
WP17ER-PR(18) 19274

M Idouakass et al.

Impurity density gradient influence on
trapped particle modes

Preprint of Paper to be submitted for publication in
Physics of Plasmas

This work has been carried out within the framework of the EUROfusion Con-

sortium and has received funding from the Euratom research and training pro-

gramme 2014-2018 under grant agreement No 633053. The views and opinions

expressed herein do not necessarily reflect those of the European Commission.



This document is intended for publication in the open literature. It is made available on the clear under-
standing that it may not be further circulated and extracts or references may not be published prior to
publication of the original when applicable, or without the consent of the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

The contents of this preprint and all other EUROfusion Preprints, Reports and Conference Papers are
available to view online free at http://www.euro-fusionscipub.org. This site has full search facilities and
e-mail alert options. In the JET specific papers the diagrams contained within the PDFs on this site are
hyperlinked



Impurity density gradient influence on trapped particle modes
M. Idouakass1, E. Gravier1, M. Lesur1, J. Médina1, T. Réveillé1, T. Drouot1, X. Garbet2, Y. Sarazin21
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(Dated: 16 January 2018)

The effect of the presence of an impurity species on the trapped particle turbulence is studied using the
gyrokinetic code TERESA, which allows the study of Trapped Electron Modes and Trapped Ion Modes. The
impurity species is treated self-consistently and its influence on the nature of the turbulence, ion driven or
electron driven, is investigated. It is found that the presence of heavy impurities with a flat density profile
tends to stabilize the both electron and ion modes, whereas a peaked or hollow impurity density profile can
change the turbulence from an electron driven turbulence to an ion driven turbulence. The effect of the
turbulence regime on impurity transport is studied.

I. INTRODUCTION

In tokamak physics, impurities are defined as particles
of the plasma that are not part of the elements that con-
tribute to the reaction of fusion. Impurity transport is
an issue that needs to be understood in order to obtain a
sustainable burning plasma. These impurities can have
different sources, they can come from the plasma bound-
aries, where particles are sputtered from the walls: In
that case the impurity species will be tungsten in the con-
text of ITER, or can be Carbon in other machines (such
as JT60-SA). In addition, other species, such as argon or
neon, can be introduced in the plasma edge in order to
decrease the heat and particle fluxes on the walls, and
these particles can then propagate into the plasma core.
On the other hand, the impurities can come from the
plasma core, in which case they are α-particles produced
by the reactions of fusion.

These impurities can have negative effects on the
plasma confinement in two major ways. First they may
contribute to plasma dilution, reducing the fuel present
for a given pressure. Second, these impurities are ion-
ized multiple times, and through cycles of ionization-
recombination and excitation-deexcitation, will radiate
a significant part of the plasma energy from the core.

It is therefore very important to understand impurity
transport so that accumulation in the plasma core can
be avoided. The direction of such a transport depends
on the direction of the impurity density gradient, and
can vary when moving from ion dominant instabilities to
electron dominant instabilities.

In this work, we look at the influence of the impu-
rity profile on trapped particle driven modes, and study
the transport of these impurities. This is done using the
code TERESA, which is a semi-Lagrangian code based
on a collisionless reduced bounce-averaged gyrokinetic
model1–6. This code treats the passing particles adiabat-
ically, and allows the study of Trapped Electron Modes
(TEM) and Trapped Ion Modes (TIM). Its most inter-
esting property is that it enables the full-f treatment of
multiple populations of trapped particles at low numer-
ical cost. However, the model on which the TERESA is

based is collisionless, and as such it can only provide the
turbulent contribution to transport.

In the high temperature and low collisionnality regime
in which ITER is expected to be run, the collisionless
turbulent transport contribution is expected to dominate
over the neoclassical contribution for light impurities7.

For heavy impurities, while the contribution of neoclas-
sical (collisional) transport, and the interplay between
turbulent and neoclassical transport8, need to be taken
into account to have a complete understanding of im-
purity transport, obtaining a clear picture of the purely
turbulent impurity transport is a necessary step towards
that complete understanding.

TERESA allows the processing of trapped ions, elec-
trons, and impurities. This enables us to observe the
action of the impurities as an active species, i.e. taken
into account in the quasineutrality constraint, thus seeing
how they influence the dynamics of the plasma, particu-
larly on the instability growth rates and on the nonlinear
phase. We will show that by changing the radial gradient
of impurities in an otherwise identical plasma, it is possi-
ble to move from a situation where TEMs dominate the
dynamics to a situation where TIMs dominate. In addi-
tion, we show that depending on the dominant regime of
turbulence, the importance of the zonal flow and thus of
transport changes.

In section II, the model used in this paper is briefly
described, then it is used to perform the linear analysis
in section III where it is shown how impurities modify
the linear growth rate of the instability. In section IV,
the simulation parameters and numerical results on zonal
flow generation and transport are discussed. Finally, a
brief summary of the results along with a conclusion are
given.

II. MODEL - TERESA CODE

The code TERESA is based on an electrostatic reduced
bounce averaged gyrokinetic model1,6,9,10. The dynamics
that will be considered here evolve on timescales of the or-
der of the trapped particles precession frequency. There-
fore it is possible to gyro-average and bounce-average the
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Vlasov equation, thus filtering out the fast frequencies
ωC (cyclotron frequency) and ωb (bounce frequency) and
the small space scales ρc (gyro-radius) and δb (banana
width). The trapped particles are treated kinetically,
while the passing particles are treated adiabatically.

This allows one to reduce the dimensionality from 6D
to 4D. It is furthermore possible to adopt an action-angle
formalism, simplifying the treatment of the Vlasov equa-
tions. Finally only two variables appear in the differential
operators: the angle α = ϕ − qθ and the magnetic flux
ψ where ϕ is the toroidal angle, θ is the poloidal angle,
and q is the safety factor. The variable ψ is a function of
the minor radius, and will be used as a radial coordinate
for the numerical simulations. The other two dimensions
are two invariants: the particle kinetic energy E and the

trapping parameter κ =
√

1−λ
2ελ where λ = µBmin/E, µ

is the magnetic moment, Bmin is the minimum magnetic
field amplitude, and ε = a/R0 is the inverse aspect ratio
(a being the minor radius and R0 the major radius at the
magnetic axis).

Using these reductions, the Vlasov equation reads:

∂fs
∂t
− [J0,sφ, fs]α,ψ + ωd

∂fs
∂α

= 0 (1)

Here, fs is the gyro-averaged particle distribution func-
tion, with the subscript s = i, e, z indicating the species
considered (main ion, electron, or impurity), and φ is the
plasma potential. The Poisson brackets are defined as
[g, h] = ∂αg∂ψh − ∂αh∂ψg. ωd,s = ΩdE

Zs
is the preces-

sion frequency where Zs is the charge number and Ωd
is a normalized pulsation that depends on the magnetic
shear and on the trapping parameter κ. In this paper, we
will assume that the magnetic shear is constant over ra-
dius and that there is a single value κ = 0, corresponding
to deeply trapped particles. This further reduces the di-
mensionality from 4D to 3D. The gyro-bounce-averaging
operator is approximated as

J0,s =

(
1− E

Teq,s

δ2
b0,s

4
∂2
ψ

)−1(
1− E

Teq,s

q2ρ2
c0,s

4a2
∂2
α

)−1

(2)
where ρc0,s and δb0,s are the Larmor radius and the
banana width at an arbitrary typical temperature T0,
δb0,s = qρc0,s/

√
ε and Teq,s is the equilibrium tempera-

ture at ψ = 0.
The quasi-neutrality equation reads

2√
π

Teq,i
T0

∑
s

(
ZsCs

∫ ∞
0

J0,sfsE
1/2dE

)
=

Cad (φ− εφ < φ >α)− Cpol
∑
s

CsτsZ
2
s∆sφ (3)

where Cs = ns/neq is the concentration (ns is the
population density, neq = n0,e is the equilibrium den-
sity, and we have

∑
s Zsns = 0), Cpol = eω0Lψ/T0

where ω0 is a typical precession frequency and Lψ
is the radial simulation box length (in units of ψ),

Cad = Cpol
1−fT
fT

∑
s(ZsCsτs) where fT is the fraction

of trapped particles and τs = Teq,i/Ts. The operator

∆s is defined as ∆s =
( qρc0,s

a

)2
∂2
α + δ2

b,0∂
2
ψ and εφ =

(
∑
s τsCsZ

2
s εφ,s)/(

∑
s τsCsZ

2
s ). εφ is a control parameter

which governs the response of the adiabatic passing parti-
cles. Regarding the electron response, εφ,e = 1 prevents
the passing electrons from responding to the zonal po-
tential which is constant on a flux surface (toroidal mode
n = 0). This situation prevails when the electron gyro-
radius is small compared with the characteristic length
of the zonal flows11. Unlike passing electrons, passing
ions must respond to zonal flows (0 ≤ εφ,i ≤ 1), there-
fore εφ should be in the range [0, 1]. The model does not
allow the adiabatic response to be properly computed
so we introduce εφ as a free parameter and assume the
form chosen in Eq. (3). A detailed study of this parame-
ter was performed in ref.12. Hereafter, only the extreme
case εφ = 1 is considered.

III. LINEAR THEORY

A. Dispersion relation

Linearizing eqs. (1) and (3) yields a linear dispersion
relation which can be solved to find the growth rate and
real frequency of the TEM and TIM for different plasma
parameters. The dispersion relation reads:

D = 0 = Cn −∑
s

Csτs

∫ ∞
0

J2
n,s

κn,s + κT,s(ξs − 3
2 )

Ωd(ξs −Ws)
e−ξsξ

1
2
s dξ (4)

where the equilibrium distribution function has been ap-
proximated by

Feq,s =
n0,s

T
3
2
eq,s

e−ξs
[
1 + ψ

(
κn,s + κT,s(ξs −

3

2
)

)]
(5)

and the coefficient Cn is defined as Cn =√
π

2

[
Cad + Cpoln

2
∑
s CsτsZ2

sρ
2
C,s + Cpolk

2
∑
s CsτsZ2

s δ
2
b,s

]
.

Here, ξ = E
Teq,s

, Ws = Zsω
nΩdTs

, n being the mode number

in the α-direction, k = π the most unstable radial mode
and ω the mode frequency. The inverse radial gradient
lengths are given by κn,T = ∂ψlog(neq, Teq).

B. Presence of an impurity species

Using this dispersion relation, we will investigate the
effect of introducing an impurity species. Here and in the
remainder of the paper, we consider a plasma composed
of deuterium as the single main ion species and tungsten
W40+ as a single impurity species.
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FIG. 1. Growth rate of the fastest growing mode of TIMs
and TEMs as a function of the tungsten impurity density.
The blue dots correspond to TIM growth rates, the red dots
correspond to TEM growth rates.

TABLE I. Typical plasma parameters used.

ne,0 ρc,e ρc,i ρc,z δb,e δb,i δb,z κT,s κn,s τe τz

1 0.01 0.03 0.0072 0.01 0.1 0.024 0.25 0 1 1

1. Impurities with no radial density gradient

Let us first look at a situation where there is no radial
density gradient. For the parameters shown in Table I,
Fig. 1 shows the growth rate of TIMs and TEMs as a
function of the concentration.Consistently with ref.13–16,
we observe that the impurities, for flat density profiles,
have a stabilizing effect on trapped particle modes due
to increased dilution, and that this stabilizing effect in-
creases with the impurity concentration. Although it is
not shown here, we observed that the TIMs and TEMs
are stabilized more easily by impurity species with higher
charge number.

2. Influence of the radial density gradient

We will now look at the influence of a radial density
gradient of impurities. For this study, the density pro-
file of electrons is fixed, the impurity profile is varied, and
the main ion profile is adapted to ensure quasi-neutrality.
Let us first define the relative impurity gradient length
as GZ = κn,z/κn,e. The parameters of the simulations
shown in this section are displayed in Table II. The pa-
rameters not shown are the same as in Table I.

We show two cases in Fig. 2, corresponding to a pop-
ulation of tungsten impurities with the same concentra-
tion, but opposite gradients GZ = ±20. Note that this
value is large mainly because κn,e is small. In that situa-
tion, the linear analysis shows that for an impurity profile

TABLE II. Parameters for cases with an impurity density
gradient.

κn,i κn,e Ci Cz Ce

0.05 0.05 0.968 0.0008 1

FIG. 2. Growth rate of TEMs and TIMs as a function of
mode number. Case (a): GZ = 20, case (b): GZ = −20. The
blue dashed curve corresponds to the growth rate of the TIM
modes, the red solid curve corresponds to the growth rate
of the TEM modes. For clarity, negative growth rates have
been set to zero. The poloidal cross section sketches display
the shape of the impurity profile for negative and positive GZ .

peaked (GZ > 0) the TEMs are the most linearly unsta-
ble (see Fig. 2(a)). On the other hand, when the impu-
rity profile is hollow (GZ < 0), the TIMs are the most
linearly unstable (see Fig. 2(b)). It is quite interesting
to see that the gradient of heavy impurities, when it is
in the same direction as the main ion species gradient,
will decrease the TIM growth rate and increase the TEM
growth rate, whereas it will increase the TIM growth rate
and decrease the TEM growth rate when these gradients
are in opposing directions. This result is consistent with
results from non bounce-averaged gyrokinetic simulations
discussed in refs.13,16, where it was shown that the TEM
growth rate increases with the impurity density gradient
in the case of a relatively flat electron density profile.
This trend is also observed in Fig. 3, which displays the
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FIG. 3. Linear growth rate of the fastest growing mode as a
function of the impurity gradient length GZ . The blue dashed
curve corresponds to TIM growth rates, the red solid curve
corresponds to TEM growth rates.

linear growth rate of the fastest growing TIM and TEM
for different impurity density gradients. In addition, we
can see in Fig. 3 a transition between TIM dominated dy-
namics and TEM dominated dynamics occuring around
GZ = −12 for the parameters considered here.

IV. NONLINEAR SIMULATIONS

The numerical simulations are done using a thermal
and density bath as boundary conditions, i.e. the tem-
perature and density are fixed at both radial boundaries
ψ = 0 (outer boundary) and ψ = 1 (inner boundary).
Dirichlet boundary condition are imposed on the po-
tential. The grid mesh is Nα = 257, Nψ = 513, and
NE = 192 for the energy parameter. An initial per-
turbation is imposed on the electrostatic potential, with
all modes excited with a small amplitude and a random
phase.

First, let us note that there is a good agreement be-
tween the linear analysis prediction for the growth rates
and the ones obtained from direct, initial value, numer-
ical simulations. In addition, the direction of propaga-
tion of the instability (ion precession direction for TIMs
and electron precession direction for TEMs) is recov-
ered, depending on the inward (GZ = +20) or outward
(GZ = −20) impurity density gradient. There is a small
difference in the numerical and analytical linear growth
rates, leading to a transition from TIM dynamics to TEM
dynamics for GZ ' −14 numerically. This difference is
due to the assumptions made in the linear theory.

A. Influence of the dominant mode on the zonal flow

An interesting quantity to consider when investigating
the importance of the zonal flow is its energy compared
to that of the other modes. This ratio can be calculated
as5:

WZF

Wn 6=0
=

∫ 1

0

〈
∂φ
∂ψ

〉2

α
dψ∫ 1

0

〈(
∂φ
∂ψ −

〈
∂φ
∂ψ

〉
α

)2
〉
α

dψ

(6)

where WZF is the zonal flow energy and Wn 6=0 is the
energy contained in all other modes.

In Fig. 4, the time evolution of the amplitude of dif-
ferent modes is given, and the zonal flow amplitude is
highlighted. The two cases shown here are the ones dis-
cussed previously. In the saturated phase, we observe
that the ratio WZF /Wn 6=0 is much larger when TIMs
dominate the dynamics than when the TEMs dominate
the dynamics. In the case GZ = −20 (TIM), the ratio is
WZF /Wn 6=0 ' 3500, while in the case GZ = +20 (TEM),
the ratio is WZF /Wn 6=0 ' 80.

It appears, consistently with ref.11, that the impor-
tant factor to look at for the order of magnitude of this
ratio is not the sign of the gradient of impurities, but
whether the dominant mode is an electron or an ion
driven mode, which itself depends on the impurity pro-
file. For example, in the case of a hollow impurity profile,
with GZ = −5, the dominant mode is a TEM and the
ratio is of the order of WZF /Wn 6=0 ' 100.

It should be noted that these ratios are high in all cases
due to the parameters chosen, so the ratios are relevant
considered with respect to one another.

B. Impurity transport

In this section, we will investigate the transport of par-
ticles when impurities are present. The particle flux is
defined as6

Γs = − 2√
π

∫
dα

∫
∂J0,sφ

∂α
fsE

1
2 dE (7)

The particle flux can be modelled as the sum of a diffusive
flux and a convective flux

Γs = −Ds∇ns + Vsns (8)

where Ds is a diffusion coefficient and Vs is a pinch ve-
locity.

We first note that when there is a inward gradient of
impurities (GZ > 0), the TEMs dominates the dynamics
and the transport is dominated by the electrons. In that
case, the impurities particle and heat fluxes are outward.

On the other hand, when there is an outward gradient
of impurities, either the TIMs or the TEMs can dominate
the dynamics, but in both cases, the impurity particle
flux is inward.



5

FIG. 4. Temporal evolution of the potential amplitude, for
n = 0 to n = 30. The mode n = 0 is highlighted in red. Case
(a): GZ = −20 where TIM are dominant, case (b): GZ = +20
where TEMs are dominant.

Fig. 5 shows the impurity particle flux Γz, averaged
over the spatial variables, and averaged over time, as a
function of GZ . We see that there are different trans-
port regimes depending on the radial impurity density
gradient.

Let us first look at the range −20 < GZ < −15. This
is a range of parameters where the TIMs are dominating
the dynamics, and we can see that there is a very weak
dependence of the transport on the impurity density gra-
dient. We note here that the particle flux does not scale
linearly with the gradient, which would seem to indicate
that in that regime, there is a significant inward pinch.

In the next range, −15 < GZ < −12, there is a com-
petition between the TIMs and the TEMs, and we can
observe a strong decrease of the transport with a small
increase of the gradient. This is likely due to a transi-
tion from the ion driven to the electron driven turbulent
regime.

This leads to a range −12 < GZ < +6 where the
particle flux scales close to linearly, but there is a change
of transport coefficient depending on the sign of the GZ ,
with a transport coefficient in the peaked profile larger
than in the hollow profile. However, the transition from

FIG. 5. Averaged impurity flux Γz as a function of GZ . The
dots correspond to simulation points.

inward to outward transport occurs very close to GZ = 0,
which indicates that there is no pinch in that turbulent
regime. Ideed, in a zero-flux situation, the pinch velocity
can be obtained as Vs = (Ds∇n)/n, which is zero for a
flat density profile.

Then in the range +6 < GZ < +20, the transport
increases with a rate faster than linear with respect to
GZ . This is likely due to the appearence of an outward
pinch increasing with GZ and needs further investigation.

V. CONCLUSION

In this paper, we have studied the impact of the pres-
ence of a population of impurities in a tokamak plasma
using the gyrokinetic code TERESA. We have shown that
their presence can have a strong influence on the dynam-
ics of the turbulence in the plasma. In particular, it
was shown that the direction of the radial gradient of
impurities could change the nature of turbulence, going
from an electron dominated turbulence when the impu-
rity density profile is peaked on the magnetic axis to a
trapped ion mode turbulence when the impurity density
profile is hollow. It was also shown that the nature of
the turbulence could have a strong influence on the rela-
tive importance of the zonal flow energy compared to the
energy contained in the turbulence, where for ion mode
dominated turbulence, the ratio of zonal flow energy to
turbulent energy is much greater than in electron mode
dominated turbulence. Finally, we saw that in the case
considered here, there was no impurity pinch for a zero-
flux situation. In light of these results, it is clear that it
is very important when looking at the dynamics of im-
purities to treat them self-consistently, as their effect on
the turbulence can strongly affect their transport.
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