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Motion and lifetime of dust grains in a tokamak plasma
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Abstract

The temperature evolution of a dust grain in a tokamak plasma is studied computationally. Heating times and evap-
oration times for scrape-off layer (SOL) plasmas are estimated, leading to estimates for the lifetime of micron-sized dust
grains ranging between fractions of a second and tens of microseconds depending on plasma conditions. Grains are

found to travel significant distances into a tokamak plasma.
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1. Introduction

In tokamaks, large quantities of dust can be pro-
duced during a shot by power flux to the divertor. This
has efficiency and safety implications. Erosion of plas-
ma-facing components results in the need for regular
replacement and conditioning, and impurities can be
introduced by dust evaporating near the core plasma.
Dust acts as a sink for electrons, altering the plasma
conditions. Safety aspects include tritium retention in
dust [1], and the large surface area presented by a dust
cloud results in an explosive limit.

Evaporation due to arcing and disruptions is thought
to produce most of the dust. Other dust production
mechanisms include sputtering and agglomeration. In
a tokamak, surfaces are generally made of carbon fibre
composite (CFC), although tungsten and beryllium are
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in the specification for ITER. Pure tungsten and graph-
ite dust will be considered here, although plasma chem-
istry will make the real composition more complicated.
Beryllium need not be considered.

A dust grain created on a surface can move into the
plasma and gain significant amounts of energy. It may
heat up until it fully ablates, or move into cooler regions
and reach a steady-state. Some grains end up on sur-
faces, and cool down after the discharge.

This paper continues work done by Karderinis et al.
[2]. Section 2 considers an appropriate model for the
dust grain floating potential. Heating and cooling mech-
anisms are discussed in Section 3, with heating times and
lifetimes are calculated in Section 4 for a range of toka-
mak plasma conditions. Using measured values of dust
grain velocities, estimates are made of distances travelled
by grains.

The following notation is used: I is flux, I is energy
flux (intensity). Other symbols have their usual mean-
ings. The subscripts I’, ‘¢’, ‘n’ and ‘d’ denote ions, elec-
trons, neutrals and the dust grain, respectively, and the
subscript 0 denotes a property of the bulk plasma.
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2. Dust grain floating potential

A dust grain will collect particles from the plasma.
Due to their high mobility electrons are generally col-
lected in greater numbers than ions, resulting in a net
negative charge. lons are accelerated towards the dust
grain and a sheath is formed. The dust grain reaches
its floating potential when the electron current and the
ion current cancel each other exactly. The effect of the
electrons defining the charging process means the float-
ing potential is found to be of the order kgT./e.

For a spherical dust grain in an isotropic plasma, the
potential (¢) can be estimated by the (cold ion) radial
motion (ABR) [3] or the orbital motion limited (OML)
approach [4]. Fusion considers ions at high tempera-
tures, making OML preferable. OML is a simplified ver-
sion of the full orbit-motion theory [5], and is strictly
incorrect for 7; < T, [6]. However, it is a reasonable
approximation for dust grain radii significantly smaller
than the Debye length of the plasma [7]. The Debye
length in the plasmas considered is usually tens of mi-
crons, compared to dust grain radii of a micron or less.
The effect of secondary electron emission will be added
to the OML model.

If the ion and electron collection areas are the same,
then for singly charged ions, the fluxes balance. The elec-
tron flux to the dust grain is
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A fraction of the incoming ions (y) and electrons (d)
will induce secondary electron emission. Photoemission
will be negligible by comparison. The flux balance
becomes (1 — d)I'. = (1 + y)I';. However, y is likely to
be small for temperatures less than a few keV, and will
be neglected.

OML uses a cross-section for collection of ions calcu-
lated from conservation of energy and angular momen-
tum. For a Maxwellian distribution in the plasma the
ion flux is
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Ions undergo significant amounts of backscattering, but
recombine with an electron at the grain surface due to
large electrostatic forces, so backscattering does not af-
fect the charge.

Equating ion and electron fluxes gives an expression
for the floating potential

(1—8)exp(—V) = ("Ziﬁ)l/z(l +%) 3)

where V= —e¢l/(kgT,) and = TJ/T.. The dust grain
reaches the floating potential within a few ion plasma

periods, much quicker than the heating times discussed
later.

If the secondary electron yield exceeds 1, this theory
will break down (this happens for tungsten at T, ~
112 eV, but not for carbon). The electron current will
be negative and the dust grain will charge positively.
Only temperatures for which tungsten dust is negative
will be discussed.

3. Heating and cooling mechanisms
3.1. Particle bombardment

Incoming particles add thermal energy to the dust
grain material through collisions. The total energy for
ions will be the one-way flux at the presheath edge
(2kgT:T’;) plus the energy gained in the potential (assum-
ing no collisions). The ion and electron energy fluxes are
therefore

I; = (2kpT; + VkpT )i 1. = (2kpT.)T. (4)

There may be neutral populations in the plasma, due
to recycling, charge-exchange or Franck—Condon pro-
cesses. The latter two populations are likely to be of rel-
atively low density. Neutrals thermalise with the grain or
assist in chemical sputtering (discussed below). These
processes are likely to be at low energies. Unless the neu-
tral density is much higher than the plasma density, this
term is negligible and is ignored here.

Erosion processes reduce the incoming energy from
particle bombardment. Ions are the dominant reactants
(compared to electrons) being both high energy and high
mass. The yield is due to physical sputtering for tung-
sten, but carbon has an extra component due to its
chemical reactivity with hydrogen (chemical sputtering)
[9]. The latter component is dependant on the material
temperature.

Erosion is negligible for tungsten as it has a high
threshold energy for physical sputtering. For graphite,
total yields are typically never more than a few percent
for the particle fluxes and material temperatures consid-
ered. Eroded products take some of the incoming ion en-
ergy away, although a large proportion will be absorbed
by the dust material. This is likely to make the energy
loss negligible, and we ignore it.

3.2. Backscattering

Backscattered particles take away a fraction of the
incoming bombardment energy. Backscattering is en-
ergy dependent; higher energy particles are less likely
to be reflected as they have enough energy to bury them-
selves within the solid. An empirical fit to experimental
data has been derived as a function of beam energy.
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The fraction of energy backscattered (Rg) is well de-
scribed by [8]
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where the constants A, etc. depend on the mass ratio of
the incoming particles to the substrate particles (n1,/m;),
e is the base of natural logarithms, and ¢ is the Thomas—
Fermi reduced energy. The latter is given by

0.0325myE

&= 23] (6)
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where Z; and Z, are the charges of the bare nuclei.

Backscattering of electrons is also negligible com-
pared with secondary electron emission. However, ions
have significant backscattering. We assume that the
ion distribution at the grain surface retains the shape
that it has in the plasma, but each individual ion gains
an energy |e¢|. One integrates over the OML ion ener-
gies to find Rg,,. The energy flux lost is then Rg,/;.

3.3. Secondary electron emission

Incoming plasma particles with enough energy are
able to dislodge electrons from the material. As dis-
cussed in Section 2, the dominant component comes
from electron bombardment. Secondary electrons are
emitted with a range of energies, but most commonly
at energies around a few eV. The secondary electron
emission coefficient () for an electron beam of energy
E is well modelled by [10]

%
66. = (2.72)° EE exp <_2(EE. ) >, (7)

where J,,., and E,, are material dependent constants.
For a Maxwellian electron distribution, one can inte-
grate numerically to find 6 as a function of 7. If we as-
sume an average energy loss per electron of 3 eV, the
energy flux is —3edr..

3.4. Recombination and neutral emission

Tons that are incident on the grain will form various
neutral molecules depending on the material and incom-
ing ion species. We only consider hydrogen bombard-
ment, and do not consider the case of incident ions of
the same species as the dust material, which would cause
dust grain growth. This study is therefore only applica-
ble outside dust nucleation regions.

For tungsten, we assume incoming ions recombine
with an electron liberating 13.5 eV per reaction. If we as-
sume all photons are absorbed, the energy flux gained is
13.5el’;. Similarly, two hydrogen neutrals may form a
molecule, releasing 4.5 eV. We assume that all neutrals
are released as molecules. There is a factor of a half

introduced: two neutrals to one molecule, so the energy
flux is 2.25¢l";. For graphite, incoming ions can undergo
the same processes, or can form hydrocarbons. How-
ever, as the chemical sputtering yield is typically small
and we are ignoring it, we assume the formation of
hydrocarbons is not important for the energy balance
and assume the same processes as for tungsten. Heating
by radiation from the plasma is negligible by
comparison.

These molecules are typically released with energies
close to the dust grain temperature. Each has energy
2kgTy, resulting in an energy flux loss of kgTy4l;.

3.5. Radiative cooling

The particle will cool as dictated by Stefan’s law. The
energy flux lost is ao T3 where o is material dependent,
and o is Stefan’s constant. This becomes the dominant
cooling mechanism at larger grain temperatures.

4. Temperatures and survival times

Having identified the heating and cooling mecha-
nisms, we can estimate the plasma parameters where
the dust grain may reach a steady-state temperature.
At steady state the net energy flux (1,¢;) is equal to zero.
The balance is independent of the dust grain radius, but
does depend on the material due to the inclusion of
backscattering and secondary electron emission.

The particle can survive indefinitely if the predicted
steady-state temperature is less than the evaporation
temperature. Graphite sublimes at 3925 K, but tungsten
will have a liquid phase above 3680 K and will not evap-
orate until it reaches 5930 K. We assume that tungsten
particles stay intact in the liquid phase. Fig. 1 shows pre-
dicted steady state temperatures for a graphite and tung-
sten dust grains with a range of electron temperatures,
where we have taken T; = T.. For typical MAST SOL
densities (10'®m~3) graphite dust reaches a steady state
for T, <70eV. In contrast, for JET SOL densities
(10" m~%) graphite dust will only reach steady state in
temperatures below 15eV. Tungsten grains will survive
at much higher temperatures, below 110 eV in MAST
and 50 eV in JET in the temperature range considered.

For higher temperatures, we can estimate the survival
time. If we assume that the mass and specific heat (c)
stay constant as the grain heats, then

mdc% = 470, (8)
where my = 4na’pa/3 and pq is the dust grain density. In
reality, ¢ will be temperature dependent, and my and a
vary due to ablation and sputtering. We also assume
that temperature gradients across the grain are negligi-
ble, so that the grain heats uniformly.



J.D. Martin et al. | Journal of Nuclear Materials 337-339 (2005) 114-118 117

15000
12000 Pt
//
~
~ 9000 %
5 7
6000
) —n,=10"
3000+
———n,=10"
0

0 100 200 300 400 500
T (eV)

10000 18 Ve

8000 -

< 6000+ -
. /// /

l_
4000{ -~ o

/
2000;1/////”’////

O T T T T T 1
0 20 40 60 80 100 120

T, (eV)

Fig. 1. Steady-state temperatures with 7; = T, for a graphite (left) and a tungsten (right) dust grain.
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Fig. 2. Survival times for a 1 um radius graphite (left) and tungsten (right) dust grain.

Eq. (8) is readily integrated numerically to find the
time it takes to heat a particle from room temperature
to its evaporation temperature. In addition, the latent
heats need to be taken into account. At the melting tem-
perature, all the energy will be used to make graphite
sublime (latent heat of vaporisation) or Tungsten melt
(latent heat of fusion). Tungsten will then evaporate
after further heating to its boiling point. In most cases
the time taken to change state is 1-2 orders of magni-
tude longer than the heating times. As the temperature
stays constant during a phase transition, the time taken
(tp¢) for the change to occur can be estimated by

dna’pyh
= 3 . ? (9)

where / is the relevant latent heat and T, is the temper-
ature at which the phase transition takes place.

Fig. 2 shows the calculated survival times () of
1 pm radius graphite and tungsten dust grains, respec-
tively, using the same plasma backgrounds as before.
Graphite evaporates at a lower temperature, but can

4762 ] ey (Tpt)tpt

survive for large fractions of a second at temperatures
around the sublimation point. Tungsten is molten before
graphite starts to evaporate, but survives longer due to
its high boiling point. Once at its boiling point, it evap-
orates much quicker than graphite, with a maximum
survival time of around 0.01 s. At MAST densities, it
only evaporates around the temperature that the charg-
ing model breaks down (i.e., the temperature which it
starts to charge positive).

Dust grains created during ELMs have been ob-
served travelling at speeds of up to 1km/s in MAST
experiments [11]. Using this speed along with the calcu-
lated survival times, the 1 pm radius graphite grains can
travel between ~10 cm and ~100 m in MAST (minor ra-
dius ~10 cm) compared to between ~1 cm and ~10 m in
JET (minor radius ~1 m) before completely evaporat-
ing, suggesting that the grains could penetrate the core
plasma. Tungsten grains do not evaporate in MAST
for most of the temperature range of relevance. In JET
they could travel between ~10cm and ~10 m before
completely evaporating.
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5. Conclusions

It has been shown that dust can survive in plasmas of
a few hundred eV for long enough to travel significant
distances through a tokamak. The next stage of the
model will allow the plasma parameters to change by
coupling the temperature and OML potential equations,
with a mass change equation and the equation of mo-
tion. Survival times and evaporation times can be more
accurately modelled, along with dust particle trajecto-
ries, to allow better understanding of how dust is trans-
ported and deposited, and how this may transport
impurities. A plasma background can be taken from
the B2SOLPS5.0 code [12].
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