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Abstract

The effect of toroidal rotation on both turbulent and neoclassical transport of tungsten (W) in
tokamaks is investigated using the flux-driven, global, nonlinear 5D gyrokinetic code GYSELA.
Nonlinear simulations are carried out with different levels of momentum injection that drive W
into the supersonic regime, while the toroidal velocity of the main ions remains in the subsonic
regime. The numerical simulations demonstrate that toroidal rotation induces centrifugal forces
that cause W to accumulate in the outboard region, generating an in-out poloidal asymmetry.
This asymmetry enhances neoclassical inward convection, which can lead to central accumulation
of W in cases of strong plasma rotation. The core accumulation of W is mainly driven by inward
neoclassical convection. However, as momentum injection continues, roto-diffusion, proportional
to the radial gradient of the toroidal velocity, becomes significant and generates outward turbulent
flux in the case of ion temperature gradient (ITG) turbulence. Overall, the numerical results from
nonlinear GYSELA simulations are in qualitative agreement with the theoretical predictions for

impurity transport.

*Electronic address: kyungtak.lim@epfl.ch
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I. INTRODUCTION

Tungsten (W), a high-Z element, is considered for use in the first-wall plasma-facing
components in future tokamaks due to its high melting point, low erosion rate and good
thermal conductivity [1]. However, experiments have shown that the accumulation of W in
the core region is frequently observed due to neoclassical inward convection, leading to a
reduced plasma performance and energy loss through radiation [2, 3]. In particular, even
at low W concentration, radiative loss can cause complete extinction of the burning plasma
[4]. Consequently, it is crucial to mitigate the accumulation of W in tokamaks to improve
the efficiency and performance of the reactor.

Over the past few decades, based on experimental observations of up-down radiative
emission [5, 6], there has been a strong emphasis placed on the non-uniform distribution
of impurity density across magnetic flux surfaces [7-12]. While conventional neoclassical
theory often assumes a uniform density distribution [13, 14], it is now widely accepted that
an accurate prediction of neoclassical impurity transport requires a proper estimation of the
poloidal asymmetry of impurity density, as it can enhance or reduce neoclassical impurity
transport [10, 15-17].

The toroidal rotation of plasma in tokamaks, whether driven intrinsically [18, 19] or ex-
ternally by neutral beam injection (NBI) heating, often results in a non-uniform distribution
of W density. In particular, the centrifugal force generated by toroidal rotation drives impu-
rities towards the outer wall, yielding a strong ’in-out’ poloidal asymmetry that leads to the
enhancement of neoclassical transport [10, 20-22]. Although the impact of toroidal rotation
on turbulent transport is found to be much smaller than on neoclassical transport [21], the
turbulent roto-diffusion generated by a radial gradient in the toroidal rotation [23] and the
parallel velocity gradient (PVG) instabilities [24] can still play an important role in the case
of a strongly rotating plasma.

The impact of toroidal rotation on both turbulent and neoclassical W transport was
investigated in Ref. [21]. The main approach used in the study was to compute turbulent and
neoclassical transport separately. Turbulent transport was calculated using the gyrokinetic
model in the toroidally co-moving frame, whereas neoclassical transport was evaluated using
the drift-kinetic code NEO, but without considering frictional effects at the lowest order

17, 25).
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The aim of this paper, as an extension of the previous work on impurity transport from
light to heavy impurities [26], is to explore the effect of toroidal rotation on turbulent and
neoclassical W transport using the full-F gyrokinetic code GYSELA [27]. By employing
the multi-species collisional operator implemented in GYSELA [28], we investigate the self-
consistent treatment of both neoclassical and turbulent transport channels. The interplay
between these channels can have a significant impact on impurity transport and its accu-
mulation in the core of tokamaks [29, 30]. To this end, we examine the impact of sonic (for
the impurities) toroidal rotation on turbulent and neoclassical transport in the presence of
poloidal asymmetry enhanced by centrifugal forces.

The remainder of the paper is organized as follows. Firstly, in Section II, we introduce the
GYSELA code and the source terms for studying impurity transport in a rotating plasma.
Section III discusses the results of the nonlinear GYSELA simulations, with a focus on the
poloidal asymmetry generated by the external momentum injection. In Section IV, the effect
of sonic rotation on both turbulent and neoclassical W transport is explored, highlighting
the inward neoclassical convection due to the poloidal asymmetry and the outward roto-
diffusion due to the steepening of the velocity gradient. Finally, the paper concludes with a

discussion of the main findings and conclusions in Section V.

II. NUMERICAL MODEL

The GYSELA code is a first-principles, nonlinear, global and flux-driven 5D gyrokinetic
code that evolves the gyro-averaged distribution function, F;, for each species s, in time and
phase space z = (Xg,vg|, ita), Xg being the gyro-center position, vg) the parallel velocity
and g = mv? /2B the magnetic moment, based on a semi-Lagrangian method for numerical

computations [27, 31]. The nonlinear gyrokinetic Vlasov equation is expressed as follows:

oF, | 1
ot B

V- (ZB\TFS) = C(Fs) + Sheat + Smorm (1)

where we use B| = b-Bj with the generalized magnetic field B = B+(m,vg)/eZ;)V xb, the
charge number Z,, the mass my, the collision operator C (F 5) and Sheat; Smom represent the
heat and toroidal momentum sources respectively. The evolution of Fj is self-consistently
coupled to the quasi-neutrality equation to ensure the balance between the total density

N¢q and the electric potential ¢. In the limit of long wavelengths and assuming adiabatic
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electrons, the electrostatic quasi-neutrality equation can be written as:

¢—(9) 1 1 Neg,s B 1 o
(577) S (o) S foors

eq,s

where (...) denotes the flux surface average, T, is the electron temperature, [dv =
Jodpdvg) with J, = (27Bj/m;) and J is the gyro-average operator. In the above ex-
pressions, the mass m, the magnetic field B, the density N, the temperature 7" and the
electric potential ¢ are normalized with respect to the reference values mg, By, Ng, To and
To/eZy. The length scales are normalized to the reference Larmor radius py = vg,/weo,
where vp, = \/m and we = eZyBy/my. Time is normalized to wc_ol. All drift veloci-
ties are normalized to vy, while the toroidal velocity is normalized to vy s = v, \/W .
Moreover, in the large aspect ratio limit, we assume that the parallel velocity of the parti-
cles in GYSELA is equivalent to the toroidal velocity. Under this assumption, the parallel
velocity measured in GYSELA can be interpreted as the Mach number, which we define as
M =vg,5/Vns.

The presence of the heat source Spear in Eq. (1) is essential to allow flux-driven simu-
lations to reach a statistical steady state. External torque is injected into the plasma via
the momentum source Syom. FEach of these sources is designed to have a non-vanishing
contribution to a single fluid moment equation, related to heat and parallel momentum in
the present study.

In this paper, as derived in Ref. [32], we adopt the following form of heat and momentum

sources

1 J|
Shcat = SEST |: 2 12

o
L I 2 )20 — J ]e‘”cu“ﬂ 3
JamsToE L T T g JHQB( 1)(20c) = Jp) (3)
where we use the normalized parallel velocity g = va)/+/2Tsce/ms, the normalized mag-
netic moment i = puB /Ty, Jjp = \/QTMJH/B2 with the normalized source temperature
Tice, the parallel current J)|, the radial envelope profile S, and the amplitude of the source
Sg. Similarly to the heat source, the analytical expression of the momentum source can be

recast as:

SmonL S’r

Smom = 471_3/27—:366

[206)(2 — p) = Jys(1 + 27—%\\ - ﬁ)}eiﬂé”iﬂa (4)

where Sy, is the amplitude of the momentum source that acts as a control parameter

of the simulations to achieve different toroidal rotations in the nonlinear simulations. The
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radial profile of S, is composed of two hyperbolic tangents

_71 p—ps— 3L ps —3Ls—p
Sr(p) = 5 {tanh (Ls ) + tanh (Ls ; (5)

where we use p = r/a, the radial position of the source p, and the width of the source
L. Although off-axis injection of NBI is known to provide control over density and current
profiles [33], the present study concentrates on central injection of toroidal momentum to
achieve consistent gradient profiles with experimental observations.

In a toroidally rotating frame with the velocity u, the particle velocity v in the laboratory
reference frame is expressed as v = QR*V + u with the toroidal rotation frequency € and
the Hamiltonian is defined as follows:

m? R?

5

1
H= §muﬁ +pB+eZp— (6)

where the electrostatic potential is decomposed into, ¢ = ¢o(¥) + ¢1(, 0), an equipotential
part on the flux surface ¢o(y)) and a poloidally varying part ¢;(v,6) introduced to ensure
the quasi-neutrality in the presence of centrifugal forces.

According to the neoclassical theory, developed in Refs. [25, 34], at the lowest order
in § = p;/L, where p; represents the ion Larmor radius and L denotes the radial length
scale, the distribution function is a Maxwellian. In addition, the temperature T,,(¢)) and
toroidal rotation frequency Q(v) are flux functions, which are constant on given magnetic
flux surfaces, while the density N4(t,6) is not a flux function due to the centrifugal force.
Consequently, the Maxwellian distribution function in the rotating frame can be expressed

as:

muﬁ MBEQ(w7 0)) . (7)

m 3/2
F]LI = N(ﬁ% 0) (W) exp ( - 2qu(w) B Teq(w)

Using the Hamiltonian derived in Eq. (6), the above expression can be rewritten as:

with the expression of the density distribution in a toroidally rotating plasma

N(8,6) = Noy) exp <_ eZ6u(Y)  eZor(1h0) _1mOPR )

Tu(0)  Tu@) | 2T
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In the presence of strong rotation, impurities tend to accumulate in the outboard region
due to the centrifugal force, while an induced potential ¢;, which varies poloidally, acts
to balance the resulting density asymmetry. These effects are more pronounced for heavy
impurity ions because of their large mass and high-Z.

It should be noted that, unlike gyrokinetic formulation in the co-moving frame that
requires the inclusion of both the Coriolis drift and centrifugal effect in the derivation of
guiding-center equations [35-37], the equations of motion in GYSELA are solved in the
laboratory frame. This implies that the effect of toroidal rotation is inherently present in
the distribution function described in Eq. (8), without introducing any additional terms in

the dynamics of the guiding-center.

IIT. NUMERICAL RESULTS

In this section, we describe a set of nonlinear GYSELA simulations to explore the effect
of toroidal rotation on impurity transport. To this end, we consider W as the main impurity
due to its large mass Ay = 184 and high charge state Zy = 74 when fully ionized. However,
we restrict our analysis to the partially ionized state Zy = 40 as W is not fully stripped even
at the core temperature of tokamaks. We conduct the simulations in a circular geometry
with a numerical resolution of (N, x Ny x Ny, x Ny x N,,) = (256 x 512 x 32 x 128 x 64),
using a time step of At = 16w_'. The velocity space parameters are set to 0 < u < 20 and
—7 <y)s <7, to account for both pitch angle scattering and energy diffusion of the collision
operator, as well as supersonic impurities [28]. The nonlinear gyrokinetic Vlasov equation
defined in Eq. (1) is solved for both main ions and W, while electrons are simplified to
follow a Boltzmann response within a flux surface. The initial radial profiles of density and
temperature are established at R/L, = 2.2 and R/Ly = 6 for both species, triggering ITG
turbulence. Other parameters such as normalized gyro-radius p, = p;/a = 1/190, inverse
aspect ratio € = a/Ry ~ 0.2, safety factor gg5 >~ 3 are kept constant throughout the present
study. The radial profile of collisionality is determined by the normalized collisionality
v = 1;qRy/(vr,e¥/?). For the analysis, we set the main ions in the banana regime with
v}, = 0.1 and W in the Pfirsch-Schliiter (PS) regime with vf;, ~ 23 near the edge. The W
concentration is restricted to the trace limit (Cy = 107%), ensuring that the background

turbulence remains unaffected by its presence [38].
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In this study, by increasing the value of S,,om, higher values of Mach number are achieved.
The radial profile of the momentum source remains unchanged with psmem = 0.1 and
L mom = 0.1. In addition, the amplitude and radial profile of the heat flux Sheat are kept con-
stant throughout the analysis, with Sp = 0.017, p; heat = 0.012 and L pear = 0.1. Heat and
momentum are injected only for deuterium, indicating that the transfer of heat and kinetic
energy occurs via inter-species collisional effects. Figure 1 shows the radial profile of the dif-
ferent source terms for the case with Sy,om = 1072, No inner boundary condition is applied to
cover the magnetic axis (p = 0), while Dirichlet boundary conditions are chosen at the sepa-

ratrix (p = 1) to satisfy @sep = 0. A radial diffusion term, D(Fy) = 1/(TB|"*S)8T(DTBWSBTFS),
with a radial diffusion coefficient D, = 0.03, is applied in the buffer region to mitigate
numerical oscillations in the edge region.

To investigate its effect on density distribution and impurity transport, which is typically
proportional to o< (1+M?) [8], W ions are accelerated to the supersonic regime. Although the

Mach number of main ions in fusion plasma is known to be low, typically Mp < 0.4, the Mach

number of W can exceed the unity (My > 1) due to the mass ratio My = \/Aw /ApMp.

x 1076
sl —— Heat
—— Momentum
6 | =— - Buffer
So
4 F
2 -
Of—r—r—- T d
0.0 0.5 1.0

FIG. 1: Radial profiles of heat and momentum sources applied to the main ions in GYSELA.
No heat and momentum sources are applied to W. The buffer region is implemented to

prevent boundary effects from affecting the bulk plasma.

The numerical computation time required to reach a steady state is proportional to the

gyro-Bohm scaling oc p;3 [39], which makes it infeasible to attain a steady state for multi-
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species simulations. To overcome this limitation, we first perform a simulation without W
impurities for a sufficiently long time (~ 10°w;') to develop the background turbulence
and to saturate the toroidal velocity of main ions. Then, we carry out the second part of
the simulation with W impurities for more than 10°w' to get convergence on the toroidal

rotation of W through collisional effects. Once the simulations are close to the quasi-steady

-1
ci

state, all quantities are analyzed with a time window of ~ 3000w_;" and are averaged over

flux surfaces.

4 S,om=0

> Spom=2%10"3
—— Smom=4x1073
@ Spom=6x10"3
- S,om=8x1073
—A— Spom=1072

FIG. 2: Mach numbers for the main ions (a) and W (b) with different amplitudes of mo-

mentum sources plotted as a function of p = r/a at t = 2 x 10%w;".

The radial profiles of the Mach number for both species are illustrated in Figure 2 with
different amplitudes of the momentum source. In the absence of the momentum injection
Smom = 0, the toroidal velocity, produced by turbulent intrinsic rotation [18, 19], exhibits
low and flat profile for both species in the counter-current direction, i.e. Mp ~ —0.02 and
My, ~ —0.6. Once the momentum source is activated, the toroidal rotation increases and
converges to a similar shape as the source profile illustrated in Figure 1. W is propelled
into the supersonic regime for amplitudes stronger than Sy, = 4 x 1073, In the core
region, the value of My, reaches up to My, ~ 4 with Sy = 1072, Despite the injection
of momentum, the Mach number and its gradient for deuterium remains at low levels, with
values of Mp < 0.4 and |dv, p/dr| =~ 0.4, respectively. According to the criterion for the
PVG instability to occur, which is |dv, p/dr| > R/(L,v/T + 1) with 7 = T,/T; [24], the
present nonlinear simulations are not subject to PVG instabilities. Similar Mach numbers

have been observed in JET experiments with NBI injection [40], where the Mach number

8
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for deuterium was found to be as high as Mp ~ 0.7, yielding My ~ \/Aw /ApMp ~ 4.5.

Np Tp x107% Nw Tw
2.0
— 2.0 — e
12 —%— Spom=2%x10"3
== Spom=10"2
11 15
1.0 1.0
09k ' : - 8L : ' -
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
o o o P

FIG. 3: Radial density and temperature profiles of the main ions and W with different values

-1
ci "

of momentum source measured at ¢ ~ 2 x 10°w_'. The black solid line represents the initial

profile at ¢ ~ 10°%w ;" where W is introduced.

The radial profile of the flux-averaged density and temperature for both the main ions and
W are displayed in Figure 3. For deuterium, the density and temperature profiles are not
significantly affected by the external momentum injection with the considered amplitudes of
2x 1073 < Spom < 1072, The slight increase in T} is likely due to the balance between the
heat source and the outward heat flux, rather than the effect of toroidal rotation. Unlike
deuterium, we observe significant changes in W density with increasing the amplitude of
Smom, While the temperature profiles remain unaffected and saturate at the same level as
the main ions, indicating energy transfer through collisional effects. The overall density

profile implies a central accumulation in cases of strong rotation.
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D> Spom=2x10"3
- Smom=4x10"3
@ Spom=6x1073
Smom =8 % 1073

0.10

0.08

0.06

(6¢)rms

-
—

0.04 ¢
N

0.02

0.00
0.0 0.5 1.0

FIG. 4: Radial profile of the root-mean-square (rms) of the perturbed electric potential

06 = ¢ — (p)rs for different values of momentum injection.

Figure 4 describes the radial profile of the root-mean-squre (rms) of the perturbed electric
potential for different values of momentum injection. In the absence of momentum injection,
the turbulence intensity remains below 4%. However, the injection of momentum tends to
increase fluctuation levels in the region where the source is applied. Fluctuation levels in the
region where p > 0.5 remain unchanged across different amplitudes, while an enhancement
in fluctuation levels is observed in the inner region where (p < 0.5). This indicates that the
injected momentum does not stabilize the turbulence, instead, it results in a slight increase
in turbulent levels in the inner region. The background ion temperature gradient (ITG)
turbulence consistently remains throughout this study.

Previous works with GYSELA have demonstrated the stabilizing effect on turbulence
via the formation of transport barrier generated by a vorticity source term [41, 42]. Fur-
thermore, recent research with the JET-ILW (ITER-like wall) tokamak reports that steep
temperature gradients at the plasma periphery can prevent W accumulation in the core
region by enhancing outward neoclassical convection [43]. The impact of transport barrier

on impurity transport using GYSELA is currently under investigation.

10
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Poloidal asymmetry of W density in toroidally rotating plasma

Non-uniform distributions of W obtained from the GYSELA simulations of rotating
plasma are shown in Figure 5. Three different cases are compared to elucidate the effect of
toroidal rotation in driving an enhanced in-out asymmetry. In the absence of momentum
injection Sy,om = 0, an up-down asymmetry of W is observed mainly due to the background
turbulence [44]. The degree of asymmetry is approximately 20%. As the amplitude of the
source term increases, the geometry of asymmetry changes from up-down to in-out due
to the centrifugal effects. In particular, the case with S, = 1072 yields an excess of

approximately 40% of W localized in the outboard region.

Smom =0 Smom =4 %1073 Simom = 1072
le-1 —— le-1

4
io
-4

FIG. 5: 2D poloidal section of perturbed W density obtained from the nonlinear GYSELA

simulations. Three different cases are represented, i.e. without momentum source Sy,om = 0
(left), the Mach number close to unity My ~ 1 with Sy,m = 4 x 1073 (center) and the high
Mach number My ~ 4 with S, = 1072 (right).

An analytical formula for non-uniform density distribution in a toroidally rotating plasma
can be obtained by solving the drift-kinetic equation for impurities in the Pfirsch-Schliiter
regime [45]. By assuming an axisymmetric system and small inverse aspect ratio (¢ < 1),

the poloidal asymmetry of impurity density at the lowest order of € can be written as:
Nw =1+ N.cosf + N,sin#, (10)

with the in-out geometrical factor

M2_1 2
N, = oMo —( +72)g2
14+ (1 +7)2%g

(11)

11
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and the up-down geometrical factor

1+ (1 M?

TE A "

In the above expressions, the following dimensionless parameters are introduced, such as

M2 = M?R?/R? with

2 p2 ,
MQZmeR 1_Zmz T, (13)
2T, m; Te +T;
and
_ miZ*1 i% _ ll@ (14)
9= "B VO\N, 0y 2T, 0y )
where we use
L, (B?
y = e J_% >u7 (15)
1 ON; 310T;
Ll=—I=—2"t-22 1
. (Ni ) 2w¢)’ 1o
and the poloidal rotation for the main ions
If. 0T,
~ —0.33 . 17
‘ (B2 09 ()

with the fraction of circulating particles f, ~ 1 — 1.46/e.

The first dimensionless parameter, defined in Eq. (13), corresponds to a modified Mach
number. The geometrical factors defined in Eqgs. (11, 12) scale quadratically with respect
to the value of M. The second dimensionless parameter, denoted as g, characterizes the
steepness of the density and temperature gradient profiles for the main ions. In standard
neoclassical theory, this parameter is assumed to be small, indicating a weak frictional force.
However, its impact becomes dominant when impurities localize in the outboard region,

particularly for high-Z impurities (g o< Z?2) or in the pedestal region.

12
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Smom =102 Hinton le-1 Ny = Nccos 6 + Nssin 6

le-1 le-1

FIG. 6: (Left) Poloidal asymmetry of W density fluctuation Ny obtained from the GYSELA
simulation with Spm = 1072, (center) reconstructed impurity density Ny from Eq. (9) and

(right) Ny reconstructed from Egs. (10-12).

Figure 6 represents the non-uniform distribution of W in a toroidally rotating plasma,
obtained from the GYSELA simulation on the left in Figure 6, and its comparison with
analytical expressions from Eq. (9) and Eqgs. (10-12). The other parameters in the analytical
expressions are evaluated from the same GYSELA simulation with Sy,o, = 1072, Both
theoretical approaches, namely the Hamiltonian in a rotating frame and the drift-kinetic
equation, are in qualitative agreement with the GYSELA simulations regarding the enhanced
in-out asymmetry due to the centrifugal effects.

The expression for the density distribution derived in Eq. (9) shows a level of poloidal
asymmetry comparable to that of GYSELA, whereas a factor of 1/2 is observed when using
the expression derived from the drift-kinetic equation. The main difference between the
two expressions is the inclusion of the poloidally varying electric potential ¢; (1), ), which
arises from toroidal rotation and turbulence. The discrepancies with neoclassical predictions
can be attributed to the fact that the expressions in Egs. (10-12) rely on neoclassical
estimates of the poloidal ions velocity [46-49]. These estimates are not always consistent
with experimental observations, suggesting that other mechanisms, such as intrinsic rotation
induced by turbulence, may be important in this process.

Experimental observations [50-52] have revealed that a strong poloidal asymmetry, which
is enhanced by the centrifugal force, can lead to a significant accumulation of W in the

plasma core, primarily due to the inward neoclassical convection. Given these observations,

13
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the following section will focus on exploring both neoclassical and turbulent transport of W

in toroidally rotating plasma.

IV. NEOCLASSICAL AND TURBULENT IMPURITY TRANSPORT IN A
TOROIDALLY ROTATING PLASMA

The importance of including poloidal asymmetries in neoclassical impurity transport is
now well recognized, and experimentally demonstrated that a strong non-uniform distribu-
tion in the outboard region can lead to core accumulation [21, 53]. An analytical expression
of heavy impurity transport—Pfirsch-Schliiter transport—which takes into account such in-
homogeneous poloidal density has been proposed in Ref. [10] assuming the main ions in the

banana regime:

R R 1 R
R<F$O : V¢>1/J X | = I - HHCDLT' + EL " _PA7 (18)
R R 1 R R
- — Hym—+ = Py —0.33Pgf.—|, 1
X ( Lnl sym LTj + 7 an> A 0.33 B.chTZ_:| 3 ( 9)

where Hyeo = Hgym + 0.33(Pp/Pa)f. is the temperature screening coefficient with Hgyy, =
—1/2 in absence of poloidal asymmetries. The geometric factors P4 and Py related to the

poloidal asymmetry are defined as

Pr= gt () - <J€WH 20
P~ 3 <<ﬁ;>> b <J%> | (21)

The values of P4 and Pp depend on the magnitude of poloidal asymmetry, as well as its

geometry, namely in-out or up-down. A simple approach to calculate these geometrical
factors was proposed in the large aspect ratio limit by considering b = B/By = 1 — ecos
and using a similar expression to Eq. (10) for N = 1 + dcosf + Asinéd with § (in-out)
and A (up-down) asymmetry parameters [10]. By keeping the second order accuracy, the

geometrical factors can be rewritten as

N, B2\ 82 + A2
<§>—<ﬁ> = 2c(c +6) + +2 : (22)

B? 5+ A?
1_<Nz>€6+ TR (23)

14
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where we use (Nz) = (b?) = 1. The radial profile of the simplified geometrical factors
is illustrated in Figure 7 from the nonlinear simulations. In case of a uniform density
distribution corresponding to the case with § = A = 0, the geometrical factors are equal
to P4 = 1 and P = 0 recovering the standard neoclassical transport derived in Ref. [14].
In line with the previous results from the 2D poloidal W distribution, the toroidal rotation
enhances the effect of poloidal asymmetry, especially in the outboard region (0.7 < p < 0.9)
due to the centrifugal effects. The values of P4 and Pg scale with 1/(2€2), which are usually
very large numbers. In the considered simulations, the geometrical factors in Figure 7
are amplified by 1/(2€?) ~ 40 at p = 0.5 and 1/(2¢?) ~ 12 at p = 0.9 yielding Py ~ 4
and Pp ~ 0.5 at mid-radius. Indeed, a series of recent experimental works highlight that
the poloidal asymmetry caused by external heating system, such as NBI and ion cyclotron
resonance heating (ICRH) heating systems, can increase the factors P4 and P up to 100
and reduce the temperature screening coefficient H., leading to a core accumulation near

the magnetic axis [54].

2e(e +6) + 24 €6+ 228
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FIG. 7: Radial profile of the geometrical factors defined in Eqgs. (22-23) obtained from the
nonlinear GYSELA simulations. The green line represents the case with the uniform density

distribution.
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FIG. 8: Neoclassical W flux as a function of the ¢ (a) and A (b) asymmetry parameters.
The reconstructed density () Ny = & cos #+Asin 6 is used to calculate the neoclassical flux
in Eq. (19), while other terms, i.e. N;, T;, Ty, v, are taken from the GYSELA simulations.

Flux is normalized to the absolute value of the symmetric case with § = A = 0.

In general, neoclassical impurity transport depends on various plasma parameters for the
main ions and impurities, i.e. I')° o< f(N;, Nw,T;, Tw, vs;). However, unlike the standard
neoclassical theory, a non-uniform distribution of impurity density has to be included to
accurately predict the neoclassical flux. In Figure 8, the effect of inhomogeneous W density
on neoclassical W flux is represented by performing a scan of different values in § and A
from Ny = dcosf + Asinf. The reconstructed 2D asymmetry of W distribution is then
inserted in Eq. (19) to estimate the neoclassical flux, while other terms, measured from the
GYSELA simulations, are kept constant. The poloidal asymmetry scan clearly indicates
an increase of inward neoclassical flux as the asymmetry grows. In the case of up-down
asymmetry (Figure 8b), the trend is found to be symmetric, while the in-out asymmetry

study (Figure 8a) reveals a strong impact of impurity localization in the outboard region on
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neoclassical transport, even causing a change in the order of magnitude.
Similarly to the neoclassical particle flux defined in Eq. (19), the turbulent W flux can

be decomposed into various terms in the trace limit of impurities (o = Ny Z3, < 1) [55] as

LNF w_ _py 2w o 0w g Qe o 00 (24)
w

or or or Por’

where each term represents turbulent diffusion, thermo-diffusion, roto-diffusion and curva-
ture pinch respectively. The characteristic of these terms depends on the nature of dom-
inant instabilities or magnetic curvature profiles that are present in the plasma. For ex-
ample, the diffusion coefficient increases (decreases) with impurity charge Z for the case of
Trapped-Electron-Mode (TEM) turbulence (ITG turbulence). In addition, thermo-diffusion
and roto-diffusion are directed inward (outward) for TEM turbulence (ITG turbulence),
while curvature-driven transport is directed inward (outward) for positive (negative) mag-
netic shear. The same trend was qualitatively reproduced in the recent studies with the
bounced-averaged gyrokinetic code TERESA using the quasi-linear approach for the impu-
rity transport [56, 57]. A more comprehensive review on the physical mechanisms underlying
each term can be found in Ref. [58].

In the present study, the impact of toroidal rotation on turbulent flux is primarily me-
diated through the roto-diffusion term. The roto-diffusion term, proportional to the radial
gradient of toroidal velocity, is known to be significant for W as the magnitude of the coef-
ficient scales as C,, < Aw /Zy .

For the analysis of the nonlinear GYSELA simulations, we adopt the following definitions

for turbulent and neoclassical particle flux of W [29, 59],

< TP Yy > = < / PoFy v w>w7 (25)
neo _ 3., 10 . =n=0
<IW°-Vip >y= </d vFw(vpw + 05 ) - VQ/)>1/}, (26)

where n is the toroidal mode number, Uk is the E x B drift of the guiding-center and vp is
the diamagnetic drift. Note that the axisymmetric component of the £ x B drift, namely
%70, also contains turbulence-driven terms, sometimes called convective cell [44]. In that
respect, the splitting between turbulent and neoclassical contributions contained in these

definitions Eqs. (25-26) should not be understood too strictly.
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FIG. 9: Time accumulative neoclassical (left) and turbulent (right) W flux averaged over
the radial position between p = 0.1 and p = 0.9 with different magnitudes of the momentum

source. The time is set to t = 0 when W is injected into the simulations.

Figure 9 illustrates the cumulative turbulent and neoclassical fluxes obtained from GY-
SELA simulations at various levels of momentum injection. The fluxes are integrated both in
time and volume within the range of 0.1 < p < 0.9. Consistently with the previous findings
in Figure 8, the neoclassical inward convection resulting from an enhanced in-out asymme-
try of W density is observed to be proportional to the magnitude of toroidal rotation. A
recent analysis of W accumulation in KSTAR experiments using the drift-kinetic code NEO
[60] revealed that neoclassical inward convection is maximized at a specific toroidal rotation
value, beyond which the outward convection increases [51]. The non-monotonic relationship
between the toroidal rotation and neoclassical inward convection can be attributed to the
different dependencies of the convection terms on the main ion density and temperature
profiles, as well as collisionality. An analytical investigation of neoclassical transport shows
that the temperature screening of impurities is enhanced at sufficiently high Mach number
and low collisionality, while this effect decreases as collisionality increases [61]. In the present
study, however, the impact of toroidal rotation on the main profiles is found to be negligible,
as depicted in Figure 3, and only a high collisional case with W is considered. This explains
the linear relationship observed between neoclassical inward convection and the magnitude
of toroidal rotation in Figure 9.

Although the toroidal rotation has a direct impact on neoclassical transport owing to
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the presence of strong density inhomogeneity, its influence on turbulent transport in Figure
9 (right) is observed to be relatively small. The enhancement of outward turbulent flux
resulting from the increase in toroidal rotation, as depicted in Figure 9, can be attributed to
the increased turbulence intensity observed in Figure 4 and the turbulent pinch terms defined
in Eq. (24), i.e., roto-diffusion and thermo-diffusion terms. Although both terms are known
to drive outward convection in the case of ITG turbulence, the roto-diffusion predominates
over the thermo-diffusion term, as the former is proportional to Ay /Zy = 4.6, while the
latter is proportional to 1/Zy = 0.025. In fact, for heavy impurities with strong toroidal

rotation, the magnitude of roto-diffusion can be as significant as the diffusive part [23].

dv, _
(_ dcpr,w) le-9 (I-Wrb .vw)
4F i :
D> Spom=2 %1073
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FIG. 10: Time evolution of the radial gradient of the toroidal velocity (left), and the time
evolution of the turbulent flux of W (right), averaged over the radial position between p = 0.1
and p = 0.9 for different values of the injected momentum. The dashed vertical line indicates
the time at which the effect of roto-diffusion becomes significant. The time is set to ¢t = 0

when W is injected into the simulations.

The impact of the roto-diffusion term on the W turbulent flux becomes apparent when we
compare the time evolution of the radial gradient of toroidal velocity and the turbulent flux
for W, as depicted in Figure 10. The radial gradient of toroidal rotation gradually increases
over time in proportion to the injected momentum. For W, the values of |dv,w /dt| are
observed to exceed unity for amplitudes above Sp,om = 4 x 1072 due to its heavy mass,

whereas the gradient remains low at |dv, p/dr| ~ 0.4 for the main ions. As shown in
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Figure 9, the outward turbulent flux emerges at ¢ = 10°w_" for amplitudes greater than
Srom = 6 x 1073, The results demonstrate that the influence of the roto-diffusion term
becomes more significant compared to other terms in Eq. (24) as the absolute value of
|dv,w/dr| gradually increases. Additionally, it is noteworthy that centrifugal effects also
have a non-negligible impact on other convection terms, particularly in the case of heavy
impurities [55]. Consequently, the sign and magnitude of the turbulent flux depend on the
interplay between different convection terms, which typically results in an outward flux in

the case of ITG turbulence.
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FIG. 11: Core W-accumulation in time for different amplitudes of the toroidal momentum
source. The core density Nw, core is integrated between p = 0.1 and p = 0.3. The strong

toroidal velocity leads to an enhanced core accumulation.

Figure 11 presents the W accumulation obtained from the total flux, I't¢f = I'fiee 4 Tur®,
within the radial range of p = 0.1 and p = 0.3 for different values of the injected momentum.
No significant changes in the core W density are observed up to the time ¢ = 0.5 x 105%_1-17
which corresponds to the momentum transfer time from the main ions to W. Following
this transfer time, a more significant accumulation of W is observed, approximately 20% of
increase in the S,,om = 1072 scenario. The central accumulation of W in GYSELA simu-
lations are commonly observed even in the absence of external toroidal rotation [26]. The
numerical results obtained in the present study are consistent with experimental evidence

from different tokamaks [51, 53, 54] where central NBI heating yields a central deposition of
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W. To prevent the accumulation of W within the core region, the proper use of ICRH and
ECRH systems can be helpful in controlling the W within the core region [9, 33, 52, 62-66].
This is achieved by flattening the density profile of main ions and enhancing the tempera-
ture gradient of the bulk plasma, which facilitates the outward turbulent diffusion of W and
an increase of the temperature screening effect. In addition, the temperature anisotropy
that arises from ICRH is known to reduce poloidal asymmetry, thereby decreasing inward

neoclassical convection [9, 67].

V. CONCLUSION

In the present paper, the effects of toroidal rotation on both turbulent and neoclassical
W transport are addressed using the nonlinear, global, flux-driven 5D gyrokinetic code
GYSELA. The injection of toroidal momentum via the external source term drives W to the
supersonic regime, while the toroidal velocity of the main ions remains low. By leveraging
the multi-species collisional operator and external source terms implemented in GYSELA,
both turbulent and neoclassical W transport in a toroidally rotating plasma are treated
self-consistently. Unlike the conventional approach, which treats neoclassical and turbulent
transport separately, the self-consistent treatment used in this study captures the interplay
between these two channels of W transport.

Through a series of nonlinear simulations involving different levels of momentum injection,
it has been observed that centrifugal forces cause W to accumulate in the outboard region,
creating an in-out poloidal asymmetry. This asymmetry has been found to significantly
enhance the neoclassical inward convection, leading to a central accumulation of W in the
case of strong plasma rotation. The core W accumulation accelerated by the centrifugal force
and the resulting poloidal asymmetry, cannot be offset by the turbulent flux. However, as
the momentum injection continues, the roto-diffusion term becomes as significant as the
diffusive part once the radial gradient of the rotation velocity exceeds a certain threshold,
driving outward turbulent flux in the case of ITG turbulence.

The numerical results obtained in the present study are in qualitative agreement with
theoretical predictions. However, for a more comprehensive modelling of W transport in
GYSELA, it could be interesting to include the time evolution of the density and temperature

profiles of main ions, taking into account their response to other heating systems. These
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additional heating systems are known to mitigate core W accumulation by reducing poloidal

W asymmetry and enhancing the temperature screening effect.
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