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Abstract
The effects of transport barriers on impurity transport, specifically helium (He) and tungsten
(W), are investigated using the global, flux-driven, full-F, 5D gyrokinetic code GYSELA. The
transport barrier is induced by triggering E×B shear via an external poloidal momentum
source, thereby stabilizing ITG turbulence and reducing outward heat fluxes. These reductions
in particle and heat fluxes due to the transport barrier lead to enhanced confinement, thereby
steepening the ion temperature profiles and reducing the heat diffusivity of the main ion species
(i.e. deuterium). Impurity transport in both turbulent and neoclassical regimes is investigated
under various conditions, with and without the transport barrier, along with a reversed density
profile for tungsten. The transport barrier is found to reduce outward impurity transport and
enhance neoclassical thermal screening due to the steepened temperature profile. However, it
also prevents helium from being flushed out, due to an increased inward Banana-Plateau flux,
caused by the poloidal asymmetry of the source. Overall, a transport barrier induced by an
E×B shear proves to be an effective mechanism not only for reducing heat fluxes but also for
controlling impurity transport.

Keywords: transport, impurity, gyrokinetic, GYSELA, transport barrier, E×B shear,
thermal screening
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1. Introduction

Understanding impurity transport in magnetically confined
plasmas is crucial for the successful operation of fusion
devices, such as tokamaks and stellarators. Even trace amounts
of impurities can degrade plasma performance by increas-
ing radiative losses, diluting the fuel, and causing plasma
contamination [1]. In this study, we focus on two impurities;
helium [2], a by-product of the fusion reaction, and tungsten
[3–6], widely used as a plasma-facing material due to its
high melting point and low sputtering yield. Understanding
the transport mechanisms of these impurities, both neoclas-
sical and turbulent [7–9], is essential for maintaining optimal
plasma conditions and achieving sustained fusion reactions.

Edge transport barriers (ETB), observed in high-
confinement mode (H-mode) plasmas [10–13], are regions of
significantly reduced turbulent transport, leading to improved
confinement of heat and particles. These barriers are typically
associated with strong poloidal E×B shear flows [14–16]
that stabilize turbulent modes, such as ion temperature gradi-
ent (ITG) instabilities [17, 18]. A strong correlation between
the presence and strength of this transport barrier and impurity
transport has been identified in [19–21], showing a reduced
impurity transport within the ETB due to suppressed plasma
turbulence.

Neoclassical thermal screening [7, 22], which is expected
to play a substantial role in preventing core accumulation of
tungsten, can be triggered by having a strong enough temper-
ature gradient of the main ion species compared to its density
gradient. Some experimental evidence has been found in JET
[23] suggesting this effect already plays an important role in
stopping tungsten from accumulating in the core.

Previous studies using gyrokinetic modelling [24] showed
a good agreement between the theory [8] and simulations with
a strong inward neoclassical flux for heavy impurities such
as tungsten, while light impurities are dominated by turbu-
lent transport. The role of poloidal asymmetries has also been
extensively investigated [25] and it was found to play a major
role for neoclassical transport of impurities. Additionally, the
impact of parallel momentum on tungsten transport has also
been investigated [26] and concluded that strong toroidal rota-
tion led to increased in-out poloidal asymmetries, enhancing
neoclassical transport of impurities as a result. Studies on
lighter impurities, such as helium [2], showed a discrepancy
between numerical and experimental peak of density profiles,
indicating some elements of helium transport is either not
modelled correctly or missing. Some additional investigations
on the impact of NBI and fast ions [27], polarization drift
and ITG-TEM interplay [28] as well as externally applied
torque [29] were also performed to improve and complete
helium transport modelling. Integrated modelling of impurity
transport also shows promising results with a good agreement
between ASDEX-U discharges and the ASTRA code [30],
with a lower impurity density peaking with a stronger central
wave heating scheme.

In the present work, we extend the previous results of light
to heavy impurities transport in case of ITG turbulence, as

outlined in [24], by inducing a transport barrier through pol-
oidal E×B shear injection [31, 32]. We analyse the effects
of transport barrier on impurity transport using the 5D full-F
gyrokinetic code GYSELA [33]. Both turbulent and neoclas-
sical transports are considered self-consistently, thereby cap-
turing their synergy on the total impurity transport [34]. We
compare various cases with and without a transport barrier,
as well as scenarios with positive and negative tungsten dens-
ity gradients, considering that tungsten is typically introduced
from the outboard region via wall sputtering. We also aim to
extract the impact of the transport barrier on the diffusion and
convection transport coefficients.

The structure of the paper is as follows. Section 2 provides
a brief overview of GYSELA, the vorticity source used for the
transport barrier, as well as essential theoretical elements on
neoclassical transport. Section 3 presents the numerical setup
and parameters chosen to investigate the effects of transport
barrier on impurity transport, focusing on both helium and
tungsten. Section 4 shows the transport of helium and tung-
sten, with a particular emphasis on the neoclassical transport of
both species. The thermal screening of tungsten is highlighted
as a key component of the transport barrier on particle trans-
port. Additionally, an investigation is performed on the reduc-
tion of turbulent transport coefficients, namely diffusion and
convection, for tungsten when the transport barrier is present,
using two different density gradients for tungsten. Finally,
section 5 presents the conclusion and key findings of this study.

2. Model and theory

2.1. GYSELA

As a full-F gyrokinetic code, GYSELA [33] enables the study
of both neoclassical and turbulent transports with a self-
consistent model in 5D phase-space zs =

(
xGC,s,vG∥,s,µs

)
.

The code combines the Vlasov equation with the quasi-
neutrality equation, written as:

B⋆∥,s∂tF̄s+∇ ·
(
ẋGC,sB⋆∥,sF̄s

)
+ ∂vG∥,s

(
v̇G∥,sB

⋆
∥,sF̄s

)
= C (F̄s)+S (F̄s) , (1)

eN0,e

(
ϕ −⟨ϕ⟩FS

Te

)
︸ ︷︷ ︸
Adiabatic e− response

−
∑
s

Zs∇⊥ ·
(

N0,s

B0ωc,s
∇⊥ϕ

)
︸ ︷︷ ︸

Polarization density

=
∑
s

Zs

ˆ
d3vsJ [F̄s− F̄eq,s]︸ ︷︷ ︸

Particle density fluctuations

. (2)

Here, the subscript s denotes the species considered, F̄s rep-
resents the ion distribution function of the species, ϕ is the
electrostatic potential. The variables xGC,s and vG∥,s denote
the gyro-centre position and parallel velocity, respectively.
The infinitesimal volume element in the velocity space d3vs =
Jv,sdµdvG∥,s is defined through the velocity space Jacobian
Jv,s = 2πB⋆∥/Ms and the parallel component of the generalized
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magnetic field B⋆∥,s = b ·B⋆s , the latter defined through

B⋆s = B+
Ms

qs
vG∥,s∇×b, (3)

with B= I(ψ)∇φ +∇φ ×∇ψ where I is the current, φ the
toroidal angle and ψ the poloidal flux function. The mass and
charge of the concerned species are respectively written Ms

and qs while ωc,s = qsB0/Ms is the reference cyclotron fre-
quency. Te and N0,s/e are respectively the initial electron tem-
perature and initial density of the considered species (i.e. s for
ion species and e for electrons). The gyro-average operator is
written J while the collision operator is written C (F̄s). This
operator ensures the conservation of energy, momentum, and
density [35], while allowing both intra and inter species colli-
sions, which is relevant for multiple kinetic species as explored
in this article. However, it should be noted that electron-ion
collisions are neglected in the present work due to the assump-
tion of an adiabatic electron response.

The source terms in equation (1), which are limited to heat
and vorticity terms in this study, are embedded in

S (F̄s) = SH,s+SΩ,s, (4)

with their mathematical construction are detailed in [36, 37].
The choice was made to ensure that the vorticity source only
injects vorticity without affecting energy or particles, while
generating pressure anisotropy as a consequence. The heat
source is essential for GYSELA to perform flux-driven sim-
ulations and achieve steady states. To inject both energy and
poloidal momentum (i.e. vorticity) in the system, the follow-
ing kinetic sources are used

SH,s =
SH0 S

H
r (r)√

2π3/2T5/2Sce,H

[
v̄2G∥ −

1
2
−

J∥,B
2− J2∥,B

(2− µ̄)
(
2v̄G∥ − J∥,B

)]
× exp

(
−v̄2G∥ − µ̄

)
, (5)

SΩ,s =
SΩ0 S

Ω
r (r)B2

√
2π 3/2T5/2Sce,Ω

[
2v̄2G∥ − µ̄

]
exp
(
−v̄2G∥ − µ̄

)
, (6)

where SH,Ω0 and SH,Ωr denote the source amplitudes and
radial profiles respectively, both of which being customiz-
able GYSELA input parameters. The normalization of the par-
allel velocity v̄G∥ = vG∥/

√
2TSce/Ms and magnetic moment

µ̄= µB/TSce is done using a normalized source temperature
TSce, taken as 1 hereafter. While the vorticity source injects
neither heat nor particles, it injects a marginal amount of par-
allel momentum alongside vorticity. Pressure anisotropy is, as
a result, generated at the source location. This can be seen in
equation (6) in the terms 2v̄2G∥

− µ̄ which, when integrated in
the velocity space, will respectively inject parallel pressure and
pump perpendicular pressure7 and therefore enhance the local
pressure anisotropy Πs,∥ = Ps,∥ −Ps,⊥. The integral over the

7 We recall that Ps,∥ =
´
d3vs 12U

2F̄s with U =
(
vG∥ −Vs,∥

)
where Vs,∥ is

the average fluid velocity, Ps,⊥ =
´
d3vsµBF̄s and Ps,tot = 1

3
Ps,∥ +

2
3
Ps,⊥.

velocity space of equations (5) and (6), which are the radial
profiles of the fluid sources of heat and vorticity respectively,
are shown in figure 1(a). A conservation equation for vorticity
can be obtained by integrating the gyro-averaged equation (1)

∂tW+ ∂ψK = SΩ0 ∇
2
⊥S

Ω
r (r) , (7)

with W=−Zs
〈
∇⊥ ·

(
N0,s

Bωc,s
∇⊥ϕ

)〉
FS

= qs
〈´

d3vsJ [F̄]
〉
FS

the vorticity, the vorticity flux is written as K =
qs
〈´

d3vsJ [(dtxG ·∇ψ ) F̄]
〉
FS

and SΩ0 ∇
2
⊥S

Ω
r (r) the fluid

vorticity source. The flux-surface average operation is written
⟨. . .⟩FS =

˜
. . .Jψ dθdφ/

˜
Jψ dθdφ with Jψ = (B ·∇θ)

−1.
The vorticity, written W here, is then completely analogous
to the polarization density, hence the effect observed on the
E×B velocity. One may note also that the main drive for the
fluid vorticity fluxK is the turbulence itself, which means that
we require the system to be in a turbulent state in the first place
before using this vorticity source, otherwise the system may
not be stable.

However, the source is not poloidally symmetric, as shown
in the radial profile the vorticity source for different poiloidal
angle in figure 1(b). This induces poloidal asymmetry in pres-
sure anisotropy, which in turn affects the neoclassical trans-
port channel, especially the Banana-Plateau component, as
discussed in the following subsection.

2.2. Neoclassical transport

Neoclassical transport is of utmost importance regarding
transport of heavy impurities, such as tungsten, in modern
tokamaks. They usually are in a high collisionality regime, i.e.
Pfirsch-Schlüter, but are expected to be in an intermediate plat-
eau regime for larger future reactors like ITER. Previous stud-
ies already emphasized the importance of pressure anisotropy,
as well as its poloidal asymmetry regarding transport of heavy
impurities [8, 25]. By assuming low impurity concentration
Cs = Ns/Ni ⩽ 10−5 and main ions in the banana collisional-
ity regime, one can compute the expected neoclassical flux of
impurities in steady-state.

Taking the first moment of equation (1) in the steady state,
we obtain∇ ·Γ= 0 (i.e. the conservative form of the continu-
ity equation) from which the flux can be decomposed into par-
allel and perpendicular components, Γ= Γ∥b+Γ⊥. The per-
pendicular flux of impurity can be written as:

Γ⊥,s = NsvE×B+ ⟨vD⟩v−∇×
[〈

µs
qs
b
〉
v

]
, (8)

with

vE×B =
B×∇ϕ

B2
, (9)

vD = v∇ + vc =
µ

qs

B×∇B
B2

+
Msv2G∥
qsB2

Rc ×B
R2
c

, (10)

Γmag =−∇×
[〈

µs
qs
b
〉
v

]
= jmag/qs =∇×M/qs. (11)

3
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Equations (9)–(11) are respectively theE×B, gradient plus
curvature drifts as well as the magnetization flux Γmag where
the bracket ⟨. . .⟩v =

´
d3vs . . . F̄s represents an average over the

velocity space with F̄s the distribution function of the con-
sidered impurities species and

´
d3vF̄s = Ns, the density of

impurities. The magnetization is a mandatory correction to
have the full particle flux8. Developing equation (8) by using
the CGL tensorΠs notation [38] and adding the parallel com-
ponent of the flux, one gets

Γs =

[
Nsv∥,GC,s−

P⊥,s

qsB
b · (∇× b)

]
b+Ns

b×∇ϕ

B

+
b×∇ ·Πs

qsB
, (12)

in which we introduced the CGL tensor Πij,s = P∥,sbi bj+
P⊥,s (δij− bi bj). The first term of equation (12), aligned
with the magnetic field direction b, represents the parallel
particle flux whereas the other terms are respectively the E×B
drift and diamagnetic flux terms. By considering poloidal
asymmetries [8, 24, 25] in equation (12) in the form of

∇P⊥,s =
∂P⊥,s

∂θ
∇θ+ ∂P⊥,s

∂ψ
∇ψ, (13)

∇ϕ =
∂ϕ

∂θ
∇θ+ ∂ϕ

∂ψ
∇ψ, (14)

one can write the total neoclassical flux-surface-averaged
impurity flux across magnetic surfaces as

Γs = KsB−NsΩsR2∇φ +Π∥,s
b× k
qsB

+
b×∇θ

B

(
Ns

∂ϕ

∂θ
+

1
qs

∂P⊥,s

∂θ

)
,

(15)

with Ks =
Γ∥,s
B + INsΩs

B , Ωs =
∂ϕ
∂ψ + 1

Nsqs
∂P⊥,s

∂ψ , Π∥,s = P∥,s−
P⊥,s the pressure anisotropy. By using the incompressibility
of the flow∇ ·Γs = 0, one can determine the function Ks with
a few approximations. By assuming low Mach number for the
impurities, heavy impurities (Ms/Mi ≫ 1) and no local fric-
tion force [25], one can rewrite equation (15) as

⟨Γ ·∇ψ⟩neoFS = ⟨Γ ·∇ψ⟩BPFS + ⟨Γ ·∇ψ⟩PSFS , (16)

with each channel detailed as

⟨Γ ·∇ψ⟩BPFS = ΓP⊥,s +ΓΠ∥,s , (17)

⟨Γ ·∇ψ⟩PSFS = Γ∇Ni +Γus +Γ∇ns +ΓKs . (18)

The different terms then read

ΓP⊥,s =− I
qs

〈
B2

Ns

〉−1

FS

〈
B ·∇θ

Ns

[
∂P⊥,s

∂θ

]〉
FS

, (19)

ΓΠ∥,s =− I
qs

〈
B2

Ns

〉−1

FS

〈
B ·∇θ

Ns

[
B
∂

∂θ

(
Π∥,s

B

)]〉
FS

, (20)

8 This term does not impact the continuity equation; it is divergence free by
nature since ∇ · (∇×A) = 0.

which are respectively terms driven by the poloidal asymmet-
ries of perpendicular pressure and pressure anisotropy. Both
terms are proportional to q−1

s , indicating a low impact on
strongly charged ions, such as tungsten. In contrast, weakly
charged impurities, like helium, aremore significantly affected
by these asymmetries. Additionally, since both terms are inde-
pendent of the collision frequency νsi, they will dominate in
low-collisionality regimes, emphasizing their importance for
low-mass, low-charge impurities. Consequently, both terms
are expected to be dominant for helium.

The other terms are written as

Γ∇Ni =
I
qs
Msνsi

{
Ti
e

I
Lψ,i

(⟨
Ns
B2

⟩
FS

−
⟨
B2

Ns

⟩−1

FS

)}
, (21)

Γus =− I
qs
Msνsi

{
u

(
⟨Ns⟩FS −

⟨
B2⟩

FS

⟨B2/Ns⟩FS

)}
, (22)

Γ∇Ns =+
I
qs
Msνsi

{
Ti I
e

(⟨
Ns

B2Lψ,s

⟩
FS

−
⟨

1
Lψ,s

⟩
FS

⟨
B2

Ns

⟩−1

FS

)}
,

(23)

ΓKs =+
I
qs
Msνsi


⟨

B
Ns

∂
∂ψ

(
IΠ∥,s
qsB

)⟩
FS

⟨B2/Ns⟩FS
− 1
B
∂

∂ψ

(
IΠ∥,s

qsB

) ,
(24)

with u≃−0.33 I
e⟨B2⟩FS

∂ψ Ti, L−1
ψ,s =−∂ψ P⊥,s/TiZsNs and

L−1
ψ,i = ∂ψ lnPi −HTS∂ψ lnTi. The thermal screening factor,
HTS, is defined here as HTS = 3/2, a value valid as long as the
main ion species remains in the Banana-Plateau regime [39].

The first two terms,Γ∇Ni andΓus , represent convection con-
tributions that are proportional to the ratio Msνei/qs, making
them highly significant for heavy impurities that are not fully
ionized and are in a high-collisionality regime, such as tung-
sten. While Γus is particularly sensitive to poloidal asymmet-
ries in density,Γ∇Ni is more critical as it is proportional to both
the density and temperature logarithmic gradients (i.e. gradi-
ent lengths κ{N,T} =−R∂r log{N,T}) of the main ion species.
Specifically, this term is linked to the thermal screening factor
HTS, which is expected to be important in high-confinement
regimes, where the temperature gradient length can substan-
tially exceed the density gradient length, potentially enabling
impurity screening.

The term Γ∇Ns represents a standard diffusion process,
which is generally minor unless there is significant impurity
peaking in the plasma, like at the pedestal during H-mode
operations. On the other hand, ΓKs is associated with the
frictional force and pressure anisotropy of impurities. This
term becomes essential in the presence of pressure anisotropy,
which we induce through a vorticity source to create a local
E×B poloidal shear in the subsequent simulations.

The equations above have been shown to accurately
describe neoclassical transport observed in non-linear
GYSELA simulations, from light to heavy impurities [24].
The term ∂θΠ∥ can be significantly influenced by the vorticity
source, as discussed previously. Consequently, we expect the

4
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neoclassical impurity flux to be predominantly governed by
this term in regions near the applied vorticity source.

Although the anisotropy induced by this vorticity source
may not be emulating directly a heating source, its effects are
still relevant since heating methods, particularly NBI [40] and
ICRH [41–43], are known to enhance parallel and perpen-
dicular pressure respectively [44] and drive an asymmetrical
poloidal distribution of impurities, enhancing their transport
as a result. Therefore, the mechanisms involved from exper-
iments, especially the heating systems used, are at least par-
tially retrieved through that vorticity source to the exception
of the energy deposition itself.

3. Parameters and simulations setup

3.1. Simulation parameters

Simulation parameters are similar to previous transport bar-
rier studies [32] and summarized in table 1. The set of sim-
ulation presented in this paper consists in a base simulation
designed to trigger ITG instabilities with η = κT/κN = 3 on
the whole simulation domain, which covers a range of nor-
malized radius from r/a= 0 to r/a= 1.15. A schematic over-
view of the simulation branches is provided in figure 3. A dif-
fusive buffer is applied from r/a> 0.95 to damp numerical
oscillation at the edge (see figure 1(a) for the radial profile
of the diffusive buffer). Dirichlet boundary conditions on the
electrostatic potential are such that ϕ(r/a= 1.15) = 0, while
Er = 0 is applied at the inner radial boundary, close to themag-
netic axis. Since we run the simulation in a flux-driven regime,
N and T are allowed to evolve on the whole domain, but all
non-axisymmetric fluctuations are forced to zero at both radial
boundaries. One must note the magnetic axis is encompassed
in the simulation domain, even though the point r/a= 0 does
not exist to avoid divergence. All quantities are periodic along
θ and φ. A parabolic safety factor profile is chosen with the
following equation

q(r) = 1.5+ 1.3exp [2.5ln(r/a)] (25)

which creates sufficient magnetic shearing s= r
q
dq
dr (see

figure 2(a) for the radial profile of magnetic shearing
and safety factor) to stabilize transverse Kelvin–Helmholtz
instability modes [45, 46]. No major effects, such as internal
transport barrier triggering, is expected since it is monotonic.
The radial profile of the fluid isotropic heat source applied on
the main ion species is shown in figure 1(a), green curve, and
is shared among all simulations presented in this paper. Its
amplitude is constant in time. The value of SH0 = 0.0085 main-
tains a relatively constant temperature profile and therefore
helps reaching a quasi-steady state faster. Deuterium D+ is
the main ion species throughout all simulations presented and
is in the banana regime since deuterium collisionality is such
that ν⋆D+ < 1 (see figure 2(b) for the radial profile of collision-
ality for the different species), with the collisionality defined
as [7]

ν⋆s =
qR0

ϵ3/2
4
√
π

3
e4 logΛ

(4πϵ0)
2

Z2D
T2D

NDZ2D +
∑
s ̸=D

√
2NsZ2s

1+MD/Ms(
1+ v2T,s/v

2
TD

)3/2
 ,

(26)

where vT,s =
√
Ts/Ms is the thermal velocity of the considered

species.

3.2. Transport barrier and impurity injection

Impurities are introduced as an additional kinetic species in
the GYSELA model, requiring an extra Vlasov equation to
be solved. The impurities studied are either helium He2+

(AHe = 4, ZHe = 2) or tungsten W40+ (AW = 184, ZW = 40).
The radial profile of collisionality, presented in figure 2(b),
shows that helium is in the banana regime, similar to deu-
terium, whereas tungsten is in an intermediate regime between
the plateau and Pfirsch-Schlüter regimes, depending on radial
position. The initial radial density profiles of these impurities
are shown in figure 4 (solid lines), where two different tung-
sten density profiles are investigated. The initial temperature
radial profiles of impurities are identical to that of deuterium
and are presented in figure 6 (dashed black line).

Similarly to [32], once saturation of turbulent modes is
reached after t= 60000 ω−1

c,0 , we let the simulation run for

an additional 80000 ω−1
c,0 to allow the temperature profile to

converge to a quasi-steady state. Letting the profiles evolve,
especially the temperature, allows the turbulence to settle and
fluxes to remain on average constant in time, similarly to [24].
Once t= 140000 ω−1

c,0 is reached, the simulation is split in two
distinct branches. One, hereafter called the reference branch,
does not receive any changes and just continues unaltered
whereas the vorticity source is activated in the second branch.
The latter is referenced to as the barrier branch. Both branches
are run for an additional 60000 ω−1

c,0 to reach t= 200000 ω−1
c,0 .

No major changes occur in the reference branch while a trans-
port barrier is successfully triggered through the E×B shear
injected in the barrier case, hence the name. This barrier is sim-
ilar in every way to the one presented in [32]. Additional focus
and details on the transport barrier and its characteristics can
be found in this reference.

To summarize, the vorticity source successfully produces
a shear flow and as a result lowers significantly both the tur-
bulence intensity and deuterium heat flux at the source loc-
ation. The reduction in turbulence intensity is also observed
in the core and a small increase in core temperature fol-
lows as shown in the radial temperature profile in figure 6.
Additionally, both sides of the created barrier show a steep-
ening of the deuterium temperature radial profile. To check
whether this behaviour is recovered in the presented simula-
tions, we compute the radial profile of turbulent heat diffusiv-
ity for deuterium normalized to χGB = ρ⋆

Te,0
qi B

, the gyro-Bohm
heat diffusivity of the main ion species (i.e. deuterium), with

Qturb,s =
〈´

vrEn̸=0

(
1
2mv

2
∥ +µB

)
F̄sd3vs

〉
FS

the turbulent heat

flux, Ne,0 and Te,0 respectively the initial electron density and
temperature radial profiles. The diffusivity is averaged over a
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Figure 1. (a) Normalized radial profiles of the diffusive buffer (solid blue line), fluid energy source (dashed-dotted green line) and fluid
vorticity source (dashed orange line). (b) Normalized fluid vorticity source radial profile for θ= 0 (dashed-dotted gray line), θ = π (dashed
purple line) and surface-averaged (solid orange line) for 0.65⩽ r/a⩽ 0.75, the source ‘influence’ zone where its value is non-zero. The red
vertical lines indicate the location of the vorticity source..

Table 1. Simulation parameters used for the main simulations studied in this paper. The sources are only applied to the main ion species,
namely deuterium D+. The number of points in the radial (Nr) and poloidal (Nθ) directions are, until injection of impurities, kept at half
resolution of Nr×Nθ = 255× 512 to reduce computational time. The poloidal momentum (vorticity) source is activated from
tωc,0 = 120000 for the vorticity case and disabled in the reference case. See figure 3 for a better view on the simulation branching.

Parameters Reference Vorticity

D+ collisionnality ν⋆D+ (r/a= 0.575) = 0.1
Main species charge / atomic number Zi = 1,Ai = 2
Time step ∆tωc,0 = 20
Nr×Nθ ×Nφ ×Nv∥ ×Nµ 511× 1024× 64× 127× 51
Normalized gyroradius ρ⋆ = ρc,0/a= 1/200
Inverse aspect ratio 1/ϵ= R0/a= 4.4
Maximum density gradient for the main species D+ κN = R0/LN = 2.2
Maximum temperature gradient for the main species D+ κT = R0/LT = 6.6
Amplitude of the vorticity source SΩ0 = 0 SΩ0 = 0.005
Amplitude of the heat source SH0 = 0.0085

radial region of δr= 0.1× r/awith a radial step of 0.05× r/a
and over a time period∆t= 10000 ω−1

c,0 (i.e. from 244 000 to

254000 ω−1
c,0 ). This moving average along the radial direction

allows to smooth out the rapid variations of the temperature
gradient and heat flux as well as taking into account the radial
extension of the turbulent structures. The turbulent diffusivity
is then computed with

χturb,s (r) =−
⟨Qturb,s⟩FS,δr,∆t

⟨Ns∇Ts⟩FS,δr,∆t

. (27)

The radial profiles of deuterium diffusivity shown in
figure 5 indicate that in the reference case, the maximum dif-
fusivity is reached at r/a= 0.7 at a few gyro-Bohm units.
However, in the barrier case, the diffusivity drops by one order
of magnitude from r/a⩾ 0.4, and is unaffected for r/a⩽
0.4. This is in line with what is observed in [32] and con-
firms the turbulence and heat flux quench is retrieved here.

Although it looks subtle on the radial profile of deuterium
temperature (figure 6), the temperature gradient length κTD =

−R∂r log
(
⟨TD⟩FS,∆t

)
is found to be almost doubled in the bar-

rier case compared to the reference case, i.e. from 5 to 9. This
increase in temperature peaking is expected to increase with
time and converge to a steeper temperature profile. However,
satisfying this condition would require to simulate up to a con-
finement time, which is not accessible yet.

At t= 206000 ω−1
c,0 , both the barrier and reference cases are

branched in 3 additional simulations in which we add impur-
ities in a trace regime; one with He2+ and two with W40+ but
with different density gradients. The temperature radial pro-
file for all impurities is the same as the initial one of deu-
terium with κT = 6.6 as shown in figure 6 (dashed black line).
Impurities are added to both branches (i.e. reference and bar-
rier) in a trace regime with CHe2+ ≡ NHe/ND = 2× 10−5 and
CW40+ ≡ NW/ND = 10−6, respectively in Banana and inter-
mediate Plateau/Pfirsch-Schlüter collisionality regime (see
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Figure 2. (a) Safety factor q (dashed blue line) and magnetic shear s (dash-dotted red line) radial profiles. (b) Radial profile of the
collisionality for all species investigated in this paper; D+ (main ion, blue line), He2+ (impurity, orange line), W40+ with a negative density
gradient (impurity, green line, density increases with the minor radius). Note that for the positive gradient case, meaning when density
decreases with the minor radius, collisionality of tungsten is identical to the negative gradient case since initial conditions are very close,
leading to identical collisionality profiles. Plateau and Pfirsch-Schlüter limits are also represented in dotted and dashed black lines. The red
vertical line indicates the vorticity source position while the red area corresponds to the source ‘influence’ zone presented in figure 1(b),
detailing the radial profile of the vorticity source in the radial range 0.65< r/a< 0.75..

Figure 3. Architecture of the simulation runs with the different important timestamps. The reason for this branching procedure is that
numerical computation time required to evolve two species in global non-linear gyrokinetic simulations is challenging. Each of these
branches is then ran for 50000 ω−1

c,0 to reach a final time of t= 256000 ω−1
c,0 . Note that an additional restart of 6000 ω

−1
c,0 has been used to

transit from Nr×Nθ = 255× 512 to Nr×Nθ = 511× 1024 and let profiles adapt to the refined grid before adding impurities.

figure 2(b) for the radial profile of collisionality) with similar
initial density radial profiles as D+ (see figure 4). Two density
gradients, for which κN (r/a= 0.5) =±2.2 (see figure 4,
green and gray curves), are investigated for tungsten as it is
physically expected to come from the outside to contamin-
ate the core afterwards. For the sake of comparison and to
study the behaviour of transport relative to density gradient
sign and extract particle transport coefficients, we chose to

investigate both values with κN =±2.2. Assuming that the tur-
bulent particle flux of impurities can be expressed as

Γturb,s =−D∇Ns+Γconvection,s, (28)

both the diffusion coefficient D and the convection compon-
ent Γconvection,s can be determined at a given radial point. This
requires at least two measurements of the turbulent impurity
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Figure 4. Initial radial density profile of D+ (solid blue line), He2+

(solid orange-red line), W40+ with κN = 2.2 (solid black line) and
κN =−2.2 (solid light green line). For D+, tinit = 0ω−1

c,0 while for

the other species ti = 206000 ω−1
c,0 . The average density profile for

the last 10000 ω−1
c,0 is also shown for the reference (dashed lines)

and barrier (dotted lines) cases, with a corresponding colour palette
(i.e. He2+ in orange, W40+ with κN = 2.2 in gray and with
κN =−2.2 in green). The red vertical line indicates the vorticity
source position while the red area corresponds to the source
‘influence’ zone.

flux Γturb,s, each corresponding to a different density gradient
∇Ns. This will be detailed in section 4.2.3.

4. Simulation results

4.1. Density and temperature profiles with a transport barrier

The presence of a transport barrier, triggered by E×B shear, is
found to effectively reduce both particle and heat diffusivities
[32], thereby affecting the radial density and temperature pro-
files of both main ions and impurities. Impurity transport,
typically driven by the combined effects of multiple factors,
is mainly determined by the radial density and temperature
profiles [7, 47]. In this section, we present the radial density
(figure 4) and temperature (figure 6) profiles of both species in
the presence of a transport barrier to better understand how it
affects the global behaviour of both light and heavy impurities.

Figure 5. Coarse grained turbulent diffusivity of deuterium for the
reference (R, solid line) and barrier (B, dashed line) cases. The red
vertical line indicates the position of the vorticity source.

Figure 6. Flux-surface averaged temperature profiles of deuterium
(blue lines), helium (orange lines) and tungsten (green lines) for the
reference (solid lines) and barrier cases (dashed lines). The black
dashed line represents the initial temperature profiles used for all
species at their respective injection time.

In the reference case, the helium radial density profile
(figure 4, middle plot, dashed orange line) is hollowing in
the core region (r/a⩽ 0.6) and peaks around the mid-radius
(0.6⩽ r/a⩽ 0.8), suggesting a net outward flux. Activating
the vorticity source, however, results in strong peaking within
the core (0.4⩽ r/a⩽ 0.6) and strong hollowing at the loca-
tion of the transport barrier (r/a= 0.7). A similar pattern is
observed for tungsten, which accumulates in the core for both
density gradient cases in the absence of a barrier but shows a
pronounced hollowing at the barrier location (r/a= 0.7) when
the barrier is present.

The helium temperature radial profile (figure 6) is less
peaked than deuterium in both reference and barrier cases
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Figure 7. Density (a) and temperature (b) variations for He2+ (orange), W40+ with κN = 2.2 (gray) and κN =−2.2 (green) for the
reference (solid lines) and barrier (dashed lines) branches. The temperature variations of tungsten are identical regardless of the sign of κN .
Additionally, when the transport barrier is established, the density variations are identical between both gradient cases as well.

within the core region (r/a⩽ 0.6), though a slightly stronger
peaking is observed in the barrier case than in the reference
case. Consequently, the core temperature for helium is, on
average, slightly higher in the barrier case, a trend similar to
that of deuterium.

In contrast, tungsten exhibits a higher temperature than
deuterium over the entire radial range in both reference and
barrier cases. In the barrier case, tungsten exhibits a strong
peaking on the inner side of the transport barrier (0.5⩽ r/a⩽
0.75) but lower temperatures outside the barrier region (r/a⩽
0.75) compared to the reference case.

To better understand the changes in density and temper-
ature profiles, we compute relative variations from the initial
profile:

δ⟨Ns⟩FS,∆t =
⟨Ns⟩FS,∆t−⟨Ns⟩FS,t0

⟨Ns⟩FS,t0

and

δ⟨Ts⟩FS,∆t =
⟨Ts⟩FS,∆t−⟨Ts⟩FS,t0

⟨Ts⟩FS,t0
, (29)

where the averaged quantities are computed over a time win-
dow of∆t= 10000 ω−1

c,0 , and other quantities are measured at
the time of impurity injection.

Figure 7 illustrates the radial profile of normalized vari-
ations in impurity density and temperature across various
cases, including different density gradients and the presence
of transport barrier. For helium, in the absence of the transport
barrier (orange solid line), the particle flux is directed outward,
resulting in a hollow profile within the core region (r/a< 0.6),
and a peaked profile beyond r/a= 0.6, consistent with the
radial density profiles shown in figure 4. However, when the
transport barrier is triggered, helium accumulates near the

barrier forming a density well at r/a= 0.7, as observed in
the density variations (figure 7(a)) and density radial profiles
(figure 4). Overall, the transport barrier causes accumula-
tion within the barrier region, preventing helium from being
flushed out of the core region.

A similar pattern, albeit less pronounced, is observed in the
radial profiles of temperature variations (figure 7(b)), where
helium temperature variations in the barrier case are slightly
higher within r/a⩽ 0.6 than in the reference case. A slightly
lower temperature variation appears outside the barrier in the
barrier case, potentially linked to reduced heat flux and diffus-
ivity of the main species. As previously discussed, suppres-
sion of turbulence results in a lower heat flux, leading to a
steeper temperature gradient near the barrier (figure 6). This
trend observed for deuterium also extends to helium, given that
both species primarily rely on turbulent transport.

For tungsten, accumulation in the core is more pronounced
in the reference case when κN =−2.2 compared to κN =
+2.2, while in the presence of a barrier, radial profile of dens-
ity variations become nearly identical between the two gradi-
ent cases (figure 7(a), green and gray libes). This behaviour
may come from the natural tendency of tungsten to accu-
mulate in the core due to convective transport, while revers-
ing the gradient can amplify inward transport via diffusion,
potentially creating a synergy between the two mechanisms.
Notably, the sign of κN becomes irrelevant when the barrier
is active, leading to similar variations and behaviour to that
of helium. Tungsten accumulates on both sides of the barrier,
with a pronounced depletion at r/a= 0.7 (figure 4), deeper
than for helium as shown on the radial profile of density.

While the sign of the density gradient does not influence
tungsten temperature evolution, distinct differences emerge
between the reference and barrier cases. In the reference case,
tungsten temperature increases more at the edge than in the
core, implying an outward-directed heat flux. In the barrier
case, the temperature increases by about 40% on the inner
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side of the barrier (0.5⩽ r/a⩽ 0.7), while a lower temperat-
ure increase is observed outside the barrier (r/a> 0.7) com-
pared to the reference case (figure 7(b)). This coincides with a
localized reduction in the radial heat flux (figures 16(c), (d)
and 17(c), (d), resulting in a steeper temperature profile as
thermal energy accumulates within the barrier as shown on the
temperature radial profile (figure 6).

Heat flux colour maps as a function of time and radius are
given in figures 12, 16 and 17.

4.2. Impurity particle flux

In GYSELA, one can separate the total flux-surface averaged
particle flux in two separate channels as

ΓGYS
tot = ΓGYS

turb +ΓGYS
neo , (30)

where ΓGYS
neo and ΓGYS

turb are the flux-surface averaged neoclas-
sical and turbulent particle fluxes respectively. These two
channels can then be written as

ΓGYS
neo =

〈ˆ (
vrD+ vrEn=0

)
F̄sdv

〉
FS

, (31)

ΓGYS
turb =

〈ˆ
vrEn ̸=0

F̄sdv

〉
FS

. (32)

The neoclassical channel is the sum of the curvature
and gradient drift contributions, vrD = v̄D ·∇r, as well as
the toroidally axisymmetric E×B drift contribution vrEn=0

=
⟨v̄E×B ·∇r⟩φ , where the n subscript represents the toroidal
mode number, n= 0 referring to the toroidally axisymmet-
rical mode and ⟨. . .⟩φ =

´
. . .dφ/Lφ the toroidal average

with Lφ =
´
dφ. Conversely, the turbulent channel is the non

axisymmetric E×B drift contribution vrEn̸=0
= v̄E×B ·∇r−

vrEn=0
.

The neoclassical channel, defined in equation (31), is usu-
ally dominant for heavy impurities and is strongly affected
by poloidal asymmetries as shown by previous calculations in
section 2.2. Since the vorticity source is poloidally asymmet-
ric and injects pressure anisotropy, it is expected to play an
important role in the neoclassical particle flux profiles, espe-
cially for the Banana-Plateau component in equation (17), as
evidenced in equation (20).

The turbulent impurity flux, defined in equation (32), can be
significantly affected by the transport barrier, as highlighted
in previous work [32]. Since light and low-Z impurities are
mainly transported by turbulence, and given that the transport
barrier can efficiently reduce turbulence levels by an order of
magnitude, helium is expected to be strongly affected by this
turbulence quench more than tungsten.

In this subsection, particle fluxes are normalized by
⟨Ns⟩FS /R to make the comparison easier between the different
species.

4.2.1. Helium. For helium (figure 8), the radial profile of
total particle flux switches from outward in the reference case
to inward in the barrier case particularly in the inner side of

Figure 8. Flux-surface averaged total helium particle radial flux for
the reference (solid line) and barrier (dashed line) cases averaged
over the last 10000 ω−1

c,0 of the simulation branch. The red vertical
line locates the vorticity source while the red area represents its
influence zone. All the fluxes are normalized to ⟨Ns⟩FS /R.

Figure 9. Flux-surface averaged turbulent (dark red lines) and
neoclassical (blue lines) helium particle radial flux for the reference
(solid lines) and barrier (dashed lines) cases are averaged over the
last 10000 ω−1

c,0 of the simulation branch. The red vertical line
represents the vorticity source location while the red area represents
its influence zone. All the fluxes are normalized to ⟨Ns⟩FS /R.

the barrier. Helium on the inner side of the transport barrier
(i.e. r/a⩽ 0.7) accumulates toward the core while a thin layer
of outward radial flux is present on the outer side of the vorti-
city source (i.e. r/a⩾ 0.75). This shows that helium particles
cannot escape the plasma core because of the transport barrier
just as hinted by the density variation results.

The radial profile of turbulent flux of helium (figure 9)
is, in the reference case, mainly directed outward (positive),
and dominates over neoclassical transport. This trend changes

10



Nucl. Fusion 65 (2025) 056021 G. Lo-Cascio et al

Figure 10. (a) Flux-surface averaged neoclassical helium particle radial flux for the reference (solid lines) and barrier (dashed lines) cases.
Light blue lines represent flux computed in GYSELA with equation (31) while the dark blue lines represent the theoretical flux computed
using equations (17) and (18) with the GYSELA profiles of density, pressure, etc. (b) Flux-surface averaged BP (i.e. Banana-Plateau, black
lines) and PS (i.e. Pfirsch-Schlüter, green lines) components of the theoretical neoclassical fluxes of helium for the reference (solid lines)
and barrier (dashed) cases. All the fluxes are averaged over the last 10000 ω−1

c,0 of the simulation branch. The red vertical line represents the
vorticity source location while the red area represents its influence zone. All the fluxes are normalized to R/N.

completely in the presence of the transport barrier with a
quench of the turbulent flux amplitude from r/a= 0.3 to
r/a= 0.7. A sign reversal is even observed between r/a= 0.7
to r/a= 0.8, in the region where a sign reversal of the radial
gradient of density profile is observed in figure 4. This is
understood as the consequence of standard diffusion but dir-
ected inward due to this sign reversal.

The radial profile of neoclassical flux (figure 9) in the ref-
erence case exhibits a small (i.e. relative to the turbulent flux)
amount of inward transport due to the low collisionallity of
helium. However, significant changes occur in the vicinity of
the transport barrier (i.e. r/a= 0.7) when the barrier is present
with a strong dipolar particle flux profile. On both inner and
outer sides of the transport barrier, particle fluxes show similar
magnitudes to the turbulent flux in the reference case but the
inner (outer) side driving an inward (outward) flux is observed,
namely with opposite signs.

Estimates of the radial profile of neoclassical flux
(figure 10), computed using GYSELA profiles (n,P,T etc)
with equations (17) and (18), are found to accurately predict
neoclassical transport for both the reference and barrier cases
by capturing the main characteristics of the profile as well as
its amplitude.

As expected for the reference case, the Banana-Plateau (BP
hereafter) radial flux contribution dominates over the Pfirsch-
Schlüter (PS hereafter) one (figure 10(b)) in the reference case
due to the low collisionnality of helium. The same observa-
tion can be drawn upon the barrier case, with the dipolar struc-
ture characteristics arising from the BP flux as well. A more
in-depth analysis of the different components of the BP flux
reveals the importance of the term ΓΠ∥,s (see equation (20)),
which accounts for the effect of the poloidal asymmetry of

pressure anisotropy ∂θ
(
Π∥,s

)
= ∂θ

[(
P∥,s−P⊥,s

)
/B

]
. This is

a direct effect of the vorticity source itself as it is poloidally
asymmetrical (figure 1(b), representing the radial profile of the
fluid vorticity source for different poloidal angle) and drives
pressure anisotropy (equation (6)). Poloidal maps of the pres-
sure anisotropy of impurities Πs,∥ = Ps,∥ −Ps,⊥ are given in
figure 11 for the reference and barrier cases. Poloidal asym-
metries are strongly enhanced in the transport barrier region
when the poloidal momentum source is activated, hence the
increase observed in ΓΠ∥ .

The barrier effect observed on helium particle transport is
then due to the way the source acts on the distribution func-
tion rather than the barrier itself. The temperature variations
observed for helium indicates that the barrier has a positive
impact on heat losses with a lower helium radial heat flux, just
like for deuterium.

The time evolution of total radial impurity flux and turbu-
lent flux for helium are illustrated in figure 12. One can imme-
diately see the effect of transport barrier on the core trans-
port of both particles and heat, which is significantly quenched
when the barrier is present. Additionally, a dipolar structure of
particle transport is created in the vicinity of the source, with
the outer side of the source being positive (i.e. particles are
expelled) and the inner side being negative (i.e. particles are
transported in) just like presented in the radial profile of radial
particle flux shown in figure 8.

The heat flux follows the same trend, with a strong reduc-
tion in heat flux amplitude both in the core and near the source.
It is similar to the deuterium diffusivity radial profile shown in
figure 5, which is not surprising as this transport, mainly turbu-
lent, is driven by the background turbulence due to deuterium
ITG modes.
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Figure 11. Pressure anisotropy Πs,∥ = Ps,∥ −Ps,⊥ poloidal maps for helium (left column) and tungsten for κN =−2.2 (centre column) and
κN =+2.2 (right column) without (top row) and with (bottom row) the transport barrier. The dotted red circle represents the vorticity source
position at r= 0.7. Maps are normalized to the maximum absolute value of the reference poloidal map of the impurity considered at the last
simulation time (i.e. top row).

Figure 12. Total particle flux (colour map) as a function of time (y axis) and radius (x axis) for helium, without (a) and with (b) the
transport barrier. Turbulent heat flux (colour map) as a function of time (y axis) and radius (x axis) for helium, without (c) and with (d) the
transport barrier. The black vertical line indicates the transport barrier position.

4.2.2. Tungsten. The total radial profile of radial flux of
tungsten (figure 13) is, as expected in the reference case,
mainly inward regardless of the gradient sign, thus leading to
accumulation of tungsten in the core. Interestingly, the case
with κN =−2.2 shows higher levels of accumulation than
with κN = 2.2 on the whole radial domain. Both values of κN
give however the same transport profiles in the barrier case,
with a strong dipolar structure around the source location (i.e.
r/a= 0.7) similarly to the helium case. Knowing that overall
turbulence level is quenched in the barrier cases, this hints at a
possible inward turbulent diffusion in the reference case with

κN =−2.2 compared to κN = 2.2 due to the sign reversal of
the density gradient. The barrier creates as a result a strong
inward (respectively outward) transport on the inner (outer)
side of the vorticity source, keeping tungsten on the outside
of the vorticity source and prevent contamination of the core
provided the source of tungsten remains outside the barrier.

This is confirmed when comparing the turbulent radial pro-
file of radial flux profile (figure 14) for κN =−2.2 to κN = 2.2
in the reference case. For κN = 2.2, the turbulent flux seems
to be zero on average whereas for κN =−2.2, the turbulent
flux is even higher than the neoclassical flux for r/a> 0.5.
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Figure 13. Flux-surface averaged total tungsten particle radial flux
for the reference (solid lines) and barrier (dashed lines) cases for
κN =+2.2 (gray lines) and κN =−2.2 (green lines).All the fluxes
are averaged over the last 10000 ω−1

c,0 of the simulation branch. The
red vertical line represents the vorticity source location while the
red area represents its influence zone. All the fluxes are normalized
to ⟨Ns⟩FS /R.

Figure 14. Flux-surface averaged turbulent (dark red and orange
lines) and neoclassical (blue lines) tungsten particle radial flux for
the reference (solid lines) and barrier (dashed lines) cases. Only the
negative gradient case is shown for clarity with addition of the
turbulent flux for the positive gradient reference case (orange solid
line). All the fluxes are averaged over the last 10000 ω−1

c,0 of the
simulation branch. The red vertical line represents the vorticity
source location while the red area represents its influence zone. All
the fluxes are normalized to ⟨Ns⟩FS /R.

This can be understood as follows: when κN = 2.2, both the
diffusion (outward because κN > 0) and convection (inward
for tungsten) terms compensate each other whereas for κN =
−2.2, both terms are adding up (diffusion is inward when

κN =−2.2). In the barrier case, the turbulent flux is on aver-
age zero for both gradient values. For the sake of clarity and
to avoid redundancy, the turbulent flux of κN = 2.2 in the
barrier case as well as the neoclassical fluxes for κN = 2.2
are not shown. The reason is that they are nearly identical
to their negative gradients counterpart, the turbulent flux in
the reference case for κN = 2.2 being the only noticeable out-
lier. Hereafter, we will focus on the case with κN =−2.2,
since it does not alter the observation made when the trans-
port barrier is present and is more relevant for experimental
scenarios.

The radial profile of radial neoclassical flux (figure 14) is
mainly inward (negative) and enhances the accumulation of
tungsten in the core. However, it is deeply altered by the pres-
ence of the barrier and exhibits a similar dipolar flux profile as
the helium one at r/a= 0.7. This profile prevents efficiently
tungsten from contaminating the core and acts as a proper
transport barrier for particles.

Theoretical radial profiles of radial fluxes (figure 15(a)) are,
for both cases, matching quantitatively the GYSELA fluxes.
Looking at the different components of the radial profiles of
theoretical radial fluxes (figure 15(b)) gives a better under-
standing of what drives the transport barrier for tungsten.
Interestingly, the shearing observed in the neoclassical flux
still partly comes from the BP components and the associated
ΓΠ∥,s term, as a direct result of the vorticity source behaviour.
However, the main driver for this transport barrier comes from
the PS component and more specifically from the main ion
species pressure gradient term Γ∇Ni (see equation (21)), with
1/Lψ,i = ∂ψ lnPi − 3

2∂ψ lnTi. The temperature profile steep-
ening of the main species is then responsible for preventing
tungsten to cross r/a= 0.7 as a direct result of the transport
barrier effect on energy transport rather than the enhanced
pressure anisotropy. The term ΓKs is unexpectectedly low
compared to what one could expect from equation (24). This
term, which is proportional to the radial gradient of pres-
sure anisotropy, is moderated by the fact that this anisotropy
is in fact spread out poloidally as shown in the 2D poloidal
maps of Π∥,s in figure 11, in both the reference and barrier
cases.

The time evolution of the radial profiles of radial total
and turbulent impurity fluxes for tungsten are illustrated in
figures 16 and 17 for κN =+2.2 and κN =−2.2 respect-
ively. Both gradient values lead to similar results as already
stated, but also one can note that both particle and turbulent
heat fluxes can be positive in the positive gradient case as
opposite to the negative one. The total particle flux is then
lowered by the transport barrier on the whole radial domain.
The dipolar profiles in the vicinity of the source, which we
retrieve from the radial profiles of the radial particle fluxes
presented in figure 13, are established quickly after the impur-
ity injection time and increase in amplitude with increasing
time.

The heat flux is very similar in behaviour to the total particle
flux, with again a strong reduction in heat flux amplitude both
in the core and near the source, similarly to the deuterium dif-
fusivity radial profile shown in figure 5.
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Figure 15. (a) Flux-surface averaged neoclassical helium particle radial flux for the κN =−2.2 reference (solid lines) and barrier (dashed
lines) cases. Light blue lines represent the flux computed in GYSELA with equation (31) while the dark blue lines represent the theoretical
flux computed using equations (17) and (18) with the GYSELA profiles of density, pressure, etc. (b) Flux-surface averaged BP (i.e.
Banana-Plateau, black lines) and PS (i.e. Pfirsch-Schlüter, green lines) components of the theoretical neoclassical fluxes of tungsten for the
κN =−2.2 reference (solid lines) and barrier (dashed) cases. All the fluxes are averaged over the last 10000ω−1

c,0 of the simulation branch.
The red vertical line represents the vorticity source location while the red area represents its influence zone. All the fluxes are normalized to
⟨Ns⟩FS /R.

Figure 16. Total particle flux (colour map) as a function of time (y axis) and radius (x axis) for tungsten with κN =+2.2, without (a) and
with (b) the transport barrier. (c) and (d) Plots represent the turbulent heat flux of tungsten with κN =+2.2 as a function of time (y axis) and
radius (x axis). The black vertical line indicates the transport barrier position.

4.2.3. Tungsten turbulent transport coefficient. The turbu-
lent transport of tungsten becomes comparable to the neoclas-
sical flux, as shown by the radial profiles of radial particle flux
(figure 14) with κN =−2.2, due to the combined effects of
diffusion and convection. The turbulent flux in equation (28)
can be decomposed into several components [9] in the trace
impurity limit as follows:

RΓturb,s

Ns
= DκNs +DTκTs +Duu

′
s +RVs, (33)

where the terms correspond to turbulent diffusion, thermo-
diffusion, roto-diffusion, and pure convection, respectively,
with u ′

s =−R2∂rΩtor/vth,s denoting the normalized toroidal
rotation gradient. While the diffusion coefficient D is always
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Figure 17. Total particle flux (colour map) as a function of time (y axis) and radius (x axis) for tungsten with κN =−2.2, without (a) and
with (b) the transport barrier. (c) and (d) plots represent the turbulent heat flux of tungsten with κN =−2.2 as a function of time (y axis) and
radius (x axis). The black vertical line indicates the transport barrier position.

positive, the sign of DT, Du, and Vs vary depending on
the nature of the background turbulence (whether ITG or
TEM) and the sign of magnetic shear. For instance, thermo-
diffusion and roto-diffusion are directed inward in case of
TEM turbulence, while outward for ITG turbulence. In addi-
tion, positive magnetic shear leads to inward convection,
whereas negativemagnetic shear results in outward convection
[9]. These impurity pinch terms in gyrokinetic modelling
have been investigated using the bounce-averaged gyrokinetic
code TERESA, yielding qualitatively consistent results [48].
Consequently, the combined effects of these terms can lead to
either peaked or hollow impurity density profiles.

We compare the two different density gradients for tung-
sten, κN,W =±2.2, with and without a transport barrier. This
approach enables us to distinguish the contribution of the
pure diffusion, as thermo-diffusion and roto-diffusion remain
the same in both cases since both simulations for tungsten
are identical in background turbulence (i.e. D is therefore
the same), temperature profiles (i.e. identical thermo-diffusion
term) as well as parallel velocity profiles (i.e. identical roto-
diffusion term). Only the tungsten density profiles (i.e. Ns and
subsequently κNs) are different with similar pure convection
terms. By focusing on a small radial region in both simula-
tions (i.e. reference cases, κN,s = 2.2 and −2.2) similarly as
for the radial profile of heat diffusivity (see figure 5), one
can expect to extract both diffusion D and full convection9

RVFs ≡ DTκTs +Duu ′
s +RVs terms by performing local linear

regressions on RΓturb

Ns
(κNs). We then extract the slope, D, and

9 Here, the superscript F refers to the full convection being the sum of the
thermo-diffusion, roto-diffusion and pure convection terms.

the intercept, RVFs , for the considered region. This approach is
relevant locally as long as the profiles do not undergo major
changes on the radial and time intervals considered.

Figure 18 illustrates the radial profile of diffusion
(figure 18(a)) and full convection (figure 18(b)), both with
and without the transport barrier. The diffusion coefficient
of tungsten, primarily determined by ITG turbulence in the
trace impurity limit, remains positive across the entire minor
radius, while convection is directed inward, leading to tung-
sten accumulation in the core region. The magnitude of con-
vection exceeds that of diffusion in both cases, indicating that
the tungsten turbulent flux is mainly driven by the convective
term. Once the barrier is activated, both diffusion (D) and con-
vection (RVF) are significantly quenched, particularly around
the region at r/a⩽ 0.7, but also where the barrier is locally
induced. The effects of the barrier are particularly significant
on diffusion, reducing the coefficient D by 5 up to an order
of magnitude, while convection decreases by almost a factor
of three. These results show that the presence of a transport
barrier, and more specifically a strong E×B shear, provides
an effective means for preventing tungsten accumulation in
the core region.

Interestingly, the convection is similar between the refer-
ence and barrier cases in the core up to r/a≈ 0.4 and shows a
small sign reversal at r/a= 0.6, a position where density tends
to flatten. This indicates that in this area, the tungsten density
profile is becoming hollow.

Convection is, in both cases, dominating over diffusion
for tungsten. All the turbulent transport coefficients are then
strongly reduced on the whole radial domain with a stronger
effect in the vicinity of the transport barrier when the latter is
present.
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Figure 18. Coarse grained radial profiles of diffusion normalized to the local average gradient length ⟨|κN,s|⟩δrDW (a) and full convection
RVFW (b) coefficients of tungsten for the reference (blue lines) and barrier (red lines) cases. The coloured areas around the lines represent the
error bars. Values are normalized to the local gyro-Bohm diffusivity χGB.

5. Conclusion and discussion

The effects of transport barrier on both turbulent and neo-
classical impurity transport are investigated using global, flux-
driven, 5D gyrokinetic code GYSELA simulations. Transport
barrier is generated in nonlinear simulations via external pol-
oidal momentum injection, which triggers strong E×B shear.
The induced barrier effectively suppresses the background
ITG turbulence, globally reducing particle and heat diffusivity.

The introduction of the E×B shear through the vorti-
city source significantly alters both density and temperat-
ure profiles of impurities. For helium, the vorticity source
induces strong hollowing at the transport barrier locationwhile
increasing density peaking in adjacent regions, effectively
confining helium within the barrier region and limiting out-
ward flux. Tungsten similarly exhibits a pronounced hollow-
ing at the barrier location, with accumulation on both sides as
well. The vorticity source also increases core temperature for
helium and creates a sharp temperature gradient for tungsten
within the barrier. This modification reflects the reduced tur-
bulent diffusivity of the main ions, enhancing energy confine-
ment and leading to a localized thermal energy accumulation.

The turbulence suppression by the E×B shear results in
a steep ITG, which increases the thermal screening term in
the neoclassical particle flux. This enhanced thermal screen-
ing prevents tungsten from accumulating in the core region.
However, the pressure anisotropy, represented by the ΓΠ∥

term in equation (20), driven by the external vorticity source,
often complicates the interpretation of the results. This phe-
nomenon is more pronounced in the case of helium due to
its lighter mass, which is not directly observed in experiments
with ETBs. Conversely, for heavy impurities like tungsten, the
increasing significance of pressure terms, more precisely Γ∇Ni

in equation (21), is more favourable, as it is expected to play an
important role in experiments [23] to enhance confinement and

reduce significantly tungsten accumulation as well as other
heavy impurities.

Considering that the source of tungsten is located at the
edge (i.e. walls, divertor), this may show that if an intense
enough E×B poloidal shear is maintained throughout the
experiment, heavy impurities will not contaminate the core.
However, concerns may be expressed regarding helium since
it needs to be flushed out towards the separatrix and divertor
region. Those results suggest that strong E×B poloidal shear-
ing may conflict with this specific requirement.

By considering how the transport barrier affects turbu-
lence in the system, particularly the turbulent intensity, it is
possible to understand the processes occurring in the core
region. Reduced turbulent intensity leads to diminished turbu-
lent impurity and heat fluxes, as both are directly proportional
to turbulence intensity. With the reduction of the latter in the
presence of the transport barrier, as previously evidenced [32],
the consequent effect can be easily evaluated. The reduced tur-
bulent diffusivity of deuterium is also a strong indicator of
reduced turbulent activity.

More precisely, the variations of turbulent transport near
the transport barrier when the latter is present still need to be
addressed. The main hypothesis to explain the observed beha-
viour when the transport barrier is active is linked to the dens-
ity gradient κN . As presented in figure 9, the peaks of turbu-
lent particle flux near the transport barrier, both negative and
positive, coincide with the density accumulation and deple-
tion peaks observed in the radial profile of density variations
(figure 7(a)). This indicates that the observed reversal in tur-
bulent flux may be linked to turbulent diffusion. The fact that
both the density gradient and turbulent particle flux reverse
their signs when the transport barrier is present provides evid-
ence for this hypothesis. A similar observation can be made
for the slight increase in turbulent flux on the inner side as it
aligns with enhanced turbulent diffusion via a steeper density

16



Nucl. Fusion 65 (2025) 056021 G. Lo-Cascio et al

gradient. However, the reversal of the gradient sign in this
region should be approached with caution. This is due to the
influence of neoclassical transport which, being heavily driven
by ΓΠ∥,s for helium, modifies the density profile near the
source. The inward turbulent diffusion is then likely an arte-
fact caused by the vorticity source rather than an effect of the
transport barrier itself.

To extend on turbulent transport of tungsten, the effect of
the vorticity source is not limited to its vicinity, as it also
reduces the core turbulent transport. More specifically, thanks
to the fact that we have two different density gradient values
for tungsten, we have extracted both the diffusion D and full
convection RVF coefficients for both the reference and gradi-
ent cases. We observe that convection, which is inward in the
reference case, dominates over diffusion and drives additional
inward tungsten transport, leading to a strong tungsten density
peaking. The transport barrier leads to a quench of both dif-
fusion and convection coefficients, strongly reducing overall
transport and core accumulation of tungsten as a result, flat-
tening the density radial profile.
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