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Impurity transport and Fusion

• impurities are all materials besides the bulk plasma 

species (DT)

• impurities originate from the walls

• intrinsic impurities, source difficult to characterise

• remember: 

bulk plasma material in a typical tokamak corresponds 

to approx a single atomic layer on the walls

• impurities are sometimes puffed (gases) or injected by 

ablation (metals). 

• extrinsic impurities, source known, good for 

experiments to investigate transport.
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Different regions in Tokamak

Core: Avoid 

accumulation of 

impurities, they 

dilute and cool. 

Accumulation is 

often observed, 

especially in 

plasmas with 

peaked density 

profiles

Edge and SOL:

Best to have 

significant 

impurities to 

cool plasma and 

distribute heat 

loads

Impurity profiles are often centrally peaked even if the sources 

are in the edge/SOL region 
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Impurity transport some remarks (pre turbulent):

• Neoclassical impurity transport theory reviewed in 
Hirshman and Sigmar (Nuclear Fusion 21, 1079, 1981)

• includes all transport effects arising to the confinement 

geometry of the tokamak. 

• this includes plasma flows

• ”the radial electric field determines via equilibrium, the 

toroidal  toroidal velocities of all species”  (Houlberg et 

al. PoP 1997)

• Impurity transport is complicated by the fact, that 

• Impurities come in many charge states

• transition probabilities are not always known (f.x. for 

higly ionised states of W, the ITER divertor material) 
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Results of neoclassical theory

• Impurities will be highly peaked if density profile 

is peaked.

• peaking is proportional to Z

Does turbulence save us?
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Principle to characterise transport: 

Beware of effective 

diffusion coefficients!

Peaking is not all: Source level is important as well!
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Classical Particle Dispersion

Single particle dispersion:

G.I. Taylor 1915

Stationary, homogeneous 

turbulent flows:

Two limits:
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Impurities as passive tracers

• Simplemost problem: One species, density small compared to bulk

• Impurity density is low

• it does not contribute to charge neutrality

• Electromagnetic fields in plasma are not influenced by the impurities.

Passive scalar problem 

(Reviews in fluid dynamics by Falkovich and Warhaft)

Does passive tracer transport represent bulk 

species transport (consistency)? 
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Is dispersion equal to transport?
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Trace particles vs. impurity field

Up to 100.000 particles are adverted in resistive drift-wave turbulence { Hasegawa-

Wakatani (PRL 1983) model 2D.
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Particle dispersion in plasma turbulence

Vorticity

Drift-wave turbulence

Basu et al Phys. Plasmas 10, 2696 (2003)
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Particle dispersion

The mean square particle 

displacement radially and poloidally.

The radial particle displacement.

Fit: At¯ +B for t > 400; ¯ = 1.

Asymptotically normal di®usion!

Naulin, Nielsen et al, PoP 2002
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Tracer diffusion coefficient and particle flux

Comparison between D for tracer particles and D from the flux Γ; D = Γ/dxn0

Consistency check for passive tracer simulations! 

Tracer transport = bulk transport for same Z
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In toroidal Geometry

• Flux tube: x (radial) and y (toroidal) determine drift plane, parallel 

coordinate follows field line poloidally around the torus 

• local magnetic shear

• B field decays outwards, curvature
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3D equations (bit complex, sorry…)

Drift wave 

dynamics

Interchange or 

ballooning
Determines 

mechanism for 

electron 

nonadiabaticity and 

drift instability
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Impurity equation

cold impurities
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Poloidal visualisation of plasma density fluctuations

Density fluctuations in a 

poloidal projection 

Projection shows that 

this is enough to resolve 

poloidal variation of 

geometry, ballooning and 

some magnetic shear 

effects visible.
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Development of impurity density
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Impurity density, localised poloidally
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Curvature Pinch

Evolution of impurity profile reveals diffusion (spreading) 

and pinch (central peak motion). Values for D and V can be 

fitted.
Naulin et al., PRE 2005
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Turbulent Equipartition

This is known as the Curvature Pinch. 

For systems with trapped particles the proportionality is with q.

Frojdh NF 1992, Isichenkov PRL 1996, Naulin 1998
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Thermodiffusion 

•use impurity temperature gradient in addition to 

density equation  (Nordmann, Weiland, NF, 1989)

•evaluate quasilinear fluxes.

•determine impurity density response to external 

potential (made by some instability)
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Quasilinear fluxes (Transport matrix also gives pinches)

Dubuit,  Garbet, TTF 2006, PoP 2007
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Quasilinear result:

Additional term appears if parallel convection is added 

(Angioni and Peeters, PRL 2006)

Thermodiffusion and parallel pinch depend in sign on 

frequency of bulk turbulence.
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Impurity density with finite inertia
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Inertial impurities cluster in vortices

Priego et al. PoP 2005
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Inertia related weak up-gradient pinch

Priego, PoP 2005
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Experimental results
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Interpretation of experimantal results
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Pinch reversal in Gyrokinetic code (GS2)

in Gyro [Estrada-Mila, Candy, Waltz PoP 2005]
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Z dependence (first steps with gyrokinetic code)
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Summary: developments in anomalous impurity transport 

Giroud, IAEA 2006
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Conclusions

• Impurity transport important to clarify for ITER

• Passive tracer dynamics captures transport 

consistently 

• Pinches result from:

• velocity compressibilities (curvature, parallel v)

• thermodiffusion (temperature gradient 

flattening)

• Quasilinear pinches depend on direction of wave 

turbulence

• Impurity control, power levels?
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Spatial structure during a burst

Particle density (left) and vorticity (right) during a burst (Δt = 500)
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Dynamics of tracer particles

The passive tracer particles may model impurity dynamics, in the limit 

of no back-reaction on the plasma dynamics:

Impurity  density is much lower than the plasma particle density.
(Naulin  PRE ’05; Priego et al PoP ’05; Naulin et al Physica Scripta ’06)

Particles are advected as:

Garcia et al EPS 2005

d~x

dt
= ~v =

1

B(x)
ẑ £rÁ

Finite inertia e®ects are neglected; ~v is compressible due to the spatial depen-

dence of B(x)
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Particle dynamics

Trajectory of a test particle 

released inside LCFS

Variogram of the particle motion,

- - - ¿2; { - { ¿ ;|| ¿1:4
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Step size PDF

PDF of the radial displacement, Δx, over Δ t = 50; all particles. ‹Δx› = -0.08, 

standard deviation, σ = 1.02, skewness, S = 0.4, and kurtosis, K = 10.7. 

Broad exponentially decaying tails.

Long steps are almost equally probable in both in- and outgoing directions.
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Particle dispersion

Particles released at 39 < x < 41

t = 10.000 t = 25.000
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Evolution of the impurity density

Evolution of the impurity/tracer particle density N0 averaged over y.

Released in 39 < x < 41 Released in 159 < x < 161



1st ITER Summer School, Aix en Provence, FR, July 2007 

Evolution of the impurity density

Uniform distribution within few burst times

Impurities are effectively mixed by the turbulence in the SOL within a 

few burst periods. Even if originating far out in the SOL they will 

quickly penetrate across the LCFS into the edge plasma. 

corresponding to the so-called inward (curvature) pinch.

Density pro¯le N
0
(x) / B(x) independent of release position.

The transport is not \Fickian" di®usion. It can be described by an e®ective

pinch: µ
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B
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N=B is a Lagrangian invariant: E®ective turbulent mixing: N=B uniformly

distributed in space.


