electron pres-
sures around the isobar line pys = 4 kPa. This corresponds to
the region where PRE are present in deuterium and indeed all
the hydrogen I-modes observed feature PRE. Also the transi-
tion into H-mode is shifted to higher values of pys in hydrogen.
Similar conclusions are obtained if 77° is used instead of 72"
for hydrogen and helium (figure 6). As already documented
from the profiles shown in figure 5, a strong jump in the edge
ion temperature occurs after the L- to I-mode transition in
helium, while in hydrogen the change in edge temperatures
is less strong.

In figure 7 three plots related to the plasma confinement
are shown: the net input power as a function of the elec-
tron pressure measured at p,, = 0.95 (left), the Hog factor
as a function of p° (center) and the energy confinement
time in seconds, Tg, as a function of P (right). Much more
heating power is needed in hydrogen to obtain the same
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deuterium electron pedestal pressure. As a consequence the
plasma confinement times are lower in hydrogen, the strong
degradation in 7 in hydrogen with increasing P indicating
that hydrogen is much more resilient to a change in plasma
stored energy with input power. Similar Hog factors can be
obtained between hydrogen and deuterium but in hydrogen
higher values are obtained in the L-mode phase, as the tem-
perature raises with the high input power required to enter
I-mode and H-mode in hydrogen. This determines a weak
improvement in the Hog factor between the L-mode and the
I-mode phases in hydrogen. Generally, the Hog factor does not
increase as much as in deuterium in the hydrogen I-modes
phases observed in this work, and it raises again only when
the plasma enters H-mode. These observations indicate that
the confinement in hydrogen is worse than in deuterium plas-
mas and the edge region is playing an important role in this.
All these observations can be related to the higher edge turbu-
lence level of hydrogen [15, 29]. Much more power is needed
to evolve R/Lri, and the edge E, in hydrogen [30]. At the same

time the edge temperatures, especially the electron tempera-
ture, evolve with the strong heating power and reach higher
values in hydrogen L-mode compared to deuterium at the
transition but do not exceed those in deuterium once in I-
mode or H-mode. This causes a less pronounced increase in
confinement from L- to I-mode in hydrogen and lower val-
ues of quantities that depend on the input power such as Hog
and TE.

5. Conclusions

The existence of I-modes in hydrogen (H) and helium (He)
has been proven for the first time in plasmas obtained in the
ASDEX Upgrade tokamak and their main characteristics have
been reported. Higher input power is needed in hydrogen to
enter into [-mode and to obtain similar plasma profiles with
respect to deuterium. Furthermore, H plasmas enter I-mode
at a higher edge electron pressure than in D plasmas and all
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the observed hydrogen I-modes feature PRE. The operational
power window of 3 MW in H is larger than in D, where it
is below 1 MW at AUG. These characteristics allowed us to
study the PRE evolution in more detail. Their frequency is
observed to not decrease with increasing input power while
their amplitudes increase with increasing input power. These
properties differentiate them from other edge events such as
type-I and type-IIl ELMs. Hydrogen generally features a lower
confinement than deuterium and also the confinement
improvement from L- to [-mode is more limited in hydrogen
plasmas. This can be related to the higher edge L-mode tur-
bulence with lower isotope mass and to the much higher input
power, and gas puffing, needed to obtain similar plasma pres-
sures than in D plasmas. Regarding He, only a short I-mode
phase was obtained featuring properties similar to D [-modes
with similar plasma parameters. Both phases with and without
PRE were observed in helium, which occur at the same isobars
as in deuterium. A study on the behavior of the minimum of
the edge radial electric field shows a correlation of the E; mini-
mum with the net input power and of the E; minimum with the
diamagnetic term of the main ions in the radial force balance.
As the density and R/L, were found to not evolve much with
input power (although n, evolves during the H-mode phases),
these observations point to a central role in 7; - R/Lq; in deter-
mining E,. A deviation of the E; minimum from the diamag-
netic term is observed in the L-mode phases, indicating that
in these plasma conditions, the plasma rotation might play
an increased role in the determination of E,. These I-mode
results in non-deuterium plasmas deliver a fundamental base
for future studies and can help to improve our understanding
of edge turbulence properties as well as of the WCM, which
can be associated with particular edge turbulence properties of
the [-mode regime.
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