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An arbitrary wavelength solver for global gyrokinetic simulations. Application to the
study of fine radial structures on microturbulence due to nonadiabatic passing

electron dynamics

J Dominski,!'® B.F. McMillan,2 S. Brunner,! G. Merlo,® T.-M. Tran,! and L. Villard*
D Ecole Polytechnique Fédérale de Lausanne, Swiss Plasma Center,
CH-1015 Lausanne, Switzerland.

2 Warwick university.
(Dated: 1 June 2016)

A new arbitrary wavelength solver to the gyrokinetic quasi-neutrality equation is
implemented in the gyrokinetic code ORB5. This new solver accounts for the polar-
ization drift term contribution to the quasi-neutrality equation in its integral form,
and is thus valid for arbitrary wavelength compared to the ion thermal Larmor ra-
dius. This new feature of the ORB5 code overcomes the former long-wavelength
approximation made in the original version of the code. This effort is made to pursue
the study of the influence of the nonadiabatic passing electron response near mode
rational surfaces in global geometry. A Padé approximation version has also been
implemented and is systematically compared to the results obtained with the arbi-
trary wavelength version of the solver. A benchmark is conducted against the global
version of the gyrokinetic code GENE, showing very good agreement. First nonlinear
simulations are carried out in condition relevant for the TCV tokamak, shot #45353,
with the physical Deuterium to electron mass ratio (m;/m. = 3672) and are com-
pared to simulations carried out with heavy electrons (m;/m. = 400). The particular
spectral organization of the passing electron turbulent flux is revealed, showing strong
ties with the radial profile of safety factor. In particular, the formation of transport
barriers is studied near low order mode rational. These nonlinear simulations show
that realistic nonlinear fully-kinetic simulations of tokamak transport must be carried

out in a full torus and with the real mass ratio.

a)julien.dominski@epfl.ch



I. INTRODUCTION

The micro-turbulence occurring in the core of tokamak magnetic confinement experiments
is known to be responsible for important losses of heat and particles. These losses are
essentially due to the turbulent transport caused by instabilities of various types, as for
example the ion temperature gradient (ITG) modes, the trapped electron modes (TEM),
or the electron temperature gradient (ETG) modes. The dynamics of these regimes have
different characteristic length and time scales and because these modes coexist in a fusion

plasma, plasma turbulence is a multi-scale problem!*.

The multi-scale nature of plasma
dynamics can also be observed in purely electrostatic ITG or TEM regimes when resolving
the kinetic passing electron dynamics at short scales®, i.e. < p;. In such case, illustrated
in the present work, it appears that fine radial structures due to the nonadiabatic response
of passing electrons are present near low-order mode rational surfaces over the electrostatic
potential, the species density and temperatures. The presence of these fine structures alter

the zonal flows and the level of turbulence transport. Multi-scales simulations are thus

obviously required for accurate prediction of tokamak plasma confinement properties.

To enable carrying out such multi-scale simulations in global geometries with the gy-
rokinetic code ORB5, a new arbitrary-wavelength (compared to the ion Larmor radius)
electrostatic-field solver has been implemented. This new feature of the ORB5 code over-
comes the former long-wavelength approximation made in the original version of the code,
see Refs. 6 and 7. The gyrokinetic code ORB5 is today a multi-scale, multispecies, colli-
sional, electromagnetic, and global gyrokinetic PIC code, in which the statistical numerical
noise is controlled using modified Krook operators or coarse graining procedures. The main
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steps which led to the current state of the code are: an electromagnetic version
referred to as NEMORB, the inclusion of new sources and noise control’, a field-aligned

Fourier solver'?, inter- and intra-species collisions'!, and the effect of strong flows!2.

We present in this paper first ORB5 results obtained with this new generalized field
solver, based on the finite-element representation of the field®!3. In this solver, the linearized
polarization drift contribution to the quasi-neutrality equation (QNE) is accounted for in
its integral form by following a similar method to Ref. 14. The main differences are that the
kernel of the integral solver is integrated making use of an Eulerian grid instead of a Monte-

Carlo-type integration, and that the field is solved for the discrete Fourier representation



of its finite-element coefficients. This discrete Fourier representation significantly reduces
the size of the corresponding matrix system!. A Padé version of the solver has also been
implemented and is compared to the integral solver. Initial comparison of such a Padé
approximation with a generalized solver was initially done in Ref. 15, where a generalized
electrostatic field solver was also presented. The main difference of the here presented
arbitrary wavelength solver with the one in Ref. 15, as already pointed in Ref. 14, is that the
temperature and density are not assumed constant when doing the gyroaveraging operation
for assembling the ion polarization drift contribution to the QNE.

The remainder of this paper is organized as follows. In section II, the new field solver
valid for arbitrary wavelength is introduced. In section III, a linear benchmark is carried out
with ORB5 against the global version of the gyrokinetic code GENE!®!7 in global realistic
MHD geometry considering the three electron models®: adiabatic, hybrid, and kinetic. In
section IV, nonlinear simulations for conditions relevant to TCV!® are performed with fully-
kinetic electrons and the arbitrary wavelength solver. Results obtained with the integral
solver are compared to the Padé approximation version. The different contributions of sub-
and suprathermal particle species to the fluxes and their radial organization, involving in

particular zonal flows structures in the vicinity of MRSs are studied in detail.

II. THE ARBITRARY WAVELENGTH SOLVER
A. Quasi-neutrality equation

The quasi-neutrality equation reads ) _¢,N, = 0 with g, the electric charge and N,
the density of the different species, o, composing the plasma. In the frame of a gyrokinetic
description!?, each species density is computed from equation
2eg%0) 1)
By op )’

where the electrostatic potential ¢ = d¢ is a pure perturbation, x a position in configu-

N, (x; 1) :/dZ (X +p—x) <f0+

ration space, f,(X, v, u;t) the particle distribution function in gyrocenter variables which
is evolved according to the gyrokinetic equation?’, X the guiding center, p = p(X, i, )
the Larmor vector, a the gyro-angle, i = m,v? /2B, the magnetic moment, v, the particle
velocity component perpendicular to the magnetic field, v the velocity component parallel

to the magnetic field, dZ = ddeHd,uda(BgH/ m,) the infinitesimal phase-space volume in
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guiding-center coordinates (X, vy, 1, @), By = By + (ms/¢s)vib - V x b, By the equilib-
rium magnetic field amplitude, b = By/By, and 6(X + p — x) the Dirac delta function.

The polarization term is explicitly function of the electrostatic field ¢ through the term

¢(X7 s Oé) = 5¢<X + p) - <5¢>0<X7 M) with
(000X = f 5250(X + p) &)

standing for the gyro-averaged field. Note that the norm of the Larmor vector is p, (X, 1) =
vy /Q0(X) with Q,0(X) = ¢»Bo(X)/m, the cyclotron frequency and m, the species mass.
Moreover, the species thermal Larmor radius is defined by puj(x) = v j(X)/Qp0(x) with
v (X) = /Tro(X)/m, the thermal velocity, and Tyo(x) the species background tempera-
ture. The ion sound Larmor radius is ps(x) = ¢4(x) /40 (x) with ci(x) = \/ZiToo(x)/m; the
ion sound speed of the ion species ¢ with ionization degree Z;.

As the background plasma is assumed neutral, > ¢,N,o(x) = 0, the quasi-neutrality
equation can then be rewritten by keeping only the perturbation terms ) _ ¢,0N,(x;t) =
0, where the particle distribution function f, is split in a time-independent background,
fo0, and a time-dependent perturbation, ¢f,, such that fo(X, v, u;t) = foo(X, vy, @) +
0 fo(X, vy, i t). From Eq. (1), the background density is

Noo(x) = [ dZ3(X + p =) fralX. v1.1), 3)

and the perturbation density is composed of two terms: the gyro-density contribution
INE (i) = [ 423X+ p—x)6fs (X, vy, i), @)

and the linearized polarization-drift contribution

Pl (1) = b six. )2l 1)
SNP l(x,t)—/dZd(Xer—X)B(](X)égb(X,,u,t) o , (5)

such that 6N, = 6N + §NP°' and having neglected the nonlinear contribution to the
polarization density.

In the present work, different approximations and models are considered for the pertur-
bation density, which we will briefly list here. For ton species and for sufficiently long wave-
lengths with respect to the ion Larmor radius, k, p; < 1, with £, the perturbation wavenum-
ber in the direction perpendicular to the magnetic field, the so-called long-wavelength ap-

proximation may be considered for estimating

; N; (X)
NPx: ) ~ ﬂv L0
N t) m; 02 (x)

Vido(x;t), (6)



with ¢; = eZ; the ion charge and e the elementary electric charge. This approximation was
made in the previous versions of the gyrokinetic code ORB5% 8. For the present work, a
new field solver is implemented in the ORB5 code, for which the linear polarization contri-
bution to the perturbed density is computed from the integral form as described in Eq. (5).
Note that, as an improvement over the long-wavelength approximation Eq. (6), a Padé ap-
proximation version of this integral solver has been implemented as well, for which the ion

polarization drift term is estimated using the relation

_ ZZ' Ni
SNPO(x;t) ~ [1 = Vi - p2(x)V ] 1 (jn—ivj_ : %VL&MX; t)] - (7)

This approximation is based on the expression of the polarization drift term in Fourier space
for a homogeneous plasma'®?! §NP (k) = (¢Nio/Tio) [1— Ao(k2 o3 )] 66(k) and on the
Padé approximation of the scaled modified Bessel function of order zero Ag(€) = e ¢1y(&) ~
1/(1 +€). In practice, the operator [1 — V| - p?V ] is applied to all terms of the QNE
effectively canceling the operator [1 — V- p?V]7! in Eq. (7). For electrons and for small
wavelengths with respect to the ion Larmor radius, k;p; = 1, but still sufficiently long
with respect to the electron Larmor radius, & p. < 1, the drift-kinetic approximation can
be made. It consists in neglecting the electron polarization term, Eq. (5), reducing the

electron perturbed density to its gyro-density in which the Larmor radius is taken to be zero
ONe(x;t) = ONE (x;1) ~ /dZ 0 fe(%, p, vy ). (8)

For certain types of fluctuations the electron response can also be computed from the adia-

batic (Boltzmann) approximation??

SN (1) = S 560 1) — {0} (s:1)], ©

Oe

where (6¢)rs(s) = [ded0*Té¢/ [ dedd* T is the flux-surface average of the perturbed
electrostatic potential expressed in magnetic coordinates (s, 6*, @) with s the flux-surface
label, 6* the straight field line poloidal angle, ¢ the periodic toroidal direction, and J
the associated Jacobian. Finally, a hybrid model can also be considered, in which the
trapped electrons are described kinetically and the passing electrons are described adiabati-

cally NP (x) = NKiD (x) + N2

etrp 20as(X). More details concerning these electron models are

given in Refs. 5 and 23.



Considering the different possible electron models and approximations, the most general
form of the quasi-neutrality equation can be written

D I D B A D DI A

oe{kin} Op oe{ad} To0 oe{kin|dk}

(10)
where one uses the sets {kin}, {ad}, and {kin|dk} to denote the (subgroup) species which

are modeled kinetically, adiabatically, and either kinetically or drift-kinetically, respectively.

B. Discretized QNE

In this section, the Ritz-Galerkin method is used to project the quasi-neutrality equation
(QNE) on a set of finite-elements {A,(x)}, such that this integral equation is transformed

into a system of linear equations®!?

ZLVV’5¢V’ = Sua (11)

where L,,,0¢, and S, are, respectively, the Galerkin projections, [ dxA,(x)..., of the left
and right hand sides of Eq. (10). The unknown terms d¢,/ in this system of linear equations

are the coefficients of the finite-element representation of the electrostatic field
0p(x) =Y 0y A (x). (12)
The source term S, is the projection of the gyro-density

By
Sl/ =2 Z 4o dXdUHdum—<Al/>a<X7:u)5f0<X7:u7U||)7 (1?))

oe{kin|dk} 7
where one performed the simplification [ dxA,(x)6(X + p — x) = A, (X + p). In PIC
representation, as considered in the ORB5 code®, this source term is computed from the

marker particles

Sy = Zqup(t)<AV>a(Xpaﬂp)a (14)

with p the subscript labeling the particle quantities and w, the particle weight. Finally, the
matrix L,,, is composed of the linearized polarization-drift contribution(s), LES}, as well as

with L,,, = L% + L

v

of the possibly adiabatic electron response, L

v’



The adiabatic response matrix reads

1 == 3t [ a0 (Ao tx) — (A es(o)]. (15)

oec{ad}

with {ad} the set of species sub-groups which are modeled adiabatically, see Eq. (10).
The arbitrary-wavelength polarization matrix, related to the term defined in Eq. (5),

reads

t=on Y o [ aXindp 2o (<52 ) A~ Aalid . (10)

oe{kin} Mo BO 8”

where (A,)o = (A))o(X, ). This latter matrix is symmetric and positive definite because
it is the positively weighted (—0f,0/0p > 0) sum of the symmetric and positive definite
sub-matrices P, = (A,Ay)q — (M) o (M) (P = Pt and (¢?), > (¢)? for all ¢).

The long-wavelength polarization matrix, defined by Eq. (6), reads

Nyo(x
LPo) = Z 9% / QQSXVLAV(X)VLA,/(X), (17)

Ue{km}

where one has performed an integration by parts of the form
/dXAV(VLFle,/) = [AVFVLAV/]QQ — /dXVLAV FVLAV/,

and the term [A,FV A, ]sq = 0 as a result of imposed Dirichlet boundary conditions. Note
that no boundary conditions need to be imposed for deriving the matrix in the finite element
representation of the integral operator, Eq. (16). The behavior of the solutions to the QNE

at the boundary will be discussed in more details in Sec. ITF.

C. Discretized QNE in the particular case of the Padé approximation

The Padé approximation version of the QNE of a two species plasma with drift-kinetic

electrons, reads

2
By, Y=YV Y qo/dm X +p,—x)0f,,  (18)
¢ 0 o={i,e}
where |p,| = 0 and ¢ = —e. Compared to the long wavelength version of the solver, the

difference is the presence of the operator (1 — V - p?V ) on the RHS of Eq. (18). This
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operator effectively necessitates the computation of an additional source term on the RHS

of Eq. (11), which now reads 3°,, L*%d¢,, = S, + S with S© = LT 5., and

corr — 3™ / 0% pR ()Y LA (X) VL Ay (x) (19)

where an integration by parts and Dirichlet boundary conditions have been used, and the s,
stand for the coefficients of the decomposition into finite elements of the total gyro-density:
Yo su(x) =3, ¢s [ dZ(X + p, — x)0 f5. The above relation can be inverted for s, by
projection onto the basis elements A, (x) and making use of the definition (13) of S, leading

to

sy =M7S,, (20)

vv!

where M,,, = [ dxA,(x)A,(x) is the mass matrix. In this Padé version of the solver, the
RHS of the QNE is STade = G, 4 S = (1 + LM 1)S, and the weak formulation of the
QNE is LP%8¢,, = SPd where LPY is taken from Eq. (17).

D. Gyroaveraging

For computing gyro-averages appearing in Egs. (13) and (16), the gyropoints, i.e. the

particle positions along the gyroring are parametrized by the gyro-angle «

b x Vs )’ (21)

\Y
x(a) = X+ p(«) :X+p(‘v—§|cosa+msina

where p = p(X, p) and having dropped the index o for species dependence to lighten nota-
tion. The (s,0*) coordinates of the gyropoints can be estimated by linearizing the metric
around the guiding-center position. However, such a linearization of the metric is problem-
atic when considering the polar-like coordinate system (s, #*) which presents a singularity
at s = 0 (magnetic axis). Indeed, when approaching this point the metric starts to vary
significantly over the scale of the Larmor radius. To avoid this problem one considers the
pseudo-Cartesian coordinate system (£,7n) = (s cos0*, ssin §*) which is absent of any singu-
lar point. The radial variable s must be defined so as to be proportional to the geometrical
minor radius 7 near the magnetic axis, e.g., s o< v/1). The estimation of the (s, 6*) coordi-
nates of points along the gyro-ring is now carried out by performing an analytical mapping

in between the two sets of variables (s, 0*) <> (£,7) and by linearizing the metric around the
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FIG. 1. Sketch of the gyropoints used to compute velocity quadrature of the arbitrary wave-
length polarization matrix (A8). In red, plotted is a guiding center gcy (dark red cross) located
near the magnetic axis (black dot marker) and the local grid of gyropoints (red dot markers),
{X+ p(vf), o))}, used to compute the local velocity quadrature (vf), o)) at this guiding center
position. In blue, plotted is a guiding-center (gca) located outside the simulation domain (blue

cross) with its associated gyroring crossing the simulation domain (blue full line).

guiding-center position in the (£,7) coordinates, which leads to

S(X + p) = FEXT T [p(a) VP T 7(X) [pla) VoK) T 25(X) pla) - VoK),
0*(X + p) = 0*(X) 4 arctan —E ;fgj(‘gl)vélg ; .
(22)

E. Quadratures

This section briefly comments numerical requirements for solving the self-consistent elec-
trostatic field when accounting for the ion polarization density at arbitrary wavelength. A
focus is made near the axis and near the edge of the simulation domain. Refs. 14 and
15 already discussed the accuracy of the gyroaverage operation for the polarization matrix
assembly, in order to resolve short wavelengths.

Near axis, it was found that the grid of gyropoints, {X + ppol(vi , )} see Fig. 1, used

for assembling the integral solver must be a few times denser than the radial grid on which

the field d¢ is represented, in order to avoid non-physical oscillations on .



2 -1 0 1 2 -2 -1 0 0
T/Ps T/Ps T/Ps

1 2 -2 -1 1 2

FIG. 2. Electrostatic field, d¢, solution to the QNE when the source is a gyroring charge per-
turbation located such that the magnetic axis, positioned at (R, Z) = (0,0), is slightly inside the
gyroring. Subplot (a) only four points are used to represent the gyroring, (b) four points as well
but filtering out the Fourier mode kgps > 8 from the right hand side, and (c¢) using 100 points to
represent the gyroring and no filter. This test case shows the presence of non-physical oscillations
near axis caused by the coarse discretization of the gyroaveraging operation when computing the

charge assignment.

On the contrary of the long wavelength solver, the arbitrary wavelength solver and the
Padé solver are not filtering the short scales. One thus must reduce the short scale sampling
error on the source term of the QNE, to avoid the consequent presence of short-scale error
on the solved field d¢. Therefore, during the charge assignement operation, a Fourier filter
(resp. a high number of gyropoints) is used to filter out (resp. to reduce) the pile-up of
the error sampling, in particular near axis where the grid resolution is the finest. This error
sampling near axis is partly a consequence of the discretness of the gyroaveraging operation,

see Fig. 2.

A novelty of the integral operator compared to the differential one concerns the integral
operation and its volume of integration. When assembling the integral solver, the quadra-
tures account for guiding centers, X, which are outside the simulation volume if a fraction
of their gyroring, X + p(«), is inside this simulation volume. See the guiding-center and
gyroring plotted in blue in Fig. 1. This volume of guiding-centers which are outside the
simulation domain represents a small volume of a few local thermal Larmor radius in the
radial direction, because the quadrature over the perpendicular velocity is typically carried

out from 0 to V) e With v e = dUn.

The solver matrices implementation is described in the appendix A. Let us just note that

when assembling the integral solver with a perpendicular velocity grid which is uniform in
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vy (resp. p), the error on the solution converges with the order O(Avt) (resp. O(Ap?)).

F. Boundary conditions

In the integral solver, the electrostatic perturbation field, d¢, is only defined within the
toroidal simulation domain, i.e. there is no d¢(s) for s < sy, or s > spax. Moreover, no
boundary condition is applied to the field ¢ which is then left free to take edge values
consistent with the plasma description. When the domain includes the magnetic axis s = 0,
one imposes unicity on the solution on axis: d¢(s = 0,0%) = (§¢)e(s = 0) for any 6* as
described in Ref. 6. This “unicity boundary condition” on the magnetic axis translates into
keeping only the m = 0 mode for the field coefficients.

A simple verification of the behavior of d¢ on the edge has been carried out in a very sim-
ple system of the form L£5¢ = §NP°! where £ is the integral polarization drift operator (no
adiabatic electrons). The background is Maxwellian with constant density and temperatures
profiles, the geometry is Cartesian (z,y) = is the “radial” direction and y is the periodic
“poloidal” direction, and the perturbation is a pure radial sinusoid NP (z,y) = sin (k,z)
with k, = 2pn/L,, p an integer number, and L, the simulation width in the z direc-
tion. In these conditions, one obtains a theoretical estimate for the field at the edge:
$Biheory = —(4pun/3v/21)05¢/Ox. In Fig. 3 (a), this theoretical estimate (red full line with
cross markers) is in good agreement with the numerical value of the field (thick black line).
The agreement is better for long wavelengths because of approximations made for obtaining
the analytical relation. Note that the radial derivative dd¢/0x used for the theoretical esti-
mate is taken from the numerical simulation results. This theoretical estimate is obtained

from the following approximation

o 3(]N0 Pth 5¢6N0/T0 N085¢>
NPl o 24V P 1090 No/fo  DNo 90P 9
ONeage = —7 T, 00+ 4= 15 oy T, 0z (23)

This relation is obtained by integrating Eq. (16) when gyroaveraging the perturbed field only
over the fraction of gyroring which is inside the simulation volume, because the simulated d¢
is not defined outside the simulation volume. The Taylor expansion of the gyroaveraging of
the perturbation at the edge is thus (¢), ~ ¢/2 — (p/7)0¢/0x. The background quantities
being defined outside the simulation domain, their gyroaverage Taylor expansion is (/Vg), =~

NQ + (,02/4)(82 NQ/@I‘Q + 82 N0/8y2)

11



——SiMUlation
—><—— Theory (valid in longwavelength)

0 0.2 0.4 0.6 0.8 1
k. pi

FIG. 3. Value of the electrostatic field at the edge, in a simple test case scenario. Cartesian coor-
dinates, slab geometry, d¢ solution to a RHS perturbation 0 N = sin (k,x) when solely accounting
for the polarization drift operator. The “theory” curve is estimated from equation (23) valid for

long wavelengths only (see the text).

G. Numerical convergence and structure of the polarization matrix

Here we will show that the growth rate of unstable n # 0 modes can be recovered by
using a numerically reduced band matrix for representing the arbitrary wavelength solver
matrix!?. On the other hand, we shall see that one cannot truncate this matrix to accurately
simulate the n = 0 GAM oscillations and zonal flow residual which are typically studied in
a Rosenbluth-Hinton test?®. Therefore, in view of carrying out nonlinear simulations, one

needs to keep the “complete” matrix.

As discussed in Ref. 14, the new arbitrary wavelength polarization matrix has the par-
ticularity of being composed of a number of radial bands varying with the splines de-
gree and the v, ,,4, parameter. This number of radial bands is given by the relation
Nrad—bands = 2(d+ 1)+ ceil(2pmax/ A1) With prax = V1 maz/ 20 the largest Larmor radius used
during the quadrature, and Ar the width of a radial interval As in p; units. In our case
this radial interval width varies because of the radial profile effects and one should consider
the most constraining value of Ar for defining 7,4q_pandas- The total number of radial bands
used for representing the arbitrary wavelength solver matrix is thus 7pands = MmMrad—bands
with n,, the number of discrete Fourier modes used to represent the field in the poloidal

direction.

We confirm in a pure TEM case that the eigenvalue of the mode may only be weakly af-

fected by this number of radial bands'?, such that one can truncate the arbitrary wavelength
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FIG. 4. Pure TEM study with hybrid electron model, test case based on CBC but with L7, = Ly,
see thesis Ref. 24 for more details on the test case. Radial resolution ns, = 360 with a/p; = 180.
Subplot (a), the polarization matrices used for computing the growth rates are composed of all the
twenty seven non-zero radial bands (red) and of only five radial bands (blue). Vertical dashed lines
separate three different (ng,n,) resolution used for this scan. In subplot (b) and (c), convergence
studies are carried out with respect to the radial resolution ng and to the v, ;,q, parameter,

respectively. In these cases all the non-zero radial bands composing the solver matrix are kept and

V] max — DUgh .-

polarization matrix. In Fig. 4 (a), it is shown that keeping only 5 of the 27 matrix radial
bands is enough to recover the growth rate of the TEM mode over the whole instability

spectra.

In subplots (b) and (c), convergence studies carried out for the toroidal mode number
n = 128 show that the growth rate is converged with Ar/p; = 1/2 (ns = 360) and v, ez >
4vy,. For the scan carried out in subplot (a), one uses ns = 360 and v, e = HUs. These

parameters are used in the other simulations of this paper (except indicated otherwise).

A Rosenbluth-Hinton test® is carried out in Fig. 5. In subplot (a), all the radials bands
required for representing the arbitrary wavelength matrix, with v, ,,4, = 5vy, are kept and
there is a a very good agreement between the results obtained with the long-wavelength
solver and the arbitrary wavelength solver. In subplot (b), the relative differences between

a theoretical estimate and the simulation results using the arbitrary wavelength solver is
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FIG. 5. Rosenbluth-Hinton test in CBC geometry with zero density and temperatures gradients,
p* = 1/180, ns = 360, nytot = 16M marker particles, adiabatic electrons, and the results are
taken at radial position r ~ 0.5. Plotted is the radial electric field E, in arbitrary units. Subplot
(a), comparison between the long and arbitrary wavelength solvers with 27 (blue), 10 (orange),
and 5 (red) radial bands fo representing the solver matrix. Subplot (b), convergence study with
respect to v e, used for assembling the arbitrary wavelength solver. Plotted are the relative
differences of the simulation results with the theoretical estimates: res = 1/(1 + 1.6¢> \/a/—R) and

wa = (ven,i/R)\/1+ 1/2¢2. The dotted lines, in subplot (b), stand for the long wavelength results.

plotted with respect to the parameter v .« used for assembling the polarization matrix.
For v ez > Svy, the simulation results obtained with both the arbitrary wavelength solver
and the long wavelength solver are in good quantitative agreement. In both cases there are
reasonable differences of 3% and 7% between the numerical results and the theoretical pre-
dictions for the residual res = 1/(1+1.6¢2\/a/R) and frequency wg = (vyi/R)\/1 + 1/2¢2,
respectively. In subplot (a), one shows that the results are clearly sensitive to the number of
radial bands and that with the arbitrary wavelength solver one clearly needs a larger num-
ber of radial bands than with the differential solver, in order to converge the results. These
results were numerically converged within a few percent when keeping 80% of the radial
bands composing the integral solver matrix. In the simulations presented in the remainder

of this paper we will keep all the non-zero radial bands.
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IIT. LINEAR BENCHMARK ORB5 VERSUS GENE

To validate the new solver, a benchmark exercise has been carried out, between ORB5
and the global version of the GENE code!®17:26, by using realistic magneto-hydrodynamic
(MHD) geometries, as well as the different versions of the new ORB5 field solver. For this
benchmark exercise, two MHD equilibria from Ref. 27 were used: the geometry V, MHD-J,
which is the simplest one and the geometry I, MHD-1, which is the most complicated one.
When using MHD-5, three electron models (adiabatic, hybrid, and kinetic) were used, as
well as the three solver versions: long wavelength, Padé, and arbitrary wavelength. When
using MHD-1, one used the adiabatic electron model for both the long wavelength and the
arbitrary wavelength solvers.

The considered plasma is a two species plasma with ions (¢; = —¢. = e), heavy electrons
(m;/me = 400), and T;o = To. The background profiles are chosen to be peaked, such as to
radially localize the source of instability and to avoid the presence of modes growing with

similar growth rates at different radial locations. Both density and temperature profiles are

thus defined by

dl NT vol = FMvo A VO vol = FMvo _A VO
nN.T _ rknr {tanh (p L= Prolo + Ap 1) _ tanh <p 1 — Prolo — Ap 1)} (24)
dpyol 2 AN Anr

with pyo = m, V = V(1) the volume contained within the flux surface ¢, and
knr = a/Lyr. In this benchmark exercise one takes Ky = 0.78, kp = 2.47, Ay = 0.02,
Ar = 0.02, pyoro = 0.5, and Apyq = 0.075 for both ion and electron species.

In Fig. 6, using the fully shaped MHD equilibria MHD-1, the local dispersion relations
obtained from simulations carried out with GENE and ORB5 are in good agreement at
all wavelengths when using the new arbitrary wavelength solver. It is noticeable that this
ITG type mode is unstable down to shorter scales (0 > kgp; = 1.2) than a typical ITG

(0 > kgp; = 0.6). Thanks to this particularity of the spectra, it is clearly shown that the
long-wavelength solver underestimates the growth rate for short wavelength kgp; > 0.6.

In Fig. 7, using the simplest MHD equilibria MHD-5, it is shown that the long-wavelength
solver totally fails at solving the short wavenumbers of the TEM branch, when using either
the hybrid or the fully kinetic electron models. On the contrary, the new arbitrary wave-

length solver successfully solves these short scales modes with both the hybrid and drift-

kinetic electron models and is in very good quantitative agreement with GENE. Finally, the
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FIG. 6. Dispersion relation for the MHD-1 case, results have been obtained with obtained with
GENE (black circles), ORB5 and long wavelength solver (green crosses) or arbitrary wavelength
solver (blue dots), when using the adiabatic electron model. Growth rate in full line and real

frequency in dashed line.

(a) adiabatic e- (b) hybrid e- (c) kinetic electrons

<«—— Fullling:
growth-rg

Q ORBS5 (arbitrary)
ORB5 EPade)

@ ORBS5 (long wav. approy.
5 -05 x GENE o
>

<h &\
QY\ Dashed line:
-1 w frequency
'Y r
Q
-15 ‘5
0 0.5 1 15
kops

FIG. 7. Dispersion relation for the MHD-5 case, results have been obtained with GENE (black
circles), ORB5 and long wavelength solver (green crosses) or Padé approximation solver (red tri-
angles) or arbitrary wavelength solver (blue dots), when using the (a) adiabatic, (b) hybrid, and

(c) kinetic electron models. Growth-rate in full-line and real frequency in dashed line.

Padé version of the solver also shows a very good agreement with GENE and thus with the
new integral solver.

In Fig. 8 subplots (a) and (b), it is shown that the radial envelopes of the eigenmode
n = 24 are in very good agreement between GENE and ORB5 when using either the arbitrary

wavelength or the Padé solver. Moreover, the systematic presence of fine radial structures
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due to the non-adiabatic response of passing electrons near MRSs® is confirmed, and their
width is clearly converged for both ORB5 and GENE (see the zoom). It is remarkable that
the Padé approximation version of the solver is still valid for such short scale dr ~ 0.3p;
corresponding roughly to k,.p; &~ 20. It is also remarkable that there is such a good agreement
when using the drift-kinetic model for the electron (ORB5) and the gyro-kinetic model for
the electron (GENE). On the other hand, it is shown that the long wavelength solver fails
at solving these fine radial structures. Note that fine structures of similar short scales are
present on the source term of the quasi-neutrality equation, INZ —JN& when using either
the long or arbitrary wavelength solver, see subplot (c). It clearly shows that the absence
of fine structures on the potential envelope is only a consequence of the long wavelength
approximation used.

For the results obtained when using the arbitrary wavelength solver, the fact that the
growth rate is larger when using the fully-kinetic electron model than when using the hybrid
electron model shows that the non-adiabatic passing electron response is not only corrugating
the eigenmode radial structure but furthermore enforces the destabilization mechanisms. For
example (see Fig. 7) for the wave number kpps ~ 1.2 of the TEM branch, the growth rate is
~v =~ 0.38 with the hybrid electron model and v ~ 0.64 with the fully kinetic electron model.

IV. TCV SIMULATIONS

In this section, we present global nonlinear simulations of a two species plasma, 1.e.,
kinetic ions and electrons, carried out in conditions relevant for TCV shot #45353. The
magnetic geometry is shaped with elongation, triangularity, and Shafranov shift, see Fig. 9.
This TCV shot was initially used in Ref. 24 where nonlinear simulations were carried out
with ORB5 using a simpler model for the plasma, i.e. the hybrid electron model, the long-
wavelength solver, and a lower radial resolution (ny, = 128), thus missing the physics of
passing electrons near MRSs.

In this section, we start to compare results of a half torus simulations carried out with
the Padé solver and with the arbitrary solver. We then compare results of these half torus
simulations with a full torus simulation. Finally we compare the simulation results of the half

torus test case carried out with the heavy electron mass ratio m;/m,. = 400 with the same
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FIG. 8. Eigenmode radial structure (poloidal-average without the Jacobian) of the electrostatic
field in subplots (a,b), and of the guiding-center charge density in subplots (c,d). Results have been
obtained with GENE (black), ORB5 with long wavelength solver (green), ORB5 with arbitrary
wavelength solver (blue), and ORB5 with Padé approximation solver (red). Toroidal mode number
n = 24 in the ITG regime. One uses a very high radial resolution: 800 (1000 for GENE) radial

points on the plotted radial interval.

simulation carried out with the physical deuterium to electron mass ratio m;/m,. = 3672.

A. Test case description

The half-torus case is carried out by using the toroidal mode spectrum n € [0,2,4, - -
-, 42, 44] with ny, ot = 10 marker particles for each ion and electron species. The full-torus
case is carried out by using the toroidal mode spectrum n € [0,1,2,- - -, 43, 44] and keeping
the same number of marker particles per toroidal mode number.

The configuration space grid resolution is n, X ng x n, = 360 x 1024 x 512 with s €
[0.35,1.0] and p* = ps/a = 1/81 at the position of reference speax = 0.6 (pyor =~ 0.48). The
temperature ratio being equal to Ty /T, = 0.2667, TCV is a “big” machine for the ions
with p;/a =~ 1/157 at speax and the chosen radial simulation domain represents more than

100 ion Larmor radii. According to Ref. 5, this grid configuration, with several points per
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FIG. 9. Electrostatic field in the poloidal plane, snapshot taken during the turbulent saturated

time window. TCV full-torus simulation test case.

ion thermal Larmor radius, should be large enough for resolving the fine radial structures.

A typical field aligned filter”!? is used such that for a given toroidal mode number n only
the poloidal modes contained in the local interval m € [ngs — 5, ngs + 5] are solved.

A modified Krook operator? is used for controlling the noise by setting the parameter
yra/cs = 0.027 (heavy electrons) and 0.024 (Deuterium/electron mass ratio) which roughly
corresponds to a tenth of the respective maximum linear growth rates. This operator does
not introduce sources of particles or parallel momentum and conserves the residual ZF's phase
space structure. The Krook operator is used to keep the species temperature profiles close
to their initial values. The associated heat source is a smooth radial function corresponding
consistently to a source near the core and a sink near the edge. The radial density profile
can relax during the simulation and the time-averaged (over the turbulent saturated regime)
profile shows a significant deviation from the initial input, by up to 10 — 20%. This loss
of density is caused by a strong burst of particle flux when the system state enters in
the nonlinear saturated regime, after which there is a remaining particle flux of decreasing
amplitude during the simulation so that the density continues to relax. This relaxation of the
density profile is currently not taken into account by the assembly of the solver. Doing that

would require implementing the nonlinear polarization drift contribution to the QNE, which
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is left for future works. Shielding of electric field®® is used at the edges of the simulation
domain, to avoid the presence of non-physical electric field caused by secular accumulation

of charge losses near the boundary.

B. ORB5 moments and fluxes diagnostics

A new 3D diagnostic feature is implemented in the ORB5 code. In these new diagnostics,
the moments of the particle perturbation distribution function, ¢ f, are computed by doing a
Galerkin projection of the marker weights, which are furthermore weighted by 1 for density
and muv?/2 for kinetic energy, on the same DFT-finite-element representation as the one
used for the perturbed electrostatic potential d¢. In addition, this projected quantity is
multiplied by the inverse mass matrix such as to obtain the DFT-finite-element coefficients
of the expected physical quantity. The computation of these moments is comparable to the
coefficients of the source term in Eq. (19). For example, the DFT finite-element coefficients

of the perturbation density are computed from
(ONog ) = Mib S w0y 1 (1B, < By < Byl x Ny <0 < Mgl (MoK ty), (25)
P

where the perturbation moment is furthermore split in velocity space subgroups labeled g,
and the value of an inequality is one or zero. These subgroups are flexibly determined by
any 2D grid over the normalized kinetic energy E = Fiq,/T,(X) and the signed pitch angle
A= sign(v)A/Ac with A = |arctanv, /v)| and A. = arccos cvap(X). These new diagnostics
are also used in the following sections for computing the electron particle flux spectra.

In ORB5, the gyrocenter fluxes are computed from equation?*

- B Vw +oo +oo BSH .
R = (o [ [ angtank) o

where X is the guiding-center drift and A is a function of position and velocity A =
A(X, pt,v) such that the particle, kinetic energy, potential energy, and heat fluxes are
then, respectively, defined by Ty, = F,[1], Quine = Folmv?/2], Qpoto = Fold?), Gro =
Folm(v? — 5vt2h,o)/2 + q¢] = Quino + Qpoto — (5/2)T,T,. In Eq. (26), the brackets ( )g
denote the surface average

1
(A)s(,t) = W /S(w) dSA,
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with dS = dpd0* T |V1)| and fS(w) dSA = $do § do*T (¥, 0)|V (¢, 0%)| A, 6*). In term of
the flux-surface average operation, the surface average reads (A)s = (|VY|A)rs/{|VY|) Fs.

Numerically the flux-surface averaged quantities are computed from the approximation

1
<A>FS ~ <A>AV = A—V N d3VA,

with AV the volume delimited by the surfaces v and v + A. This approximation is exact
in the limit of Ay — 0.

For electrons, the gyrocenter fluxes match the particle fluxes because p, ~ 0. For ions,
p; # 0 and one needs to account for the polarization and magnetization correction terms®®2°

such that one has the relation
r,=T,+ 0P, /0t +V x M,,

where JP, /0t is a polarization current contribution to the particle flux and V x M, is

2829 In a quasi-steady state,

a magnetization current contribution to the particle flux
the surface- and time-averaged fluxes of particle and gyrocenters are essentially equivalent
(To)i(s) = ((To)s), ~ ((Ts)s),- The magnetization current contribution goes to zero when
averaging over a closed toroidal surface. From now on, no more distinction will be made

between the gyrocenter fluxes and the particle fluxes except if relevant for the discussion.

The particle diffusivity and the heat diffusivity are defined by

_ Vv - Ly (|VY]) ps
Do =1o/ < ] vN(’>s—<—cuva/cw> Vs’ (27)
and
_ _V_¢ . ~ Gh,o <|V?/J|>Fs
oo (e V) = ) (o .

where one assumes that N = N(¢) and T" = T'(¢)). These quantities are expressed in gyro-

Bohm units Dgp = xap = p3cso/a with ¢y = \/Teo(s = 0.6)/m; and psy = Mmcs0/qBaxis-

C. Arbitrary wavelength and Padé solvers in the half-torus test case with

heavy electrons

The time-dependent radial profile of particle flux, I'(pyor, t), electron heat flux, ¢ c(pvor, 1),

and electron heat diffusivity, x.(pvor,t), are plotted in Fig. 10. The simulation time window

21



(a) I (D) e (€) Xe

50 150 250 50 150 250 50 150 250
tes/a tes/a tes/a

FIG. 10. Particle flux (a), electron heat flux (b), and electron heat diffusivity (c) with respect to
the time, tcg/a, and radial position, py,. Global simulation of TCV #45353 using the arbitrary
wavelength solver, the kinetic electrons, the heavy electron mass ratio m;/m. = 400, in a half

torus.

covers several flux bursts during the turbulent saturated regime, thus ensuring a reason-
ably good enough statistics. Fig. 11 subplots (a) and (b) show the radial profile of the
time-averaged heat diffusivity of the ions (x;)¢(s) and electrons (x.):(s), respectively. For
simulations carried out with both the Padé solver and the arbitrary wavelength solver, the
time-averaged ion heat diffusivity is more pronounced near the core and the time-averaged
electron heat diffusivity is more pronounced near the edge, as expected from ITG and TEM
regimes, respectively. Each species heat diffusivity is found to be in good quantitative agree-
ment between simulations carried out with either the Padé solver or the arbitrary solver.
There is only 6% of relative difference between their time- and radial-averaged amplitudes,
see the dotted lines in Fig. 11. Moreover, (x;); and (x.); are of similar level, but hav-
ing a constant temperature ratio T.o/Ti0 = VTe/VTio ~ 3.75 the total heat flux, roughly
qn =~ (Xi)tN|VTio| + (xe):N| VTl is essentially dominated by the electron contribution.
In simulations carried out with either the arbitrary solver or the Padé solver, both the
time-dependent and time-averaged radial profiles of electron heat diffusivity, respectively
plotted in Figs. 10(c) and 11(b), show the systematic presence of fine radial structures near
MRSs which are due to the nonadiabatic response of passing electrons®. These corrugations
are clearly more pronounced at the surfaces of safety factor ¢; = 3/2, 2, 5/2 compared to
other rational surfaces, because these rational surfaces are of lowest order in the case of

a half-torus simulation. The electron heat flux, ¢, ., being smooth in the radial direction,
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FIG. 11. Time-averaged radial profile of the heat diffusivity of (a) the ions and (b) the electrons, for
the simulation of Fig. 10. Radial profiles of (c¢) the time-averaged electron temperature gradient
perturbation and (d) the time-averaged E x B shearing rate. Padé solver (red) and arbitrary
wavelength solver (black) test cases. Time averaged quantities, (-);, are obtained over the turbulent

saturated regime for tcs/a > 75. A shorter time-window is used for the full-torus.

see Fig. 10(b), the presence on x.  gn./VT. of these fine radial structures near MRSs is
the result of the presence of similar fine structures on (0 R/Lz. ). It should be pointed that
the £ x B ZF shearing rate, Fig. 11(d), is zero at lowest order MRSs where the electron
temperature gradient perturbation has a local maximum, more comments will be made
in Sec. IVE5. We have checked, by varying the value of the Krook parameter, that the
observed corrugations are not due to an artefct of the Krook operator. A similar analysis

was shown in Ref. 30.

The time-dependent radial profile of the ' x B ZF shearing rate is plotted in Fig. 12 and
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FIG. 12. E x B ZF shearing rate with respect to the time and to the radial position. Subplot (a)

arbitrary solver, (b) Padé solver. For the parameters of Fig. 10.

is computed with equation

(29)

WExB

s d (1d(6¢)rs
—z—wqg(;TS )

see Refs. 31 and 32. This field is computed from the finite-element representation of d¢ and
thus provide an insight on the numerical resolution which is achieved by the field solver. The
E x B ZF shearing rate being essentially a second order radial derivative of the electrostatic
field, the short scales noise is much more visible than on the potential d¢. It is of interest
to observe that, in both simulations carried out with the Padé solver and with the arbitrary
wavelength solver, the E' x B ZF shearing rate has the same level of noise. It shows that the
numerical approximations made for assembling the arbitrary wavelength solver, in particular
the polarization drift integral form, are not responsible for the presence of significant short
scale errors. Notice that the low level of noise reached in these simulations is possible because
of the use of a high number of particles (10°) and of a high number of gyropoints (18 for
thermal ion Larmor radius) for computing the RHS of the QNE.

Fig. 13 shows the time-dependent radial-averaged amplitude of the F x B ZF shear-
ing rate (Jwpxp|)s(t) in subplot (a), and the time-window averaged E x B shearing rate,
Wesf(tw) = (|{WExB)t, |)st; i subplot (b), which is given by

Smax ton ttw 41
werf(tw) :/8 _— Ci:max /t1 d tenddt_ h /t d—thxB(s,t') : (30)

min tW

with ¢; = 75a/cs in our case, see Ref. 5 for more details. It is clearly shown in subplot (b)
of Fig. 13 that the Padé solver and the arbitrary wavelength solver have the same w.g at all

t, and thus the same temporal spectra for wgyp.
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FIG. 13. Radially averaged (a) E x B ZF shearing rate versus time and (b) time-windowed aver-
aged E x B shearing rate versus size of the window ., wesf(tw) = ((WExB)t, |)st, see Eq. (30).
Color code: blue for the half-torus case with arbitrary solver and heavy e-, red for the half-torus
case with Padé solver and heavy e-, black for the full-torus with arbitrary solver and heavy e-,

green for the half-torus with arbitrary wavelength solver and real electron mass (m;/m. = 3672).

D. Full-torus versus half-torus simulations

Fig. 14 compares results of the previous half-torus simulation with a full-torus simulation
carried out with heavy electrons, as well. This figure shows the radial profiles of the time-
averaged ion heat diffusivity (a), the time-averaged electron heat diffusivity (b), the electron
temperature gradient perturbation (c), and the F x B ZF shearing rate (d). The major
difference between these radial profiles obtained in the half-torus and full-torus cases is the
presence, in the half-torus test case, of non-physical fine structures of big amplitude near
non integer rational surfaces, see Figs 14 near g, = 3/2 for example. In a realistic full-
torus simulation, all the required toroidal mode numbers n are accounted for, and solely
the magnetic surfaces of integer safety factor, ¢s = m/1 with m an integer, are of lowest
order. As a consequence, the magnetic surfaces of rational safety factor ¢, = p+ 1/2 with p
an integer are, in reality, not of lowest order. Only the mode of toroidal numbers n = 2p’
(half of the spectra) can be exactly field aligned at these surfaces where there exist p’ and
m’ integers such that ¢, = p+ 1/2 = m//2p/. By carrying out a half-torus simulation, one
artificially increases the fraction of simulated modes to which the passing electron respond
nonadiabatically. For example, in Fig. 14 (b), the fine structures at the magnetic surfaces

of safety factor g, = 3/2 and 5/2 have almost disappeared from the full-torus simulation
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FIG. 14. Time-averaged radial profile of (a) the heat diffusivity of the electrons, (b) electron
temperature gradient perturbation, and (c) F x B ZF shearing rate. Half-torus (red) and full-

torus (black) test cases with heavy electrons.

results. This is also clearly visible on the electron temperature gradient perturbation, see
subplot (c). Realistic nonlinear simulations including the physics of kinetic electrons must
then contain the whole toroidal mode spectrum, in order to properly simulate the physics

of kinetic electrons near MRSs.

The radially averaged E x B shearing rate, (|wgxpg|)s, is decreased by 34% in the full-
torus case compared to the half-torus case, see Fig. 13(a). This decrease of the £ x B
shearing occurs at all fluctuation time scales, see Fig. 13(b). We also observe a 24% and
19% relative decrease of, respectively, the ion and the electron heat diffusivity in the full-
torus simulation compared to the half-torus case. This observation is not in contradiction
with the ZF saturation mechanism paradigm: we actually use a different number of toroidal
mode numbers for these two simulations, and this affects not only the E' x B shearing rate

but the whole turbulence spectrum organization and energy density. Another remark is
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that the corrugations of the time-averaged E x B ZF shearing rate are almost drown in
the fluctuations, see Fig. 14, whereas in the flux tube simulation of Ref. 5 these long time-
averaged fine structures were of the same amplitude as the fluctuations. We shall see in
Sec. IVED that this low level of corrugations on the time-averaged wgy p is essentially due

to the choice of using heavy electrons for this test case.

E. Half torus simulation with the physical Deuterium to electron mass ratio

In this section, we present the results of a fully kinetic simulation carried out with the
Deuterium to electron mass ratio m;/m, = 3672. In this case, the annular width has been
slightly reduced in order to decrease the numerical cost of the simulation. It is a half torus
simulation with s € [0.5,1.0] and ny = 360, n € [0,2,4, - - -,42,44]. The Krook parameter is
set to yra/cs = 0.027 to match 10% of the linear growth-rate.

We also re-run a nonlinear simulation with m;/m. = 400 when using the same numerical
resolution. The only exception being the Krook parameter which is set at yza/cs = 0.024
again to match 10% of the linear growth-rate. In Fig. 15, the simulation carried out with
m;/me = 400 clearly has higher transport levels associated to lower gradient drives, com-
pared to the simulation carried out with m;/m. = 3672. Prior to discuss this reduction of
the turbulence, the linear regime is studied in more details so as to give more insight on the

unstable nature of this configuration.

1. Linear destabilization

In a tokamak, the destabilization mechanisms are, not only but at least in the regimes
we study, related to the drift motion of particles which can act as a source or sink of energy

for the field. In the electrostatic plasma of interest, the field energy is defined by®?

Egua = (0./2) / IxSNP (x)56(x).

and the kinetic energy of the plasma is defined by

B*
Exin 1= Z/dde”dudam—O” fo <,LLBO + %vﬁ) )

In a closed system, the conservation of energy, which is only possible in a nonlinear

simulation without dissipation, sources, or sinks, imposes d&o/dt = d(Exin + Efera) /dt = 0.
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FIG. 15. Nonlinear simulation results of TCV carried out with heavy electrons (red) and physical
D/e~ mass ratio (blue thick line). Radial transport of (a) electron heat flux, (c) ion heat, and
(e) particle. Radial averaged inverse gradient lengths of the (b) electron temperature profile, (d)
ion temperature profile, and (f) of the particle density. Results show a higher level of transport
associated to a lower gradient when using the heavy electrons m;/m,. = 400 instead of the D /e~
mass ratio m;/m. = 3672. The density profile continuously relax because no particle source is

considered in these nonlinear simulations.

In a linear simulation this is not possible but one can nonetheless verify the consistency
of the power transfer, as introduced in Refs. 13 and 33. This consistency can be verified
by comparing the growth rates computed either from the field energy or from the kinetic

energy. These growth rates are, respectively, given by the equations

1 d&ea
2€ﬁeld dt ’

Vheld =

and
1

2&eld

Ykin = —

Zqo/ddeéfoX- (E), (31)

where the approximation —V {(¢), ~ (E), is made, and the equality d&xeq/dt = —dEyy /dt =
¢ [ dXdv fiX - (E), has been employed. In ORBS5, the kinetic growth rate 7y, = Y+
YvB + Yeurv + Yvp, Which is computed from the total drift X = v|b + vyp + Veurv + Vvp,

is furthermore split in between the different drift contributions: v the parallel drift, vyp
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FIG. 16. Radial contribution from the different species to the kinetic growth rate 7y,. Linear
simulation, TCV test case, n = 16 mode, m;/m,. = 3672. Subplot (a) all species, subplot (b) the
contribution of the ions, passing electrons, and trapped electrons are decomposed. This quantity
is not computed from the particles motion so that some reduced polarization terms are missing to

fully appreciate the ion radial organization.

the "grad B” drift, vy, the curvature drift, and vyp the pressure gradient drift (of small
amplitude in our case). See Ref. 7 for the definition of these drifts.
Numerically, the field is represented with finite elements, and the particle phase space

is represented with marker particles by using a PIC representation®”

. As a consequence,
simulations must be carried out with a high enough radial resolution and a high enough
number of particles to properly simulate the particle-field interactions, because fine radial
structures are present on both the electrostatic field and on the perturbation density. To
converge the numerical estimate of 7y,, in simulations carried out with m;/m, = 3672, it
appeared that it was necessary to use a higher radial resolution, when keeping a constant
density of markers per radial interval, than in simulations carried out with m;/m,. = 400,
in order to converge i, with vgeq. Indeed in Fig. 16, the contributions to 7, from the
different groups of particles are plotted with respect to the radial position s. One can clearly
appreciate that the particle-field interaction is finely corrugated near MRSs so that one needs

a good enough resolution for converging this local contribution to the destabilization.

In this TCV test case, the plasma is destabilized by a mixed ion temperature gradient
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(a) deuterium (b) electrons

FIG. 17. Species contribution to the linear growth rate 7y, (black +), Eq. (31), is decomposed
into the drift contributions v (blue ), yvp (red @), Yeury (green x). Note that the overall growth

rate 7 = ; + 7. is plotted with gray dashed lines and circle markers in both subplots.

(ITG) and trapped electron mode (TEM) regime. The instability is driven by the electrons
at low n and by the ions at higher n, up to n ~ 32 which corresponds roughly to k,p; ~ 0.6
or kgps ~ 1.2. The species contributions to the destabilization are split into their different
drift contributions in Fig. 17. In the electron case, the parallel damping is essentially due to
the passing electrons and the grad-B and curvature drift destabilizing influence is essentially
due to the trapped electrons. In the ion case, the passing and trapped particles are both
contributing to the different drift terms in a more complex manner. Finally, the nonlinear
simulations are carried out up to n = 44 which corresponds to kgp; >~ 0.7 or kgps = 1.36
which is at the limit of the short ion scales. Nonetheless, as we will see, the fine structures
near MRSs which are present on the different toroidal Fourier components 5&)(3, 0*,n) are
arbitrarily small with respect to the maximum simulated mode number n, because the
distance between MRSs is proportional to r/5gsn. This physics of the passing electrons
near MRSs hinder small scales polarization effects which require the use of the arbitrary
wavelength solver. These fine structures present on d¢ can have a radial width smaller
than an ion Larmor radius, which corresponds to k,.p; 2 6. The main rationale for only
simulating the toroidal mode numbers n < 44 in a half torus tokamak, is to reduce the cost

of the simulation carried out with the Deuterium to electron mass ratio.
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2. Quasi-linear flux estimate

The radial turbulent transport of particles can be seen as the result of a phase shift
between the perturbed species density and the perturbed electrostatic potential. A way of
predicting the presence of radial transport due to an electrostatic perturbation can be based
on the measurement of the phase shift between the perturbed density and the perturbed
electrostatic potential, i.e., arg(éN/éqAS), where the Fourier representation of the field, i.e.,
SN and 6¢, has been employed. Note that when © > arg(6N/6¢) > 0 the radial flux
is outward and when 0 > arg(éN / 5(%) > —7 the radial flux is inward, according to the

definition of the quasi-linear perturbation transport

_Zky|5¢‘2@

a— (32)

~ — k. o~ .
[~ —54*6N =
B ¢

with k, the wavenumber in the binormal direction y = b x Vs/|Vsl.

For studying the turbulent electron fluxes organization, it turns out to be relevant to
split the electron density perturbation into the four following subgroups: passing electrons
with Ei, = mevﬁ/Q + puBy < T.(X), passing electrons with Fy, > T.(X), trapped electrons
with Fy, < T.(X), and trapped electrons with Ey;, > T.(X). The density perturbation of
these groups are plotted in Fig. 18.

We are now interested to identify the phase shift between d¢ and dN, in global linear
ORB5 simulations. In Fig. 18, the kinetic response of passing electrons shown in subplot
(a) for By, < T and (b) for Ey, > T are both composed of adiabatic and nonadiabatic
components. The adiabatic component corresponds to the large structures comparable to
the ones observed on d¢ in subplot (f). The nonadiabatic passing-electron component is
radially localized on the different lowest order MRSs of this n = 16 eigenmode. The MRSs
can be easily localized by identifying the layer of parallel current duy in subplot (e). It
is also noticeable that this shift is counter-clockwise for Ey, < T.(X) and clockwise for
Eyin > T.(X). In comparison, the trapped electron population is also split into the same
subthermal and suprathermal subgroups, respectively Ey, < T.(X) and Ey, > To(X). It
clearly appears in subplots (c¢) and (d) that the phases of these trapped electron subgroups
kinetic responses are of opposite signs. Moreover, the trapped electron subthermal group
density perturbation is localized at a more inward radial position than the density perturba-

tion of the suprathermal group kinetic response. The phase shift of these thermal subgroups
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FIG. 18. Electron density perturbation split into four subgroups: (a) passing electrons with Ey;, <
T., (b) passing electrons with Ey;, > T, (¢) trapped electrons with Ey, < T, (d) trapped electrons
with Eyj, > Te. Subplot (e) electron parallel current du). Subplot (f) d¢. Linear TCV simulation
physical mass ratio m;/m. = 3672, and n = 16. Note that the electron subgroup densities (a-d)
are obtained from new diagnostics in which the fluid moments are computed on the same DFT
finite-elements representation than the one which is used to represent the electrostatic field d¢ and
to copute the right-hand-side of the QNE. It gives an insight on the ”smoothness” of each subgroup

contributions to the charge assignment when computing the self consistent electrostatic field d¢

(f).

being of opposite signs these thermal subgroup contributions to the particle transport will
be in opposite directions, as we will confirm in nonlinear simulations.

It is of interest to look at the cause for having different phase-shift signs, sign(arg(dN,./d¢)),
between the subthermal and suprathermal subgroups of particles. For simplicity, we carry

out this analysis at the MRS ¢, = 3/2 which is of lowest order in a half torus simulation so
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FIG. 19. Amplitude (a,c) and phase (b,d) of the nonadiabatic electron response of passing electrons
ONe pas/0¢ (a,b) and trapped electrons 0 Ne 4 /d¢ (c,d). Results obtained with a local dispersion
relation analysis at the radial position ¢s = 1.5 where k| Rgs = 0. The horizontal line indicates the
value of the TCV electron temperature gradient taken at ¢; = 3/2 from CHEASE input file. The
vertical line indicates the position at which v = \/m which is the boundary we have chosen for

further dissociating the subthermal and suprathermal subgroups of electrons.

that k) = 0. This analysis of the phase shift between d¢ and JN. is carried out with the

local dispersion relation

ZTi Tio 3 72 w— wf Jio
0= 1—— | &’vJ5(kLp; L
Teo - Teo / v Johep )w — kv — wai Nio

+@_%)@4W@m

+ <1 - %) {—1 Foag+ W(z) — W <;—t)] , (33)

which includes fully kinetic species responses and is described in detail in Ref. 5. In this

equation oy is the fraction of trapped electrons, wy = —Fk J_(Uﬁ + 02 /2)/WBoR, 2pe =
sgn(wwe)\/m, Wee ~ Wneln/R, 2e = w/kjvie, and W(z) is the dispersion function.
The nonadiabatic response of the passing electrons, i.e. the third line of Eq. (33), was
obtained from the nonadiabatic electron response

edp w—wr feo

8g.(U, R/Lt.) = —N.,
9 (U / TE) 0 Teo W — ]{?”U” Neo

(34)
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where the electron temperature gradient dependency is contained in the diamagnetic drift
Wi = wne[l +1.(E = 3/2))],

wye = Tuoky/eBoLyn, e = Ly, /Ly, E = mv®/2T, and v = /v +vﬁ. At MRSs, where
k) = 0, we observe that this local nonadiabatic response does not depend on the pitch angle

A so that one defines the quantity

5-/\/’6,1)(18('07 R/LTS) o €
5¢ = —<1 — Oét)

*
w— w;

A7rv?
TeO w

feo(v). (35)

The nonadiabatic response of the trapped electrons, i.e. the second line of Eq. (33), was
obtained from the nonadiabatic bounce-averaged trapped electron response which is here

taken in its form independent of the pitch angle

ONearp(v, R/Ly,) e 5 W— Wk
5¢ = —OétTeo47T’U mfe()(’U), (36)

see Ref. 5 and references therein for details. From these velocity-dependent contributions
to the electron density perturbation, one can recover the local electron density perturbation
with the equation 0N, = (eNeod9/Tro) + [ dvdNeirp+ [ dVON pos. In the spirit of the quasi-
linear estimate of the turbulent particle flux, a value of the velocity for which the imaginary
part of N, /d¢ is nonzero will contribute to the radial transport. In Fig. 19, the velocity-
dependent responses 0N, 4y Or 0N, pas are scanned with respect to the gradient R/Lr,.
Represented are the absolute value |0N,/d¢| and the phase shift arg(dN./dd|)/m. These
subplots clearly show that a transition occurs around R/Ls, ~ 6. For R/Ly, > 6, there are
two local maxima of |0N,/d¢|, and these two subgroups have phase shifts arg(oN./dp)/m of
opposite signs. From this observation these two subgroups might contribute to the flux in
opposite directions thus potentially canceling each other. For small values of the gradient,
R/Ly, < 6, the nonadiabatic electron response is essentially homogeneous in the v direc-
tion: there is only one maximum on |dN,/d¢| and the phase shift arg(dN./dp)/m is nearly
constant. The rationale to the presence of two energetic subgroups which contribute to the
quasi-linear flux in opposite directions for big values of R/ L, is due to the physics described
by the diamagnetic drift which is velocity- and gradient-dependent. In our TCV test case,
Ne =~ 2 so that w} ~ 2wNe(E — 1) which shows that it is of opposite sign for suprathermal

and subthermal electrons.
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FIG. 20. Turbulent particle transport during the linear regime, tcs/a ~ 17, of the nonlinear
simulation of TCV carried out with the D /e~ mass ratio. Subplot (a) is the time averaged turbulent
particle flux contributions from the different subgroup of electrons: passing with Ey;, < T¢, passing
with FEyyn > T, trapped with FEyy, < T¢, and trapped with FEyy, > T.. The time averaged
spectra is plotted at each radial position for these same subgroups in subplot (b), (c), (d), and
(e), respectively. Color code: blue for inward flux, yellow for outward flux, and green for zero flux.

The amplitude (colorbar) has been chosen such as to reveal the radial structures.
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3.  Turbulent particle electron flux in the linear growing phase of the

nonlinear simulation

For electrons, the turbulent particle flux, Eq. (26) with A = 1, can be approximated
using Bj ~ B and (¢)~¢, thus X ~ —V¢ x b/B, and I, ~ (N, X - Vs/|Vs|)s. The
electron turbulent fluxes are then decomposed into their subthermal and suprathermal sub-
group contributions, by using the new 3D diagnostics which are based on the finite elements
representation of the fields 6N and d¢.

Thanks to these new turbulent flux diagnostics, the predictions made in the previous
quasi-linear analysis, that subthermal and suprathermal subgroups of electrons contribute to
the particle flux in opposite directions, are confirmed in global ORB5 nonlinear simulations
when looking at the instantaneous turbulent flux, taken at tcs/a ~ 17, i.e. during the
regime of linear growth, see Fig. 20 (a). The subthermal particles have an inward flux
and the suprathermal ones have an outward flux. For passing electrons, these thermal
subgroups contributions to the flux cancel each other and the total passing electron particle
flux is essentially negligible. For trapped electrons, the subthermal electron also have an
inward flux, but globally the electron particle flux is dominated by the suprathermal trapped
electron contribution, which is outward.

These subgroup contributions to the particle flux are also split in their toroidal-spectral
components, in subplots (b-e). Each subplot is a mixed representation: direct in the radial
direction and discrete Fourier in the toroidal direction. This spectral-radial representation

is computed from equation

_ ~ _ n * B
o) 0o (5,07, m) =LA

BQ

- Vs,

where Parseval theorem has been employed to replace the integral over the toroidal direction,
To(s) =Y, Tels,n), T = J/{|Vs|)rs, and one made the approximation Bjf ~ B in the
denominator of the electric drift.

It is remarkable that the passing electron contribution to the particle turbulent flux is
solely localized near the MRSs of each toroidal mode number n. As a result, for bigger n there
are more surfaces for which the passing electrons contribute to the turbulent transport. This
turbulent flux of passing electrons is thus organized in a structured manner as illustrated

by this I'.(s,n). Note that the radial width of the fine structures near MRSs are thinner
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in the case of suprathermal particles because these fast particles are more akin to respond
adiabatically.

An important remark is that the passing electron turbulent flux is sustained by radially
localized contributions coming from the different mode numbers n, but that the sum of
these “discrete” contributions has a remarkably smooth radial profile, see subplot (a). This
smoothness of the overall passing electron profile of turbulent flux emphasizes the existence
of a strong interplay between the different toroidal modes composing the spectra. The
trapped electron contribution to the turbulent flux is not showing such a clear organization

near the lowest order MRSs.

4. Turbulent particle electron flux in the turbulent saturated regime of the

nonlinear simulation

The turbulent particle flux in the turbulent saturated regime is following the same or-
ganization as in the linear regime. The subthermal electrons carry an inward flux and the
suprathermal electrons carry an outward flux. The subthermal and suprathermal passing
electron contributions to the particle flux cancel each other, and the trapped suprathermal
electron contribution dominates the particle transport with a resulting outward flux. The
radial spectra show that the passing electron channel of transport has the same particular
organization: both thermal subgroups of passing electrons have a radially smooth profile
of turbulent transport I'.(s), but at each radial position s only the resonant toroidal mode
numbers n contribute to this transport. For example, in this half torus simulation all the
toroidal modes n can carry a turbulent flux at the lowest order MRSs ¢, = 3/2, 2, 5/2, 3,
and 7/2, but at the second order MRSs, for example g5 = 3/4, only half of the spectra can
carry a turbulent transport.

In Fig. 22, the turbulent particle transport obtained from nonlinear simulations carried
out with the physical mass ratio are compared to the one obtained in simulations carried
out with the heavy electrons mass ratio. Basically, when increasing the electron mass, the
transport significantly increases in all the channels of transport, up to a factor 2-3 for the
passing electrons. On the other hand, the overall particle flux is increased by only ~ 15%,
but the overall gradients are relaxing much faster, see Fig. 15. This increase of the turbulent

flux in spite of lower gradient is clearly a sign that the turbulent diffusivity is higher in the
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FIG. 21. Turbulent particle transport time-averaged over the turbulent saturated regime, tcs/a >

70 from the same simulation than in Fig. 20. Same subplots than in Fig. 20.

case of the heavy electron mass ratio m;/m. = 400, in particular for the passing electron

channel.

We observe that the total passing electron contribution to the turbulent particle flux is
essentially negligible for both mass ratios. Nonetheless, because the suprathermal passing
electrons systematically go outside and the subthermal systematically go inside, the passing
electrons contribute by ~ 11% and 27% to the total electron turbulence heat flux, with
m;/me = 3672 and 400, respectively. In absolute value the passing electron heat flux is ~ 3
times bigger with the heavy electrons than with real electrons, and the trapped electron

contribution is only ~ 10% bigger. The passing electrons thus contribute significantly to
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FIG. 22. Comparison of the turbulent electron particle flux between nonlinear simulations carried
out with heavy electrons m;/m. = 400 (thick line in subplot (a)) and the Deuterium/electron mass
ratio m;/me = 3672 (thin line in subplot (ab)). Same color code in subplot (a) than in subplot
(a) of Fig. 20. The radial profile of each toroidal mode number n contribution to the suprathermal
passing electron, i.e. f‘pas,e,,E>T(s,n) is plotted in subplot (b) for the D/e- physical mass ratio
and in subplot (c) for the heavy electron mass ratio. In subplot (b) and (c) the contribution from

the toroidal mode number n = 12 is represented with a red thick line.

the overestimate of the turbulence heat flux measured in simulation carried out with heavy
electrons.

In the case of the passing electron channel of turbulent transport, heavy electrons being
~ 9 times heavier than real ones their thermal speed is ~ 3 times slower and the radial
width of the fine structures of nonadiabatic passing electron response are ~ 3 times larger.
As a consequence one can roughly estimate that a given toroidal mode number n will be
“turbulence conducting” over a radial region roughly ~ 3 times larger when using the heavy

electrons. This local influence of the mass ratio over the radial profile of passing electron
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turbulence transport is illustrated in Fig. 22 subplot (b) and (c), where the radial profile
of turbulent particle flux is plotted for each mode n composing the simulation spectra.
It appears, in particular for the mode number n = 12 highlighted with red thick lines,
that the turbulent flux contribution of each mode number n composing the turbulence
spectra are localized near the lowest order MRSs proper to each mode number. A significant
difference when using the heavy electrons is that the radial width of these “fine” structures of
nonadiabatic passing electron response are larger than the distance between their respective
lowest order MRSs. In comparison, for the real electron mass, the fine structures present
on the simulated modes (n < 44) are always thinner than the distance between consecutive
MRSs (except for biggest values of n in the region of high shear). When summing these
mode number contributions to the passing-electron turbulent flux, the resulting particle
flux is radially smooth (a) despite the fact that the density of modes to which the passing
electrons respond nonadiabatically is varying radially. Finally, one can assume that the
turbulence diffusivity Dy,p of the whole plasma is proportional to the density of resonant
mode number n which can carry turbulence. As a consequence this turbulence diffusivity
should be radially more corrugated in case of D/e- mass ratio because in this case the
nonadiabatic structures are thinner and thus radially more sparse. If the flux, I', is radially
smooth but the turbulence diffusivity, Di.m, is radially corrugated, then the radial profile of
gradient, d1n N/ds, should compensate these corrugations so that I' = Dy (—d1In N/ds) is
smooth. A direct observation of such a property of the gradients can be made when looking

at the density and temperature gradients in Fig. 23 subplots (c) and (d).

In the case of the trapped electron channel of turbulent transport, the main resonance
causing the trapped electron destabilization is located near FEy;, ~ 2.57,. In their rapid
motion along the field line, the trapped electrons are essentially similar to the passing
electrons thus explaining the fact that the subthermal and suprathermal subgroups follow
the quasi-linear prediction of carrying out an inward flux and an outward flux, respectively.
In their slow bounce-averaged motion these trapped electrons have nonetheless a different
nonadiabatic response to the field perturbation, explaining why they do not have the same
radial spectra as the ones of the passing electrons, i.e. turbulent flux contributions localized

near lowest order MRSs.
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FIG. 23. [Color online] Nonlinear simulation of half-torus with physical D/e™ mass ratio (blue)
and heavy electrons (red). Subplots time-averaged of the (a) electron particle diffusivity, (b)
electron heat diffusivity, (c¢) perturbed particle density gradient (green contribution of the ion
polarization and magenta contribution from the ion gyrodensity for simulation with m;/m. =
3672), (d) perturbed electron temperature gradient, (e) E x B ZF shearing rate. Subplot (f) the
safety factor. Subplot (g) the number of MRSs per radial interval [s, s+ As] divided by the number
of simulated toroidal mode numbers. A surface is rational for a mode number n if there exist a
poloidal mode number m such that g; = m/n. Only the simulated mode numbers are considered.
In subplot (h), plotted is the contribution from each simulated mode number n decomposition to
the subplot (g), color code: white 0, black for 1, and red for 2 and more. Half torus simulations.
Subplots (i), (j), and (k) are Zoom on the g5 = 3/2 surface of the subplots (c), (d), and (e),

respectively. 41



5. Zonal flows organization

In Fig. 23, plotted are the time-averaged radial profiles of the electron particle diffusivity
(a), the electron heat diffusivity (b), the density gradient perturbation (c), the electron
temperature gradient perturbation (d), the E' x B ZF shearing rate (e), the safety factor
(f), the MRSs density (g), and the MRSs density per mode number (h). Two simulations

with physical electron mass (blue curves) and heavy electron mass (red curves) are presented.

It is remarkable in subplots (c,d,e) of this figure, that the time-averaged radial profiles of
the electron temperature gradient perturbation, (dR/Lr. ), density gradient perturbation,
(0R/LN)¢, and E x B zonal flow (ZF) shearing rate, (wgpxp):, show the same organization
near lowest order MRSs, ¢, = 5/4, 3/2, and 2, than already shown in flux-tube geometry®:34:
a steepening-flattening-steepening of the gradients and the E x B shearing rate which is
zero at MRS and maximum just before and after. See the zooms in subplots (i), (j), and
(k). The presence of these fine structures near low order MRSs on the radial profile of ion
polarization density R/Ly 0 and on E x B ZF shearing rate explains the importance of
using the new arbitrary wavelength solver. For example, the distance between the local
maxima of the gradient of ion polarization density, dR/Ly o (green curve), located just

before and after the g, = 3/2 surface is of about ~ 2p;.

When analyzing the passing electron turbulent particle flux, in the previous section, we
did not use the ZF saturation mechanism argument for explaining the reduction of turbulent
transport. We rather showed that this reduction of passing electron turbulent transport is
related to a rarefaction of the radial region of nonadiabatic passing electron response, i.e., the
regions where the different spectral modes can sustain a turbulent transport. In turns this
sparsity of the fine radial structures of passing electron turbulent transport is associated to
the presence of fine zonal flow structures near low order MRSs, which furthermore quench
the turbulence. In other words, the reduction of passing electron turbulence diffusivity
causes a local steepening of the plasma kinetic profiles on either side of the low order MRSs,
which then reinforces the ZF shearing rate there and thus furthermore reduces the transport.
This can be seen as a nonlinear feedback reducing the turbulence transport. In an opposite
manner, at the low order MRSs, heat diffusivity is enhanced, which causes a flattening of

the profiles, noting that the ZF shearing rate is vanishing there, see Fig. 23(k).

Despite the fact that these fine ZF's structures have a different amplitude when modifying
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the electron mass, their radial width remains essentially the same, see the black arrows in
Fig. 23 subplot (e). Moreover, in the region of low shear, these ZFs radial widths are
typically larger in nonlinear simulations than in linear simulations, as already observed in
Ref. 5. It is rather interesting to point out that these structure widths seem to be related to
the topology of the magnetic field and in particular to the local density of MRSs. It appears
that these ZF's structures fit in a radial gap surrounding the low order MRS where no other
MRS is simulated. The gap associated to the MRS ¢s = 3/2 is identified with red arrows in
subplot (g). A similar observation can be made for surfaces ¢; = 5/4, 2, 5/2, in simulations
carried out with either the physical mass ratio or heavy electrons. This gap between MRSs
is also clearly illustrated in subplot (h) for each toroidal mode number n. When such a gap
exists in the magnetic topology, the destabilizing influence of the low order MRS on the
passing electron dynamics seems more significant.

The ZFs structures are known to saturate the turbulence by E x B ZFs shearing. It is
therefore worth pointing out that with the light electrons, the level of transport is signifi-
cantly lower and the wgy p is significantly higher than with the heavy electrons. Comparing
the simulation results obtained with the two different mass ratios, it appears that these ZF's
and gradient structures located near low order MRSs have a ~ 3 times bigger amplitude

in simulation carried out with the real electron mass, see Fig. 23 (c,d,e) in particular near

¢s = 3/2 and 5/4.

V. CONCLUSION

A new arbitrary wavelength field solver has been implemented in the ORB5 code which
allows the study of quasi-neutral micro-turbulence at arbitrarily short scales in k; p;. The
linearized polarization drift contribution to the quasi-neutrality equation is now accounted
for in its integral form. The new solver implementation has been described in detail and the
particular requirements to converge the electrostatic field solution on axis and near the edge
have been discussed. The behavior of the solution at the boundary has also been discussed
for the integral operator. The option of using the Padé approximation for computing the
ion polarization drift contribution to the quasi-neutrality equation is also available when
running simulations with the fully kinetic electron model.

A benchmark of the gyrokinetic code ORBS with this new solver has been carried out
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against the global version of the gyrokinetic code GENE, in realistic ideal MHD toroidal
geometry. This benchmark was conducted in the I'TG to TEM part of the instability spectra
(0 < kgps < 1.5). The three different electron models, i.e. adiabatic, hybrid, and kinetic,
have been used to study the short scale physics of the nonadiabatic responses of either the
trapped electrons or the passing electrons. In each case a very good quantitative agreement
has been found between GENE and ORB5 when using the new arbitrary wavelength solver.
A good quantitative agreement has also been found with the Padé version of the solver
which is implemented for the kinetic electron model only. As expected, the long wavelength
version of the solver totally fails at resolving the short scale physics due to the nonadiabatic
response of both trapped electrons and passing electrons. In this benchmark, it was also
shown that the TEM branch is more unstable when using the fully-kinetic electron model
than when using the hybrid model. This increase of the destabilization is due to the fact
that a large fraction of the passing electron population has a nonadiabatic response to the
perturbation. This reduction of the global adiabatic response of the passing electrons has a

destabilizing effect as discussed in flux tube geometry®.

Nonlinear electrostatic simulations for conditions relevant to TCV have been carried out
with the heavy electrons, m;/m. = 400, the new solver, and the kinetic model for both the
ions and the electrons. It was shown that using the Padé solver is essentially equivalent
than using the arbitrary wavelength solver for the considered test case, and that to correctly
simulate the physics of passing electrons near mode rational surfaces, one must account
for the whole mode numbers composing the toroidal spectra. The rationale being that the
density of mode rational surfaces is different in a full torus than in a half torus. As a non
realistic consequence, in a half torus simulation, the nonadiabatic passing electron response

is not properly modeled, in particular for comparison with experiments.

Physical deuterium to electron mass ratio (m;/m. = 3672) simulations of this TCV rele-
vant test case have been carried out with the fully kinetic model and the arbitrary wavelength
solver. The particular radial organization of the passing electron turbulent flux spectrum
and its strong ties with the radial profile of safety factor are revealed. Each toroidal mode
number n contributes to the passing electron turbulent flux only near its associated lowest
order MRSs, i.e. where the passing electron respond nonadiabatically. The whole turbulent
flux spectrum is organized such as to ensure a radially smooth profile of passing electron

turbulent flux, despite the radial sparsity of each mode contribution to the flux. At lowest
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order MRSs the turbulence diffusivity, Diyp, is maximum because all the modes composing
the spectrum can be nonadiabatic and thus “conduct” turbulence, whereas at highest order
MRSs (for example just before and after the lowest order MRSs) the turbulence diffusivity
is minimum because only a few toroidal mode numbers can be nonadiabatic and thus “con-
duct” turbulence. To ensure a smooth radial profile of turbulent transport, the gradients
which drive this turbulent flux are corrugated so that I' = —(dR/Ly) Diup is smooth. The
organization is actually a bit more complex because the turbulence diffusivity will be locally
increased or decreased, by the local steepening or flattening of the gradient, respectively.
These strong radial corrugations of the gradients near MRSs are associated to the formation
of internal transport barriers of strong amplitude. These fine zonal flows structures due to
the nonadiabatic passing electron response near MRSs are strongly amplified in nonlinear
simulation carried out with the realistic mass ratio compared to simulations carried out with
heavy electrons. The time- and radial-averaged F x B zonal flow amplitude ((|wgxp|)s): is
increased by ~ 25%, the radial averaged amplitude of the long-time-averaged E x B zonal
flow (|(wexp)i|)s is increased by a factor 2 2. A decrease of the level of turbulence is as-
sociated to this increase of ZFs saturating dynamics: the level of electron turbulent heat
flux is decreased by a factor ~ 2. The time-averaged turbulent particle flux (I'); is not
significantly increased (~ 10%) but its associated turbulent diffusivity is, by ~ 30 — 40%),
as a consequence of profile relaxation. It is thus necessary to use the physical mass ratio for

correctly simulating the turbulence and its associated transport level.

The influence of the electron diamagnetic drift over the internal electron turbulent trans-
port organization is shown, by means of quasi-linear flux estimate which predictions are
confirmed in nonlinear global ORBb5 simulations. At high values of the electron temperature
gradient, for example R/Ly., ~ 11 when studying the magnetic surface g; = 3/2, the electron
velocity phase space is organized in two subgroups: the subthermal and the suprathermal
electrons. The particularity of this organization is that the two subgroups contribute to the
quasi-linear flux in opposite directions, potentially canceling each other. Moreover, when
reducing the electron temperature gradient, the velocity phase space organization transits
toward a single subgroup organization which carry a quasi-linear flux in one direction es-
sentially. This feature is common to the trapped and passing electrons, thus emphasizing
the role of the diamagnetic drift on the flux direction. In nonlinear global simulations car-

ried out with ORB5, the passing electron turbulent flux was found to be essentially zero.
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Nonetheless, the particle flux contributions from the subthermal and suprathermal passing
electrons represent each a significant fraction of the total turbulent transport. This obser-
vation is of prime importance because these fluxes, of opposite directions, will trigger radial
corrugation near low order MRSs in order to ensure a smooth radial profile of particle flux.
If the particle fluxes of both these subgroups was zero, no radial corrugations on the profiles
would have been necessary for ensuring a smooth radial flux, thus potentially canceling the
existence of the ZFs structures and associated internal transport barriers. Finally it was
shown that this particular organization of the passing electron channels does not contribute

to the particle flux, but rather contributes to the turbulence heat flux, up to 30%.
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Appendix A: Matrix assembly in discrete Fourier representation

In ORB5, the field is represented with BSplines®*

ns+d ng Ne ng N

00(5,0%,0) = 3 D D DD 0bumme "

i=1 j=1 I=1 m=1n=1

x Ni(s)A;(07)Ai(), (A1)
and the QNE (11) is transformed into a system of toroidally decoupled equations®?

Z Z L(i,m,n)(i/,m/,n)é(b(i/,m’,n) = S(i,m,n)a (A2>
where 5<ﬁ(,~/,m,,n) (resp. S’(i,m,n)) is the poloidal and toroidal discrete Fourier transform (DFT)
of its finite element coefficients 0 ju iy (resp. Sgiji)), With 05 = 27j/ng and ¢, = 27l /n,.
The system of equations (A2) is toroidally decoupled (n = n') because the integrands of
the integral equations (15), (16), (17), and (19) are composed of equilibrium quantities
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independent of ¢. The general form of the DFT of these toroidal integrals is

Ay =151 Y e f dpMi(9)Av (i + Ap)e
L

= G O™ (Ayp), (A3)

where O = fozﬂ/n“” dph, (p)A% (¢ + Ag) is such that one has the relation C"(Agp = 0) =

M®™ with M™ = fOQW/n"’ dpA, (9)A%(p) the toroidal mass matrix®, and A, (¢ + ) =
S exp(—me) Ai(@ + @) = exp (—mer)Au(p). The fact that the toroidal matrices are
decoupled (n = n') is proven by the presence of the Kronecker symbol, d,,, in Eq. (A3).
The main rationale for using a DFT representation in the poloidal direction is to assemble
these matrices by keeping only a subset of field-aligned poloidal modes'®, thus reducing
the size of the matrices. For example, for a given toroidal mode number n, the turbulent
field can be accurately represented by a sub set of “field-aligned” poloidal mode numbers
m € [ng(s) — Am,nq(s) + Am| where Am = 5 typically and ¢(s) is the safety factor.

The adiabatic response matrix, Eq. (15), is decomposed in two sub matrices, such that

L3, = [2oFS 1 IS where k = (i,m,n) is the triplet index. The matrices are

L =M™ 3 q; ) ) wohilsi +sg)hv(si +50)

oc{ad} I=1 Q
X Zqum(eg)A;,(9;)00,,%,,”/(5, +5q,07), (A4)
q

and

LFS/ _ _M(n) 2
kk Z qo 2W<j>9*(SI+SQ)

X Z qum<92>éo,M<31 + 5 9;>

Ai(sr+ sg)Niv(sr+ sq)
2w
Q

q
XY wg Ny (03) T (51 + 5. 65), (A5)
q/

where ¢ = 2rJ/ng, 07 = 2mq/(ngn,), I indexes the grid intervals associated to the reg-
ular knot sequence s; = (I — 1)/n,, sg are quadrature points over the interval [0,1/n,],
wg the associated quadrature weights, Cy (s, 6%) = 3.0, C, (s, 0* 4 0%) exp (—um%) with
Cy(5,0%) = T (5,0%)Nuo(s5,0)  Too(5,0%), Tm(s,0%) = S0 T (5,0 + 0%) exp (—im@%), and
210(J)e(s) = 2w § d9* T (s,0%). For this matrix Ap = 0 so that C™W(Ap = 0) = M™

without approximation.
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The long-wavelength polarization matrix, Eq. (17), as well as the Padé correction matrix,

Eq. (19), are assembled with

ka/ = M(n) Z Z S Zwaq

oe{kin} {a 5} 1 Qg
X Oa[Ai(s + s)A (;)J

x O5[N(s1 + 5Q) A5 (0)] G (51 + 50, 6;). (AG)
where G’gﬁn(s, 6*) = S0 GO (s, 0% + 0%)e™™% with G = m, g’ J Nyo/ B2 for the long-

wavelength polarization matrix and G%° = (m,/q?)g*? TTyo/B2 for the Padé correction
matrix. In Eq. (A6), one used the approximation V| ~ V, = Vs0, + V8*0p+, the sum
over {a3} is done for a3 € {ss, s0,0s,00} with ¢’ = Va - V. The approximation Ay ~ (
and C™ ~ M®™ are made.

The arbitrary-wavelength polarization drift matrix, Eq. (16), is assembled by assuming

a local Maxwellian for the background distribution function

Ny eq(x Mgt /2 + pBo(x)
Fro(x) = a(X) 75 D |~ l (A7)
[27TT00( )/ma] T0 (X)
The polarization-drift matrix then reads
~ ae (SI+SQ70*+9*)
LX) = q wouweJ (1 + g, 05 + 0) —— -
ke %}n I;q a Too(st + s, 0% + 6%)
Nw—1
X Z Aﬁl 'ﬁJ_’w exp (_63_,11)/2)
w=0
M™A 0Ny (sqa) A%, (67
X [na ; Sa ( a) % (Sa) m( a)
1 A * * — n A % *
B ﬁ Z Ai(sa)Am<9a) Z C( )<906l - @a')Ai/<Sa')Am’<9a’> ) (A8>
a a:1 a//:1

with a and o’ the gyroaveraging quadrature points, n, the number of these quadrature points
which varies proportionally to 0y u, 01, = WAD|, Ny = U1 max/AT, an input parameter
of the simulation, and ¥, = v, /vw(sr + sq. 0% + 0;). The quadrature over the perpen-
dicular velocity is thus carried-out over a velocity grid which is systematically adapted
to the local thermal velocity. To lighten the notation, the gyropoints coordinates have
been noted (s,, 0%, p,) when in fact they are function of other guiding-centre coordinates:

Sa = 8(81+5Q,05+0;,01 0, 0), 0 = 0 (s1+ 50,05 +0;, 01 4, aa), and in case of the toroidal
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angle only the difference ¢, — v = Ap(s; + sg, 05 + 9;, U1 w, (g, ) 18 necessary for com-
puting the integral. This difference is actually zero in our case, because we assemble the
matrix in the approximation p - Vi = 0. The term C™ (p, — ¢,) is thus approximated by
C™ (o, — o) ~ C™(0) = M™ . Finally, the computation of the gyropoints coordinates,
in this approximation p - Vi = 0, is described in Eq. (22).

o1



