Fast-ion stabilization of tokamak plasma turbulence
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A significant reduction of the turbulence-induced anomalous heat transport has been observed in
recent studies of magnetically confined plasmas in the presence of a significant fast-ion fractions.
Therefore, the control of fast-ion populations with external heating might open the way to more
optimistic scenarios for future fusion devices. However, little is known about the parameter range
of relevance of these fast-ion effects which are often only highlighted in correlation with substan-
tial electromagnetic fluctuations. Here, a significant fast ion induced stabilization is also found in
both linear and nonlinear electrostatic gyrokinetic simulations which cannot be explained with the
conventional assumptions based on pressure profile and dilution effects. Strong wave-fast particle
resonant interactions are observed for realistic parameters where the fast particle trace approxima-
tion clearly failed and explained with the help of a reduced Vlasov model. In contrast to previous
interpretations, fast particles can actively modify the Poisson field equation — even at low fast parti-
cle densities where dilution tends to be negligible and at relatively high temperatures, i.e. T < 307.
Further key parameters controlling the role of the fast ions are identified in the following and various
ways of further optimizing their beneficial impact are explored. Finally, possible extensions into the
electromagnetic regime are briefly discussed and the relevance of these findings for ITER standard

scenarios is highlighted.

PACS numbers: 52.65.Tt

Increasing the energy confinement time is an absolutely
crucial task for efficient magnetic confinement in nuclear
fusion devices, such as tokamaks and stellarators. The
main adversary is plasma turbulence which is driven by
steep temperature and density gradients. Any mecha-
nism limiting its development is therefore extremely valu-
able and should be taken into account in designing future
devices. In this context, fast ions — in nowadays exper-
iments created by the auxiliary plasma heating systems
such as neutral beam injection (NBI) and ion cyclotron
resonance heating (ICRH) - have attracted recent in-
terest. While previous research has mainly focused on
the possible excitation and impact of energetic particle
driven modes, a few numerical and experimental studies
[1-4] have hinted at fast particle effects on microturbu-
lence. A prominent example is the ion temperature gradi-
ent (ITG) driven turbulence [5] which is held particularly
responsible for the degradation of the ion energy confine-
ment. The main electrostatic effect associated with the
presence of fast ions is expected to be the dilution of the
main ion species [1]. This effect depends only on the fast
particle charge concentration. In low density regimes the
fast particle dynamics is not expected to contribute in
any way to the perturbed electrostatic potential and of-
ten in gyrokinetic simulations the trace approximation
is used [6, 7]. This is justified by the fact that for low
density the interaction of fast particles with the thermal-
ized species is practically negligible. However, in certain
situations fast particle effects on the microinstabilities
could even be observed at low densities. For instance,
a significant variation of the linear GYRO growth rates
has been observed in presence of fast particles, suggest-
ing an additional interaction mechanism which cannot

be explained by dilution [3]. In several experiments [8, 9]
significant improvement in the plasma confinement was
observed and at first attributed to the combined effect of
high rotational shear and low magnetic shear. Only af-
terwards, on the same set of discharges, numerical studies
[10] have proven that turbulence suppression is linked to
the inclusion of fast ions. Their role is often related to
nonlinear, electromagnetic turbulence stabilization. In
this Letter, a strong dynamic effect of fast particles on
the plasma microinstability is shown to exist also in a lin-
ear, electrostatic setup. Fast particles can contribute to
the development of turbulence modifying the main ion re-
sponse to temperature and density gradients even at low
density and high temperatures through a wave-particle
resonance mechanism [11, 12]. This dynamic effect de-
pends strongly on temperature and temperature gradient
of the energetic-ion species and is observed to carry over
to the fully electromagnetic case. Both, numerical re-
sults obtained with the gyrokinetic code GENE [13] and
a reduced theoretical Vlasov model are presented in this
Letter. Our explanation clarifies for the first time how
fast ions mitigate microturbulence and suggests a possi-
ble way to control and optimize their beneficial impact.
The importance of the aforementioned effect for an ITER
standard scenario is addressed with linear and nonlinear
GENE simulations.

The plasma parameters considered in the first part of
this study, see Tab. I, are taken from a JET L-mode
discharge with both NBI and ICRF heating [8, 9] and
with substantial fast ion effects [10]. To facilitate the
analysis, only a single fast particle species described by a
Maxwellian distribution function with an equivalent tem-
perature — e.g., either NBI fast deuterium or ICRH 3He



— will be retained at a time while the bulk plasma is com-
posed of deuterium and electrons. The simulations are
furthermore performed in a fluxtube domain justified by
the small Larmor-radius-to-minor-radius ratio evaluates
to p; = 1/450 for thermal ions and p}, p = 1/150;
pig. = 1/200, respectively, for fast deuterium and he-
lium. All simulations are performed in the electrostatic
limit unless noted otherwise and with numerical Miller
[14] equilibrium.

TABLE I. Parameters for the JET L-mode discharge 73224
[10, 15] (ptor = 0.33) and the ITER standard scenario (ptor =
0.32). Here, T' denotes the temperature normalized to the
electron one, R/Lt,, the normalized logarithmic tempera-
ture and density gradients, § the magnetic shear and v*
the electron-ion collision frequency normalized to the trapped
electron bounce frequency.

JET

R/m § q 1, R/Lr, R/Lr. R/L., 1"
3.1 05 1.7 1.0 9.3 6.8 1.3 0.038
ngp nsge Typ Tsye R/Lry, R/Lry, R/Lnfp R/Lns,
0.06 0.07 9.8 6.9 3.2 23.1 14.8 1.6
ITER

R/m .§ TD TT R/LTD R/LTT

q
62 027 112 074 074 196 187
e R/Lns, R/Luy R/Lu, R/L., R/Lr, v
003 06 0.6 0.6 06 126 0.0

The linear growth rate normalized to ¢s/a with ¢ =
(Te/mi)l/2 and minor radius a is shown in Fig. 1 as a
function of (a) the fast He and (b) the fast deuterium
temperature. All linear GENE simulations presented
here have been performed at a fixed wave number of
kyps = 0.5 where the maximum ITG linear growth rate
is observed. A striking feature in Fig. 1 is the particu-
larly strong dependence of the linear growth rate on the
fast 3He temperature. A pronounced reduction is found
around Ty ~ 12T, with 50% growth rate amplitude com-
pared to the case without fast particles and still 30%
compared to a pure dilution case, obtained neglecting
fast ions only in the first order quasineutrality equation.
For the fast deuterium case a slowly monotonic growth-
rate reduction is found, with ~ 20% at T' > 39T,. The
fast particles add a positive contribution to the main ITG
drive which rapidly decays to zero when the fast parti-
cle temperature is increased. Again, dilution is recov-
ered at very high temperatures which could imply that
highly energetic fusion alpha particles, i.e. T ~ 807,
may be described by dilution only [16]. The magnitude
of the fast ion contribution to the overall ITG growth
rate is found to scale linearly with the fast ion charge
concentration. A reduced collisionless Vlasov model has
been developed to explain and predict the main phys-
ical mechanisms involved in this significant fast parti-
cle stabilizing effect. By starting from the fast-particle
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FIG. 1. Growth rates as function of Ty /T. a) fast helium and
b) fast deuterium.

electrostatic Vlasov equation without the trapping, the
radial-curvature and the parallel-dynamic contributions,
which are negligible [12], and by employing the plane
wave ansatz for the perturbed quantities [17, 18] we ar-
rive at

Bo+2v2 A
By [5G (M55 ) Ky — 40, F]

1= ] Bo+202 (1)
wy + iw; + 7L (7“ s ““) kyKC,

which is written in normalized units and in field-aligned
coordinates with the radial coordinate x, the binormal
coordinate y, and the parallel coordinate z [19]. The ve-
locity space is represented by the velocity parallel to the
magnetic field v, normalized to the species’ thermal ve-
locity vy, = (27°/m)'/? and the magnetic moment g nor-
malized to T'/ By with reference magnetic field By taken
on axis. Furthermore, C is defined through the relation
By = CVzx x Vy and K:y = —2((B0 X VB()) . :l))/Bg To
give an example, these quantities evaluate to C' = By By
and K, ~ — cos(#) — 56 sin(8) for a simple § —a magnetic
equilibrium. Here, positive values of the real frequency
w, identify a mode propagating in the ion direction. The
wave-fast-ion resonance corresponds to the condition that
the denominator in (1) is zero. If a Maxwellian back-
ground distribution function is chosen, its derivatives
evaluate to

A R R 3
Fom=|—+— (v 4+uBo— = )| F 2
0xFo,m [Ln T (U. + uBo 2)} o (2)
and 1/(2v,)0Fy/0v, = —F, in normalized units. Ac-

cording to Eq. (1), the main contributions to the fast-
particle distribution F'; stem from the background drive
term (temperatures and density gradients) and from the
y-curvature term. These results are in agreement with
[11, 12] and are further validated below against full nu-
merical simulations. A certain fraction of fast particles
can resonate with the bulk-ion microinstability when the
real part of the denominator of Eq. (1) is zero, i.e. when
the magnetic-drift velocity matches the propagation ve-
locity of the mode. In order for this condition to occur,
Ky must be negative, which is the case on the outboard
side of the tokamak. The velocity and poloidal depen-
dency - identified by the angle 6 - of the wave-fast particle



resonance can be studied with both the reduced Vlasov
model and GENE simulations here retaining helium as a
fast-particle species and neglecting collisions in order to
facilitate comparisons. The latter choice is also justified
by simulation based observations that collisions seem to
have negligible impact on the resonant fast particle sta-
bilizing mechanism studied in this Letter — possibly due
the relatively high bulk ion temperature and low fast ion
density. In Fig. 2 the real part of F; /¢ is shown in the
v, — 6 plane for different values of the magnetic moment
w. For small values of the magnetic moment, a resonance
can be identified for a broad range of v, — 6 values with
a maximum at 6 = 0 (Fig. 2a). Increasing u, smaller
values of K, and v, are required for the fast particle drift
velocity to match the linear ITG mode propagation ve-
locity. In the case of large u, the resonance condition can
be satisfied only at the edge of the bad-curvature region,
i.e. 8 ~ F1.8 (Fig. 2b). These results are well reproduced
by the reduced Vlasov model.

w=0.035/[T /B ]
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FIG. 2. Real part of Fi/¢1 in the v, — 0 space at Ty =
12T, for p = 0.035 (a) and 2.42 (b) from GENE. In the 6-
region enclosed by the black dotted lines £, < 0 and positive
elsewhere.

The contribution of the fast particles to the overall mi-
croinstability growth rate can be investigated in velocity
space through the energy conservation property of the
Vlasov-Poisson equations [20-22]

1
Epot

'Yf(’UHmUJ) = -

/ﬂ'Bo (v + uBy) %d% (3)

where E,,;: denotes the potential energy. Employing the
plane wave ansatz and considering the simplified F; dis-
tribution derived in Eq. (1), Eq. (3) shows that the phase
space structure of s is mainly determined by the back-
ground drive term and by the wave-particle resonance.
This is also confirmed in actual GENE results as shown
in Fig. 3. In the thermal limit (T} = T.), the velocity
space structure of the helium growth rate contribution
is predominantly determined by the drive term since the
resonance condition is only met at large velocities where
the drive term is small. This picture changes with in-
creasing fast ion temperature. While the drive term, with
stabilizing (negative) components at v+ uBy < 3/2 and
destabilizing (positive) components elsewhere, does not
change in the given normalization, the resonance condi-
tion moves to smaller velocities when the fast-ion tem-

T, T,=12T,

i Ving

¥ =-061/c ja]

7= 0.34/[c fa]

8 0 1 4 5

2

;f/n,ranls zpl[T'lBj

FIG. 3. Converged fast particle v from GENE at low field
side for (a) thermal and (b) Ty = 127¢ helium. Black lines:
resonance positions according to the reduced Vlasov model for
different temperature ratios. Velocity space averaged growth
rate contribution is included in the lower right of each plot.

perature is increased, as depicted in Fig. 3a. The result-
ing contribution of helium to the growth rate is hence
more and more dominated by the stabilizing region of
velocity space. The maximum stabilizing contribution
is found when the helium temperature is such that the
drift velocity of the mode matches the minimum in the
drive term as expressed by Egs. (2,3). This sweet spot
is found around Ty/T. = 12, see Fig. 3b. The find-
ings in Fig. la can therefore be interpreted both qual-
itatively and quantitatively as results of the combined
drive and wave-fast ion interaction on the helium con-
tribution of the overall growth rate. From Eq. (3), to
maximize the resonant stabilization on the ITG growth
rate the relation n;l = % / % < 1.5 must be fulfilled
which is obtained in the limit of zero fast particle energy
and corresponds to the minimum condition for a negative
drive. As the ratio of the density and temperature gra-
dients decreases, the fast particle resonant stabilization
increases. This is confirmed by the absence of stabiliz-
ing effect due to fast deuterium apart from dilution, as
in Fig. 1b. The ratio 77]?1 ~ 5 in this case and the fast
deuterium drive term is positive for all energies. In sum-
mary, according to the model described, the stabilizing
effect of the fast particles requires at the same time that
(a) the minimum of the background drive term expressed
by Egs. (2,3) is negative (this being controlled by 77]71)
and (b) the wave-fast-ion resonance and this negative
region of the background drive overlap in phase space
(the effect being maximum if the propagation velocity
of the mode matches the minimum of the drive). The
interplay of these two key ingredients is clearly shown
in Fig. 4a. For the case of low fast-particle temperatures
Tt < 6T, the wave-fast-ion resonance coincides with pos-
itive values of the drive in phase space. An increase in
the temperature gradients, therefore, leads to a fast-ion
induced destabilization. However, as soon as the fast ion
resonance approaches the threshold condition identified
above, i.e. v2 + uBy < 3/2, the fast helium contribution
to the linear growth rate becomes negative and a strong
ITG stabilization is observed. The latter increases with
R/Ly, ¢ and is maximum for Ty = 127,. These results



helium helium
0.5
a b *ES
0s ) | oss ) oEM
:003 .:TF;ST E 0.3
& T=6T, | .25
= 0.2 T =12, >
01 e T,= 26T, 0.2
% nom. grad
o = = =dilution 0.15
20 40 60 R/L80 100 120 140 10 20 30
Tf Tf/Te

FIG. 4. Growth rates obtained (a) for different helium tem-
perature and temperature gradients and (b) for electrostatic
(blue line) and electromagnetic (red line) simulations.

can be generalized to a fully electromagnetic framework.
In Fig. 4b linear growth rates are shown for different fast-
helium temperatures for a realistic ratio of the plasma
to the magnetic pressure of 3. = 0.33%. Qualitatively,
the linear electromagnetic growth rates exhibit the same
behaviour as the electrostatic ones while quantitatively
they are found at lower values. The electrostatic stabi-
lization seems to be not affected by finite beta effects.
The electromagnetic fluctuations add an additional con-
stant stabilization at each fast-particle temperature such
that the combination of the two mechanisms may lead
to a substantial microturbulence suppression. The same
behaviour is observed for the fast deuterium setup.

The impact of the resonant fast-particle stabilization
on turbulence is also studied with nonlinear simulations
for the helium setup. The physics inputs are the same
as indicated in Tab. I. The radial box size is 175p, and
the minimum k,p, is set to 0.05. The grid numbers in
direct space are 192 x 96 x 24 in the radial, binormal and
parallel directions while 20 x 32 grid points are used in
the p and the v, velocity space dimensions. In Fig. 5
a comparison between the nonlinear main ion heat flux
and the linear growth rate relative reduction is shown
for different values of the fast-particle temperature. Lin-
ear growth rates and nonlinear main ion heat fluxes are
normalized to the value at Ty = 6.97, to study the ad-
ditional resonant stabilization compared to the nominal
temperature. For the linear simulations, ky,ps is set to
0.2 where the dominant heat transport spectrum compo-
nent is found in the nonlinear simulations. Strong ITG
suppression is observed in both linear and nonlinear sim-
ulations. An increase in the fast particle temperature
leads to a strong reduction of the main ion heat trans-
port which in the electrostatic simulations reaches values
up to 40% at Ty = 247, and seems to closely follow
the trend of the linear growth rate at ky,p, = 0.2. The
wave-fast ion resonance interaction outlined above can
therefore also be confirmed in nonlinear GENE turbu-
lence simulations. This holds true for finite beta where
the relative turbulence reduction at Ty = 12T, is almost
identical with the electrostatic one. Although the domi-
nant stabilizing mechanism is the nonlinear electromag-
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FIG. 5. Reduction of nonlinear ion heat fluxes and linear
growth rates at kyps = 0.2 for different helium tempera-
tures and for R/Lp y = 33 relative to their nominal values
at Ty /Te = 6.9: "™ = 0.163cs/a, qiws/q = 275.37,
GP/agp = 100.39, PBhs g1 /don = 40.12.

netic stabilization as it is clear from the absolute values
mentioned in Fig. 5, the wave-fast ion resonance mech-
anism add another substantial turbulence reduction on
top. Unfortunately, higher fast ion temperatures asso-
ciated electromagnetic nonlinear resonant stabilization
cannot be studied without crossing the KBM threshold
[23]. However, a more pronounced ITG stabilization can,
e.g., be obtained through a reduction of the safety factor
g = 1 and an increase of the helium temperature gradient
to R/Lp y = 33. In this case a particularly strong ITG
suppression of ~ 50% is observed. The latter can be fur-
ther controlled by changing the fast-helium temperature
and its gradient. In the remainder we discuss the impact
of the wave-fast ion resonance stabilization on an ITER
standard scenario with 2 He ICRH minority heating. In
particular, we consider a time slice of the discharge just
before the L-H transition [24], when the ion and elec-
tron temperatures are still low enough to have the ICRF
waves mostly absorbed by the 3He minority, and thus
with a consistent fast-3 He population generated by ICRF
heating (here we consider 3% of 3He). For the tempera-
tures foreseen at the flattop of the discharge (larger than
15 keV), ICRF waves are efficiently absorbed by tritium
and electrons, and consequently the fast-> He population
is substantially reduced. Nevertheless, this initial phase
of the discharge is essential for entering the flattop, and
thus the present mechanism can play an important role in
the initial phase of the ITER discharge. Realistic kinetic
profiles for the thermal species - deuterium and tritium -
and magnetic equilibrium have been extracted from JIN-
TRAC simulations [24], see Tab. I. In Fig. 6 a correspond-
ing linear and nonlinear analysis is performed for different
ICRF injected power at the radial position po, = 0.32.
The fast helium kinetic profiles are consistently com-
puted with the ICRF full-wave TORIC code interfaced
with the SSFPQL Fokker-Planck solver [25, 26]. As pre-
dicted by the wave-fast ion stabilizing mechanism de-
scribed above, only a small fast ion contribution is ob-
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FIG. 6. Growth rates a) and nonlinear main ion heat flux b)
as a function of ky,p, and injected ICRF power for an ITER
standard scenario at ptor = 0.32.

served for Picrg = 5 MW, i.e. where the fast ion drive is
practically negligible. An increase in the fast-ion temper-
ature gradients, i.e. Picrg = 10 MW, leads to a stronger
fast ion contribution in the field equation, which however
becomes destabilizing since the wave-fast-ion resonance
is still in the positive region of the background drive. On
the contrary, a significant reduction in both linear growth
rates and nonlinear fluxes can be achieved for the case of
P = 20MW, i.e. where Ty > 61, and the wave-fast ion
resonance overlaps with the negative region of the back-
ground drive. For this case, fast ions add a substantial
stabilizing contribution with a consequent overall ITG
suppression, which is stronger at higher mode numbers.
This result is consistent with Eq. (1). For smaller values
of kyp; the resonance condition can be satisfied only for
higher fast ion temperatures.

In conclusion, fast ion dynamic effects on the main ion
turbulence have been studied for realistic parameters and
geometries via gyrokinetic GENE simulations and via a
simplified analytic model to single out the most relevant
physics mechanisms in the simulations. It is found that
fast particles can strongly affect the main ion microin-
stabilities. Fast ions can interact with the main ion mi-
croinstability through a wave-particle resonance mecha-
nism when the fast ion magnetic-drift frequency is close
enough to the linear frequency of the wave. This mech-
anism can lead to a significant stabilization when the
phase-space resonance position coincides with the ben-
eficial (negative) region of the fast particle drive term.
The main physical parameters controlling the impact of
the fast ions are identified. Precisely, when the fast-ion
temperature maximizes the stabilizing effect of the reso-
nance and the temperature gradient exceeds the density
gradient, strong ITG mode suppression can be expected.
The latter condition is well matched by fast-ion tails cre-
ated by ICRF heating. Nonlinear simulations demon-
strate that turbulence suppression of ~ 50% is achiev-
able by optimizing the wave-particle resonance. These
mainly electrostatic findings are also confirmed in linear
and nonlinear electromagnetic GENE simulations, and
are in line with experimental evidences [8-10]. In this
Letter, we propose and substantiate a physical explana-
tion for the observed impact of the fast-ion population on

the turbulence-induced transport and furthermore sug-
gest criteria to improve the energy confinement by tai-
loring the fast-ion population with auxiliary heating. As
exemplified by simulations with parameters typical to the
ITER standard scenario, this may not only be relevant to
present-day experiments but could also imply way more
optimistic predictions for reactor-scale devices.
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puting and Data Facility (MPCDF), Germany. Further-
more, we acknowledge the CINECA award under the IS-
CRA initiative, for the availability of high performance
computing resources and support. The authors would
like to thank A. Zocco, J. Citrin, P. Lauber, F. Jenko,
C. Angioni and M. Romanelli for all the stimulating dis-
cussions, useful suggestions and comments.
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