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❑ The phenomenon known as core ion
temperature clamping has posed a challenge
for W7-X operation during its first campaigns.

❑ The most common —though not the only—
scenario to break the 𝑇𝑖 clamping has relied on
inducing an increase of the density gradient
(e.g. through★ pellets).

[Beurskens NF’21, Ford NF´24]
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❑ The deliberate injection of
impurities (TESPEL▼ or
boron powder ◆) has
proven effective in breaking
𝑇𝑖 clamping.
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❑ Motivation: Impurities and their impact on turbulence in W7-X and LHD.

❑ Simulations of the impact of impurities on turbulence : Role of 𝑎/𝐿𝑛𝑍

❑ Simulations of the impact of impurities on turbulence : Role of 𝑍eff

❑ Conclusions



Motivation

❑ The presence of impurities in appreciable amounts is intrinsic to numerous plasma scenarios in
our devices.

W7-X: [Beidler Nat. Phys´21]

W7-X: [Lunsford PoP ´21]
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LHD: [Zhou JJAP´21]
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❑ If, additionally, impurities are deliberately injected, their increased concentration yields changes
in transport relevant quantities and overall performance.



Motivation
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[Nespoli Nat. Phys´21]

❑ In LHD, impurity injections assist high-𝑻𝒊 plasmas with ITBs [Takahashi NF´18], reduced
𝜒𝑖[Osakabe PPCF´14] and increased confinement time [Nespoli Nat. Phys´21].
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❑ In LHD, impurity injections assist high-𝑻𝒊 plasmas with ITBs [Takahashi NF´18], reduced
𝜒𝑖[Osakabe PPCF´14] and increased confinement time [Nespoli Nat. Phys´21].
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[Takahashi NF´18]

[Osakabe PPCF´14]



Motivation

❑ Impurities can give rise to unstable impurity
modes [Coppi PRL´66] that can modify
stability properties of ITG modes (see e.g.
[Tang PF´80] for slab geometry).
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❑ In DIII-D, improved confinement, reduced 𝜒𝑖 and ion-Larmor scale fluctuations follow after
impurity seeding in L-mode plasmas [McKee PRL´00].
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❑ In DIII-D, improved confinement, reduced 𝜒𝑖 and ion-Larmor scale fluctuations follow after
impurity seeding in L-mode plasmas [McKee PRL´00].

❑ Experimentally, impurities play an active role in determining turbulence and turbulent heat
transport in stellarator and tokamak plasmas.

❑ Impurity injection alters plasma profiles, which can also reshape the instability landscape.

❑ Impurities can drive instabilities, which, in turn can interact with other unstable modes.

❑ To what extent can the observed effects be attributed to profile modification, and to what
extent to the mere presence of impurities?

❑ In this work, we investigate the impact of impurities on the turbulent heat fluxes of main ions
(𝑸ᵢ) and electrons (𝑸ₑ) through nonlinear gyrokinetic simulations with stella.



stella: a mixed implicit-explicit 𝜹𝒇 gyrokinetic code for general geometry

❑ stella: 𝛿f flux tube and full-flux-surface,
electrostatic and electromagnetic, Fokker-Planck
collisions, multispecies, gyrokinetic code for 3D
geometry [Barnes JCP´19].

❑ Operator splitting and implicit treatment of
parallel streaming term ⇒ efficient treatment of
kinetic electrons (larger time-step allowed) in
multispecies simulations.

❑ The code has been benchmarked against GENE
[González-Jerez JPP´22] and compared against
other codes, such as GX or EUTERPE.
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Gyrokinetic simulations with non-trace impurities with stella

Throughout this work

Fig. from [Thienpondt NF´25]
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Configurations W7-X and, for comparison, LHD and ITER

Flux tube Τ𝑟0 𝑎 = 0.7, 𝛼0 = 0

Thermalized species 𝑇𝑖 = 𝑇𝑒 = 𝑇𝑍
Τ𝑎 𝐿𝑇𝑖 = Τ𝑎 𝐿𝑇𝑒 = Τ𝑎 𝐿𝑇𝑍

Parameter scans Τ𝑎 𝐿𝑛𝑍 at fixed 𝑍eff (or 𝑛𝑧/𝑛𝑖)  and vice versa

Fixed main ion (𝐻+) 
parameters

Τ𝑎 𝐿𝑛𝑖 , Τ𝑎 𝐿𝑇𝑖 = 1, 3 and 𝑛𝑖 = 𝑛ref

𝑛𝑒 and 𝑛𝑒
′ set by 

quasi-neutrality

𝑎

𝐿𝑋
= −

1

𝑋

𝑑𝑋

𝑑𝜌
with 𝜌 = Τ𝑟 𝑎



Dependence of the turbulent heat fluxes on 𝑎/𝐿𝑛𝑍 in W7-X

❑ Electron and ion heat fluxes can be
substantially modified by the presence of
impurities.

❑ The impact of carbon is noticeably
stronger than that of iron.

❑ Reduction (or enhancement) of the heat
fluxes occurs for peaked (or hollow)
impurity density profiles.

❑ The impact on 𝑸𝒆 is weaker than that on
𝑸𝒊.

Hollow Peaked
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Hollow Peaked



Dependence of the turbulent heat fluxes on 𝑎/𝐿𝑛𝑍 in W7-X, LHD and ITER
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Analysis for 𝑪𝟔+ and 𝒁𝐞𝐟𝐟 = 𝟏. 𝟒

Hollow Peaked Hollow Peaked

ത𝑄𝑠: = 𝑄𝑠/𝑄𝑠
No imp
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Analysis for 𝑪𝟔+ and 𝒁𝐞𝐟𝐟 = 𝟏. 𝟒

❑ 𝑸𝒊 trend is common across all three
devices

❑ Only in W7-X does 𝑸𝒆 show a similar
trend: Decreasing (resp. increasing) with
impurity peakness (resp. hollowness).

Hollow PeakedHollow Peaked

ത𝑄𝑠: = 𝑄𝑠/𝑄𝑠
No imp

Dependence of the turbulent heat fluxes on 𝑎/𝐿𝑛𝑍 in W7-X, LHD and ITER
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Τ𝑎 𝐿𝑛𝑒 = 1.4Τ𝑎 𝐿𝑛𝑒 = 0.44

Fixed ion parameters Τ: 𝑎 𝐿𝑛𝑖 = 1, Τ𝑎 𝐿𝑇𝑖 = 3
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❑ Main change in electron heat flux seems to
be due to the impurity presence, with the
modification of 𝒏𝒆

′ playing a minor role.
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❑ 𝑸𝒊 behaves with 𝒂/𝑳𝒏𝒁 analogously to
the ITG growth rate [Tang PF´80;
Domínguez NF´93; Dong PoP´95; Calvo
ISHW´24].

Dependence of the turbulent heat fluxes on 𝑎/𝐿𝑛𝑍 in W7-X, LHD and ITER



Electrostatic potential fluctuations and their correlation with the heat fluxes
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❑ 𝑸𝒊 behaves with 𝒂/𝑳𝒏𝒁 analogously to
the ITG growth rate [Tang PF´80;
Domínguez NF´93; Dong PoP´95; Calvo
ISHW´24].

Analysis for 𝑪𝟔+ and 𝒁𝐞𝐟𝐟 = 𝟏. 𝟒

❑ Impurities are causing a strong
modification of the turbulent fluctuations
of the electrostatic potential,𝜑2.

❑ The main ion heat flux, 𝑸𝒊, is strongly tied
to the amplitude of the potential.

❑ The weaker correlation of 𝑸𝒆 with 𝜑2 is
likely due to the fact that 𝑛𝑒

′ is being
modified.



❑ Derivation of toroidal ITG dispersion relation w/ impurities and arbitrary wavenumber and geometry*

❑ The perturbation to the growth rate introduced by the impurity, Δ𝛾 = (𝛾 − 𝛾no imp)/𝛾no imp, takes the
following analytical form

❑ With 𝐶𝑛, 𝐶𝑇 and 𝐶0 being positive for Τ𝑎 𝐿𝑛𝑖 > 0 and 𝜀 ≈ 𝑍eff − 1

o Δ𝛾 scales with the impurity concentration and inversely with the impurity charge.
o Τ𝒂 𝑳𝒏𝒁 contributes to make 𝜟𝜸 negative (resp. positive) if Τ𝑳𝒏𝒁 𝑳𝒏𝒊 > 𝟎 (resp. Τ𝑳𝒏𝒁 𝑳𝒏𝒊 < 𝟎 ).

o Τ𝑎 𝐿𝑇𝑍 give a small correction at high Z.

o The dilution term is stabilizing.

Modification of the toroidal ITG instability by impurities [Calvo ISHW´24]
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*Assuming large 𝜂𝑖, small 𝜌𝑖, high 𝑍, small 𝑛𝑍/𝑛𝑖, adiabatic electrons.
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*Assuming large 𝜂𝑖, small 𝜌𝑖, high 𝑍, small 𝑛𝑍/𝑛𝑖, adiabatic electrons.

Linear analytical calculations for the modification to the growth rate, Δ𝛾, predict the fundamental scaling of the

modification to ion heat flux 𝚫𝑸𝒊 ≔ (𝑸𝒊 −𝑸𝒊
𝐧𝐨 𝐢𝐦𝐩

)/𝑸𝒊
𝐧𝐨 𝐢𝐦𝐩

.
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Density fluctuations in the scan along 𝑎/𝐿𝑛𝑍

❑ In absence of impurities: Quasi-neutrality is automatically fulfilled among ions and electrons. Taking as a
reference this case:
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❑ In absence of impurities: Quasi-neutrality is automatically fulfilled among ions and electrons. Taking as a
reference this case:

❑ With impurities in the enhanced 𝑄 scenario, the radial size of eddies increases. The largest charge density
fluctuations are those of impurities, which drive the response of electrons and ions.

Density fluctuations in the scan along 𝑎/𝐿𝑛𝑍
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❑ In absence of impurities: Quasi-neutrality is automatically fulfilled among ions and electrons. Taking as a
reference this case:

❑ With impurities in the enhanced 𝑄 scenario, the radial size of eddies increases. The largest charge density
fluctuations are those of impurities, which drive the response of electrons and ions.

❑ With impurities in the reduced 𝑄 scenario, the radial size of eddies reduces, especially 𝛿𝑛𝑖. Main ions are
decoupled from quasi-neutrality, with electron density fluctuations following those of the impurities.

Density fluctuations in the scan along 𝑎/𝐿𝑛𝑍



Heat flux reduction: dependence on impurity concentration in W7-X

❑ Heat fluxes reduce up to a carbon
concentration such that 𝑍eff = 2.

❑ At 𝑍eff = 2, 𝑄𝑖 and 𝑄𝑒 reach their
minimum values.

❑ For 𝑍eff > 2, increasing impurity
concentration makes 𝑸𝒊 to recover slightly
and 𝑸𝒆 to increase strongly, exceeding its
value in absence of impurity.
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Heat flux reduction: dependence on impurity concentration in W7-X

❑ Heat fluxes reduce up to a carbon
concentration such that 𝑍eff = 2.

❑ At 𝑍eff ≈ 2, 𝑄𝑖 and 𝑄𝑒 reach their
minimum values.

❑ For 𝑍eff > 2, increasing impurity
concentration makes 𝑸𝒊 to recover slightly
and 𝑸𝒆 to increase strongly, exceeding its
value in absence of impurity.

❑ Below 𝑍eff ≈ 2 the modification of 𝑎/𝐿𝑛𝑒
gradient plays a minor role.

Τ𝑎 𝐿𝑛𝑒 = 3.0

Τ𝑎 𝐿𝑛𝑒 = 1.0
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Violated quasi-neutrality
Τ𝑎 𝐿𝑛𝑒 = Τ𝑎 𝐿𝑛𝑖



Heat flux reduction: dependence on impurity concentration in LHD and ITER

❑ 𝑄𝑖 reduces up to a carbon concentration
such that 𝑍eff = 1.5 − 1.75 , while 𝑄𝑒
increases mildly in LHD and strongly in
ITER.

❑ At 𝑍eff ≈ 1. 5 − 1.75,𝑄𝑖 reaches its mini-
mum values → optimal concentration
[Osakabe PPCF´14].
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[Osakabe PPCF´14]

❑ Among the three, W7-X appears most
favored by the presence of impurities:

→ Simultaneous reduction of both 𝑸𝒆 and
𝑸𝒊, which, in addition, is stronger than in
the other two magnetic geometries.



❑ : largest density fluctuation amplitude along .

❑ : largest value of the electrostatic potential along .

Localization of density fluctuations in the 𝑍eff scan:
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❑ : largest density fluctuation amplitude along .

❑ : largest value of the electrostatic potential along .

Localization of density fluctuations in the 𝑍eff scan:

❑ Electron and bulk ion densities
match, as impurities are absent.

❑ Density and potential
fluctuations are strongly
localized at the center of the
flux tube.
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❑ : largest density fluctuation amplitude along .

❑ : largest value of the electrostatic potential along .

Localization of density fluctuations in the 𝑍eff scan:

❑ Impurity density fluctuations
increase significantly (charge
density fluctuations become
the largest).

❑ Bulk ion density fluctuations
decrease noticeably.

❑ Localization of the density
fluctuations at magnetic field
wells develops.
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❑ : largest density fluctuation amplitude along .

❑ : largest value of the electrostatic potential along .

Localization of density fluctuations in the 𝑍eff scan:

❑ Localization of the density
fluctuations at magnetic field
wells become dominant.

❑ 𝜑2 spreads out the flux tube
and 𝛿𝑛𝑧

2 strongly couples to
𝛿𝑛𝑒

2.

❑ Bulk ion fluctuations drop to
negligible levels.

❑ Bulk ions remain passive: they
neither drive nor respond to
the turbulence
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❑ Impurities can effectively reduce (or enhance) the turbulent ion heat losses,
depending on whether Τ𝑎 𝐿𝑛𝑖 and Τ𝑎 𝐿𝑛𝑧 have the same (or opposite) sign.

❑ An optimal impurity content that minimizes 𝑸𝒊 emerges as a common feature to W7-
X, LHD and ITER.

❑ The scaling of 𝑸𝒊 captured by these simulations is remarkably well reproduced by
analytical calculations of the impact on the ITG growth rate [Calvo ISHW´24]

❑ As for 𝑄𝑒, results vary with geometry; only W7-X shows simultaneous increase or
reduction in both 𝑸𝒊 and 𝑸𝒆.

❑ Next steps: studying electromagnetic turbulence and the impact of collisions.

Summary
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