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ABSTRACT.

Understanding and modelling turbulent transport in thermonuclear fusion plasmas is crucial
for designing and optimizing the operational scenarios of future fusion reactors. In this
context, plasmas exhibiting state transitions, such as the formation of an internal transport
barrier (ITB), are particularly interesting since they can shine light on transport physics and
offer the opportunity to test different turbulence suppression models. In this paper we focus
on the modelling of ITB formation in the Joint European Torus (JET) [1] hybrid-scenario
plasmas, where, due to the monotonic safety factor profile, magnetic shear stabilization
cannot be invoked to explain the transition. The turbulence suppression mechanism
investigated here relay on the increase of the plasma pressure gradient in the presence of a
minority of energetic ions. Micro-stability analysis of the ion temperature gradient driven
modes (ITG) in the presence of a fast-hydrogen minority show that energetic ions accelerated
by the ion cyclotron resonance heating (ICRH) system (hydrogen, Ny tast/Np thermat UP t0 10%
T fast/ To thermat UP 10 30) can increase the pressure-gradient enough to stabilise the ITG modes
driven by the gradient of the thermal ions (deuterium). Numerical analysis shows that, by
increasing the temperature of the energetic ions, electrostatic ITG modes are gradually
replaced by nearly-electrostatic modes with tearing parity at progressively longer
wavelengths. The growth rate of the micro tearing modes is found to be lower than that of the
ITG modes and comparable to the local ExB-velocity shearing-rate. The above mechanism is
proposed as a possible trigger for the formation of internal transport barriers in this type of

discharges.

1. INTRODUCTION
Advanced plasma scenarios have been developed at the Joint European Torus (JET) [1] with

the aim of providing higher normalized plasma pressure, S, and/or longer pulse duration



compared with the ELMy (Edge Localised Mode) H-mode envisaged for the reference
inductive operation of ITER [2]. These scenarios are in general referred to as “Advanced
Tokamak scenarios”, and are divided in two types: the “steady-state advanced scenario” and
the “hybrid” scenario. Good performances have been achieved in both types of scenarios in
several Tokamaks (JET, Doublet 111-D (DII1-D) [3], ASDEX Upgrade (AUG) [4], JAERI
Tokamak Upgrade (JT-60U) [5]) and a quasi steady-state high value of £y has been obtained
[6,7,8]. The “steady-state” approach relies on the development of a region of improved
thermal insulation in the core, called an Internal Transport Barrier (ITB) [6,9], to provide high
fusion performance and large self-generated bootstrap current necessary for efficient steady-
state operations. The minimum value of q (safety factor) achieved in such discharges is
generally in the range 1.5 - 2.0, whilst the magnetic shear can be negative or close to zero.
The formation of the ITB in the above type of plasmas is well correlated to the reversal of the
magnetic shear and the radial position of the barrier to the radial position of the minimum q.
A different approach, aimed at producing high HfAy plasmas [2], is taken in the “hybrid”
scenario [10], and relies on keeping the central safety factor just above unity in a large region
of monotonic, positive, low magnetic shear. This scenario, sometimes also called “improved
H-mode” [11], is often characterized by good confinement at the plasma edge [12] and the
absence of the sawtooth trigger for large Neoclassical Tearing Modes (NTMs) [13]. Although
improved confinement in the hybrid scenario is achieved without transport barriers, the
possibility to further improve the confinement by forming an ITB was established in JET [14]
during a campaign dedicated to similarity experiments with AUG. In this paper we will not
attempt to explain the improvement of confinement observed in the standard hybrid scenario
but we will focus on studying the trigger for the formation of the internal transport barrier in
the absence of reversed magnetic shear by investigating the stability of ITG turbulence in the

presence of ion-cyclotron-resonance heating (ICRH) produced fast-ion minority. As discussed



in section 1V, we find in the numerical analysis that by increasing locally the temperature of
the energetic-ion minority, electrostatic ITG modes are gradually replaced by nearly-
electrostatic modes with tearing parity at progressively longer wavelengths. The growth rate
of the micro tearing modes is found to be lower than that of the ITG modes and comparable to
the local ExB-velocity shearing-rate. The paper is organized as follows: in section Il we
describe in details a JET hybrid-scenario discharge (#59137) which will be used as reference
for the micro stability analysis, in section 111 we report on the ITG linear-stability analysis in
the presence of an increasingly-energetic ion-minority, in section IV we discuss the properties
of the unstable modes, the appearance of the micro tearing instability and the scaling of its

growth rate with the energetic-ion pressure-gradient, and finally conclusions are in section V.

2. CHARACTERIZATION OF JET HYBRID SCENARIO PULSE NO: 59137

A large data base of hybrid discharges is presently available at the Joint European Torus and
the scenario is still subject of developments. In Fig. 1 it is shown the central density and
temperature of a set of hybrid discharges with same input power (within 5%). One of the best
examples of high core confinement is pulse #59137 (toroidal magnetic field Br=2.55T,
plasma current 1,=2.2 MA, ion normalized Larmor radius p* ~5.5%107, neutral beam
injected power Pyng = 13.4 MW, ion cyclotron resonance heating on hydrogen minority,
frequency 42 MHz, resonance R=2.77 m, injected power P,cry=2.5MW, normalized
collision frequency v~ 0.05 where the normalization is the standard one adopted for ITER
studies [2]). This discharge has been obtained with the JET hybrid-scenario operational
scheme shown in Fig. 2, that led to a large central region in which 1 <q<1.5, Fig. 3, as
confirmed by the MSE (Motional Stark Effect) measurements, by the Faraday Rotation
measurements and by the absence of sawtooth activity. With reference to Fig. 2, the central

ion and electron temperatures reach 17 keV and 8 keV respectively during the current plateau.



These are temperatures above those of similar discharges with identical heating power. In this
particular discharge, the reason of the higher ion and electron temperature lays in the
development of a wide region around r/a=0.4, R=3.4 m (4r ~ 0.2 m between r/a=0.33, R=3.3
m and r/a=0.5, R=3.5 m) characterized by steep electron and ion temperature gradients and
large normalized inverse gradient scale-lengths up to R/Lyi~ 14, R/Lye ~ 11, although at
different radial positions (Fig. 4 discussed later). The above gradients are the signature of an
internal transport barrier which forms at t=8.7 s and radial position R=3.4 m, r/a=0.4 for the
ions and R=3.3 m, r/a=0.33 for the electrons. The barrier appears in the ion temperature
profile in coincidence with a transition of the coupled ICRH power. As discussed in [15], JET

ITBs are characterized by values of the normalized Larmor-radius p*rie > 1.4x102, where

*

pr., =p VTl T, =p /L :p*R/LTei. The time evolution of the radial profiles of

electrons and ions normalized Larmor-radius, p*te, and p*1; respectively is plotted in Fig. 4.
It is evident that the region of p*r; > 1.4x10 is radially extended, whereas the electron
barrier region is narrower and closer to the plasma centre. Here it is important to mention that
the ion temperature profile (Fig. 5) is measured at a lower radial resolution (Ar=8 cm) as
compared to the electron temperature. The steep gradients last for around 5 s, only limited by
the duration of the NBI. In Fig. 5 we report the radial profiles of the electron and ion
temperatures (from the Electron Cyclotron Emission and from the Charge-Exchange), of the
electron density (from the Thomson scattering) and of the toroidal rotation (from the Charge-
Exchange), at four different times. The profiles of Fig. 5 show the transition phase to the
enhanced central confinement and the highest performance, in particular the ion temperature
profile at t=10 s (dotted line) shows the effect of the barrier inside R=3.5, r/a=0.5. During the
initial part of the heating phase, the edge temperatures are Ti~T.~2keV, and in
correspondence of a small step-up of the NBI power (Fig. 2, t=10.5 s) they increase of 2 keV

and 1 keV, respectively, Fig. 5; at the same time, the edge densities decrease (from



~2.8x10"m™ to ~ 1.3%x10"° m™) providing a slowly varying edge pressure. A decrease of the
central density is also observed (from ~4.4x10"m™ to ~ 3.2x10"m™®), while the density
profile remains moderately peaked. Although the additional heating power is well above the
usual H-mode threshold, and above the power normally required to access type | ELMs, for a
long period the discharge exhibits only a weak ELM activity characterized by tiny type-I
ELMs. The global performance is comparable to, or slightly better than, that of similar hybrid
discharges with large type-l ELMs (Gy~2, Hgo~2.2 and fyHso/qes’~ 0.3). Another
characteristic of pulse #59137 is that the plasma energy associated with the pedestal is
Wped ~ 37%, comparable with the energy of standard H-mode. It is also worth observing that
the energy within the steep gradient region (r/a<0.3) is Wcore ~ 23%, in spite of the low
density and of the small plasma volume involved. The toroidal rotation in #59137 is
wr ~ 1.2x10° rad/s with a quite moderate and constant shear. The ExB shearing rate is large
(wexg~ 1.5%10°s™), when calculated assuming neoclassical poloidal rotation (although this
assumption has recently been called into question [16]).

The equilibrium, sources, and plasma profiles of #59137 required for the micro stability
analysis of section Ill have been validated by running a detailed interpretative transport
analysis with the JETTO transport code [17]. The energy and density profiles of the NBI fast
deuterium and of the ICRH accelerated hydrogen ions have been calculated with the PENCIL
code [1] and the PION code (discussed later) respectively. It is noticeable that the transport
barrier observed in #59137 is not present in similar discharges in the database which have
identical operational parameters but higher density. We have compared the heat sources and
effective conductivities of #59137 (ne=2x10'° m™) with two such discharges in the database

3 and

(#60933, #62459) having increasingly higher line average density (ne= 3 x 10 m
ne= 5.5 x 10°m™ respectively). Concerning the heat sources, the total coupled power to the

electrons and to the ions is similar for the three discharges. The fraction of power absorbed by



the ions (8 + 10 MW) is larger than the one absorbed by the electrons (4.5 + 6.5 MW). The
total power deposition profile has approximately the same peaking factor; in the lower density
discharge the power is coupled at a larger radius than in the other two (r/a ~ 0.35, instead of
r/a ~ 0.2) this has to be attributed to the different temperature and density profiles rather than
an effect of the low density. The ion and electron thermal conductivities, i e Show a
decrease over the entire central region consistent with the presence of the transport barrier
inside r/a=0.5. In Fig. 6 the time traces of the ion thermal conductivity of the three discharges
are plotted at two (normalized) radial positions: r/a= 0.3 and r/a=0.7. At one third of the
minor radius the ion thermal conductivity is smaller in the discharge with the lowest central
plasma density and with the largest central ion and electron temperatures; increasing the
density also increases y;. The opposite behaviour is observed in the external region, 70% of
the minor radius, where the conductivity decreases along with the density, indicating a better
confinement in the discharges with higher density. Related to the different electron densities
there is a different contribution of the non-thermal particles to the total energy and density
content. In pulse #59137 around 40% of the total energy is in the fast-ion population. The
main contribution to the total fast-ion density comes from the fast-deuterium produced by
charge exchange of 80 keV beam neutrals. However, in the transport barrier region, the
fast-hydrogen density is about 4% of the total line averaged electron density and exceeds by
around a factor two the density of the beam deuterium-ions. In Fig. 7 and Fig. 8 are shown
respectively the temperature profile and the density profile of the accelerated hydrogen-ions,
evaluated using the code PION [18] and the measured diamagnetic energy with the volume
integral of the temperature and density. The contribution of the fast ions to the total energy
decreases to around 30% for the intermediate-density pulse (#60933) and becomes just ~ 10%
for the discharge with the highest density. The presence of the largest fast-ion population in

the discharge that develops the transport barrier, suggests that fast-ion may play a role in the



reduction of turbulent transport and trigger the barrier formation, as already shown in [19] for
ASDEX Upgrade. The improvement of confinement in the scenario reported in [19] has been
attributed to dilution brought about by the fast ions. In the next section we explore a different
stabilizing mechanism related to fast-hydrogen pressure gradient. The fast-hydrogen density
(Fig. 8) peaks inside the transport barrier and has a steep gradient in the region 0.4<r/a<0.5
which results in a large contribution of the fast hydrogen to the local pressure gradient. The
local change of [ and pressure-gradient brought about by the fast-hydrogen modifies the
spectrum of the linearly unstable modes (marginal stability thresholds [20]) and can be an
important stabilizing mechanism in those plasmas where dilution is not very large (in the case
studied (Np+Np fast)/Np thermal~0.13). Electromagnetic micro stability analysis of pulse #59137 at
a time around the formation of the barrier, section 1V, shows that the temperature gradient
modes driven by the deuterium are stabilized in the presence of a fast hydrogen minority at a
temperature and density close to those found in the experiment. A much higher hydrogen

temperature is required to stabilize the modes in the other two higher density discharges.

3. FAST ION STABILIZATION OF ITG MODES IN JET PULSE NO: 59137
Previous analyses [20,21] have shown that, when g effects are non negligible, micro
instabilities driven by the gradient of the ion temperature (ITG) acquire an electromagnetic

polarization and are linearly stabilized at increasing values of the « parameter (o = 8 q°R

where S is proportional to the pressure gradient). This co-stabilization continues until a

critical value (threshold) is reached above which other branches become unstable. The latter
modes have nearly Shear-Alfvén polarization and are generically referred to as either
Alfvénic ITGs (AITG) or Kinetic Ballooning Modes (KBM). A rigorous distinction between

AITG and KBM can be made based on the sign of the ideal MHD &W for the given pressure

gradient: SW>0 for AITG and oW<O0 for KBM [21,22,23]. The presence of a fast ion minority



in a localized region of the plasma does not contribute significantly to the global pressure of
the entire plasma column (the edge £ is generally determined solely by the pressure of the
thermal species); however it can significantly increase the local value of £ and its gradient,
therefore changing the polarization of the instabilities driven by the thermal-ion temperature-
gradient from electrostatic to electromagnetic. By adding the energetic ion contribution to the
plasma pressure, it might be possible to locally reach an optimal value of o (just below the
threshold of the Alfvénic modes) for which the “electrostatic” ITGs are stable and the
Alfvénic modes are still quiescent. This would allow the plasma to develop ion temperature
gradients with inverse scale-lengths well above the threshold for unstable electrostatic ITG
[24] and trigger the formation of an ion transport barrier. In order to assess whether the fast
ions accelerated in JET discharge #59137 can locally stabilize the ITG turbulence through the
mechanism described above, we have analyzed the plasma stability at t=10 s, i.e. about 1 s
after the formation of the ITB, accounting for an increasingly hot ion minority. As discussed
in section 11, the most abundant energetic species in the region inside the transport barrier is
hydrogen accelerated by the ICRH system. The contribution of the hydrogen to the local § (at
the radial position where the hydrogen density is maximum) is at least a factor four larger
then that of the fast deuterium from the neutral beams. As shown in Fig. 8 the gradient of the
hydrogen density is very steep at the location of the transport barrier and will contribute
significantly to increase the thermal o whereas the pressure gradient of the energetic
deuterium is of the same order of that of the thermal deuterium. For the reason above in the
present analysis we have considered only the hydrogen species as fast ion minority and
accounted for the contribution of the fast-deuterium as a correction to the thermal 3. The
linear growth rate of the ITG modes have been calculated at r/a=0.5, at the foot of the ion
transport barrier, using the gyrokinetic code GS2 [25]. The code has been run in its linear

version including: electron dynamics (non adiabatic electrons) an optimized Lorentz collision



operator, which has also been validated in other codes [26] and full electromagnetic solution
(parallel and perpendicular magnetic fluctuations have been included). MHD analysis of pulse
#59137 [27] shows that the energetic particles are not driving macroscopic modes such as
large fishbones therefore here we will focus on the effect of the high temperature minority on
the stability of the turbulence. In the microstability analyses we have included the hydrogen
minority as a Maxwellian species. This description does not reflect totally the experimental
conditions, where the fast hydrogen-ions are not isotropic and their distribution would be
better described by a “slowing down” distribution function. However previous works [19,28]
have shown that the Maxwellian model adequately reproduces the scaling of the linear growth
rate with the plasma pressure. The local density and temperature gradients of the hydrogen
minority as calculated using PION, are affected by large uncertainties; we are therefore free,
within the experimental error bars, to assume values for the gradients that simplify the
analysis. In order to filter out possible instabilities driven by the temperature-gradient of the H
minority we have set it to zero. Furthermore to simplify the plasma neutrality condition, the
density gradient of the hydrogen and the deuterium have been taken equal; the latter
assumption is also made in PION for the thermal hydrogen, however the gradient of the
accelerated hydrogen is found to be larger in the experiment, Fig. 8. The magnetic
equilibrium adopted is a local s-o equilibrium. We have not included trapped particle driven
modes, therefore a more detailed characterization of the plasma triangularity and ellipticity is
not necessary. The value of the equilibrium a-parameter has been calculated including the

pressure gradients of all thermal and energetic (fast) species:

, , T
a:ﬂqu%ﬂ Za/(qu)OC p.zzvpl + nfast fast
|

n, fast



where the summation is over all the thermal species I, p=nT is the pressure, g is winding

index number (safety factor), L, o =Nue / VN4 1S the inverse density-gradient scale length

n, fast
of the fast minority (hydrogen) and R is the plasma major radius (R =3.0 m). The values of
gradients and densities used in the micro stability analysis have been extracted from the
results of the JETTO transport analysis of pulse #59137 at t=10 s and r/a=0.5, and are
summarized in Table I. The other plasma parameters used in the analysis are: magnetic shear
s=0.64, q=1.62, f;xkev=0.013, Sxev=0.008, where the subscripts of £ refer to different
temperatures of the hydrogen minority. The hydrogen temperature has been varied between 5
Kev (temperature of the thermal deuterium) and 800 KeV, keeping its density-gradient
constant. Here it is worth noticing that the value ofRVn, /n, used in the analysis
(see Table I) is such that a small change in the hydrogen temperature produces a larger
change in a. This is better illustrated in figure 9 where it can be seen that by varying the
temperature of the minority within the same range a wider range of o can be scanned at

L, s / R around 1 and below. The spectrum of the unstable modes for the plasma parameters

of Table I has been calculated with a hydrogen temperature of 5 keV (Fig 10, a=0.79). In this
discharge the inverse scale length of the ion temperature gradient (Table I) is well above the
JET linear threshold for the ITG [24]. As expected the unstable modes are found to be
dominantly electrostatic with ITG parity (see section 1VV) and the most unstable mode occurs

around k, p, =0.6. By increasing the hydrogen temperature above 100 keV, o reaches values

above 0.3 and, as shown for example in [21], the instabilities become electromagnetic. The
growth rate of the unstable modes decreases as a increases (by increasing the temperature of
the hydrogen minority) and for the value of the gradients of Table | the growth rates become
comparable to the wexs Shearing rate at an hydrogen temperature around 170 keV (Fig.

10, a=0.38), in agreement with the experimental hydrogen temperature calculated by PION



for this discharge at r/a=0.5, (Fig. 7). As shown in section IV, by increasing o part of the
most unstable modes are found to have tearing parity. We highlight here that the mechanism
of a-stabilization illustrated above is not the same mechanism discussed in [29] where only
electrostatic modes were considered. Indeed by increasing the temperature of the hydrogen in
the electrostatic limit we find the same a-stabilization discussed in [29]. This is entirely a
geometric effect due to change in the local equilibrium magnetic field (parameterized through
a), hence in the ion and electron vertical drift frequency. Figure 11 shows the result of the
same hydrogen-temperature scan discussed above but this time in the electrostatic limit
(eliminating the magnetic field fluctuations), carried out for one of the most unstable modes
and for two different values of the hydrogen normalized density gradient around the values of
Table I. The growth rate of the mode decreases with increasing hydrogen temperature, and
eventually is fully stabilized above a threshold value which depends on the density gradient of

the energetic species, for R/L =3in Fig. 11 the stabilization occurs for Ti,s=160

n, fast
,0=1.38, where T =Tu/Tp is the hydrogen temperature normalized to the deuterium
temperature. We see here that the temperature of the hydrogen at which the growth rate of the
electrostatic ITG is comparable to the wexs Shearing rate is around a factor five higher than in
the electromagnetic analysis. As already pointed out, a small increase of the hydrogen
temperature when the density gradient is steep brings about a large increase of o hence full
stabilization of the electrostatic modes can be achieved at lower temperatures, however the
large values of a imply that the modes have electromagnetic character and the full
electromagnetic problem needs to be solved. The influence of the magnetic shear is shown in
Fig. 12 where the stability analysis of Fig. 11 has been repeated for three different values of s.
We find that at lower magnetic shear the threshold temperature for the ITG stabilization is
lower, although the variation is not very strong. In contrast for higher magnetic shear we find

that stabilization occurs at much higher temperatures. At low values of o the dependence of



the growth rate of the electromagnetic modes on the magnetic shear and on the normalized
hydrogen gradient is the same as that of the electrostatic modes, as shown in e.g. [20]. In the
next section we will discuss the structure of the electromagnetic modes and the scaling of

their growth rate with o above the values presented in Fig. 10.

4. STRUCTURE OF THE ELECTROMAGNETIC MODES AND SCALING OF
THEIR LINEAR GROWTH RATE WITH THE HYDROGEN TEMPERATUREIn this
section we discuss the structure and properties of the electromagnetic modes shown in Fig.
10, of section Ill. In order to address the mode structure we need first to introduce the

eigenvalue equations for the full electromagnetic problem

L,0p = 2,50
LA = A, (1)
LgdB, = 4508,

where the linear operators and the fields depend on the ballooning angle & only, whereas the
poloidal wavelength normalized to the ion sound Larmor radius together with the gradients of
the plasma species are parameters of the equations, as detailed in [21]. The eigenfunctions of
equation (1) can be either drift waves or shear Alfvén waves depending on the amplitude of

the fields. Given the following definition

Tﬂﬁﬁ‘
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D=—0,50
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and the ratio P =|W —®|/|®| the solution is nearly electrostatic for P ~1 while it is a drift-

Alfvén wave with nearly shear Alfvéen polarization for P <<1. The structure of the
eigenfunctions of the unstable modes found for Ty=5 keV (Fig 10, a=0.19) are those of the

standard electrostatic ITG [30]: the electrostatic potential is even in the ballooning coordinate



6 while the parallel magnetic potential is much smaller and odd. By increasing the
temperature of the hydrogen minority (therefore increasing the plasma «) up to Ty=170 keV
(Fig 10, a=0.38) the eigenfunctions of the most unstable modes change all over the spectrum:

at higher wave numbers (k p, >0.6) the dominant unstable modes are still nearly

electrostatic but the parallel magnetic potential is found to have tearing parity, as shown in
Fig. 13. At lower wave numbers the unstable modes have nearly shear Alfvén polarization
and ITG character (AITG), as shown in Fig. 14; i.e., these are the modes discussed in [21].
The tearing-parity solutions are characterized by small radial scale-length variations which
translate into long wavelengths in the ballooning angle and are therefore more difficult to
capture numerically. Although in Fig. 13 we show & ranging between [-20,20], in the
calculation we had to vary @ between [-150,150] to allow convergence and prevent strongly
oscillating solutions to appear. Microtearing modes arise from a mechanism similar to the
violation of the “frozen-in” law in the presence of wave particle interaction as can be seen

from the parallel component of Ohm’s equation, given by the parallel gradient of Eq. (3):

G + 1](5(;; ~Sy)

—I—iezs@()(kﬂos )6K5>+[(1—%j(1—n)—%bi (T, —rl)}sw =0 (3)
Here the notation is that used in [21]. Micro instabilities with tearing parity have been
investigated by many authors, e.g. [31,32,33]. In all references the drive of the instability is
the gradient of the electron temperature. Here the mode is destabilised by increasing the ion
pressure gradient, at constant electron temperature and density gradient. In general the parallel
electric field will be non zero and will have a direct contribution from the parallel vector
potential, second term on the LHS, and from the non adiabatic part of the distribution

functions. The resonant non adiabatic response, needed for the violation of the frozen-in



condition, depends on the spatial scale length, so that Eq. (3) should be further generalized to
include finite electron inertia for a correct description of the reconnection process. This is
beyond the scope of this work and we limit ourselves to the interpretation of the numerical
results obtained from GS2 simulations, based on the physical model discussed in [25].
Unstable micro tearing modes in experimental condition of interest have been predicted in the
Mega Ampere Spherical Tokamak, MAST [34] and AUG [35]. Keeping constant the other
plasma parameters, as reported in Table I, we have performed the scan in the hydrogen

temperature (hence ) for a fixed k, p, chosen such that the unstable mode have micro-

tearing parity. We find that the mode is weakly sensitive to a further increase in the ion
pressure gradient; however they are fully stabilized for « above a critical threshold value
(suggesting the existence of a second stability region in the « space), Fig. 15. A similar scan

at smaller k, p, where the AITG are unstable confirms the result of [21], Fig. 16. By

increasing the temperature of the hydrogen minority the transition from Alfvénic ITG to

microtearing modes occurs at lower values ofk, p,. It is possible that for sufficiently high

energies of the fast-ions the only unstable modes will be drift wave microtearing.

CONCLUSION

The local stability of the ion temperature gradient modes in the presence of a fast-ion minority
(hydrogen) has been investigated in a JET hybrid scenario ITB discharge (pulse #59137). The
background of this study is the need to model the trigger for the formation of an internal
transport barrier (a region where the turbulence is suppressed) in discharges where the
magnetic shear is monotonic. Improvement of confinement and transport barrier formation in
plasmas with fast ions has already been discussed in previous works, e.g. [19], where it has
been attributed to dilution. In this paper we have explored a different mechanism related to

the increase of the local pressure-gradient (o) due to the presence of fast ions. The



modification of the pressure-gradient causes a change in the parity of the most unstable
modes (marginal stability thresholds [21]) and in the absence of a strong dilution could be an
important stabilizing mechanism. In our model, we find that the contribution of the energetic
ions to the total plasma pressure in #59137, is enough to locally reach an optimal value of
a (just below the threshold of the Alfvénic modes) for which the “electrostatic” ITGs are
stable and the Alfvénic modes are still quiescent. This allows the plasma to develop and
sustain ion temperature gradients with inverse scale-lengths well above the threshold for
unstable electrostatic ITG [24] and trigger the formation of an ion transport barrier. For the
plasma parameters of JET #59137 and the gradients of Table I, the ion temperature gradient
modes are predicted to be stable for Ty around 170KeV, which is within the range of the
temperature of the hydrogen ions accelerated by the ICRH system (above 130KeV). Much
higher temperatures would be required for turbulence stabilization in hybrid discharges where
the density of the hydrogen minority is lower (e.g. #60933, #62459, where indeed the
transport barrier is not observed). We conclude therefore that local stabilization of the ITG
modes due to ICRH accelerated hydrogen is a plausible candidate mechanism to explain the
appearance of an ion transport barrier in low density plasmas such as JET#59137. It is
important to stress here that low density is not in general a requirement for this mechanism to
operate. A similar stabilizing effect can be achieved also in high density plasmas in which the
population of fast particles is sufficiently high to change the local beta (for instance in the
presence of a large a particle population). Although this is a new hypothesis for the onset of
the ITB in hybrids scenario plasmas, we have to point out that it is not the only one; within
the same scenario the onset was already correlated to the arise of low m,n tearing modes at the
resonant surface in proximity of the barrier [36]. However the absence of any relevant MHD

activity excludes this hypothesis for the cases discussed in this paper.
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Figure 1: Central ion temperature T,(0) versus central
electron density N ,(0) of shots in the JET hybrid-scenario
database with same input power. The data are divided in
three ranges of toroidal field By (T). Three discharges
similar in all operational parameter, except for the density,
are shown for comparison. The line identifies points of
the plane with constant N,(0) T(0).

Pulse No: 59137
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Figure 2: Pulse No: 59137 time traces of heating and
main plasma parameters. The sign of the plasma current
and loop voltage shown is conventionally used in JET
experiments (the actual value of the plasma current and
loop voltage is obtained by multiplying the signal by -1).
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Figure 3: Radial profiles of the safety factor q at four
different times for Pulse No: 59137. Full line (largest
central value) t=8.4s; dashed line t=8.9s; dotted line
t=10.1s; dashed dotted line (smallest central value)
t=11.9s

Figure 4: Pulse No: 59137. Normalized electrons (upper
chart) and ions (lower chart) Larmor radius equi-contour
versus time. R=3.3m corresponds to rla=0.33 and
R=3.5m to rla=0.55. The ITB forms around t=9.0s.
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Figure 5: Radial profiles of the electron and ion  Figure 6: Time traces of heat conductivities at two
temperature (T,, T;), of the electron density (N,) and of  different radial positions: rla=0.3, R=3.3m upper box and
the toroidal rotation at four times for the discharge No:  rla=0.7, R=3.7m lower box. Pulse No’s: 59137 (full line,
59137. Solid line 1=84s; dashed =8.95; dots 1=10.1s;  line average depsity n,=2x10"" m™), 60933 (dotted line,

semi dashed t=119s n,=3x10"" m™), 62459 (dashed line, n,=5.5x10" m™).
2.0 Temperature 1.4 Temperature
fast particles fast particles
1.2 Niast (m_s)
1.5
1.0
> 0.8
© ©
o) 1.0~ =)
0.6
0.4
0.5
0.2
o, | ! ! ! i o, | | ! ! L I3
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
r/a r/a

Figure 7: PION, energetic hydrogen temperature profiles  Figure 8: PION, energetic hydrogen density profiles Pulse
Pulse No: 59137 @: t=8.0s (before the barrier formation), No: 59137 @: t=8.0s (before the barrier formation),
t=9.0s (at the barrier formation). The estimated error  t=9.0s (at the barrier formation). A relative error of 50%
(30%) of the fast ion temperature is shown around the is estimated for the fast ion density.

maximum of the power deposition profile.
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Figure 9: Dependence of o on the normalized inverse
density gradient scale-length fast fast fast L, 5, = gy /
Vg, for four different values of the fast ion temperature
(between 5 keaV and 125 keV). By varying the temperature
of the minority within the same range a wider range of
o can be scanned at Ly, g, /R , around 1 and below.

Figure 10: Spectrum of the unstable (electromagnetic)
modes with warm (thermal) and hot (energetic) minority
hydrogen. Although zonal flows are not included in the
calculation of the growth rate, the W,z rate is also plotted
as indicative reference value. The most unstable modes
appear in the range k ,pe [0.5,1.0]
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Figure 11: Scaling of the normalized growth rate of the
most unstable (electrostatic) modes (k  p=0.6) versus the
temperature of the hydrogen minority normalized to the
deuterium temperature, for two different values of its
density gradient, plasma parameters from Table 1.

Figure 12: Scaling of the normalized growth rate of one
of the most unstable (electrostatic) modes (k ;p=0.6)
versus the temperature of the hydrogen minority
normalized to the deuterium temperature for three
different values of the magnetic shear (s=0.4 lower dashed
line, s=0.6 full line, s=0.8 upper dashed line) and for R/
Lnfast =3.
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Figure 13: Unstable mode at k ,p; = 0.6 (see spectrum of figure 10, 0:=0.38). Electrostatic potential and parallel

magnetic potential versus ballooning angle.
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Figure 14: Unstable mode at k,p; = 0.6 (see spectrum of figure 10, 0=0.38). Electrostatic potential and parallel

magnetic potential versus ballooning angle.
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Figure 15: Normalized linear growth rate of tearing parity ~ Figure 16: Normalized linear growth rate of AITG modes
modes versus . The modes are found stable for o versus o. The growth rate is found to saturate at large

exceeding 0.8 (see the two points on the x axis). values of .
Species n(l 019m'3) RVn/n RVT/T T (keV)
D’ 1.01 4.16 11.47 5
e 1.94 2.72 3.59 3.4
™ 0.13 0.69 5.23 5
H 0.15 4.16 0 5-800

Table I: Summary of normalized gradient lengths, temperatures and concentrations of plasma species in
JET Pulse No: 59137, at rla=0.5 and t=10s, used in the GS2 analysis.
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