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Abstract. Extensive linear and non-linear gyrokinetic sintiolas and linear MHD analyses performed for JET
discharges with improved confinement have showhn tte large population of fast ions found in thagmha
core under particular heating conditions has angtrimpact on core microturbulence and edge MHD by
reducing core ion heat fluxes and increasing patipséssure in a feedback mechanism. In the cadedTER
Like Wall (ILW), it is shown how this mechanism p$aa decisive role for the transition to advanoegimes
and it can explain the weak power degradation nbthin dedicated power scans. The mechanism islftube
highly dependent on plasma triangularity as it ¢fesnthe balance between the improvement in thenplasre
and the edge. The feedback mechanism can play itasirale in the ITER hybrid scenario as in the JET
discharges analyzed due to its high triangulari&smas and the large amount of fast ions genenattek core

by the heating systems and the alpha power.

1. Introduction

The tokamak concept aims for the confinement ohhgmperature plasmas by magnetic
fields. However, the high thermal energy confineddegraded by two main mechanisms:
small-scale instabilities (microturbulence), and layger-scale instabilities that can be
described by MagnetoHydroDynamics (MHD). Microtudnce driven by ion temperature

gradients, referred to as the lon Temperature @nadiTG) mode [1], are driven linearly

unstable when the logarthimic ion temperature @mtdi are above a critical threshold,
defined by R/ki > Rl/Lyicit, Where L, =-T,/07, is the ion temperature gradient length and

the tokamak major radius R is a normalizing fackb6Gs are typically responsible for the ion
heat transport observed in confined plasmas untemdard conditions, while MHD
significantly restricts the access to high plasmesgure when the magnetic topology is
broken at some critical pressure or pressure gnadaues. Therefore, reducing the impact of
these transport mechanisms is a key point in dalercrease the energy confinement time in
magnetically confined plasmas.

Hybrid or advanced inductive scenarios [2], chamazed by high confinement, have high
pressure with limited or few MHD events and therefmay extrapolate promisingly to future
fusion reactor devices. The increased confinengelitely due to stability improvements both
in the plasma core and at the edge, where a hpguastal confinement is obtained compared
to the standard inductive H-mode scenarios. Theoitapce of fast ions for obtaining hybrid
regimes, has been already pointed out for JET @asi®] where it was shown that these
particles substantially contributed to the highsgree and pressure gradients typical of those
regimes, and made the plasma less paramagnetim@gog diamagnetic) by significantly

increasing3, =24, <P >/< B, >, with <P> the average pressure aBg the poloidal
magnetic fieldto thes,>1 region, which is expected for hybrid regimes&T [4,5]. It was
also shown that there is interplay between the @@ edge regions which drives the

improved confinement. However, the exact physicatinanisms which allow the appearance
of high pressure gradients and the interplay watst ions and the edge were still mostly

" See the Appendix of F. Romanelli et al., Proceedafghe 25th IAEA Fusion Energy Conference 20&itS
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unknown. Previous linear microinstability analy$ias already shown that fast ions can
stabilize ITG modes in the plasma core due to éise ibn dilution in thermal species [6], the
modification of Shafranov-shift [7] or the electragnetic stabilization due to a local increase
of the pressure gradient [8], which is enhanced-lmaarly [9]. However, none of these
effects can explain by themselves the increasefinesnent in the edge region obtained in
advanced inductive scenarios, like JET [10], and Hwat improvement affects the core. The
dominant impact of increased edge pressure foirigad the high thermal pressure obtained
in advanced inductive scenarios has been demaoedtmatspecific regimes [11]. However,
whether an improvement in the edge stability leads higher core pressure or an increase in
pressure is a cause for improved edge stabiligoimething that has not been yet clarified
[12].

In this paper, two C-wall hybrid JET shots, witlgrgficant thermal improved confinement
and fast ion content, are analyzed to assess thaops points. For that purpose, detailed
linear and non-linear gyrokinetic and linear MHDnsiations are performed at the core and
edge plasma regions. The results show how - utiikanal particles - a large population of
fast ions is a key ingredient for a positive feexkbbetween plasma core and edge which can
improve thermal energy confinement in both regions.

The paper is organized as follows: in section 2etkgerimental discharges from the C-wall
era are discussed. In section 3 the impact ofidéast in microturbulence is analyzed, and in
section 4 their impact on edge MHD and the onset feledback with the core is discussed. In
section 5 the impact of the previous findings oe kbw thermal energy confinement time
degradation obtained in different ILW power scandiscussed. In section 6, an extrapolation
to ITER is shown. Finally some conclusions areussed in section 7.

2. Experimental data. C-wall discharges
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Figure 1. Time evolution for discharge #75225 Jlefir #77923 (center), and the EFIT calculated metig equilibrium for
both shots (right).

Two representative discharges of JET hybrid sceadrom the C-wall era, discharge #75225
[10] at low triangularity, and #77923 [3], at highangularity, were analyzed. The time
evolution of the main parameters is shown in figlirevhereas a full summary is found in
Tab.l. In both cases, a high input Neutral Bearaditipn (NBI) power is combined with low
average density and Greenwald fraction for achgeWath a high betag =24, <P >/B?,

where B is the magnetic field, as well as a therem&rgy enhancement factor relative to the
IPB98(y,2) scaling [13], bk(y,2), higher than 1. The remarkable differenceveen the two
discharges is the upper triangularity=0.16 for #75225and 6,=0.38for #77923. This is
visible from the EFIT calculated magnetic equilin, as shown in figure 1, and has an
impact on the overall plasma behavior. WhereasHg€y,2) factor is similar in both cases,
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the average density and the pedestal pressureotirénigher for #77923. This feature has an
impact on the core profiles as well as on the fass generated by the NBI system. In
particular, the ion temperature has a steepenefilepai p=0.33 for #75225, RA;=6.25,
however R/k=5.7 for #77923. In order to assess the possiliferdnces on the fast ion
distribution for both discharges, interpretativeagiations were carried out with the CRONOS
[14] suite of integrated modeling codes. The fast content for NBI-driven fast ions was
calculated by orbit following Monte Carlo codes, M8/SPOT [15]. The q profile used for
the calculations was obtained by equilibrium retatsions constrained by MSE angles and
total pressure. In figure 2, the total, thermal] &st ion pressures, as well as the fast ion and
electron density profiles, and the magnetic equiiin are shown for both discharges. The
fast particles change the total plasma energy obite changing the core pressure profile.
This change is stronger for #75225, as the norexdlibeta rises fromp/®??°= 213 to

N,th

12#%=29 whereas for #77923 it is frong[}?°= 246 to B/°**=28. The ratio of thermal

N,th
and fast ion densities is also modified as/ne~0.13 for #75225 and3/n~0.05 for #77923
at p=0.33, beingp the normalized toroidal magnetic flux. The diffece on the fast ion
population has an impact on magnetic equilibriurd @nparticular on the Shafranov-shift, as
shown in figure 2, which increases kyiara" """ = 40cm whereas the increase is more

modest for #7792357vS" = 20cm. Finally, the pressure gradient in the core reg®n
also modified. A parameter of merit of the locaégsure modification isr = -Rqg® dg/dr ,
which increases from a/**(p=033)=035up to a™*(p=033 =052 and
a7 (p=033 =028up to a’?*(p=033 =034.The impact of the fast ions for both

discharges, and the analysis of the similitudes difirences will be analyzed in the
following sections.

Shot Ip (MA) Bt(T) dos /5 Bn/Brgn  Hoe(Y,2) P MW)

75225 1.7 20 4.0 1.64/0.23 2.93/2.13 1.30 17
77923 1.7 2.0 4.0 1.70/0.38 2.80/2.46 1.30 21
84792 1.4 1.7 44 1.63/0.27 2.85/2.45 1.20 13
84798 14 1.7 3.9 1.63/0.25 1.43/1.30 0.93 6.0
ITER 12 53 430 1.80/0.40 3.0/2.50 1.30 73

TABLE I. Main characteristics of the dischargeslharned in this letter. Ip is the total current, Bettoroidal magnetic fields
elongationg triangularity,fy-paB/Ipnormalized beta (with a the plasma minor radfg), normalized thermal betiqg(y,2)
thermal confinement factor,Pinjected power.
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Figure 2. Total (Ptot), thermal (Pth), fast ion)(Pfessure and electron (ne) and fast ion (nf) idepsofiles for the shots
75225 (a) and 77923 (c). Plasma equilibrium waétst fons (dashed) and without fast ions (solidtfershots 75225 (b) and
77923 (d)



3. Mictroturbulence analysis of C-wall discharges

The impact of the fast ions on core microturbuelic@nalyzed by means of the GENE
gyrokinetic code [16]. GENE solves the gyrokinetilasov equation, coupled self-
consistently to Maxwell's equations, withindé formulation. The code employs field line
coordinates, where x is the radial coordinate, théscoordinate along the field line, and y is
the binormal coordinate thus adapting in an optimmay to the highly anisotropic plasma
microturbulence. All simulations were carried ontflux tubes, i.e., in very small radial
domain where the local limit is considered. Thergetry used was calculated by the
HELENA code [17] based on the interpretative analys the discharges. Collisions are
modeled using a linearized Landau-Boltzmann operdoth linear and nonlinear initial
value simulations were performed. Typical grid paeters were as follows: perpendicular
box sizes [Lx,Ly] = [250,125] in units of the ionatmor radii, perpendicular grid
discretization [nx, nky] = [256,32], 32 point distization in the parallel direction, 48 points
in the parallel velocity direction, and 12 magnetioments. The comparatively high Lx and
nx values were necessary to satisfy the boundanglitons in the low magnetic shear
simulations at low radii. Perpendicular and patatiagnetic fluctuations were included in the
simulations. This cannot be neglected, due todlaively highf, and is important for setting
the strength of electromagnetic coupling, as seatedicated checks.

The turbulent linear growth rates and flow shear rateyg are in units of gR, with
c,=4T./m and m the main ion mass. The fast particle distributimction was

approximated as Maxwellian, taking the average gnesf the fast ion slowing-down
distribution to derive the temperature to hgF 35 keV for #75225 and:f: = 27 keV for
#77923. For the gyrokinetic calculations excludthg energetic ions, the equilibrium was
recalculated with only the thermal pressure, anedntlused for the simulations. The
dimensionless parameters of the discharge=@t33 fed into the gyrokinetic calculations are
summarized in Tab. Il. The selected time for #75&256.03s and t=7s for #77923.

Shot S q TJT; R/Ly;i R/Lte R/Lye Tras{ Te  RlLtast  R/Lntast
75225 0.15 1.16 0.67 6.2 4.3 2.6 7.2 0.4 7.1
77923 0.22 1.09 0.87 5.7 4.6 1.1 6.7 3.0 4.0
84792 0.13 1.13 0.85 4.2 3.9 1.3 6.4 3.8 4.6
84798 0.14 1.11 1.17 3.6 4.3 0.6 7.9 4.7 6.2

TABLE IlI. Discharge dimensionless parameters=41.33 used as input in simulations

16

0251 (@) it fast, EM, ul /R (O © With fast ions —
With fast, EM, lower (30%) OPg,q i 14+ ) :No fast ions —
No fast ions, EM —— Pt No fast ions, 5% reduced
0.2 With fast ions, ES - 1L e 1 12+ With fast ions, ES -
T EXP power balance ~-~
— —10 R
49 49
& , 28
S o1t /7 3 6}
I With fast, EM, nominal 0P g, 4r
ith fast, EM, lower (30%) OPpqp ——
No fast ions, EM —— 2+
} g With fast ions, ES -
0 0 02 04 06 08 1 0.01 0 02 04 06 08 1 0 4
ky ky

Figure 3 Linear growth rates and frequencies fechiirge 75225 (a,b) lon heat flux from nonlineaoginetic simulations
(c). The analysis was carried oupat0.33.



In Fig. 3, the linear growth rates and frequen@es shown for the nominal experimental
value of R/L3=6.25 for various assumptions in the input paramsdte the discharge #75225.
In order to identify the nature of the underlyingaes, the ExB flow shear rate was set to
zero. Over a wide normalized wavenumber rakge kps whereps is the ion gyroradius with
respect to the sound speed, ITG modes are unsifidigenaximum growth rate is reduced by
~30% when including fast ions in the system. Whestuiing the nominal fast ion pressure
gradient, an additional mode is apparentka0.1-0.15. This mode is stabilized when
reducing the fast ion pressure gradient by 30%italnals a significantly higher frequency than
the ITG modes, atw=2.5. This is within 5% of the corresponding GAM fremey as
determined by a Rosenbluth-Hinton test [18]. Thixdmis identified as A-induced Alfvén
Eigenmode (BAE) [19], which is known to be degeteraith the GAM frequency and
destabilized by fast ions. This mode share chaiatitss and has similar frequency as the
Kinetic Ballooning Modes (KBM), and we will refeotit as a generalized BAE/KBM
electromagnetic mode. Therefore, at this radialtjpos the turbulence regime is found to be
in the direct vicinity of the ITG-BAE/KBM boundary nonlinear R/kL; scan with and with-
out fast ions, is shown in Fig. 3. The reduced fast pressure gradient is maintained
throughout this scan. This is consistent with asuagption that the fast ion pressure is
clamped by the manifestation of the BAE-like moaesich are known to drive fast ion
transport. This reduced fast ion pressure gradiantbe obtained from the SPOT modeling
when assuming a fast ion diffusion coefficienDafs;= 0.5n¥/s.

The experimental toroidal rotation was taken intooaint by including the ExB flow shear
rate,ye=0.2, and the according parallel flow shear. The Higat obtained is normalized by
the gyroBohm normalization factog,, =T,*’n m®* /e’B*R?, with n is the ion densityHere,

the fast ions provide an improvement <f0-25% on R/k; for the same heat flux. This
improvement is obtained in combination of electrgmetic effects as otherwise, if the fast
ions are included but electrostatic simulation @eeformed, the heat fluxes are much higher
than the one obtained by power balance. This shiogvgnportance of performing predicting
simulations including both electromagnetic effeantsl all the active species in the plasma.
When including fast ions, the ion heat flux rapidigreases for RA>7.2 and the fast ions
are no longer stabilizing. This is correlated watkignificant increase in the fast ion transport.
Linear analysis shows that the BAE/KBM modes arstat@lized in this high RA>7.2
regime, even with the reduced fast pressure gradigrese modes have a strong resonant
interaction with both thermal and energetic ionse Tonsistency of the simulation output and
power balance values, in a BAE/KBM marginal reginseggests that a self- limitation
mechanism may be active, whereby the fast ion presgradient is maintained at a level
consistent with BAE marginality.
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The impact of the fast ions has been as well aedlyar the discharge 77923. In Fig. 4, the
linear growth rates and frequencies are shown K@ nominal experimental value of
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R/Lyi=5.7. Unlike the previous case, no BAE/KBM modesarained and only ITG modes
are unstable in a narrok=0.2-0.45 region. This is consistent with the fact thesptee
gradient is lower and the magnetic shear higherthi discharge at the selected point. In
order to demonstrate that the BAE/KBM limit is irdiedifferent for both discharges a scan
on the electron bet#,, has been performed and shown in figure 4. In gfitdhe fact that
both discharges have similgy the discharge #75225 lies at the boundary betwE@nand
BAE/KBM whereas the #77923 is at 60%.

The maximum growth rate is reduced by 30% whenfdseions are included in this case, a
value similar to the one obtained for the low tgalarity discharge. A nonlinear RfLscan
was performed as well with and without fast ions,shown in Fig. 4. The experimental
toroidal rotation was taken into account by inchgitheExB flow shear rate=0.15, and the
according parallel flow shear. Here, the fast ipr@vide an improvement of 10% of the heat
flux, in the range of R/l analyzedThe agreement betwetre heat flux obtained and the one
calculated from power balance is still quite goeal this discharge, the improved heat flux at
the experimental RA is lower than for the discharge #75225, which redcB5%. One
possible reason is the proximity to the KBM lims shown in figure 4 and in [20], the ITG
stabilization by electromagnetic effects is strangéhen the plasma is closer to the
KBM/BAE limit. However, electromagnetic effects, iparticular the ones obtained in
nonlinear simulations are still significant for ghilischarge. In figure 5, ion heat fluxes and
linear growth rates are compared for diffefgnWhereashe linear stabilizatiors significant,
the nonlinear one is stronger and highly contribuitethe low heat fluxes obtained at high
Additionally, two extra simulations for both disebas, one with no ExB shear and another
one with three times the nominal ExB shear, werfopmed. Results, presented in figure 5
show the electromagnetic effects are essentiabtairo the correct ion heat fluxes for both
discharges as qi significantly increases in thetslstatic case. Regarding the ExB flow
shear, its effect tends to be negligible or evestat®lizing when the full electromagnetic
simulations are performed, however it is stabiligifor the electrostatic simulation. This
confirms that the electromagnetic effects togetiweh the fast ions have a significant
stabilization effect in the plasma core, much ntbesn ExB shear flow.
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4. Edge MHD analysisand core-edge interplay

We now analyze the edge stability. The peelingdoaiing diagram was calculated following
the procedure detailed in Ref [21]. The MHD codeSMKA [22] was used for computing
linear ideal MHD stability at the edge. For thismase, as previously, the equilibrium was
calculated with and without fast ions. In the peglballooning diagram, shown in figure 6 for
both discharges, the experimental pedestal pressuvell predicted by the calculations and
the experimental value lies on the ballooning sides good agreement is obtained when the
fast ion pressure is included, as it extends thblstregion for both discharges. This shows
the favorable impact d¥ on the edge stability through the Shafranov-shstobtained from
the analysis of DIII-D and JT-60U [11,23]. Howevdris the fast component @ which is
mainly responsible for the improved confinementwdkbe shown in next section. It is worth
pointing out that, due to the plasma stiffnessnewvenodest improvement of the pedestal can
lead to a higher overall improved thermal confinetneompared with solely improving the
core microturbulence as the volume affected is ntugher.

Regarding the edge stabilization by fat ions, thera fundamental difference between both
discharges. While the core fast ion pressure ferdischarge #75225, which is 30% of the
total energy, increases the stable region by 10%g% increase is found for the discharge
#77923 where just 10% of the total energy can béated to the fast ions. This shows the
importance of the high triangularity configuratifor taking advantage of the stabilization of
the pedestal by increasifig

A rough analysis of the interplay between core edige has been studied by performing non-
linear simulations for both discharges at 5% logelfor #75225 and 7% for #77923,

assuming that a reduction of pedestal pressurénglotéy removing the fast ion content leads
to a less electron pressure in the core throudfimests. As shown in figure 3 and 4, the ion
heat flux increase for both discharges up to 10®%tddower electromagnetic stabilization of
ITG modes. This shows that small changes in theegiat region can be propagated and
amplified in the core by electromagnetic effectawdver, it should be pointed out tHat
should be high enough, otherwise the electromagedfiects are too weak and the core-edge
interplay is not an effective mechanism for turlmgke reduction. This point will be further
clarified in section 5.

In order to show how the fast ions are a key inigmdfor both a microturbulence
improvement in the core and a pedestal pressutbeaiedge, an alternative gyrokinetic
calculation was carried out. The fast ion conteas wemoved for the discharge #75225 and
the thermal electron and ion content and gradiemee increased such thgg and o are
maintained, whereas the plasma geometry is als¢ é@pstant. In these two cases the
pedestal would behave exactly the same as theaBloafshift is identical. The new growth
rates, shown in figure 6, increase throughout fecsum, and its maximum is 2.5 times
higher compared to the case with fast ions whichld/oesult in a much higher heat flux. The
key point is that the fast ions, unlike thermaltigées, increase pressure in the plasma core,
while simultaneously not contributing to the ITGwérand even stabilizing it (which can lead
to higher thermal pressure as the ion temperatisie iacreases).Therefore under the same
conditions, in particular the same input power,aatipular level of Shafranov-shift (or of
pedestal improvement) is achieved much more effiian the presence of a high fast ion
population than with pure thermal particles. Insezhthermal content also increases core
microturbulence limiting the globap obtainedand therefore also limiting the possible
pedestal pressure attained. Finally, for thesesstina relative weight of the effects varies. In
the core the fast ions and electromagnetic efteate a stronger impact for #75255 due to the
lower density and vicinity to the KBM/BAE boundaryowever the impact of the
suprathermal pressure for edge enhancement is Iduerto the low triangularity. On the
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other hand, for #77923, the trend is the oppo3ite global effect could be eventually the
same for both discharges, as it happens for the tedicated power scans [24], however,
self-consistent simulations are required in ordesdnfirm this point.
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Figure 6. Peeling-ballooning boundaries for disgear75225 (a) and 77923 (b). The experimental vialuearked with a
star. Large or small symbols indicate high or l@notdal mode number respectively. Linear growtlesawith and without
fast ions and with artificially increased thermeggsure (c).

5. Roleof fast ionsand finite-beta on power degradation

Recent power scans performed in the ILW, both gh land low triangularity, have shown
that the power degradation of thermal energy cemfient is weaker than the one expected for
the IPB98(y,2) scaling [24]. In these scans allehgineering parameters were kept fixed and
just the power was increased. The dependence dather Hg(y,2) on the injected power is
shown in Fig. 7. At high power,dg(y,2)>1 is obtained, which means that the thermalgy
confinement is degraded less than expected fromiRB88(y,2) scaling. This can be easily
explained by analyzing the energy confinement timg, dependence on the power, P.

Whereas for the IPB98(y,2) scaling such confinendgpendence isg, « P-069 a much
weaker dependence is obtained in the scans fortbgthtriangularity,r, o« P-025 and low

triangularity 7, < P-030 [24]. The deviation from the scaling is particlyaevident at high
power where the stored energy is much higher tharohe predicted. The increasing of the
pedestal pressure with power (or beta) has beenrstw play an important role on this low
power degradation, especially for the high triaagty cases [24], in agreement with the
result obtained in section 4. However, for the loangularity cases, with lower average and
central density, core effects could play a stromgée as previously shown. Therefore two
discharges from the power scan at low triangulaityselected in order to analyze the impact
of fast ions on the low power degradation obtain€de main characteristics of both
discharges are shown in table | and Il whereadithe evolution of the injected powefy
and Hyg(y,2) are shown in figure7. The time window anatyze t=45.2s-45.5s and the radial
location isp=0.33.

As it happens in the C-wall discharges previoushalged, over a wide normalized
wavenumber range, ITG modes are unstable for batbharges, as shown in figure 8.
However, for the low power shot 84798, Trapped EtecModes (TEM) appear ai30.7.
The maximum growth rate is reduced by including ¢betribution of the fast ions to the
pressure gradient, however, this reduction is almegligible for the low power case whereas
it is strong for the high power one, in agreemeithwhe fact that the fast ion content
increases from 10% to 20%. The impact of electrametg effects follows the same trend.



This suggests that these effects play an importdetfor the lower power degradation as the
power increases.

This hypothesis is confirmed by performing nonlinsanulations as shown in figure 8. The
experimental toroidal rotation was taken into actdoy including theExB flow shear rate
and the according parallel flow shear. For the tpglwer shot, the fast ions provide a heat
flux reduction of three times for the same R/whereas their impact is negligible for the low
power case. The impact of electromagnetic effedtevii a similar trend, however, unlike the
fast ions effects, its impact is not negligibldat power. In the case of the discharge 84798,
the TEM weakly contribute to the total ion heaiflu

In conclusion, the electromagnetic effects, which enhanced by the presence of fast ion,
increase with the increasing power and they capagally responsible for the low power
degradation obtained in the power scan. This, hmgewith the increased pressure at the top
of the pedestal obtained by the increased poweregaiain the increase ofgh{y,2) with
power and the reduction of the degradation of begnbal energy confinement time at high
power. Therefore, the transition to advanced siesmat JET in both C-wall and in ILW
shares the same characteristics.
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Figure 7. Dependence of thegy,2) factor on the absorbed power for the wower scan. (Left). Time evolution for the
discharges 84792 and 84798 (Right).
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Figure 8. Linear growth rates and frequencies fectthrge 84792 (Left) Linear growth rates and feswies for discharge
847928 (center).lon heat flux from nonlinear gyrokinetic simulat®for the discharges 84792 and 84798 (right).

6. ITER analysis

With the aim of analyzing if the same effect caaypa role in tokamaks with low external
torque, as ITER, the same procedure has been dpplie typical ITER hybrid scenario [25]
with the characteristics shown in table 1. The atimrmal pressure from all the power
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sources is shown in figure 9. Although the fast dansities associated with the fusion
particles and with the NBI beams are |owasf/ne~0.009 and astbeande~0.006, their
pressure (and pressure gradient), is not negligibleheir energy is quite highgd apna= 1.1
MeV and Tastbeams0.55MeV which increasgs, ,, = 25 up to S, =30. The non-dimensional

parameters used in the GENE simulations are shovabie Ill. Microturbulence, calculated
at p=0.33, is found to be ITG and also modified by thdast ions with a growth rate
reduction of up to 30%. The increagedlso expands the stable peeling-ballooning regton
the edge, similarly as obtained for JET (up to 10Whjs represents a significant increase of
fusion power, which in turn would also incredisien a positive feedback.

The fact that the mechanism discussed in this pajpgnrt have the same impact in ITER than
in JET comes from the fact that ITER gets a maxinmamefit from the core fast ions, due to
the high population oé-particles and from the stabilization of the pedegdtecause of the
high triangularity. Therefore, the ITER hybrid beha as a mixture of JET low and high
triangularity plasmas. This implies that, unlikeational flow shear, the role played by fast
ions in ITER and future tokamak reactors can hdwe dame impact as in present day
experiments, primarily due to theparticles, which will be the main heating mechanis
However, nonlinear simulations are required in ordelly address the impact of
electromagnetic and fast ions effects in ITER. Wiisbe carried out in the future.

ShOt S q Te/Ti R/|-Ti R/l—Te R/LNe Tf,beam[re R/I—Tf,beams R/LNf,beams Tf,a/Te R/I—Tf,,m R/I—Nf,,a

ITER | 0.24 1.17 1.09 34 2.9 1.9 225 1.85 13.1 41.3 0.94 9.23

TABLE Ill. Discharge dimensionless parameterp=Q.33 used as input in simulations

" T T T T T T T
14 With fast ions —
12 —Ptot No fast ions — 0.12- y
--.Pth 0.08 1
10 —Palpha fast 0.1F .
g —Pr]bl fast 006 i |ped / |p
= —Picrh fast E‘\:m 008k 1
5 L Pressure
270.04 1 — thermal only
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Figure 9. Total (Ptot), Thermal (Pth), alpha fast (Palpha fast), nbi fast ion (Pnbi fast) and @ylotron Resonant Heating
(ICRH) fast ion (Picrh fast) pressure profiles (leftjnear growth rates with and without fast ions the ITER hybrid
scenario ap=0.33 (center). Peeling-ballooning boundaries it without fast ions for ITER (right).

Conclusions

We have presented evidence of the simultaneousficettchn by fast ions of microturbulence
and MHD by performing gyrokinetic and MHD analysedwo JET hybrid shots at high and
low triangularity. In the core, mictroturbulencereduced by fast ions when electromagnetic
effects are taken into account whereas the ExB 8bear has been shown to play a minor
effect. At the same time, the fast ions increagetthal core pressure without increasing the
turbulence drive. This leads to an improved edgkegil pressure by means of the increased
Shafranov-shift in a manner unachievable by pueentlal pressure, which is strongly limited
by microturbulence. A positive core-edge feedbactherefore established and it is expected
to be efficient untii BAE/KBM modes are destabilizeue to the strong plasma pressure
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gradient obtained, which would increase both théamd fast ion transport. However, it has
been shown that this interplay is highly dependenthe magnetic geometry as the relative
improvement in the core and at the edge, and th&grplay, depends on triangularity and
plasma density.

This feed-back mechanism has extraordinary consegsdor the well-known degradation of
the thermal energy confinement time with power. Ta& that the fraction of fast ions and
core B increase with power make the confinement to deeredower than the IPB98(y,2)
scaling. This feature has an important impact @ @aalyses of tokamak devices for whgh

is important for generating enough fusion powerghsas DEMO or the fusion tokamak
reactor, for which present day studies might bepessimistic.

In fact, in ITER, this effect can play a similate@s in present day experiments, owing to the
high level of fast ions born from fusion reactiongiich highly increase the pressure gradient
in the plasma core, and therefore can compensateddow rotation expected due to the high
density required for producing sufficient fusioreegy.
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